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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 ug
kg™. 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 pug m= 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 pg m™ 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, 0.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, 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 °C) 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 ug
m and 18.30+16.42 pg m™ 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 (PAHSs) 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



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:

e 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.

e 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.

e 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



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.

e 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.

- Totest 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 PAHSs 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 PAHSs 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 PAHSs, 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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ARTICLE INFO ABSTRACT
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Airborne polycyclic aromatic hydrocarbons (PAHs) arising from diesel exhaust emissions are of concern due to
their significant human health and environmental impacts. Engine dynamometer experiments with a light duty
diesel engine were conducted to measure PAH emissions representative of developing country conditions, and
thereby determine emission factors at two different engine operating modes that are representative of idling and
severe real-world conditions, respectively. We employed a portable denuder device for the simultaneous sam-
pling of gaseous and particulate PAH emissions, the components of which were subsequently individually
thermally desorbed and analysed by two-dimensional gas chromatography with time-of-flight mass spectro-
metric detection (TD-GCxGC-ToF-MS). Results indicated that PAH 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 pg/kg. Under real-world conditions, it is expected that further variance in emission
factors will be introduced as a result of brake and tyre wear, different engine technologies, engine age and
maintenance, as well as fuel quality and measurement methods.

1. Introduction

Air pollution emissions from mobile sources need to be monitored to
evaluate the efficiency of regulatory measures, maintain accurate
emission inventories and also to assess the potential impact that trans-
portation has on human and environmental health. Diesel exhaust
emissions (DEE), in particular, have been classified as being carcino-
genic based on comprehensive laboratory experimental findings and
epidemiological studies that have reported strong associations between
vehicle emissions and adverse health impacts (Kim et al., 2013;
Rengarajan et al., 2015; Samet et al., 2000; Shen et al., 2014, US EPA,
2004, 2014). Notably, the International Agency for Research on Cancer
(IARC) has established that diesel emissions may induce lung cancer and
be associated with an increased risk of bladder cancer (IARC 2012).

DEE comprises of a complex mixture of compounds and its compo-
sition is dependent on various parameters such as engine technology,
fuel type, temperature, humidity, mode of engine operation and main-
tenance (Weitekamp et al., 2020). The gaseous fraction of DEE consists

* Corresponding author.
E-mail address: patricia.forbes@up.ac.za (P.B.C. Forbes).
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of carbon monoxide, carbon dioxide, nitrogen oxides, sulphur oxides,
and volatile organic compounds. The particulate fraction includes
elemental and organic carbon (EC and OC), sulphates, and metals. As a
result, diesel combustion emissions contribute to ambient particulate
and gaseous air pollutant levels, including those of polycyclic aromatic
hydrocarbons (PAHs) (Ono-Ogasawara and Smith, 2004).

PAHs are semi-volatile organic compounds that can be distributed
over both fractions of the exhaust, depending on operating and envi-
ronmental conditions (Vione et al., 2004). Some PAHs have been found
to be toxic and even carcinogenic to humans, and therefore their regu-
lation and quantification in each phase is crucial (Rohr and Wyzga, 2012
(Resitoglu et al. 2015)). The United States Environmental Protection
Agency (US EPA) has identified 16 priority PAHs as illustrated in Table 1
and the World Health Organization (WHO) added 17 additional PAHs to
make a total of 33 PAHs under its regulation (Poster et al., 2006, WHO,
2014). The different sources of PAHs in diesel vehicle exhaust include
unburned fuel, lubricating oil and pyrosynthesis from lower molecular
weight aromatics originating from the fuel (Rhead and Pemberton,
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Table 1

Sixteen US EPA priority PAHs and their corresponding abbreviations, molar
masses and boiling points (PubChem database, Available at https://pubchem.nc
bi.nlm.nih.gov/compound).

Formula  PAH Name Abbreviation ~ Molar Boiling
Mass (g/ point (°C)
mol)

1 CioHg Naphthalene Nap 128 218

2 Cy2Hg Acenaphthylene Acy 152 265

3 Ci2Hq0 Acenaphthene Ace 154 278

4 Cy3Hyo Fluorene Flu 166 295

5 Cy4Hyo Phenanthrene Phe 178 339

6 Ci4H10 Anthracene Ant 178 340

7 Ci6H1o Fluoranthene FluAn 202 375

8 CieHio Pyrene Pyr 202 360

9 CigHp2 Benz[a] BaA 228 435
anthracene

10 CigHjo Chrysene Chy 228 448

11 CyoHyy Benzo[b] BbF 252 481
fluoranthene

12 CyoHj2 Benzo[k] BkF 252 481
fluoranthene

13 CyoHia Benzo[a]pyrene BaP 252 495

14 CyoHyp Benzo[ghi] BghiP 276 536
perylene

15  CxHiz Indeno(1,2,3-cd] 1123P 276 536
pyrene

16 CooHig Dibenz[ah] DbahA 278 524
anthracene

1996). PAHs in unburned diesel fuel have been shown to be the primary
contributor of lighter 2-3 ringed PAHs in diesel exhaust. For example,
24% of naphthalene in the exhaust was found to be sourced from
naphthalene in the fuel that survived combustion (Marr et al., 1999). It
was also concluded that the presence of higher molecular weight PAHs
in diesel exhaust, not present in the fuel, originate from other sources
such as lubricating oil or pyrosynthesis (Marr et al., 1999).

Vehicle emission factors (EFs) are functional relationships that pre-
dict the quantity of an emitted pollutant as a function of the activity
causing the emission (Phuleria et al., 2006; Riccio et al., 2016). EFs are
significantly influenced by factors such as vehicle type; engine age and
maintenance; fuel type and composition, as well as driver behaviour and
travel speed. Poor fuel quality, aging vehicle fleet, and lack of road-
worthy emission tests and operational maintenance are the reasons for
the lack of standard compliance and for higher that normal transport
emissions in developing countries (Ayetor et al., 2021). It is for this
reason that there continues to be a need to characterize the potential
health risks from older engines which are prevalent in developing
countries, and it is also vital assess health and environmental effects
associated with exposure to diesel exhaust as a whole (Weitekamp et al.,
2020).

EFs have been measured using a number of different methods,
including vehicle chassis dynamometer studies (Yanowitz et al., 1999;
Kostenidou et al., 2021), remote sensing (Burgard et al., 2003; Guo et al.,
2007; Schifter et al., 2003; Zhang et al., 1995), twin-site experiments
(Gietl et al., 2010; Oliveira et al., 2010; Pey et al., 2010), roadway tunnel
studies (Phuleria et al., 2006; Kristensson et al., 2004; Handler et al.,
2008; Mancilla and Mendoza, 2012; Weingartner et al., 1997; Abu-Al-
laban et al., 2002; Wang et al., 2021) and on-road chase experiments
(Wang et al., 2011) each of which have their advantages and limitations
which are comprehensively reviewed by Vicente Franco et al. (2013).

Riccio et al. determined PAH emission factors from an urban tunnel
experiment in Naples, Italy whereby they placed two mobile measuring
stations at the entrance and exit of the tunnel and took PM;( samples
every hour onto 47 mm borosilicate glass filters (Riccio et al., 2016). The
authors found PAH concentrations as high as 1450 ng/m?, with benzo(a)
pyrene having an EF of 2.7 pg/km, which was three times higher than
expected based on other studies. Lower molecular weight PAHs, i.e.,
3-ring PAHs, were abundant at both the tunnel entrance and exit, while
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the most prevalent PAHs were the 4-ring pyrene and benzo(a)anthra-
cene and the 6-ring dibenzopyrenes (Riccio et al., 2016).

Tunnel measurements of PAHs lack resolution on individual vehicle
contributions as they represent the overall vehicle fleet emissions in a
specific tunnel and sources are not limited to exhaust emissions alone
but also include emissions from other sources such as grassland fires,
domestic fires and industry emissions. Additionally, transient ambient
tunnel sampling methods only cover limited traffic circumstances and
are influenced by changes in the local meteorological and environ-
mental conditions and the results may not be generally applicable to
open roadways (Ning et al., 2008). Another consideration to be made in
tunnel EF studies is that the sampled air mass may be fresh or aged, or a
mixture of the two, which will impact the speciation of pollutants
(Forbes et al., 2013).

Zheng et al. (2017) employed a portable emissions measurement
system (PEMS) to collect real-world particle samples from diesel vehi-
cles in China. DPM samples were collected onto 47 mm quartz fiber
filters with a cyclone filter impactor with inlet flow rate of 5 L/min.
Fourteen in-use heavy-duty diesel vehicles were employed in the study
to measure the species-resolved particulate PAH emissions under
real-world driving conditions and 15 priority PAHs were characterized
by gas chromatography-mass spectrometry (GC-MS). The authors found
that 3 and 4-ring PAHs accounted for 95% of the total measured par-
ticulate PAH emission factors for all vehicles. They also noted that the
average particulate emission factor of 15 PAHs for electronically
controlled fuel injection engines was 187 + 80 pg/kg which was a 76%
reduction when compared to 782 + 378 ug/kg for mechanical pump fuel
injection engines, which clearly indicated the influence that engine
technology has on emission factors (Zheng et al., 2017).

For a study to determine EFs to be effective and accurate, it should be
performed under realistic driving conditions where the inputs from
other sources are minimized. Modern dynamometers can realistically
vary load on the vehicle or engine to simulate real world driving and can
produce realistic brake wear when driven through a transient driving
cycle, however a limitation of this type of study is that a controlled
laboratory environment will never fully represent real-world driving
conditions (Cocker et al., 2004, Zheng et al., 2016). Another consider-
ation is that dynamometer studies cannot fully replicate other inevitable
non-exhaust emissions such as those from the wear of brake linings, tyre
wear and re-suspended road dust, all of which will contribute to road-
side emissions (Abu-Allaban et al., 2003, Allen et al., 2001, Morawska
and Zhang, 2002).

In a recent study, PM emitted from diesel vehicles operated under
different driving conditions on a chassis dynamometer revealed that the
emissions were dominated by the organic carbon fraction whereby the
PAH analysis results revealed that 4 and 5-ring PAHs were the most
prevalent (Wang et al., 2021). The sum of particulate PAH EFs ranged
widely from 0.41 to 18.60 mg/kg for the different vehicles tested in the
study, of which most of were Euro 4 and 5 compliant (Wang et al.,
2021).

In a comprehensive review of literature, whereby exposure to both
filtered and whole diesel exhaust was considered, it was found that the
gas fraction of diesel exhaust plays a significant role when considering
health-related endpoints (Weitekamp et al., 2020). The numerous
studies cited in this article, and others found in the literature, have
primarily paid attention to the toxicity of particulate matter and soot
emissions, but it has been found that many PAHs are emitted predomi-
nantly in the gas phase (Geldenhuys, 2014; Geldenhuys et al., 2015).
The methods cited in literature use sampling methods that require larger
sampling volumes and extended sampling times to accurately quantify
trace level of PAHs in ambient air, after which a highly sensitive
analytical system must be employed after complicated and time
consuming pre-treatment and analyte concentration procedures (Pan-
dey et al., 2011). All of the aforementioned sampling strategies intro-
duce unwanted sampling artefacts and increase the risk of analyte
breakthrough and blow off resulting in vital PAH partitioning
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information being lost. It is for this reason that it is vital to overcome
these sampling bottlenecks and include a simplified sampling method
that is able to adopt low flow rates, short sampling intervals and
simultaneous sampling of gas and particle phase PAHs in a manner in
which their partitioning is unaffected by sampling conditions. Corre-
spondingly, the aim of this study is to determine gas and particulate
phase PAH emission factors from a light duty diesel engine, in a
controlled test cell facility, which is operated at two different modes
representative of different engine operating conditions. It is the first
time that both gas and particle PAH EFs have been simultaneously
determined for different engine operating modes using small portable
denuder sampling devices that minimise sampling artefacts and avoid
time consuming and environmentally unfriendly sample preparation
techniques. These phase specific EF values will be useful in the calcu-
lation of more accurate emission inventories and can be used to guide air
quality management plans as well as reduction and abatement strate-
gies. Gas and particle phase PAH profiles and EFs at each of the modes
tested are then compared to other reported studies using other mea-
surement methods (such as tunnel and roadside samples) in order to
assess the advantages and disadvantages of the adopted test measure-
ment strategy and identify potential areas of further development.

2. Methodology

Controlled testing was carried out at the Sasol Fuels Application
Centre in Cape Town, South Africa. Vehicle emissions were simulated
and tested in a test cell equipped with a Euro 2 compliant, 1.6 L test
engine, fitted with a close-coupled diesel oxidation catalyst (DOC).
Diagnostic checks were carried out on the engine prior to testing to
ensure performance was as per specification. It must be noted that poor
fuel quality, an aging vehicle fleet, and lack of mandatory roadworthy
emission tests are reasons which can contribute to the lack of standard
compliance in developing countries in Africa (Ayetor et al., 2021). It is
for this reason that a Euro 2 compliant engine was chosen to be repre-
sentative of the average fleet in developing countries, and the emissions
arising from this engine would have significance in, for example, South
Africa where the Euro 2 Vehicle Emission Standard is adopted.

The test fuel contained less than 10 ppm sulphur and the test engine
operation modes, dynamometer details and fuel specifications are listed
in Tables 2-4 respectively. An electrical engine dynamometer was
coupled to the test engine to simulate and control engine operation
parameters, including speed, torque and throttle and all the testbed data
as well as engine control module (ECM) parameters were logged by the
test cell automation system at a frequency of 10 Hz. Fig. 1 shows a
schematic of the test cell setup. Fuel consumption was measured using a
mass flow meter employing a Coriolis mass flow sensor and fuel tem-
perature conditioning unit (AVL models 735S and 753C, respectively).

The test engine was operated in 2 different operating modes as
detailed in Table 2. These modes represent varying torque (power)
conditions. M, represents a vehicle idling whilst Mg represents a vehicle
exerted to maximum power and speed i.e., driving uphill whilst pulling a
load. The actual operating modes of vehicles on the road would fall
within the range of these test modes, seeing that Mg is a severe operating
mode, allowing for a predicted range of emissions to be estimated.

2.1. Test engine
The test engine was a 1.6 L engine which is used in light duty

Table 2
Test engine operation modes.

Atmospheric Environment: X 13 (2022) 100158

Table 3
Test engine specifications.
Parameter Detail
Model year 2010
Cylinders 4
Capacity 1,595 cm®
Compression ratio 16.5:1
Induction Turbocharged with intercooler

Fuel System
Exhaust gas recirculation
Transmission

Common rail direct injection using piezo injectors
Cooled exhaust gas recirculation (EGR) for NO, control
5-speed manual

Max Power 77 kW @ 4400 rpm

Max Torque 250 Nm @ 1500-2500 rpm

Emission control Close-coupled diesel oxidation catalyst (DOC)
Emission level Euro 2

CO, emissions 109 g/km

Table 4
Test fuel specifications.

Carcal RF-06-03

Cetane number 53.5
Density at 15 °C (g/mL) 0.8363
Aromatics (% volume) 26.9
Flash point (°C) 83
Polycyclic aromatic hydrocarbons (% mass) 5.0
Viscosity at 40 °C (mm?/s) 2.75
Sulphur (mg/kg) 1.2
Lubricity at 60 °C (pm) 376
Water content (mg/kg) 70
Carbon content (% mass) 86.70
Hydrogen content (% mass) 13.30

passenger vehicles and it is Euro 2 emission level compliant. The engine
was set up using a production standard engine Electronic Control Unit
and exhaust system. The engine was fitted with a Diesel Oxidation
Catalyst (DOC) which is typical for a Euro 2 emission level engine as
used in vehicle fleets found in developing countries. Further details of
the test engine are shown in Table 3.

2.2. Test fuel

For the test cell experiments, an ultra-low sulphur (ULS) diesel fuel
that contained less than 10 ppm sulphur was used during testing (Carcal
RF 06-03). This certification test fuel was sourced from Europe, and is
EN590 compliant. The specifications of the test fuel are presented in
Table 4.

2.3. Laboratory analytical equipment

Undiluted exhaust gas was sampled using a Horiba MEXA series 7000
exhaust gas analyser to measure concentrations of NOx (nitrogen ox-
ides), CO (carbon monoxide), THC (total hydrocarbons), and CO; (car-
bon dioxide). Real-time measurements of soot concentration in the
undiluted exhaust were performed by means of a photo-acoustic soot
sensor (AVL483 Micro Soot Sensor). Soot measured in this way corre-
sponds to the insoluble or non-volatile portion of the particulate matter
(primarily elemental carbon). DPM emissions are typically expressed in
grams of particulate matter per unit of mechanical energy delivered by
the engine, such as g/kWh. This approach normalises DPM with

Dyno Speed (rev/ Brake Power Dyno Torque

Engine Throttle Position

Fuel Mass Flow Rate Intake Air Mass Flow Exhaust Mass Flow Rate

min) (kw) (Nm) (%) (kg/h) (kg/h) (kg/h)
Ms 780 4.19 10 27.4 313 232 235
Mz 4000 78 187 100 18.4 399 417
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Fig. 1. (a) Schematic of test cell setup indicating the undiluted, raw and diluted sample positions, (b) cross section of diluted sample position in the exhaust duct and

(c) a photograph of the test cell setup.

mechanical energy and thus removes any variability between tests
introduced by variable exhaust flow rates or engine power differences.
No correction for thermophoretic or diffusional losses has been applied
to the measured results. These instruments for the measurement of
exhaust emissions are done according to international standard
methods. The humidity and ambient pressure in the test cell were
determined with a Kestrel portable weather station.

On-line instruments sample undiluted exhaust gas from the inside of
the tailpipe. In addition, a sampling point was positioned at a distance of
0.3 m away from the tailpipe exit. This optimum distance of 0.3 m was
determined by measuring the soot and gas emissions at different dis-
tances from the tailpipe outlet in order to balance variability in dilution
ratio while satisfying the concentration and temperature range of the
sampling devices. The samplers that were positioned 0.3 m away from
the tailpipe outlet, were named “Raw” as opposed to the measurements
that were taken directly in the tailpipe to measure undiluted exhaust
emissions which were named “Undiluted”.

A select number of measurements were taken in the exhaust
extraction duct of the facility. The raw exhaust passed into the exhaust
extraction duct before it was emitted to the outside atmosphere. The
diluted measurements were taken directly in the exhaust duct with
minimal adjustments and they represent a more aged and equilibrated
air mass (Fig. 1). Samples were taken after ~4 min equilibration in each
mode. A background air sample was also taken from the inlet air that
was supplied to the test cell after it had passed through fabric filters. The
position of the sample was approximately 0.3 m inside the inlet ducting.

2.4. Sampling methodology

PAH sampling was performed at two positions during each mode: 1)
On a stand parallel to exhaust flow at a distance of 0.3 m from the
tailpipe exit, denoted “Raw”, and 2) On a probe in the exhaust extraction
duct perpendicular to air flow denoted “Diluted”.
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Particle and gas phase PAH sampling was performed using multi-
channel silicone rubber trap denuders (Fig. 2). The PAH samples were
collected at a flow rate of 500 mL/min for 10 min, using Gilair Plus
personal sampling pumps (Sensidyne), to obtain a final sampling volume
of 5 L.

The denuder consisted of two multi-channel silicone rubber traps
(each trap: 178 mm long glass tube, 6 mm o.d., 4 mm i.d.) each con-
taining 22 parallel PDMS tubes (55 mm long, 0.3 mm i.d., 0.6 mm 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 par-
ticulate phase sampling (Forbes et al., 2012; Forbes and Rohwer, 2009,
2015; Munyeza et al., 2019). In the denuder, the gas phase SVOCs are
trapped by the first (primary) trap as the polydimethysiloxane serves as
a solvent for these compounds, and the particles are trapped down-
stream on the quartz fiber filter. The post filter trap (secondary trap)
collects any PAHs that break through from the primary trap or have
blown off from the filter. Fig. 2 illustrates the sampler setup.

2.5. Instrumental analysis

Offline analysis of the denuders was performed by means of a LECO
Pegasus 4D GCxGC-ToFMS 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 software
version 4.0 (LECO Corp., St. Joseph, MI). A Gerstel 3 Thermal Desorp-
tion System (TDS) was employed for sample introduction. Synthetic air
was used for the hot jets and liquid nitrogen (LN3) 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 pm df) as the first dimension (1D) and a Rxi-17Sil MS,
midpolar 5% phenyl 95% methylsiloxane (0.79 m, 0.25 mm i.d., 0.25
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2.) Quartz fibre filter positioned between prnimary and secondary trap and
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containing 22 parallel PDMS tubes

Fig. 2. Schematic of multi-channel trap denuder sampling devices used for PAH sampling.

pm df) as the second dimension (2D). Thermal desorption was carried
out from 30 °C to 280 °C at 60 °C/min and held for 5 min after 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
to 280 °C and the inlet purge time was 3 min. The desorption flow rate
was 100 mL/min and the TDS transfer line was at 280 °C. The primary
oven was ramped at 10 °C/min from 40 °C to 315 °C which was held for
5 min. The secondary oven was offset by +5 °C and the modulator
temperature was offset by 30 °C. The modulation period was 4 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 Da at 100 spectra/s. The
electron energy was 70 eV and the ion source temperature was 200 °C.

2.6. Matrix matched calibration standards

Calibration was performed by using a certified standard PAH mix
solution (Supelco, St Louis, MO), containing 15 priority PAHs (Table 1
with the exception of benzo[k]fluoranthene). The nominal concentra-
tion of each compound in the mixture dissolved in methylene chloride
was 2000 pg/mL. The names and abbreviations of the PAHs included are
given in Table 1. Stock solutions at a concentration of 100 pg/mL were
prepared in toluene and working solutions were prepared by appro-
priate dilutions of the stock solutions before use. All solvents used for
standard preparation and cleaning of syringes, traps and filters, were of
analytical grade (99% purity) including toluene, DCM and n-hexane
which were purchased from Sigma Aldrich. Acetone was obtained from
Associated Chemical Enterprises, (ACE South Africa). Deuterated in-
ternal standards (Is;g), d8-naphthalene, d10-phenathrene, d10-pyrene
and d12-chrysene were obtained from Isotec Inc (Sigma Aldrich, Belle-
fonte, USA) and used in all standards and samples.

Calibration curves were generated in order to quantify gas and par-
ticle phase PAHs. For gas phase PAHs, quantification was achieved by
analysing individual conditioned PDMS traps that were spiked with 1 pL
of the following concentrations of mixed PAH standard in toluene: 1.0,
2.0, 5.0, 10.0 and 15.0 ng/pL. Similarly, to quantify particle bound
PAHEs, clean 35 mm QFF punches were spiked with 1 pL of 0.5, 1.0, 2.0,
3.0, 5.0 and 10 ng/pL mixed PAH standards in toluene. The I mixture,
containing d8-naphthalene, d10-phenathrene, d10-pyrene and d12-
chrysene (1 ng/pL), was spiked onto all samples prior to analysis and
calibration curves were derived using the area ratio of target analyte:
Isia. The Igyq correction accounted for any instrument variability or
matrix effects. Linear regression analyses were performed after blank
correction, using the Data Analysis Toolkit in Excel. The limit of
detection (LOD) of each target compound was calculated as a response at
three times the signal to noise (S/N) ratio and the limit of quantitation
(LOQ) as ten times the S/N ratio.

2.7. Test cell measurements

Temperature and air flow within the test cell were monitored via
online sensors. Air flow was measured using a thermal mass flow sensor
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(ABB Sensyflow) connected to the engine air intake and the exhaust flow
rate was calculated on the basis of the conservation of mass, by adding
the intake air and fuel mass flow rates together. The temperature sensors
included a wall mounted sensor for an overall test cell temperature, a
sensor at the intake filter of the engine and a sensor in the exhaust
stream at the sample point 0.3 m away from the tailpipe (raw sample
point). Fig. 3 depicts the temperature as a function of varying engine
power. The humidity in the test cell was 46% and the ambient pressure
was 1021 Pa.

The distance of 0.3 m from the tailpipe was selected as it was close
enough to the source for stable engine readings based on monitored CO,
and NOx emission dilution factors (less variability as depicted in Fig. 4)
and was far enough from the tailpipe for sampling devices to withstand
elevated temperatures from the exhaust. The temperature at the sam-
pling point (inlet of denuder) ranged from 46 °C at 50% load to 53 C
after running for a short while at maximum load, which later increased
to 210 °C. Fig. 4 depicts the decreasing engine variability at distances
from —0.1 m (penetrating the tailpipe) to 0.5 m from the tailpipe for CO,
and NOy emissions.

Fig. 5 shows the emission of common pollutants as a function of
engine power. It is clearly visible for each pollutant, that the engine
operation mode significantly influences the concentration of pollutants
emitted which are largely governed by the high temperatures and
pressures of the combustion process as well as the air-to-fuel ratio,
which varies due to the lean-burning nature of diesel engines. Total
hydrocarbons are found in highest concentration in idle mode which is
characterized by oxygen rich conditions and the lowest at the maximum
power mode. The opposite trend was seen for soot emissions where
concentrations were elevated to approximately 44 mg/m° during
maximum power mode which can be attributed to the increase in tem-
perature and oxygen deficient conditions. The NOy emissions reveal a
similar progressive increase in emissions as the engine torque is
increased as this causes an increase in temperature which increases NO
formation kinetics (Eiguren-Fernandez and Miguel, 2012). CO5 emis-
sions increase purely as a function of the amount of fuel burned and
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Fig. 3. Torque measurements as a function of temperature.
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Fig. 4. Variation in engine emission dilution factors as a function of sampling distance from the tailpipe outlet.

since the engine load is progressively increased, the amount of fuel
burned and therefore CO; emitted also increases. In Section 3.2 these
results are correlated to PAH emissions to gain a better understanding of
the concentrations emitted and the phase partitioning thereof.

3. Results and discussion
3.1. Calibration results

Table 5 represents the 10 out of 15 priority PAHs that were detected
in the gas and particle phase samples with their abbreviations. The R?
values show good linearity but were affected by variation in TD
efficiency.

Table 6 shows the limits of detection and quantitation for PAHs on
the multi-channel PDMS traps (gas phase PAHs) and on quartz fibre
filter (particulate phase PAHs). The LOD and LOQ are given in pg on trap
as well as ng/m°® based on a sample volume of 5 L. The limit 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. These values were found to have similar orders of magnitude
to the values reported in another study that saw the application of the
denuder devices in an underground platinum mine (Geldenhuys et al.,
2015). The limit of detection for the gas phase PAHs range from 0.3
ng/m? for 2 ringed naphthalene to 79.3 ng/m? for 6-ring benzo(ghi)
perylene. The LOD for the particulate bound PAHs ranged from 0.3
ng/m3 for naphthalene to 18.5 ng/m3 for dibenz(a,h)anthracene.

3.2. Total gas and particulate PAH concentrations

Total PAH emissions from the raw exhaust were 6.3 and 33.9 pg/m®
for My (idle mode) Raw and Mp (max power mode) Raw, respectively
and 0.2 and 21.7 pg/m® for the dilute samples as seen in Table 7. From
Fig. 6 it can be seen that PAHs were predominantly found in the gas
phase (80-100% in the raw exhaust stream as well as in the dilute (aged)
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samples). There were no ambient PAHs detected in the background
samples.

The raw M, sample showed that over 90% of PAHs were detected on
the primary trap and only 10% on the secondary trap, with no partic-
ulate PAHs, whilst the diluted sample revealed that 0.25 pg/m® of PAHs
were detected solely on the primary trap. The raw Mg sample showed
gas and particulate PAHs which is consistent with denuder theory in
which the primary PDMS trap acted as a solvent for the gas phase ana-
lytes and analytes that were associated with particles passed through the
trap and were collected on the downstream filter and either remained on
the filter or subsequently experienced blow off and were then trapped on
the secondary trap). Blow off (or loss by volatilization) is a well-
documented phenomenon, whereby loss of particle phase analyte is
caused by the pressure (and temperature) gradient existing through the
filter (Kumari and Lakhani 2018). The loss due to blow off is expected to
be minimal due to low sampling flow rates and sampling times, however
it can still occur and should be taken into account via the use of a second
trap in this case. In addition, the low back pressure across the denuder
sampling device throughout this sampling interval reduced the potential
for such effects to occur.

Mp showed much higher PAH concentration than the idle M which
is expected as the engine was under load (full throttle and full torque).
The raw sample showed higher concentrations of PAHs on the secondary
trap than the primary trap which is due to blow off from the filter and
PAHSs that are transiently associated with particles when exiting the
exhaust since there is not sufficient time to equilibrate. The gas/particle
partitioning of PAHs is complex and is also further influenced by the
high temperatures of the exerted engine in Mg, which perturbs the
equilibration between phases.

Particulate emissions were the highest for Mg which correlated to the
highest soot and carbon dioxide emissions in the test cell measurements
(Fig. 5) which suggests that soot measurements may be used as a proxy
to estimate particulate PAHs levels in diesel emissions. During sampling
for Mg, less than 1 L of raw emissions were sampled due to pump failure
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Fig. 5. Concentration of emitted pollutants as a function of engine power.

Table 5
Detected PAH abbreviations and coefficients of variation for trap and filter
calibration curves.

PAH Abbr. m/z Trap Filter
R2 R?

Naphthalene-d8 IS 136

Naphthalene Nap 128 0.9349 0.9321
Acenaphthylene Acy 152 0.9998 0.9056
Acenaphthene Ace 154 0.9864 0.9255
Phenanthrene-d10 IS 188

Fluorene Flu 166 0.9874 0.9677
Phenanthrene Phe 178 0.9854 0.9224
Anthracene Ant 178 0.9410 0.9583
Fluoranthene FluAn 202 0.9252 0.9883
Pyrene Pyr 202 0.9607 0.9777
Benz(a)anthracene BaA 228 0.8284 0.9430
Benzo(a)pyrene BaP 252 0.9419 0.9734

at high PM loading and possibly also due to the high temperature of

210 °C at the sampling point, this was however corrected for as exact

sampling volumes were used to calculate the concentration per m°.
The dilution effects were more evident in My, with a significant

16

difference between the raw and dilute samples. The dilution factors for
M, and Mg, based on total PAH concentrations, were found to be 22.4
and 0.8 respectively. The formation of PAH derivatives in post emission
reactions as well as equilibration and particle losses due to impaction
along the exhaust extraction ducting can be contributing factors to the
noted dilution effects when comparing raw and dilute samples. The post
emission reactions would include the formation of alkylated and
oxygenated PAHs as well as nitrated PAHs due to the presence of NOy
emissions from the diesel engine. These profiles are reported to be
dominated by nitro-naphthalene, 1-nitropyrene and 9-nitroanthracene
(Correa et al., 2021; Huang et al., 2015; Kostenidou et al., 2021). The
PAH derivative compounds were not quantified in this study although
formation of these compounds during dilution and aging would result in
lower concentrations of parent PAHs. The particulate PAHs in Mg were
6.36 and 6.19 pg/m° for the raw and dilute sample respectively which
shows that there was only a small amount of particulate loss which is
likely due to impaction in the exhaust ducting. The secondary trap PAH
concentration for the raw Mg (15.7 pg/m?) sample is comparable to the
primary trap PAH concentration in the Mg dilute sample (14.8 pg/m®)
which is consistent with the theory that PAHs are transiently associated
with particles in the raw exhaust stream and consequently pass through
the primary trap. Once these emissions are aged, or have had sufficient
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Table 6
LOD and LOQ values for PAHs in gas phase (top) and particulate phase (bottom).
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Table 7
Concentration of PAHs in raw and dilute exhaust streams in pg/m.>.

PAH (trap) pg (trap) Calculated air sample (ng/mg) PAH M, Raw Mg Raw M, Dil M Dil
LOD LOQ LOD LOQ Primary trap Nap 2.77 6.99 0.03 13.27
Acy 0.22 2.46 ND ND
;‘:5 ;; ‘;f 4 g:; ;g Ace 0.25 ND 0.22 ND
ol . o e 5 Flu 0.24 2.35 ND 0.21
: 5 Phe 0.30 ND ND 0.26
Flu el 169 Lo 24 Ant 0.17 ND ND 0.60
Phe 8.8 29.3 1.8 5.9 ien b o s iy
Ant 55 18.4 1.1 37 Py e o S i
Pyr 11.1 36.8 2.2 7.4 o 6 o i =
FluAn 1.1 36.9 2.2 7.4 e Ak . sy =
e o 1793 0.6 94 Sum 5.59 11.80 0.25 14.81
Chy Ak s Lo = Filter Nap <DL 6.36 <DL 4.99
BbF 76.3 254.3 15.3 50.9 ey i s hoss iy
Bz;P 160.2 534.1 32.0 106.8 P s e e =
TedP 255.2 850.6 51.0 170.1
BghiP 396.6 1322.1 79.3 264.4 ;:’e zg zg gg 3[2’5
e 243.2 e Akt A Ant ND ND ND 0.25
PAH (filter) pg (QFF) Calculated air sample (ng/m3) FluAn ND ND ND ND
LOD LOQ LOD LOQ Pyr ND ND ND 0.70
— o BaA ND ND ND ND
Nap 1.7 5.7 0.3 1.1 B e s Nb b
Acy 2.3 7 05 1:5 Sum 0.00 6.36 0.00 6.19
Ace o7 18:9 el 38 Secondary trap Nap <DL 8.93 <DL 0.15
Flu 2.0 B:2 0:5 16 Acy 0.22 2.28 ND ND
Phe 5:0 9.9 06 2.0 Ace 0.20 2.24 ND ND
Ant 2.2 7.2 0.4 1.4 s b e s X5
Pyr 15 5.1 0.3 1.0 i N5 i i P
FluAn 1.3 43 0.3 0.9 e NG NS N pogeed
BaA 7.4 24.8 1.5 5.0 o B X NI 08
Chy 5.8 19.2 1.2 3.8 By . NI o b6
BbF 13.1 436 2.6 8.7 Bl D o s X0
BaP 38.8 129.4 7.8 25.9 " NS NI o XI5
IedP 71.9 239.8 144 AB0 Sum 0.69 15.72 0.00 0.70
BghiP 6.6 232.0 13.9 46:4 Totalsum  6.28 33.88 0.25 21.7
DahA 926 308.7 185 61.7

time to equilibrate, the PAHs partition from the particulate phase into
the more favorable gas phase especially for low molecular weight PAHs,
which is then collected on the secondary trap of the raw stream sample
and then downwind on the primary trap in the exhaust extraction
ducting, respectively.

3.3. PAH profiles

The PAH profiles for M and Mg, differed significantly in terms of the
number, type and concentration of PAHs for both gas and particulate
phases. Naphthalene was found to be the most abundant PAH in the raw
exhaust stream for both M and Mg with a total of 9 PAHs detected in M
and only 4 in M.

Fig. 7 shows that PAHs emitted during idle mode, M, ranged from
the lighter 2-ringed acenaphthylene to the heavier 4-ringed benzo(a)
anthracene and pyrene which were present in the highest concentrations
(excluding Nap), none of which were associated with particles.

For Mp (Fig. 8) only lighter 2-3 ringed PAHs up to fluorene were
found in the raw exhaust stream but phenanthrene, anthracene, fluo-
ranthene and pyrene were found in the dilute sample stream which were
partitioned between gas and particulate phases after mixing with air and
having had time to condense and equilibrate. The presence of the lighter
PAHs at higher concentrations in the Mg raw stream likely arose from
unburnt diesel fuel as during this mode when the throttle is increased
there is more fuel introduced into the engine than in idle mode and
combustion occurs under more oxygen deficient conditions.

The PAHs emitted during maximum power were found to be pre-
dominantly on the filter and secondary trap indicating that they are
associated with particles whereas the idle mode produced predomi-
nantly gas phase PAH emissions, which was consistent with the soot
measurements as seen in Fig. 5 that showed the highest soot concen-
trations of approximately 44 mg/m3 during maximum power operation,
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implying an increased number of adsorption sites for PAHs and thus an
increase in transient particle association. The opposite is seen during
idle mode where the soot concentrations were negligible thus all PAHs
were solely found in the gas phase and were collected on the primary
trap.

The PAH profiles in this study were found to be consistent with that
of other diesel engine emission studies reported in the literature. In a
chassis dynamometer study where vehicle exhaust emissions were
sampled under different driving cycles, it was reported that the sum of
two-ring, three-ring and four-ring PAHs accounted for ~87% of the total
gaseous PAH concentrations (Wei et al., 2015). Dandajeh et al. also re-
ported that the most abundant exhaust PAHs, in a study investigating
fuel ignition and injection, were found in the gas phase and consisted of
predominantly 2 and 3-ring PAHs (Dandajeh et al., 2019). These find-
ings were consistent with what was reported by other authors, as Hu
et al. confirmed that PAHs in the gas phase dominated the total PAH
(gas + particle phases) emissions for all the test vehicles in their
investigation carried out using a chassis dynamometer under different
driving cycles. The authors found that 99% of the 2-ring, 98% of the
3-ring, 97% of the 4-ring and 95% of the carcinogenic PAHs were all
found in the gas phase after a diesel particle filter (DPF) which dem-
onstrates the need for gas phase PAH characterisation and quantification
(Hu et al., 2013).

3.4. PAH emission factors

Emission factors for My and Mg were calculated for each detected
PAH in both gas and particulate phases as it was demonstrated in this
study that over 80% of PAHs were found in the gas phase, even for the
larger 4-ring PAHs.

Light duty vehicle EFs were determined directly from the engine
dynamometer measurements using the equation below where the
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difference in [CO2] in the undiluted exhaust stream and the sampling that was sampled was also accounted for after the sampling flow rate
point was used to determine the dilution ratio. The sampling points was taken into account. The sampling correction factor was introduced
included dilute emissions in the exhaust duct where there was no in-line to correct for the total flow at the sampling point (i.e., what portion of

CO, monitor, therefore the conventional dilution ratio determination the total air flow was sampled). Otherwise, it would imply that all of the
approach, using CO; as a tracer, could not be adopted. The total air flow PAHs derived from the fuel combusted were sampled.
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Our EFs calculated in this way are noted as being indicative in nature
due to the lack of a controlled dilution system for sampling.

Calculation of EFs

[PAH].(Dilution ratio)(Sampling time conversion factor)

EF =
(Ratio of total air sampled)(Fuel consumption)
EF _ [PAH].[CO; ungituea] [Sampling flow rate][time conversion factor]
LS CO; sampline point| [Total exhaust flow rate|[Fuel flow rate
pling po
=EF (pg/kg)
Where:

[PAH] = total mass of PAH (pg) on the trap or filter determined from
the calibration curve

[CO2 undiluted] = concentration (%) of CO, in undiluted exhaust
[CO3 gilutea] = concentration (%) of CO, at sampling point

Total exhaust flow rate = average total exhaust mass flow rate (kg/
hr).

Sampling flow rate = sampling flow rate (0.5 L per min equates to
0.03 m®/h atmospheric sampling at 101,8 kPa and temperature at
each mode was logged as:

Idle: 25.7 °C.

Max power: 207.2 °C).

Time factor = factor of 6 used to convert 10 min sampling time to 1 h.
Fuel flow rate = fuel consumption measured by Sasol automated
system:

Idle: 0.300 kg/h.

Max power: 18.400 kg/h.

EFpay = the PAH emission factor (pg of PAH emitted per kg of fuel
burned).

From Table 8 and previous results and discussion, it is evident that
the mode of engine operation has a significant influence on the type and
number of PAHs emitted. The idle mode resulted in a total PAH EF of
1181.14 pg/kg which is significantly higher than the total PAH EF of
592.10 pg/kg determined during maximum power mode. The vast dif-
ferences in parameters between the two engine operational modes play a
major role on the resultant EF i.e., the maximum power mode required

Table 8
Calculated emission factors for PAHs emitted per kg fuel burned during idle and
maximum power mode.

Idle mode PAH [pg/m?) EF (pg/kg)
1° trap Nap 2.77 520.15
Acy 0.22 41.31
Ace 0.25 46.95
Flu 0.24 45.07
Phe 0.3 56.33
Ant 0.17 31.92
FluAn 0.21 39.43
Pyr 0.77 144.59
BaA 0.67 125.81
27 trap Nap - -
Acy 0.22 41.31
Ace 0.2 37.56
Flu 0.27 50.70
Total 6.29 1181.14
Max power mode PAH [pg/m?] EF (ng/kg)
17 trap Nap 6.99 122.02
Acy 2.46 42.94
Flu 2.35 41.02
Filter Nap 6.39 111.54
2° trap Nap 8.93 155.88
Acy 2.28 39.80
Ace 2.24 39.10
Flu 2.28 39.80
Total 33.92 592.10

19

Atmospheric Environment: X 13 (2022) 100158

over 60 times more fuel, which results in a lower EF.
3.5. Comparison to other studies

The EFs in this study were compared to the EFs obtained from other
studies whereby on-road methodologies were used and only particulate
emissions were measured. It must be noted that this study was a sta-
tionary test using one type of fuel whereas the other studies where on-
road real time tests where the average of emissions from many vehi-
cles were therefore measured. Whilst it is acknowledged that chassis-
based study results would have yielded very useful comparisons, un-
fortunately other studies in literature, including those for chassis
studies, use distance-based EF which are thus not directly comparable to
the results generated in this study. Only reported studies reporting
volume based EFs (i.e., with pg/kg units) were thus included, as they
allow for direct comparison.

A comprehensive comparison of the particle associated PAHs from
diesel exhaust showed that EFs reported over the past several decades
span up to 8 orders of magnitude (Hays et al., 2017). It is immediately
evident from the EFs in Table 9 and from Fig. 9 that there are significant
differences in reported emission factors from various studies which is
likely due to the way the test was conducted as well as the factors
influencing the emissions such as the type of fuel that was used. The
sampling volumes used in each study are substantially different and it
must be noted that larger sample volumes are needed to obtain con-
centrations above LOD values for particle phase samples. In this study a
sampling volume of 5 L with a low sampling flow rate of 500 mL/min
was applied whereas high flow rates of 450 L/min, 30-450 L/min, and
50 L/min were applied for several hours in the tunnel, freeway and
on-road study, respectively (Marr et al., 1999; Phuleria et al., 2006; Ning
et al., 2008).

Other authors found that 95% of the total measured particulate
emission factors were as a result of 3 and 4-ring PAHs (Zheng et al.,
2017), which was consistent with what was found in this study where all
particulate PAHs were found to be the lower molecular weight moieties.
It must be noted that 89% of EFs were accounted for from gas phase
PAHs during idle mode and 35% during the max power mode, of which 3
and 4-ring PAHs were also predominant although heavier PAHs such as
pyrene and benz(a)anthracene were detected.

Testing an individual vehicle in a controlled setting such as in this
study, or even averaging over several vehicles, can lead to very different
results than a tunnel study that includes an average over thousands of
vehicles equipped with numerous engine types and burning different
fuels, which must be taken into consideration. A chassis dynamometer
study was conducted by Wei et al. whereby PAHs in vehicular exhaust
were characterized and quantified whilst the engine was operated under
different driving cycles including idle and acceleration mode, such as in
this study. The authors confirmed that emissions are influenced by the
mode of engine operation and found that the concentration of PAHs was
the highest in acceleration tests, followed by deceleration and idle tests.
The sum of 2-4 ring PAHs accounted for 87% of the total gaseous PAH
concentration which was consistent with this study (Wei et al., 2015).
When considering EFs from vehicles within different European classes, it
was found that PAH emissions vary according to the Euro standard of the
vehicle, with the oldest Euro standard displaying the highest emissions.
In the case of diesel private cars, ZPAHs EF was found to be 26.78 +
10.85 mg km ! for Euro 1, 3.09 + 3.26 mg km ! for EURO 2, and 1.29
+ 0.49 mg km™! for Euro 3 (Perrone et al., 2014). The higher EFs re-
ported in this study can be expected as the engine employed is older in
order to represent engines in operation in developing countries, and they
are thus complaint to older European engine classes and standards (Liu
et al., 2017).

What is evidently conclusive from this comparison is that the gas
phase EFs, which are not considered in any other study, are comparable
and in some cases higher than the particulate EFs especially for lower
molecular weight PAHs. Fig. 9 reveals that the PAH EF profiles are
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Table 9
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Comparison of PAH EFs (in pg/kg fuel burned) obtained from various studies done on light duty vehicles (LDVs).

This study (gas + particle) This study (particle) This study (gas) Tunnel study” (particle) Freeway” (particle) On road" (particle)
PAH My Mg Ma Mg Ma Mg Ultrafine Accum. CA-110 1-710 1996a 1997a
Nap 520.15 389.44 267.42 520.15 122.02
Acy 82.62 82.74 41.31 39.80 41.31 42.94
Ace 84.50 39.10 37.56 39.10 46.95
Flu 95.77 80.82 50.70 39.80 45.07 41.02 2.39 0.37 2.86 16.29 8.00 10.30
Phe 56.33 56.33
Ant 31.92 31.92
FluAn 39.43 39.43
Pyr 144.59 144.59 3.63 0.55 3.30 23.21 9.00 13.8
BaA 125.81 125.81 4.11 0.43 0.43 12.24 4.80 8.80
BaP 5.08 0.34 0.40 3.52 6.40 8.30

@ Phuleria et al., (2006): EF attributable to LDVs in Ultrafine (particles with aerodynamic diameters (Dp) < 0.18 ym) and Accumulation Mode (Dp < 2.5 pm).
b Ning et al., (2008): Freeway EFs in PM, 5 samples collected from California State Highway (CA-110: only light-duty gasoline-powered vehicles) and the Long Beach

Freeway (I-710: 80% light-duty gasoline-powered vehicles).

¢ Marr et al., (1999) On-Road Emission Factors for Particle-Phase PAHs for light-duty vehicles (ug/kg) for 1996 (associated with particles <1.3 pm aerodynamic
diameter (PM1.3), not background-subtracted) and 1997 (Background-subtracted PAH associated with particles<2.5 ym aerodynamic diameter (PM s).
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Fig. 9. Comparison of particulate PAH EFs (in pg/kg fuel burned) obtained from various studies done on LDVs where this study represents a sum of gas and par-

ticle phase.

significantly different when the gas phase is considered whereas the
profiles for all the other studies showed prevalence of heavier PAHs such
as pyrene, benz(a)anthracene and benzo(a)pyrene. The fluorene EF was
significantly higher in this study when compared to the tunnel study
suggesting that fluorene exists in both phases.

A direct comparison is not possible due to the differences in the
sampling methods and environments in which measurements were
taken, however the EF profiles and the variance in the EF values
demonstrate the necessity to include both gas and particulate emissions
for an accurate assessment of the potential impact transportation may
have on human and environmental health.

4. Conclusion

In view of the adverse environmental and health impacts of airborne
PAHs that are sourced from diesel exhaust, it is crucial that accurate
assessment of the effects of their concentrations be carried out and
emission factors be determined to establish appropriate management
and mitigation strategies. PAHs vary in physiochemical properties and
they have been found to co-exist in both particulate and gas phases
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which makes the sampling, extraction and analysis techniques required
for the monitoring thereof somewhat challenging.

In this engine dynamometer study, the simultaneous sampling of gas
and particulate PAHs from diesel exhaust emissions was successfully
achieved by portable denuder devices consisting of a QFF sandwiched
between two multichannel PDMS traps. The traps and filter were indi-
vidually thermally desorbed and analysed by comprehensive two-
dimensional gas chromatography with time-of-flight mass spectro-
metric detection. The sampling was rapid and effective and low limits of
detection for PAHs were found for the experimental method ranging
from 0.3 to 18.5 ng/m? for filters and 0.3-79.3 ng/m® for PDMS traps.
Dynamometer studies have the advantage of being able to investigate
vehicle emissions under different load settings in a controlled laboratory
environment that is free from other sources, however a limitation to this
study is that no PAH emissions arising from elsewhere on the vehicle
aside from the engine are considered, such as wear of brake linings and
tyres, as well as re-suspended road dust, which also have an impact on
the PAH emissions from vehicle operation. It should also be noted that
there was no size resolution of sampled particulate matter in this study,
as total PM was collected.
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The PAH profiles for each mode differed significantly in terms of the
number, type and concentration of PAHs. Total PAH EFs (gas and par-
ticle phase) were determined to be 1181.14 and 592.10 pg/kg for the
idle and maximum power mode respectively. Naphthalene was found to
be the most abundant PAH in the raw exhaust stream for both modes and
a total of 9 PAHs were detected in the idle mode and only 4 in maximum
power mode. The maximum power mode revealed the highest concen-
tration of particulate PAHs which correlated with elevated soot mea-
surements. The presence of smaller 2-3 ringed PAHs in the exhaust may
originate from unburned diesel fuel but the presence of the larger 4-6
ringed PAHs, that are not typically present in the fuel, suggest that they
originate from other sources such as pyrosynthesis or the lubricating oil.

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.
Gas phase PAHs can undergo oxidation reactions producing secondary
organic aerosol compounds which in some cases have been found to be
more toxic than the precursor compounds (Lin et al., 2019). Therefore,
characterizing the EFs of PAHs, the phase partitioning of these com-
pounds, as well as transformations thereof, are important to air quality
control as well as the health of the general public.

For future work it is recommended that a study be conducted with a
controlled dilution ratio and additional tests should be carried out to
more accurately determine the extent of blow off and transient phase
associations at different operating modes and engine temperatures. An
in-depth look into the formation of PAH derivatives and their quantifi-
cation would be very valuable as low molecular weight PAHs, which
were found to be more abundant, can react with NOy in the exhaust to
form highly toxic nitrated and oxygenated PAH compounds that have
adverse human health and environmental effects (Keyte et al., 2016).
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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.
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Abstract: Biomass burning is a significant anthropogenic source of air pollution, including the preharvest burning of sugar
cane. These burn events result in atmospheric emissions, including semivolatile organic compounds, that may have adverse
impacts on air quality and human health on a local, regional, and even a global scale. Gaseous and particulate polycyclic
aromatic hydrocarbon (PAH) emissions from various sugar cane burn events in the province of Kwa-Zulu Natal in South Africa
were simultaneously sampled using a portable denuder sampling technology, consisting of a quartz fiber filter sandwiched
between two polydimethylsiloxane multichannel traps. Total gas and particle phase PAH concentrations ranged from 0.05 to
9.85 ug m > per individual burn event, and nine PAHs were quantified. Over 85% of all PAHs were found to exist in the gas
phase, with smaller two- and three-ring PAHs, primarily naphthalene, 1-methyl naphthalene, and acenaphthylene, being the
most dominant and causing the majority of variance between the burn sites. The PAH profiles differed between the different
burn events at different sites, emphasizing the significant influence that the crop variety, prevailing weather conditions, and
geographical location has on the type and number of pollutants emitted. The potential carcinogenicity of the PAH exposure
was estimated based on toxic equivalency factors that showed varying risk potentials per burn event, with the highest value
of 5.97 ngm™3. Environ Toxicol Chem 2023;00:1-15. © 2023 The Authors. Environmental Toxicology and Chemistry pub-
lished by Wiley Periodicals LLC on behalf of SETAC.

Keywords: Biomass burning; Denuder; Polycyclic aromatic hydrocarbon; Sugar cane

INTRODUCTION (Flack-Prain et al., 2021; South African Sugar Association
[SASA], 2019). The sugar cane industry in South Africa is ranked
in the top 15 out of approximately 120 sugar-producing
countries worldwide and is one of the world's leading pro-
ducers of high-quality sugar with an estimated average pro-
duction of 2.3 million tons/season (SASA, 2019). The industry is
varied, combining the agricultural activities of sugar cane
farming with the manufacture of raw and refined sugar, syrup,
and a range of other by-products (SASA, 2012).

The burning of sugar cane prior to harvest is common
This article includes online-only Supporting Information. practice in South Africa, where over 90% of the sugar cane is
This is an open access article under the terms of the Creative Commons burnt (Pryor et al., 2017). The primary reason for burning the

Attribution-NonCommercial-NoDerivs License, which permits use and . - £ th i3l s
distribution in any medium, provided the original work is properly cited, the use is sugar cane is economic: most of the excess waste material is

Sugar cane is an essential commercial crop worldwide; it is
extremely versatile, being a rich source of food, fiber, fodder,
fertilizer, and numerous valuable byproducts that can be used
for human and animal consumption, as well as providing a
source of renewable energy (Solomon, 2011). The crop is
grown in tropical or subtropical climates, with Brazil producing
over 40% of the world total followed by India and China

non-commercial and no modifications or adaptations are made. eliminated, leading to improved efficiencies of harvesting,
* Address comesponglence:to patricia:forbesup.ac 2 handling, and milling. The preharvest burns also chase away
Published online 31 January 2023 in Wiley Online Library g d K d B h K

(wileyonlinelibrary.com). the unwanted snakes and cane rats before the workers enter
DOI: 10.1002/etc.5579 the fields. An alternative to burning prior to harvest is “green
wileyonlinelibrary.com/ETC © 2023 The Authors
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harvesting,” which involves the cutting of the adult cane stalk,
the removal of leaves and unwanted matter, and the covering
of the plant's roots with the “trash blanket” (leaves and other
residues from harvesting). This method is notoriously difficult
and time consuming and results in increased harvest costs. The
method does, however, have its advantages such as the pres-
ervation of soil moisture, suppressed weed growth, improved
pest control, and increased soil nutrient value due to the or-
ganic matter, which also reduces field damage under wet
conditions.

Besides the short-term financial benefit of the preharvest
burns, there are adverse impacts on the environment that
should be considered such as the emission of greenhouse
gases, particulate matter, and semivolatile organic compounds
(SVOCs) into the atmosphere. The smoke produced from these
burning events is also hazardous to nearby road users, and the
ash from the burns may end up in sensitive areas such as
beaches, residential areas, and schools. The harvest season of
sugar cane lasts between 5 to 6 months, and during this time a
significant number of atmospheric pollutants are emitted into
the atmosphere that may have a negative impact on human
and environmental health (SASA, 2012).

Among the organic pollutants emitted are polycyclic ar-
omatic hydrocarbons (PAHs), which are ubiquitous in the en-
vironment and contain two or more fused benzene rings in
varying arrangements. They are formed through a pyrolytic
process during incomplete combustion of organic materials
and in emerging economies, such as South Africa, prominent
sources include biomass burning, vehicular emissions, and in-
door wood burning for heating and cooking (Dat &
Chang, 2017; Forbes & Rohwer, 2009). Due to their well-
researched potential carcinogenicity, teratogenicity, and gen-
otoxicity, the US Environmental Protection Agency (USEPA) has
identified 16 priority PAHs, and the World Health Organization
(WHO) has added 17 additional PAHSs, for a total of 33 PAHs
under regulation by the WHO (Chen et al., 2017; Dat &
Chang, 2017; Keith, 2015; Rengarajan et al., 2015).

Ambient PAH levels depend largely on the sources of PAHs
nearby, with PAH concentrations generally being higher in in-
dustrial, urban, or residential areas compared with remote or
rural sites, with PAH concentrations measured in ambient air
worldwide therefore varying from less than 50 pg m™ to more
than 1.7 uggm™ (Dat & Chang, 2017). Furthermore, ambient
PAH concentrations also depend on the prevailing metro-
logical conditions such as wind direction, wind speed, relative
humidity, and temperature. Seasonal variation in PAH con-
centrations validate the importance of these meteorological
parameters, although sources also vary seasonally with respect
to emission rates, with higher PAH concentrations being re-
ported in winter (Dat & Chang, 2017). A recent Iranian study
found that summed PAH concentrations were 0.008-59.46
(mean: 11.61) ng m™ and 0.05-40.83 (mean: 10.22) ng m™ for
the cold and warm seasons, respectively (Nadali et al., 2021).

These seasonal PAH variations can be explained by reduced
radiation during winter resulting in a reduction of photo-,
thermo-, and chemical oxidations in the atmosphere. In addi-
tion, a thinner planetary boundary layer and frequent thermal

inversions may trap pollutants in the lower troposphere and
prevent their dispersion, resulting in higher winter values,
whereas in summer seasons, lower PAH concentrations can be
partially attributed to increasing PAH volatilization from particle
to gas phase and better dilution and dispersion of atmospheric
PAHs. Wind speed and relative humidity were also found to be
significant predictors for both light and heavy PAHs because
higher wind speeds may reduce PAH levels by increasing di-
lution and dispersion of air masses, and an inverse correlation
between PAHs and wind speed was also observed by other
authors (Sharma et al., 2007; Tan et al., 2006, 2011).

The contribution of various parameters such as temperature,
relative humidity, rainfall, atmospheric pressure, and wind
speed on total and individual PAH concentrations was inves-
tigated by Amarillo and Carreras (2016). The authors found that
temperature was the meteorological parameter that affected
the total and individual PAH concentrations the most, with a
stronger influence on light than heavy PAHs because they
are more easily partitioned into the vapor phase (Amarillo &
Carreras, 2016). Masih et al. (2012) found that PAH concen-
trations decreased with an increase in temperature and wind
speed, whereas Elorduy et al. (2016) reported a relatively low
correlation between PAH concentration and humidity and
concluded that temperature and wind speed might be the
major meteorological factors affecting the concentration of
atmospheric PAHs.

To add to the complexity of PAH emissions, they undergo
various transformations in the atmosphere depending on
whether the PAH is in the gas phase or if it is associated with
particles, which is why it is vital that the concentration of PAHs
in both phases be determined, to accurately assess the health
and environmental risks they pose. The partitioning of PAHs
between the gas and particle phase depends on a few aspects
including the volatility of the compound, ambient temperature,
and the atmospheric concentration of particles. Smaller PAHs
(two- to four-ring) tend to be more present in the gas phase,
and the larger PAHs (more than four rings) in the particulate
phase (Godoi et al., 2004; Vione et al., 2004). Meteorologjical
parameters such as relative humidity, precipitation, temper-
ature and the concentration of ambient dust or particulate
matter also influence the partitioning (Kural et al., 2018).

Quantification of PAHs from two municipalities in Mexico
with different climatic conditions, during sugar cane harvest
seasons showed that the most abundant particulate PAHs were
the larger five- to six-ring PAHs, namely, indenol[1,2,3-cd]
pyrene, benzo[blfluoranthene, benzolalpyrene, and dibenzo
[a,h]anthracene. The YPAHs associated with particulate matter
(PM)10 and PM2.5 ranged from 4.34 to 8.40 and 3.70 to
5.80ngm™2, respectively. That study is unique in that it ac-
counts for the sugar cane harvest as well as the milling proc-
esses that emit pollutants into the atmosphere (Mugica-Alvarez
etal., 2015). In a Brazilian study by de Andrade et al. (2010), the
average ambient concentrations of total PAHs associated with
atmospheric particulate matter were found to be 22.90 ngm~>
during August 2002 and September 2003 (falling within the
annual sugar cane burn season), which was significantly higher
than 2.35ngm™ for the non-burn period, indicating that the

© 2023 The Authors

wileyonlinelibrary.com/ETC

25

//:sdnY) suontpuo)) pue suua ]y 3§ [£707/€0/p1] uo Lreiqry auruO L1\ “Yo1easay [EIPAJN ULILYY NS £q 6L$S N/TO0T 0 1/10p/ o L3|Lu° Lreiquiautjuo-deas//:sdy woly papeousmo( ‘0 ‘§1987SS1

SR E (I

3su3d1T suounuo)) aanear) ajqearjdde ay Aq patwaAoF are sadRIe YO 1asn JO s 10y L1eiqr autuo L1 o (



PAHs from pre-harvest sugar cane burning—Environmental Toxicology and Chemistry, 2023;00:1-15 3

burning of sugar cane was the main contributor to the high
levels of PAHs in Araraquara, Brazil. In another Brazilian study,
soot samples were collected in the sugar cane fields after
burning and thereafter extracted and analyzed by gas
chromatography-mass spectrometry (GC-MS) to reveal that 31
PAHs were detected; the authors concluded that their findings
should serve as additional caution to workers and the general
population to avoid exposure to the fly soot (Zamperlini, Silva,
& Vilegas, 1997).

Due to the rise in awareness of the potential impacts of
biomass burning and associated pollutants, emission factors
were calculated with the aim of making source-specific
emission estimates for area-wide inventories. Hall et al.
(2012) reported total PAH emission factors of 7.13 + 0.94 and
8.18 +3.26 mgkg ™" for dry leaf and whole sugar cane stalk
burning, respectively, for preharvest burning in Florida. The
most predominant PAH was found to be the lower molecular
weight naphthalene. Ultrafine PM (PMO0.1pm) and particle-
bound PAH emission factors were also determined in a study
by Samae et al. in 2021, in which combustion of various bi-
omasses, including sugar cane bagasse and sugar cane
leaves, was carried out in a tube furnace; the emitted PM was
collected using a nanosampler with size segregator.
Chrysene, benzo[blfluoranthene and benzo[k]fluoranthene
were the dominant PAHs found on PM < 0.1 um in size, with
the general finding that four- to six-ring PAH concentrations
were the highest in PM samples <0.1 pm (Mugica-Alvarez
etal., 2018; Samae et al., 2021). Sevimoglu and Rogge (2016)
collected 24-h size-segregated samples for 12 months in
Florida (USA), during sugar cane burning seasons using a
high-volume sampler with a PM10 selective inlet. The authors
concluded that 55%-70% of the total PAHs were associated
with particles having diameters smaller than 0.49 pm. The
PAH levels during the burn season ranged from 3.00 to
7.36ngm~ in rural and urban regions, respectively, which
were 15 times higher than during the growing season
(Sevimoglu & Rogge, 2016).

Numerous other studies found in the literature pertaining to
sugar cane burning have primarily paid attention to the toxicity
of PAHs associated with PM, but it has been found that many
anthropogenically sourced PAHs are emitted predominantly in
the gas phase (Geldenhuys et al., 2015). The difficulty around
the various methods used to sample semivolatile PAHs is that
they require larger sampling volumes and extended sampling
times to accurately quantify trace levels in ambient air, after
which complicated and time consuming pretreatment and
concentration procedures are employed to prepare the sample
for instrumental analysis (Godoi et al, 2004; Pandey
et al., 2011; Poster et al., 2006). These sampling strategies run
the risk of analyte breakthrough and blow-off, and vital PAH
partitioning information is lost, not to mention the introduction
of unwanted sampling artifacts. Thus it is vital to overcome
these sampling bottlenecks and include a simplified sampling
method that is able to adopt low flow rates, short sampling
intervals, and simultaneous sampling of gas and particle phase
PAHs in a manner in which their partitioning is unaffected by
sampling conditions.

We have characterized and quantified both gas and partic-
ulate PAH emissions from preharvest sugar cane burning
events and evaluated the influence on such emissions of
weather and crop conditions. To the best of our knowledge,
ours is the first study to fully characterize PAHs in both phases
in emissions from sugar cane burning in South Africa and also
the first study to consider the influence of crop variety on the
resultant PAH emissions. We collected PAHs in both gas and
particle phases simultaneously using small portable denuder
sampling devices that minimized sampling artifacts; each
denuder component could be directly thermally desorbed,
which avoids time-consuming and environmentally unfriendly
sample preparation procedures. This type of sampling device
has been effectively used and validated in previous studies
(Forbes, 2015; Geldenhuys et al., 2015; KohImeier et al., 2017;
Munyeza et al., 2019). Our study, and others like it, are im-
portant for establishing best practice in sugar cane harvesting
and related air quality monitoring, thus helping to enhance
the environmental benefits of the sugar cane industry and its
sustainability.

MATERIALS AND METHODS
Sampling sites

Samples were taken at five different sites situated in the
province of Kwa-Zulu Natal in South Africa (Figure 1A). The two
sampling regions included the Kwa-Zulu Natal North Coast,
which is a coastal region at low altitude with a warm and
temperate climate, whereas the Kwa-Zulu Natal Midlands is
situated more inland, at higher altitudes (>800 m above sea
level), and has a more moderate maritime climate with typical
warm rather than hot summers and cool to cold winters. During
the month of August when sampling took place, the coastal
areas experienced lower humidity of 50%-60% and less rainfall
than the annual average, whereas the Midlands also experi-
enced the lowest humidity (45.6% average relative humidity)
and precipitation in August, but this was accompanied by
maximum sustained winds (Climate-Data.org, nd).

Each of the farms differed in terms of size and location, as
well as the age, height, and sugar cane crop variety. A total of
five burn events were sampled, as summarized in Table 1.
Meteorological data were extracted from fixed weather sta-
tions operating at each site and were also collected on-site
using a hand-held Kestrel 4500 Pocket Weather Tracker
(KestrelMeters). The burns were started along the downwind
edge of the field, against wind, to reduce the speed of the burn
and optimizse the control thereof.

At each burn event, polydimethylsiloxane (PDMS) de-
nuders and aethalometer samples were taken before and
during the burn at a stationery point at a distance of ap-
proximately 16m from the edge of the sugar cane field
(Figure 1B). In addition, three aethalometer samplers were
used as personal samplers worn by the researchers while
walking around the field during the burns, which would result
in measurements comparable to a farm worker's worst-case
personal exposure, because the workers generally remain
upwind to stay clear of the smoke.
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FIGURE 1: (A) Sampling locations in the South Africa sugar belt in Kwa-Zulu Natal Province in South Africa (adapted from SASA, 2022). (B) The

sampling setup during burning events.

Sampling

PDMS denuder sampling devices. The PAH samples were
collected with Gilair Plus personal sampling pumps (Sensi-
dyne) attached to the denuder devices via Tygon® thermo-
plastic tubing. The GilAir pumps were operated at a low flow
rate of 0.5Lmin~" to prevent breakthrough of the more vol-
atile PAHs from the denuder traps. The denuder sampler
consisted of two multichannel silicone rubber traps (each
trap: 178-mm-long glass tube, 4.0-mmi.d., 6.0-mm o.d.) each
containing 22 parallel PDMS tubes (55 mm long, 0.3-mm i.d.,
0.6-mm o.d.) separated by a 6-mm-diameter quartz fiber filter
(QFF), held in position by a Teflon connector. This config-
uration allows for both gas and particulate phase sampling
and has been validated in numerous studies (Forbes, 2015;
Forbes et al.,, 2012; Forbes & Rohwer, 2009; Kohlmeier
et al,, 2017; Munyeza et al., 2019). The gas phase SVOCs
were trapped by the first (primary) trap because the PDMS
served as a solvent for these compounds; the particles were
then trapped downstream on the QFF. The postfilter trap
(secondary trap) served to sample any blow-off. Figure 2 il-
lustrates the sampling setup whereby each sample taken re-
sulted in three individual samples, namely, the primary trap,
the filter, and the secondary trap samples. A total of 14

samples (denuders) and two field blank samples were taken,
as summarized in Table 1.

Samples were taken before and after burn events at five
different sites. The upwind sample was taken prior to the burn
event and represented background “clean air” that was not
affected by the specific biomass burning event itself, but may
have been affected by other burns in the vicinity or previous
burns in the area, as well as non-biomass combustion sources
of PAHs. The downwind sample was taken during the burn
event in the plume of the smoke generated from the fire. This
sample was taken for 10 min and thus provides a snapshot of
the air quality at that specific time and position.

Field blank samples were taken at the burn events and treated
in the same manner as other samples but were not connected to
the sampling pump. These samples were used to determine any
contamination introduced during handling and transport of
samplers prior to analysis. The PAH concentrations detected on
the field blanks were subtracted from all upwind and downwind
samples to correct for any handling and storage contamination.
The upwind samples were subtracted from the downwind sam-
ples when PAH emissions and profiles resulting from the bumn
event alone were considered; in the present study the upwind
samples were treated as background pre-bum conditions.
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Quartz fibre filter positioned batween
primary and secondary trap and secured
in this position by a Teflon connector.

S 1 E—

Secondary PDMS trap

Primary PDMS trap

= |

J e )< Air flow

FIGURE 2: Schematic of the denuder sampling device consisting of a primary trap, filter, and secondary trap for simultaneous gas and particulate

sampling (Geldenhuys et al., 2015). PDMS, polydimethylsiloxane.

Black carbon monitoring with portable aethalometers.
Portable aethalometers (microAeth®, MA 200 series, AethLabs)
were employed during all sampling events. Aethalometers are
portable instruments, equipped with an intemal pump, that allow
for online monitoring of carbonaceous aerosol particles by
measurement of their light attenuation. The aerosol particles
were continuously deposited on a polytetrafluoroethylene filter
tape and were monitored at five different wavelengths (375, 470,
528, 625, and 880 nm) ranging from ultraviolet to near infrared.
The aethalometers were used as personal and stationary sam-
plers as discussed in the Sampling sites section.

Analytical techniques

Offline analysis of each individual denuder component was
performed using a LECO Pegasus four-dimensional instrument
consisting of a comprehensive two-dimensional GC coupled to
a time-of-flight mass spectrometer (GCxGC-TOF-MS). The in-
strument was equipped with an Agilent Technologies 7890 GC,
a quad jet dual-stage modulator, and a secondary oven. Data
acquisition and processing were executed by ChromaTOF Ver
4.0 and ChromaTOF Tile software (LECO). A Gerstel 3 thermal
desorption system (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 precleaned 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% dimethy!
polysiloxane (30m, 0.25mm id., 0.25um df) as the first

dimension (1D) and an Rxi-17Sil MS, midpolar 50% phenyl
50%-dimethyl polysiloxane (0.79 m, 0.25 mm i.d., 0.25 um df) as
the second dimension (2D). Thermal desorption occurred from
30 to 280°C at a rate of 60°C min~' and was held for 5min
during which the analytes were cryogenically focused via a
cooled injection system at —50 °C using liquid nitrogen. The
temperature was ramped at 12°C s™' to 280°C, and the inlet
purge time was 3min. The desorption flow rate was 100 ml
min~', and the TDS transfer line was set at 300 °C. The primary
oven was ramped at 5°C min™' from 40 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 1s. The MS transfer line
temperature was set to 280 °C, and mass acquisition ranged
from 50 to 500 Da at 100 spectra s, The electron energy was
70eV, and the ion source temperature was 200 °C.

Matrix-matched calibration standards

Calibration was performed using a certified standard PAH
mix solution (Supelco), containing 15 priority PAHs. The nominal
concentration of each compound in the mixture dissolved in
methylene chloride was 2000 ug ml™". The names and abbrevi-
ations of the PAHs included are given in Table 2. A stock sol-
ution at a concentration of 100 ug ml™" 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 were of analytical grade (99%
purity) including toluene, methanol, dichloromethane (DCM),
and n-hexane (all from Sigma-Aldrich) and acetone (from Asso-
ciated Chemical Enterprises). The deuterated internal standards
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TABLE 2: Analytes investigated in the present study including 15 of
the 16 US Environmental Protection Agency priority polycyclic aromatic
hydrocarbons (PAHs) and their corresponding abbreviations, molar
masses, and boiling points

Molar
mass Boiling

Formula PAH name Abbreviation (g mol™) point (°C)
CioHs Naphthalene Nap 128 218
Ci1H10 1-Methyl Nap 1M 142 240

naphthalene
Ci2Hg Acenaphthylene Acy 152 265
Ci2H10 Acenaphthene Ace 154 278
Ci3H10 Fluorene Flu 166 295
Ci4H10 Phenanthrene Phe 178 339
CiaH10 Anthracene Ant 178 340
Ci6H10 Fluoranthene FluAn 202 375
Ci6H10 Pyrene Pyr 202 360
CigH12 Benz[alanthracene BaA 228 435
CigH12 Chrysene Chy 228 448
CooH12 Benzo[b] BbF 252 481

fluoranthene
CooHi2 Benzola]pyrene BaP 252 495
CooH1o Benzo[g,h,i] BghiP 276 536

perylene
CooHq2 Indeno[1,2,3-cd] 1123P 276 536
pyrene

C22H14 leenz[a,h] DbahA 278 524

anthracene
Data from PubChem, 2021.
(Isid) dg-naphthalene, djgo-phenanthrene, dig-pyrene, and

dqz-chrysene were obtained from Isotec (Sigma-Aldrich) and
were used in all standards and samples.

Gas phase PAHs quantification was achieved by analyzing
individual conditioned PDMS traps that were spiked with 1 pl of
the following concentrations of mixed PAH standard in toluene:
0.1, 0.5, 1.0, 2.0, 5.0, 10.0, and 20.0ng pl_1. Similarly, to
quantify particle bound PAHSs, precleaned 6-mm QFF punches
were spiked with 1yl of 0.1, 0.5, 1.0, 2.0, 5.0, and 10ngul™
mixed PAH standards in toluene.

Quality assurance

The PDMS traps were conditioned prior to use at 280 °C for
16 h under hydrogen (99.999% or more purity; AFROX) with a
gas flow of 100mImin™" using a Gerstel TC 2 Tube Condi-
tioner. Quartz fiber filter punches were rinsed twice with DCM
and methanol after which they were dried in an oven at 200 °C
for 2 h and stored in an amber vial in a desiccator prior to use.
Immediately after sampling, the filters were stored in amber
vials, and the traps were sealed with end caps. Each denuder
component was individually wrapped in sterilized aluminum foil
and placed in separate Ziploc bags in a cooler box containing
ice packs on site. The samples were then were placed in a
freezer at —18 °C between the time of collection and analysis.

Calibration was performed in duplicate, and 1pl of an
Isqg mixture, containing dg-naphthalene, dio-phenanthrene, djo-
pyrene, and di,-chrysene (1 ng ul™") was spiked onto all samples
and standards prior to analysis to correct for any instrument
variability or matrix effects; calibration curves were derived from
the area ratio of target analyte: Is;y. Procedural blanks were

TABLE 3: Limits of detection and limits of quantification for individual
polycyclic aromatic hydrocarbons detected in polydimethylsiloxane
trap and quartz fiber filter samples (ng m3)

PDMS trap QFF
PAH LOD LOQ LOD LOQ
Nap 0.06 0.19 0.04 0.15
Nap 1M 1.15 3.82 0.20 0.68
Acy 1.98 6.61 0.47 1.57
Acey 0.89 2.97 0.86 2.88
Flu 1.17 3.89 2.08 6.94
Phe 6.58 21.92 4.32 14.39
Ant 4.15 13.84 1.18 3.92
FluAn 9.12 30.39 6.41 21.38
Pyr 8.56 28.55 5.46 18.19

LOD = limit of detection; LOQ = limit of quantitation; PAH = polycyclic aromatic
hydrocarbon; QFF = quartz fiber filter; PDMS = polydimethylsiloxane. See Table 2
for other abbreviations.

analyzed in conjunction with the samples to ensure no carryover.
Linear regression analyses were performed using the Data
Analysis Toolkit in Excel, and correlation of determination values
of more than 0.90 were used as a statistical measure to indicate a
good linear fit and validate the analyte method. The limit of
detection (LOD) of each target compound was calculated as 3
times the signal-to-noise (S/N) peak-to-peak ratio and the limit of
quantitation (LOQ) as 10 times the S/N ratio using the lowest
concentration calibration standard. The LOD and LOQ values for
PDMS trap and QFF samples are presented in Table 3. The LOD
values ranged from 0.06 to 9.12ngm for the PDMS traps and
0.04 to 6.41ngm™ for the QFF samples.

Statistical evaluation

Statistical evaluation, including principal component anal-
ysis (PCA), was performed using XLSTAT (Addinsoft) software
and ChromaTOF Tile (LECO). A p value of 0.05 was used for
data comparison among the primary trap, the filter, and the
secondary trap, and F ratios were evaluated for the significant
compounds (F ratio greater than 100). Supporting Information,
Table S2, details the method parameters for the PCA analysis.

RESULTS AND DISCUSSION

The type of burn, speed of burn, and prevailing weather and
crop conditions all had an influence on the resultant PAH
concentration. These conditions and any significant ob-
servations are detailed in Table 1. Field blank samples were
taken at burn events at which only traces of naphthalene and
1-methyl naphthalene were detected and were corrected for in
the samples; the concentrations of PAHs detected on the field
blank samples are reported in the Supporting Information,
Table S1.

Total PAH emissions

Figure 3 depicts the sPAHs from all five burn events. It is
immediately evident that downwind PAH concentrations were
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significantly higher than the upwind samples, and it can be
concluded that the preharvest burning of sugar cane biomass is
a major source of PAHs in the atmosphere during a burn event.
Likewise, in another similar study in Florida (USA), it was con-
cluded that the sugar cane harvesting season resulted in 15x
higher PAH concentrations than during the growing season,
indicating a substantially higher exposure of the population to
PAHs due to the burning events (Sevimoglu & Rogge, 2016).
More recently, the same authors also positively correlated the
ambient concentrations of PAHs with the biomass combustion
markers levoglucosan and potassium during burn events
(Sevimoglu & Rogge, 2019).

The sources of the background PAHs in the upwind samples
could be attributed to the burns that were underway or had
taken place in the area or from diesel exhaust emissions from
vehicles operating nearby including the water truck that is re-
quired to be present during burning events in case of emer-
gency or wildfire. Cigarette smoke from the farm workers was
also documented as a potential source of PAHs in the am-
bient air.

In the present study, the total PAHs in the primary trap
samples for all the burn events (adding up to 17.2 ug m~) ac-
counted for over 90% of total PAHs detected in the samples,
signifying that the majority of PAHs were in the gas phase and
that determination of PAHs associated with PM only would lead
to a gross underestimation of potential environmental and
human health impacts.

The majority of the samples showed the detection of both gas
and particulate PAHs, which is consistent with denuder theory in
which the primary PDMS trap sorbed gas phase analytes while
particle-associated analytes passed through the trap and were
collected on the downstream filter. Particle-bound analytes pri-
marily remain particle bound on the filter, but should they blow

off from the filter, they are trapped on the secondary trap. Blow-
off is loss of particle phase analyte caused by the pressure gra-
dient existing through the filter (Kumari & Lakhani, 2018)
and disturbance of the gas particle equilibrium (Forbes
& Rohwer, 2009). In the present study, the loss due to blow-off is
expected to be minimal because of low sampling flow rates and
sampling intervals. In addition, the low back pressure across the
denuder sampling device throughout this sampling interval re-
duced the potential for such effects to occur.

The upwind samples at each site showed the detection of
two-ring 1-methyl naphthalene in the range of less than LOQ to
0.10 ug m~>. The background contribution of lighter PAHs from
the secondary trap samples may be due to breakthrough of the
most volatile PAHs from the primary trap, because the denuder
devices are validated to have a breakthrough volume of 5L for
naphthalene at a sampling flow rate of 500 mlmin~" (Forbes
et al., 2012; Forbes & Rohwer, 2009). Our sampling volumes
were slightly higher than this, with an average sampling volume
of 5.20 + 0.70 L, leading to the slight breakthrough of the two-
ring PAHs. Another consideration is that these small PAHs can
be transiently associated with particles and seeing that the two-
ring PAHs are the most volatile, loss by volatilization from the
filter may occur during sampling.

For the downwind samples, the temperatures at the sam-
pling locations were higher than ambient temperatures, due to
the burning event, and thus the breakthrough volumes would
be slightly reduced because the higher temperatures reduce
sorption capacity of analytes and hence reduce retention on
the primary PDMS trap. Nonetheless, these PAHs would be
subsequently trapped downstream on the secondary PDMS
absorbent and no loss of analyte would result.

When looking at each burn event individually (Figure 4 and
Supporting Information, Table S1) a distinct difference in

Primary trap Filter Secondary trap

10 0,5 0,5

9 0,45 0,45

8 0.4 0,4

7 0,35 0,35

6 0,3 0,3
E

w O 0,25 0,25
2

4 0,2 0,2

3 0,15 0,15

2 0,1 0,1

1 0,05 0,05

0 0 0

UwW DW Uw DW Uw DW

FIGURE 3: Box plot representing the sum of polycyclic aromatic hydrocarbons (PAHs) detected on the primary trap, filter, and secondary trap per
burn event in upwind (UW) and downwind (DW) samples (total n = 39 for all plots with each plot representing n=>5 across the five burn events). The
maximum and minimum values represent the extreme PAH concentrations found at burn events, with the area between the 25th and 75th
percentiles representing the spread of PAH concentration between the other burn events.

© 2023 The Authors
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FIGURE 4: Upwind (UW; left) and downwind (DW; right) total polycyclic aromatic hydrocarbon (PAH) concentrations found on the primary trap,
filter, and secondary trap of the denuder device per burn event (1-5) *Burn 1 upwind filter and secondary trap were in-field sample losses, and Burn
3 downwind primary trap was lost due to a power outage during instrumental analysis. LOQ = limit of quantitation.

concentration can be seen between each burn event that can
be attributed to the prevailing weather conditions, variations in
the crop variety (moisture and leaf matter), and the nature of
the burn event. Figure 4 shows the variation in PAH concen-
tration and PAH partitioning between burn events for both
upwind and downwind samples. The variation emphasizes the
effect that the prevailing weather, crop, and burn conditions
have on the emissions. The upwind filter and secondary trap of
Burn 1 fell off the sampling ladder onto the floor and were
excluded from the sampling set due to possible contamination.
The downwind primary trap of Burn 3 was not included due to
technical complications during analysis. The lost samples were
not included in subsequent calculations.

From Figure 4, it can be seen that Burn 2 had the highest
total PAH concentrations in both upwind and downwind sam-
ples, with the highest portion being represented by the
downwind gas phase PAHs, equating to 10.23 ugm™>. Burn 2
was the only burn event that was done during clear sky con-
ditions, and it was accompanied by gusty winds. The higher
ambient temperature and lower humidity compared with other
burn events would be more conducive toward gas phase par-
titioning, which is confirmed by the largest portion of PAHs
being detected on the primary trap samples. The burn event
was a slow burn due to the gusty winds, which resulted in a
smoldering fire, and poorer combustion conditions, and thus
more combustion-associated emissions during the sampling
interval.

Burn 5 also showed a significantly high gas phase PAH
concentration, and this burn event was the only other burn
event that was documented as a slow burn. The N58 crop va-
riety had erect leaves with a more bare stalk compared with
other varieties, and it also is characterized by abundant crop
residue (South African Sugarcane Research Institute, 2022) that
is strongly adhered to the stalk, which can influence the
burning efficiency and may introduce a temperature gradient
through the crop, leading to zones of poorer combustion effi-
ciency and resulting in elevated PAH emissions.

Burn 4 had the lowest SPAH emissions in the downwind
samples. This marked reduction in emissions can be partly at-
tributed to the fact that a very narrow portion of the sugar cane

was lit to start the event, and this was when the sampling
commenced; therefore the volume of sugar cane burnt was
initially smaller, resulting in fewer emissions during the short
sampling interval. The crop variety characterized by abundant
trash significantly contributed to efficient and contained com-
bustion, which was evident by the small amount of residual
smoke produced. The still conditions, trashy crop variety, and
high humidity are variables contributing toward lower PAH
emissions because the burn was characterized by higher flames
and a faster and more contained burn with the least amount of
residual smoke produced. As a result, Burn 4 can be an in-
dicator of more favorable preharvest burn conditions not only
for reduced PAH emissions but also for better control of
the fire.

Although each burn event was recorded in as much detail as
possible, it must be noted that there are certain limitations for
direct comparability of events. Due to the different meteoro-
logical conditions, field orientations, field shape, crop size, and
age, it was difficult to standardize the bums. It was not possible
to get close to the field during the burn, for safety reasons, but
it would be useful to be able to view and thus compare the
burn events in real time. This may be possible with drone
technology for safe and accurate comparison of real-life
burning campaigns.

PAH Profiles

The individual gas and particle phase PAH fingerprints are
presented in Figure 5 for each burn event. These concen-
trations are purely as a result of the burn event, because the
PAHs detected in the upwind samples were considered as
background concentrations and were thus corrected for in each
downwind sample by subtracting the upwind PAH concen-
tration from the corresponding downwind PAH concentration.

The fingerprints per burn event were similar in that the
majority of the emissions were found to be in the gas phase
with naphthalene being the most abundant PAH in each pri-
mary trap sample except for Burn 4, whereas the sample loss in
Burn 3 cannot be commented on. However, the similarities end
there: the concentration and range of individual PAHs differed
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FIGURE 5: Individual polycyclic aromatic hydrocarbon (PAH) concentrations detected during each burn event on the primary trap, filter, and
secondary trap of the denuder sampling device. LOQ = limit of quantitation. For other abbreviations, see Table 2.

significantly between each burn event. The concentration as
well as number of PAHs also differed markedly between the
primary trap and filter samples, indicating the complexity of the
partitioning of PAHs with prevailing weather and burn con-
ditions. The lower molecular weight PAHs such as naphthalene
and 1-methyl naphthalene that were detected on the filter
samples, which are normally partitioned in the gas phase, were
likely in a condensed form due to the humidity before or during
sampling. Kural et al. (2018) investigated the relationship be-
tween PAH concentrations and meteorological conditions in
Istanbul, Turkey and reported that due to precipitation, high
relative humidity, and high dust concentration, naphthalene
was found in the condensed phase associated with particles.
This complexity would be expected to increase even more with
time due to additional atmospheric aging processes and re-
actions that occur resulting in the formation of secondary or-
ganic aerosols and harmful oxygenated and nitrated PAH
derivatives (Keyte et al., 2016; Vione et al., 2004).

From Figure 5, it can be seen that the primary trap samples
had the highest concentrations of PAHs, with Burn 2 and Burn
5 having the highest total PAH concentrations, of 10.23 and
5.58 ugm~* respectively. The numbers of PAHs detected were
also the most during these two burn events, ranging from two-
ring naphthalene to four-ring pyrene. As discussed in the Total
PAH emissions section, Burns 2 and 5 were conducive to higher
incomplete combustion emissions based on the conditions of
the burn, the crop variety, and meteorological parameters that

consequently resulted in the formation of more PAHs including
the higher molecular weight pyrene and fluoranthene. The slow
burns associated with these two events produced more of a
smolder than a high flame burn, which would result in in-
complete combustion and overall lower temperature burns;
they are also accompanied by higher amounts of PM, which act
as nuclei for PAH particle associations. The overall gas-to-
particle partitioning for these burn events favored the gas
phase, which is influenced largely by the ambient temperature,
relative humidity, and physical properties of the PAH.

The lowest total PAH concentrations of 0.06, 0.09, and
0.30ugm™2 for the primary trap, filter, and secondary trap,
respectively, are associated with Burn 4 (Figure 5). The lower
total PAH emissions in this burn event can be mainly attributed
to the fast and contained burn with more complete combus-
tion. This burn event reflects the lowest number of PAHs in the
gas phase, with 1-methyl naphthalene and acenaphthylene
being the only PAHs detected on the primary trap. Interest-
ingly, the secondary trap sample for Burn 4 showed the largest
range of PAHs compared with the other secondary trap sam-
ples, with the detection of 1-methyl naphthalene, phenan-
threne, and fluoranthene. The heavier PAHs have larger
breakthrough volumes than naphthalene, so it is not likely due
to breakthrough, and blow-off is expected to be minimal due
to the sampling methodology; thus the presence of these PAHs
on the secondary trap may be attributed to transient particle
association. This can be explained by the substantially higher

© 2023 The Authors
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humidity and lower ambient temperatures during Burn 4
compared with other burn events, which favored particle phase
association.

The findings from our study were consistent with what was
reported in a study by Li et al. (2016); these authors found that
atmospheric PAH emissions due to biomass burning were
dominated by the light PAHs: naphthalene, phenanthrene,
pyrene, fluorene, acenaphthylene, anthracene, and acenaph-
thene (Chen et al., 2017; Li et al., 2016).

The presence of the heavier PAHs such as benzo[a]pyrene,
benzo[b]fluoranthene, benzo[ghilperylene, dibenz[a,h]an-
thracene, and indenol1,2,3-cd]pyrene was not detected in any of
the samples, which can be attributed to limits below quantifica-
tion as well as the small sample volumes and amount of PM
collected, because these analytes are expected to be predom-
inantly particle associated; however, heavier PAHs have been
detected and quantified with this analytical method previously
(Geldenhuys et al., 2015). Desorption of SVOCs from PM on
filters was optimized and demonstrated with TD-GCxGC-MS
analysis in various other studies (Dragan et al., 2020;
Schnelle-Kreis, Sklorz, et al., 2005; Schnelle-Kreis, Welthagen,
etal., 2005); in the present study, the LODs for PAHs on the QFF
ranged from 0.04 to 6.41 ng m™ with the heavier four- to six-ring
PAHs having the higher LODs. The LODs for PAHs on the traps
ranged from 0.06 to 9.12ng m~3 (refer to Table 3). Heavier four-
to six-ring PAHs were detected in low concentrations in PM in
other studies, with Sevimoglu and Rogge (2016) finding that
55%-70% of the total particulate PAH mass was associated with
particle diameters smaller than 0.49 um. These authors reported
total particulate PAH levels of 7.36ngm™ in rural regions and
3.00ngm™ in urban regions during the sugar cane harvest
season (Sevimoglu & Rogge, 2016).

Determination of PAH toxic equivalence

The toxic equivalency factor (TEF) method is employed to
evaluate structurally related compounds sharing a common
mechanism of action (Delistraty, 1997). Toxicity of a specific
PAH is often expressed relative to benzola]pyrene. The po-
tential carcinogenicity of the PAH exposure is estimated based
on the calculation of toxic equivalent quotient (TEQ), whereby
benzola]pyrene-like toxicity or toxic equivalents are de-
termined using the following equation:

TEQ = Y (PAH, x TEF),

where PAH, and TEF; are the concentration and TEF, re-
spectively, for individual PAHs.

The TEFs were proposed by Nisbet and Lagoy (1992) based
on the toxicity and carcinogenic potential of individual PAHs
relative to benzola]pyrene. Table 4 shows the TEQ values that
were calculated based on the determined concentrations of the
total (gas and particle) PAHs (ug m™).

The highest risk potential of exposure was associated with
Burn 2, which resulted in the largest TEQ. There are currently no
exposure limits for PAHs in many countries, including South
Africa; however, it is vital to understand the toxic equivalence
concentration levels and potential health risks of exposure to
PAHs to ensure that suitable risk assessment and risk manage-
ment plans can be implemented. Several regulatory agencies
such as the US Occupational Safety and Health Administration,
the US National Institute for Occupational Safety and Health,
and the German Committee on Hazardous Substances have
imposed regulatory limits for coal tar pitch volatiles (benzene-
soluble fraction) including anthracene, benzolalpyrene, phe-
nanthrene, chrysene, and pyrene of 0.20mg m3 (Breuer, 2010;
Rezaei et al., 2015). Although the Ybenzolalpyrenereq for each
burn event is well below the referenced regulatory limit for coal
tar pitch volatiles, these findings suggest that at levels encoun-
tered in the air during the sugarcane burning season, exposure
to individual and complex mixtures of PAHs may pose an in-
creased health risk that varies between burn events. It should be
noted that the risk estimates presented are not definitive but
should rather be seen only as a crude estimation of potential
cancer risk from the PAH inhalation.

Principal component analysis

Principal component analysis is a statistical technique em-
ployed to create uncorrelated variables in large data sets to
successively maximize variance. This tool aids in increasing in-
terpretability of data while minimizing loss of vital information.
Figure 6 shows the loading and scores plot for total PAH
concentrations.

The loading and scores plots are depicted for total PAH
concentrations between the five burn events and how they

TABLE 4: Toxic equivalency factor values for polycyclic aromatic hydrocarbons (PAHs) and the calculated toxic equivalent quotient values for total

gas and particle PAHs (ug m3)

PAH TEF Burn 1 Burn 2 Burn 3 Burn 4 Burn 5
Nap 0.001 4.04E-04 6.00E-04 2.34E-04 3.59E-04 4.84E-04
Acy 0.001 3.18E-04 1.80E-03 5.65E-05 1.29E-03
Ace 0.001 2.02E-04 1.89E-04
Flu 0.001 7.58E-05 2.52E-05
Phe 0.001 4.00E-05 1.99E-04 1.83E-05 5.59E-04
Ant 0.01 8.56E-04 3.02E-03
FluAn 0.001 1.22E-04 2.21E-04
Pyr 0.001 8.05E-05 1.82E-04 1.76E-04
Y BaPrgq 1.62E-03 5.97E-03 4.16E-04 5.56E-04 2.94E-03

PAH = polycyclic aromatic hydrocarbon; TEF = toxic equivalency factor. For other abbreviations, see Table 2.
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FIGURE 6: Loading plot (left) and scores plot (right) for total polycyclic aromatic hydrocarbon (PAH) concentrations (downwind [DW] gas + particle
phase) between the different burn events. PC = principal component. For other abbreviations, see Table 2.

correlate to one another. The sum of components PC1 and PC2
accounted for 97.35% of variability from the initial data set. The
first PC dimension represents 90.17% of the data, and the
second PC dimension accounts for 7.18%. The angles between
the vectors are all acute, indicating linked variables, and the
vector lengths indicate the representativeness quality in the
investigated PCA dimensions PC1 and PC2. which is very good.
The loading plot validates previous discussion and shows the
positive correlation between Burn 2 and Burn 5. Burn 4 shows
the least correlation to the burn events in terms of PAH emis-
sions. The scores plot relates individual PAHs to variables and
to one another. The individual PAHs show that the lighter
two- to three-ring PAHs, specifically naphthalene, 1-methyl
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FIGURE 7: Biplot for sampling and meteorological variables relating to
individual burn events. Total downwind (DW) polycyclic aromatic hy-
drocarbons (PAHs) on primary trap, filter, and secondary trap per burn
event were used for the plot. PC = principal component.

naphthalene, and acenaphthylene, are the most significant
contributors toward variance between burn sites. The variance
between the burn events cannot only be attributed to the
emissions and therefore Figure 7 also includes meteorological
data to see the bigger picture and how numerous factors
contribute to emissions.

To identify the influence that meteorological parameters
may have had on the PAH concentrations at the different burn
events, a second PCA was conducted. Although the sample set
is limited, the analysis provides valuable preliminary in-
formation on the correlation of certain meteorological param-
eters with PAH concentration, as well as their impact on
atmospheric partitioning. It is hypothesized that temperature
will influence the partitioning, with higher temperatures fa-
voring the gas phase, which was evident from the results
(Figure 7) with a close correlation evident between temperature
and the primary trap PAH concentration (which samples gas
phase analytes). Humidity was expected to have a positive
correlation to condensed particle phase PAH concentrations.
The results showed some correlation with respect to PC1 be-
tween humidity and the secondary trap PAH concentration,
which may relate to the repartitioning of particle phase analytes
into the gas phase on re-equilibration during sampling. Higher
wind speeds may result in lower total PAH concentrations due
to dispersion and dilution effects, but in the case of biomass
buming, wind speed also impacts combustion efficiencies and
thereby PAH emissions. In Figure 7 a strong correlation be-
tween wind speed and primary trap PAH concentrations is
evident.

The biplot showing the loading and scores plots is depicted
for total PAH partitioning at each burn event as well as the
inclusion of meteorological data as variables between the five
sites (Figure 7). Axes PC1 and PC2 account for 79.02% of var-
iability from the initial data set. The horizontal axis is the first PC
dimension and represents 58.57% of the data, and the second
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dimension accounts for 20.45%. The investigated variables are
represented by the red vectors for the meteorological variables
and green vectors for the primary trap, filter, and secondary
trap samples. The vector lengths indicate the representative-
ness quality in the investigated PC dimensions PC1 and PC2.
The acute angles between the filter and secondary trap sam-
ples indicate positively linked variables, which confirms the
occurrences of transient particle association and the relation-
ship among the primary trap, filter, and secondary trap samples
and points to efficient denudation by the samplers. The biplot
relating individual burn events to the discussed variables clearly
indicates that there is significant variance between each burn
event, with the PAH partitioning and atmospheric conditions
being key contributors to the observed variance. The wind
velocity was less of an influence than expected with Burn 2 and
Burn 5 showing the highest gas phase PAH concentrations but
also being the two events with the highest recorded wind
speeds. The crop variety played more of an influential role in
the number and type of PAHs emitted as well as the parti-
tioning thereof. The expanded ChromaTOF Tile PCA score and
loading plot with other significant chemical features associated
with biomass burning within the primary trap, filter, and sec-
ondary trap can be found in the Supporting Information,
Figure S1 and Table S3. The key chemical feature contributing
to the variance from the filter samples was found to be phthalic
anhydride, whereas 1,3-dioxolane and benzene 1-ethyl-4-
methyl were the dominant features on the secondary traps. The
loading plot was dominated by chemical features found on the
primary traps, with benzaldehyde, tridecane, azulene, 1-methyl
naphthalene, and furfural being the main markers influencing
the principal components. Benzaldehyde is an intermediate in
the atmospheric oxidation of aromatic compounds, and the
presence of this compound, as well as other organic features
identified, may contribute to the formation of ozone and sec-
ondary organic aerosols in the atmosphere air and further
contribute to poor air quality.

Correlation of black carbon measurements
to PAH concentrations

The portable aethalometers used during sampling provided
measurements of equivalent black carbon originating from
emitted biomass particles. Table 5 shows the mean equivalent
black carbon concentrations, which were background-corrected
using the upwind samples.

The highest values for black carbon were reported for Burn
2, with a mean value equating to 430.91ugm™ for the sta-
tionary sample and the highest mean of 402.08 ygm™ for a
personal sample that was positioned on the collar of the re-
searcher standing close to the stationary sample. Burn 5
showed the second highest black carbon value of
218.58 ugm™? for the personal sampler that was fitted to the
researcher walking around the field during the burn. This value
was significantly higher than those reported for the other
samples, which indicates that personal exposure can be mini-
mized by the position of the worker during the burn event. The
black carbon values correlated well with total PAHs (correlation
coefficient [r] = 0.91 as per Supporting Information, Figure S2),
with Burns 2 and 5 showing significantly higher concentrations
of both PAHs and black carbon. The higher black carbon values
are also indicative of more smoke during the burn and thus
more incomplete combustion; therefore monitoring of black
carbon provides a complementary tool to the monitoring
of PAH:s.

CONCLUSIONS

The sugar cane industry represents a vital portion of the
South African economy, but the adverse environmental im-
plications of preharvest practices need to be well understood,
due to the atmospheric air pollutants emitted during biomass
burning. These raise health concerns not only for the workers
who are on site during the burn but also to rural and urban
populations in the vicinity. In our study, gas and particulate
PAHs were simultaneously determined, for the first time in
South Africa, for different preharvest burn events at five dif-
ferent sites in the Kwa-Zulu Natal Province. Small portable
denuder devices were successfully employed for sampling;
these offer advantages over conventional methods in that they
minimize sampling artifacts and avoid time-consuming and
environmentally unfriendly sample preparation techniques.
They are also readily portable and give additional insight into
atmospheric partitioning. During preharvest sugar cane burns,
the individual and total PAH concentrations, ranging from two-
ring naphthalene to four-ring pyrene, increased up to 10 times
compared with upwind samples, and over 90% of the overall
total PAHs, equating to 17.20 ug m—3, were found to exist in the
gas phase and 1.68 ugm™ in the particulate phase. This is a
significant finding because the smaller, gas phase PAHs, which
have higher vapor pressures, undergo atmospheric oxidative

TABLE 5: Mean and median equivalent black carbon concentrations determined via aethalometer readings during different sugar cane burn events

Stationary samples

Personal sampler 1

Personal sampler 2 Personal sampler 3

Median (ug m™

3% Mean (ng m~) Median (ng m)

Burn no. Mean (ug m“3) Median (ug m“3) Mean (ug m“3)
Burn 1 18.06 4.04

Bun 2 [0 12553

Burn 3 40.41 3.78

Bun 4  [NOSTINNN 07

Bun 5 [900 T 4sT

22.26

Mean (ug m~) Median (ng m)

21.96 6.34 \ 98 |
166.31
22.58 2.
<LOQ <LOQ
218.58 8.58

Conditional formatting color scales were employed for visual effect, with red indicating the highest and green indicating the lowest concentrations.

eBC = equivalent black carbon; LOQ = limit of quantitation.
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gas-to-particle conversions and multiphase aging reactions and
contribute to the toxicity of generated secondary organic aer-
osols (Offer et al., 2022). The PAH fingerprints were sig-
nificantly different between each bum event, indicating the
vital role that prevailing weather conditions as well as the na-
ture of the burn and the crop play in emissions and the gas-
particle partitioning thereof. The lowest total and individual
PAH emissions were found for the burn event that was the most
contained and rapid where there was no recorded wind.

It is recommended that the method employed be further
optimized, specifically the method for desorption of PAHs from
the QFF for the accurate quantification of heavier PAHs, which
have higher toxicity. Further investigations should be con-
ducted to better elucidate PAH phase partitioning, with an
emphasis on transient phase associations in the fresh emissions
to gain a better understanding of the role that atmospheric
conditions such as ambient temperature and relative humidity
may play. In this regard, a large sample set would be needed to
demonstrate statistically significant correlations between a
large number of variables, to form definitive conclusions. At-
mospheric aging can result in the formation of toxic PAH de-
rivatives due to chemical oxidation of primary gaseous PAHs,
and because low-molecular-weight gas phase PAHs were found
to be more abundant in our study, it would be valuable to
characterize and quantify these derivatives as well as secondary
organic aerosols resulting from the condensation of gas phase
PAHs onto particles.

The findings of our study suggest that the determination of
PM alone would lead to a gross underestimation of potential
environmental and human health impacts and therefore gas
phase PAH pollutants should be included when conducting risk
assessments and considering control strategies. Although the
burn events described in our study are performed in accord-
ance with industry regulations, the present study may aid in
further optimizing the burn conditions to ensure complete
combustion and thus fewer PAH emissions, as seen during still
conditions with a more contained and fast burn. Our study can
aid in the determination of best practice in sugar cane har-
vesting toward enhancing greater sustainability. One consid-
eration in this respect is the exploration of a combustion
alternative and the conversion of biomass waste into biofuels,
while simultaneously minimizing the emission of harmful air
pollutants.

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library at https://doi.org/10.1002/
etc.5579.
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Paper 2: Supplementary Information

Table S1 Quantified PAHs (ug m) as the sum of the primary trap (PT), filter (F) and secondary trap (ST) for
each burn event.

Field Blank
Nap

Nap 1M
FBPT 0.27 0.38
FBF 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
Burn5PT | <LOQ | <LOQ 3.09 0.05 1.29 0.19 0.03 0.56 | <LOQ | 0.22 0.18 5.58
Burn1F Loss | Loss <LOQ 0.05 <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | 0.05
Burn2 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
Burn4F | <LOQ | <LOQ <LOQ 0.09 <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | 0.09
Burn5F | <LOQ | <LOQ <LOQ <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ
Burn1ST | Loss | Loss <LOQ 0.11 <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | 0.11
Burn2ST | <LOQ | 0.10 <LOQ 0.30 <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | 0.40
Burn3ST | <LOQ | <LOQ <LOQ 0.23 <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | <LOQ | 0.23
Burn4 ST | <LOQ | 0.08 <LOQ 0.10 <LOQ | <LOQ | <LOQ | 0.04 |<LOQ | 0.24 | <LOQ | 0.47
Burn5ST | <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. ldentification 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
0-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
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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.

Geldenhuys, G., Wattrus, M., Fox, M. and. Forbes. P.B.C. 2023. Transition to sustainable
alternative fuels in an underground platinum mining environment: Efficiency, emissions, safety

and cost considerations. Energy for Sustainable Development, Submitted.
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Transition to sustainable alternative fuels in an underground platinum

mining environment: Efficiency, emissions, safety and cost considerations
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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 pg m= 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).
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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 2" 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™ for
sugarcane bagasse as the feedstock which was comparable to the 189.6 g kg? for the first

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

Although an advancement on 1% generation biofuel production, 2" 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 (Havlik et al. 2011, Ambaye et al. 2021, Khan et al. 2021).

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

Aquatic feedstocks such as algae biomass are used in third-generation biofuels and overcome
2" 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 CO> 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 4™ generation biofuels,
which are still in an early developmental stage. The feedstocks of the 4" 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:

e Reduce air pollutants and GHG emissions in the transport sector by reducing petrol or
diesel use
e Reduce imports of transport fuels

e 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:

e Reduction in air pollutant emissions as assessed by a sampling campaign
e Functional performance of the trackless mobile machinery
e Economic analysis of project implementation

e 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*. 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,

54



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 0.822 @ 20 °C 0.860-0.900@ 15°C | 0.765 @ 20 °C
Viscosity [cSt] at 40 °C mm?s? 2.2/5.3 3.5-5.0 2.2
Flash point °C >55 >101 57
Sulfur content mg kg* <50 <10 <1
Cetane-number > 45 >51 80
Water content mg kg* <30 <500 50

Total contamination | mg kg* <24 <24 <24
(unsolved foreign

substances in the fuel)

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)*!
Bore/Stroke 102/132 mm
Displacement 6.5L
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* 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 0.d.) each containing 22 parallel
polydimethylsiloxane (PDMS) tubes (55 mm long, 0.3 mm i.d., 0.6 0.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

3) ) 1)

2
0] | G— oy

OIEHD:) 2.) Quartz fibre filter positioned between primary and secondary

trap and secured in this position by a Teflon connector.

0.6 mm 0.3 mm
‘ ‘ Cross section of primary (1.) and secondary (2.) multichannel trap
containing 22 parallel PDMS tubes

c) 4 mm

6 mm

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 m®) 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
pm 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 pum df) as the second dimension (2D). Thermal
desorption occurred from 30 °C to 280 °C at a rate of 60 °C mint 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 to 280 °C and the inlet purge
time was 3 min. The desorption flow rate was 100 mL min and the TDS transfer line was set
at 300 °C. The primary oven was ramped at 5 °C min™* 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, 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 pg mLt. The names and abbreviations of
the PAHSs included are given in Table 3. A stock solution at a concentration of 100 pug mL™*
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 (Isw): ds-naphthalene, dio-phenanthrene, dio-pyrene and dio-
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 Bolfing paint

(g mol) °C)
CioHs Naphthalene Nap 128 218
CuHio 1-Methyl naphthalene Nap 1M 142 240
CioHs Acenaphthylene Acy 152 265
Ci2H1o Acenaphthene Ace 154 278
CizH1o Fluorene Flu 166 295
CiH1o Phenanthrene Phe 178 339
CuHio Anthracene Ant 178 340
CisH10 Fluoranthene FIuAn 202 375
CisH1o0 Pyrene Pyr 202 360
CigHiz Benz[a]anthracene BaA 228 435
CigH12 Chrysene Chy 228 448
CaoH12 Benzo[b]fluoranthene BbF 252 481
CaoH12 Benzo[a]pyrene BaP 252 495
CxH12 Benzo[g,h,i]perylene BghiP 276 536
CxH12 Indeno[1,2,3-cd]pyrene 1123P 276 536
CxH14 Dibenz[a,h]anthracene DbahA 278 524

For gas phase PAHSs, quantification was achieved by analysing individual conditioned PDMS
traps that were spiked with 1 pL 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 puL™. Similarly, to quantify particle bound
PAHSs, pre-cleaned 6 mm QFF punches were spiked with 1 uL of 0.1, 0.5, 1.0, 2.0, 5.0 and 10
ng ULt mixed PAH standards in toluene. One pL of the Isig mixture, containing ds-naphthalene,
dio-phenanthrene, dio-pyrene and di-chrysene (1 ng pL™?) was spiked onto all samples and
standards prior to analysis and calibration curves were derived using the area ratio of target
analyte: Isq. The Isqg 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™ 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).

62



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-C,H> addition (HACA) mechanism (Czech et al. 2017).
In combustion engines, unsubstituted PAHSs 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 PAHSs 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 pug m. 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
Heavier PAHSs detected in the filter samples included benzo[k]fluoranthene, benzo[a]pyrene,
indenol[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 PAHSs on the primary trap with a value of 19 pg m followed by the GTL fuel
at 6 pg m= and then the RME, which showed the lowest PAH concentrations which were
almost 10-fold lower than that of the diesel fuel.

LHD Engine High Idle Mode LHD Engine Test Cycle Mode
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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 pug m 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
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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! reaching the highest
concentration of 2132 ppm for the B35 blend and 2107 ppm for neat RME. At the rated speed
of 2200 min’t, 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.

Engine Status quo — no observed | No change at low engine | No change in power was

performance change speeds. observed.
Reduction in power at

higher engine speeds.

Smoke opacity | Lots of black smoke | Decreased amount of | Decreased amount of smoke
and volume observed with characteristic | smoke and increased | and increased transparency of
pungent diesel fume odour. | transparency of smoke. | smoke. Slight odour.

Slight odour.

Particulate Substantial PM and black | Less observed PM and | Less observed PM and soot.

matter and soot | smoke affecting visibility. 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

Generates fewer regulated pollutant emissions of
COx, SO, 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 (COz2), particulate matter (PM), hydrocarbons (HCs)
and even nitrogen oxide (NOXx) 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 ggely]

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:

e Mining vehicles have a consumption ranging from 5-188 L Day of diesel per unit
depending on the type of machine and rated power.

e 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™ for hybrid and
fully mechanised operation respectively.

e Cost of the diesel fuel replaced by green biofuel: 1.616 $ L.

e Estimating the diesel price at 1.616 $ L™ (which is the diesel price as on 25 July 2022)

e 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.

e Land leasing costs if own land to be used for biomass feedstock: 100 000 $ per year

e Gross water costs: 2.5 $ m™
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e Weighted average US$-based cost of capital (WACC): 8 %.

e 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

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

37 260 L per unit per

annum

LHD 86995
Dump trucks: 119 380
Drillrig 2 896
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Total for entire fleet: Bolter 4801

1639440 L per annum Utility vehicle 13335
Supervisory vehicle 22 225
People carrier 5840
Water Bowser 9525

Total for entire fleet:

86 388 761 L
CO; Equivalent Tonnes | 175 tonnes CO- per unit per | 1245 tonnes CO; per unit per
(Based on 0,0047 CO; annum annum
tonne generated per litre Total for entire fleet: 7705 | Total for entire fleet: 406
of diesel) tonnes CO; 027 tonnes CO;
Ventilation cost $/annum | $ 3 839 805 million per $ 9 826 650 million per annum

annum (high level estimate | (based on total power costs
cost based on estimated FY 2023

kwh consumption of
installed Main Fans and
small ventilation fans

underground)

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 | of diesel per year (for
hybrid and fully mechanised operations respectively) can be avoided, up to 413 732 tonnes of
CO: 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
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the Biolig 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.

Reduction in GHG emissions. Reduction in GHG emissions.

will be a reduction in pre- | emissions.

harvest burn emissions. Land-use change impact.

Saving of fossil fuels.

++ +++
Reduction of harmful Reduction of harmful atmospheric
atmospheric emissions. emissions.

Sustainable feedstock. Sustainable  feedstock for 2™
Environmental Low indirect land-use change | generation biodiesel.
Impact impact. Positive environmental impact if

Positive environmental impact | sugarcane trash used as there will be

if sugarcane trash used as there | a reduction in pre-harvest burn
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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.
+++ ++
Strengthening of regional Strengthening of regional
agriculture. agriculture.
Job creation. Job creation.
Wide range of raw materials Wide range of raw materials can be
can be used. used.
Social Impacts No competition for land with No competition for land with food
food production. 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

76



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 PAHSs 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 pug m 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

Air velocity at

Sample name ahﬁ::u::)alfion Location '::::;;;f Sample point description du?;::'::i{:ﬂn] HSGT:::I-['E] sampli[ng p_l:]sitions
ms
Fisld Blank FBLK orkshop 1 nla nla nls Al
parking bay
Upwind (L) LHO High Idls {H1] Pure dissel (PO) D% LHO-H-PO) Uw-LHO-PO p‘:iri'fg"‘;; 1 16 m upwind from LHD tailpipe inline 0 5.012 11
LHD High Idle (H1 Pure diesel (PO1 (LHD-HI-FO) LHO-H-FD &6 p‘:iri'fgh;; 2 1m from tailpipe 1,10 5.025 0.8
Diawrwind (D) LHD High Idie (H) Pure diesel (O] (D' LHO-HI-FOH DW-LHO-H-PD p‘:i::sgh;; 1 16 m dowrwind from LHD tailpipe infine 10 5054 05
Upwind (L) LHD Test ayole [TC) Pure diesel (PO} (Ut LHO-TE-PO) Ut LHO-TC-PO p‘:ifi:sgh;; 1 16 m upwind from LHD tailpipe inline 1 5.028 11
LHD Test Cycle(TC) Pure diesel (PD] (LHD TC-FO) LHO TC-FOA, B p‘:i’i';sgh;; 2 Tm rom tailpipe 0 5.399,5.353 0.3
Dowrwind (0% LHO Test cucle [TC) Pure diesel (PO) (0% LHO-TC-FO) 0% LHO-TC-FD p\:iri:sghl:?;y 1 16 m dowrwind from LHO tailpipe in line 10 2138 0.5
Upwind (L) LHO High ldle (H) Gas to liquid (GTLI (U LHO-HI-GTL) Ilh/-L HD-GTL p‘:i’i:z’h;; 1 16 m wpwind fram LHD tailpips in line 10 5.135 12
LHI High Idie (HI Gas te liquid (GTL) (LHO-HI-GTLI LHO-HI-GTL . B p‘:iri'fg"‘;; 2 1m brom tailpipe 0 5122, 5112 0.8
Dawnwind (D) LHO High Idle (H) Gas to liquid (GTL] (0% LHO-HI-GTL) Dw-LHO-H-GTL p‘:i’i:sgh;; 1 16 m downwind from LHO tailpipe in line 10 4.934 0T
Upwind (U] LHD Test cucle [TC) Gas to liquid (GTLI (U LHO-TC-GTL] I LHO-TC-GTL p‘:i’i:zh;; 1 16 m wpwind from LHD tsilpipe in lins 10 4. 866 12
LHD Test Cusle(TC) Gas to liquid (GTLILHD TE-GTL) LHOTC-GTL 4. B p‘:iri‘:gh;:y z 1m brom tailpipe n 4.360,3.743 03
Dlow rwind (041 LHD Test apcle (TC) Gas to liquid (GTL) (0% LHO-TC-GTL) D LHO-TC-GTL p‘:i::sgh;; 1 16 m downwind from LHD tailpipe in line n 4.993 07
Upnvind (U] LHO High Idie () Riapeseed methyl ester (RME) (D% LHO-HI-FME) Uw-LHO-PD p‘:i’i:sgh;; 1 16 m upwind from LHD tailpipe in line 10 5.203 14
LHD High ldi= HI Fiapeseed methyl 2ster [RME) (LHO-HI-FME) LHO-HI-FO 4, B p‘:i’i:sgh;; 2 Tm From taipips 10 5.247,5.026 0.
Diawrwind (0] LHD High Idle (H) Rape seed methyl ester (AME) (O LHO-HI-RME] | Dh/-LHD-HI-PD p‘:iri‘:gh;; 1 16 m daw raeind from LHD cailpipe in line n 5224 06
Upwind (U1 LHD Test cycle [TC Rapeseed methyl ester (RME) (UW LHO-TC-RME) | U LHO-TC-RME p‘:i::sg"‘;; 1 16 m upwind from LHO tailpipe infine 10 5103 14
LHD Test Cycle{TC) Rapeseed methyl ster (RME) (LHD TC-RME) LHOTC-PO &, E | orkshop 2 Tm from tailpipe 10 5.146,5.210 0a

parking bay




‘warkshop

Dowrind (04) LHD Test cycle (TC) Rapeseed methyl sster (RME) (0% LHO-TC-RME) | DWLHD-TC-RME | "0 16 m downwind from LHD tailpipe i line 10 5071 06
Upwind (') LHD High Idle (H) Pure dissel bracket [POE) (0 LHO-HI-PDE) Lw-LHO-POB p‘:i’i:sgh;; 18 mupsind from LHD tsilpipe in line 10 5.026 12
LHD High Idle (HI Pure diesel bracket (FOE) (LHO-HI-POE) LHO-HI-PLE &, B p‘:{?{:‘:ghl;’:y 1 fram taipipe 10 4.885, 4.898 0.8
Diw nwind (D% LHO High dle (HD Pure diesel bracket (POB] (O LHD-H-POB) | Dw-LHO-H-POE p‘:i::sg"‘;; 16 m dowrwind from LHO tailpipe in fine 10 4,943 0.65
Upwind (U] LHD Test cycle (TC) Pure diesel bracket (POE] (U LHD-TC-FOE] I LHD-TC-POE p‘:ﬁ‘c’i:sgh;fy 16 mupwind from LHO tailpipe in line 100 5025 12
LHD Test Cycls{TC] Pure diessl bracket (POE] (LHD TC-FOE] LHO TC-POE A, B p‘:i’i:sgh;; 1 fram taipipe 10 5027, 5.035 0.
Diawreind (0% LHO Test cycle (TC) Pure diesel bracket (POB) (W LHO-TC-POE) | D' LHD-TC-FDB p‘:iri‘:gh;; 46 m daw rwind rom LHD tailpipe in line 1 4.981 0.65
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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 C14H280 749 35153-15-2 91 397
9-Tetradecen-1-ol, (E)- C14H280 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 C13H19ClI 765 71434-47-4 104 279
Benzene, 1-methyl-2-(1-methylethyl)- | C10H14 889 527-84-4 102 268
3-Hexanone, 2,2-dimethyl- C8H160 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)- C10H120 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 C11H240 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 C13H280 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, (2)- C16H320 794 56683-54-6 168 93
1-Undecanol C11H240 746 112-42-5 166 68
9-Octadecenoic acid (Z)-, methyl ester | C19H3602 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 C12H240 764 112-54-9 155 46
Isooctanol C8H180 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- C7H1202 755 105-21-5 85 34
Benzofuran C8H60 853 271-89-6 89 34
Phthalan C8H80 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 C15H300 774 4727-17-7 124 20
1-Tridecene C13H26 769 2437-56-1 139 19
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2-Naphthaleneethanol C12H120 765 1485-07-0 154 19
Oxirane, [[(2-ethylhexyl)oxy]methyl]- | C11H2202 707 2461-15-6 167 18
Phenol, 2,6-dimethyl- C8H100 731 576-26-1 104 17
Benzaldehyde, 2-hydroxy- C7H602 860 1990/02/08 94 17
Acetophenone C8HB80 829 08-86-2 76 15
Oleyl Alcohol C18H360 703 143-28-2 79 15
Phenol, 3-methyl- C7H80 876 108-39-4 90 14
13 Dodecalactone C12H2202 713 2305/05/07 141 14
1,2-Naphthalenedione C10H602 826 524-42-5 129 13
1-Pentanol, 3-methyl- C6H140 774 589-35-5 56 13
Naphthalene, 1-methyl- C11H10 945 90-12-0 70 13
1,1'-Biphenyl, 2-methyI- C13H12 922 643-58-3 170 13
Vitamin A aldehyde C20H280 762 116-31-4 164 13
Benzene, propyl- C9H12 880 103-65-1 105 11
1(2H)-Naphthalenone, 3,4-dihydro-

5,7-dimethyl- C12H140 710 13621-25-5 187 11
Hexane, 2,4-dimethyl- C8H18 838 589-43-5 142 11
Octadecanoic acid, methyl ester C19H3802 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 C9H160 719 5432-85-9 139 10
Hexadecanoic acid, methyl ester C17H3402 847 112-39-0 241 9
9-Hexadecen-1-ol, (2)- C16H320 705 10378-01-5 220 9
Eicosane C20H42 856 112-95-8 226 9
Tridecanoic acid, methyl ester C14H2802 862 1731-88-0 326 9
Gibberellic acid C19H2206 785 1977/06/05 271 9
n-Hexadecanoic acid C16H3202 725 1957/10/03 303 9
Heptadecanoic acid, methyl ester C18H3602 761 1731-92-6 284 9
Dodecanoic acid, methyl ester C13H2602 807 111-82-0 87 9
12 Carotene C40H56 765 7235-40-7 292 9
1-Decanol C10H220 830 112-30-1 54 9
Naphthalene, 1,6,7—t[imethyl— C13H14 873 2245-38-7 142 9
Cholest-5-en-3-ol (31?)-,

tetradecanoate C41H7202 713 1989-52-2 258 9
Retinal, 9-cis- C20H280 755 514-85-2 257 9
n-Pentadecanol C15H320 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.
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Introduction

Graphene is a crystalline allotrope of carbon nano-
material that has received worldwide attention due to
its unique physical, mechanical, electrical and optical
properties, not to mention its high specific surface
area and hydrophobic properties which also deems
graphene a suitable candidate for sorbents [1-6].
Graphene can be visualised as an atomic-scale
hexagonal arrangement of sp>-bonded carbon atoms
which are densely packed in a two-dimensional
plane. Each carbon atom is approximately 0.142 nm
apart and has four bonds, three of which are ¢ bonds
to carbon neighbours and one n-bond that is oriented
out of the basal plane. The stability of graphene can
be attributed to the sp® orbital hybridisation of each
carbon atom that has a p, orbital perpendicular to the
molecular plane [7]. The overlap of adjacent p, orbi-
tals forms hybrid n-band and n*-bands which permit
free-moving electrons which constitute graphene’s
notable electronic properties [7].

The recognition of graphene’s properties promul-
gated a number of graphene-related materials for
potential applications in electronics, energy storage,
catalysis, and gas sorption, storage, separation and
sensing [8-18]. Over the last couple of years, various
methodologies for the synthesis of graphene have
been tried and tested including mechanical exfolia-
tion and cleavage [19, 20], reduction from chemically
exfoliated graphene oxide [21, 22], epitaxial growth
on silicon carbide [23, 24] and chemical vapour
deposition (CVD). Chemical vapour deposition
includes thermal CVD, plasma-enhanced CVD and
thermal decomposition on SiC and other substrates.
CVD has proved to be the most popular method for
graphene syntheses as it yields high-quality, large-
area and grain-size graphene films with controlled
thickness, and it is a reproducible technique. How-
ever, conventionally grown graphene on metal sur-
faces must be isolated from the metal or transferred
to the desired substrate for desired applications. The
isolation and transfer procedures tend to induce
mechanical damage, metal etching residues and
chemical contamination which is why it is exceed-
ingly desirable to produce graphene directly through
CVD without a metallic catalyst [5]. In spite of the
complexity of CVD graphene synthesis and transfer
from different metal catalysts, the physical principles
underlying the synthesis mainly rely on carbon pre-
cursor decomposition due to the metal catalytic

@ Springer

reaction and graphene nucleation on the catalyst
surface [25-30].

With metal-catalyst-free CVD methods, e.g. on
5i0,/5i [1], Al,O3 [31], silicon [32], gallium [33] and
boron nitride [34], carbon precursor decomposition
and graphene nucleation mainly rely on the reaction
parameters used during CVD synthesis. The main
parameters include carbon precursor concentration,
growth temperature and time, H, concentration (H»
effect on graphene nucleation and growth) and
chemical surface modification of the substrate. In
addition, these parameters have received much
attention in the optimisation of CVD graphene syn-
thesis using the metal-catalyst CVD method for
which various metal catalysts have been investigated
[27, 28, 35-39]. In this work, similar reaction param-
eters were investigated for metal-catalyst-free CVD
graphene synthesis using a high-purity quartz wool
substrate. Other quartz substrates, such as z-cut sin-
gle crystals (0001) and commercially available pol-
ished quartz discs and plates, have been used for
graphene growth [5, 40]; however, these substrates
are very rigid by nature which can limit the appli-
cation of the resulting graphene material. To date, no
study has reported on graphene synthesised on
quartz wool by CVD to produce flexible graphene
wool.

Herein, we report on atmospheric pressure CVD
synthesis of graphene on a high-purity quartz wool
substrate [41]. The roles of the methane and hydro-
gen flow rates, as well as the effect of growth tem-
perature, growth time and cooling rates on the
quality of graphene wool were investigated. The
quality and number of graphene layers were anal-
ysed using confocal Raman spectroscopy imaging.
Scanning electron microscopy (SEM) images were
used to investigate the graphene wool morphology
and surface homogeneity. The chemical composition
of the best quality graphene wool according to
Raman analysis was subsequently examined by X-ray
photoelectron spectroscopy (XPS). Based on the
characterisation of as-synthesised graphene wool, we
present the reaction details for each experiment
(synthesis process) and propose optimal growth
parameters to produce the best quality graphene
wool, which has a wide range of potential uses,
including in electronics, energy storage, catalysis, and
gas sorption, storage, separation and sensing appli-
cations [42].
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Materials and method
Chemicals and synthesis of graphene wool

Commercially available 9-30-um coarse quartz wool
(Arcos Organics, New Jersey, USA) was used as a
substrate for the growth of graphene by atmospheric
pressure chemical vapour deposition (APCVD). The
quartz wool was placed in the middle of the hori-
zontal quartz tube (50 mm o.d., 44 mm i.d., x 1000
mm length) of the OTF 1200X-50-5L high-tempera-
ture furnace (MTI Corporation, California, USA). A
mixture of 500 sccm argon (99.999%, Afrox, South
Africa) and hydrogen (99.999%, Afrox, South Africa)
was introduced into the system after which the
temperature was ramped at 20 °C min~' to the
desired growth temperature (Fig. 1a). The substrate
was annealed under these conditions for 10 min after
which methane (99.95%, Afrox, South Africa) was
introduced for graphene growth. After the growth
period had elapsed, the system was cooled under Ar
and H, by shifting the furnace chamber off centre for
rapid cooling at a rate of — 14.5 °C s~ and for slow
cooling the furnace was switched off and cooled
under ambient conditions at a rate of — 0.4 °C s™".
The deposited graphitic carbon takes the shape of the
quartz wool substrate by covering the surface of each
fibre, and it was not necessary to remove the sub-
strate; thus, the term ‘graphene wool (GW)’ in this
study infers graphene coated on quartz wool. In
order to optimise the growth conditions to achieve
the highest quality graphene, the following parame-
ters were varied: methane gas flow (20, 50, 100, 150,
200 sccm), hydrogen gas flow (500, 250, 0 sccm),
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grow time (30, 60, 90 min), growth temperature (800,
1200, 1300 °C) and cooling rate (slow, rapid).

Characterisation techniques

The as-grown graphene on quartz wool was charac-
terised by a combination of techniques including
Raman spectroscopy and scanning electron micro-
scopy (SEM) where high-resolution X-ray photoelec-
tron spectroscopy (XPS) and high-resolution
transmission electron microscopy were also per-
formed on the optimised sample.

The quality and thickness of the graphene were
evaluated using confocal Raman imaging which was
carried out using a WITec alpha300 RAS+ confocal
Raman microscope (WiTec, Germany) and a 532 nm
excitation laser at low power of 5 mW. The image
scans were acquired using a 50 x/0.75 Zeiss objec-
tive with diffraction limited lateral resolution of
433 nm, and the scans were acquired over
50 x 50 pm? area with 150 points per line and 150
lines per image using an integration time of 0.5 s. To
acquire the confocal Raman imaging along each
quartz wool fibre with the true surface held in con-
stant focus during the entire measurement proce-
dure, the true surface imaging mode was used.

XPS (K-Alpha, Thermo Fisher Scientific Inc., USA)
was used to characterise the sample composition, and
the binding energies were referenced to the C 1s line
at 284.8 eV. The analysis was carried out under ultra-
high vacuum chamber using an Al Ko X-rays at
1486.66 eV, and a take-off angle of 20° was selected
for higher surface sensitivity.

CHy (x<q) radicals

AT

Quartz wool

1. Dissociation of methane

2. Adsorption and desorption of carbon and hydrogen species
3. Nucleation

4. In-plane propagation/Formation of graphene domains

5. Graphene growth

Figure 1 a Temperature profile of the CVD process as measured by a series of thermocouples and b schematic of the non-catalytic direct

growth mechanism of CVD graphene on quartz wool substrate.
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The surface morphologies of the graphene wool
samples were characterised by Zeiss Ultra Plus 55
field emission scanning electron microscope (FE-
SEM), operated at 2.0 kV (Zeiss, Germany). The gra-
phene wool was mounted with carbon tape onto a
stainless steel stub and sputtered with gold prior to
SEM analysis. Transmission electron microscopy
(TEM) images were taken using a JEOL JEM 2100F
(JOEL Ltd, Tokyo, Japan) operated at 200 kV.

Results and discussion

The non-catalytic direct growth mechanism
of CVD graphene

The mechanisms applicable to CVD growth of gra-
phene are dependent on the substrate, with metal
surfaces commonly found to follow carbon precipi-
tation processes or metal-catalysed processes to yield
high-quality graphene films. In the literature, the
numerous proposed mechanisms for graphene
growth on SiO, are not in full agreement with a
vapour-solid—solid growth mechanism and the van
der Waals growth model both successfully being
applied, whilst most other authors do not revert to a
single model [1, 4, 32]. Figure la graphically repre-
sents the temperature profile in the CVD system,
illustrating the three stages of the process, and our
proposed growth mechanism is presented. During
the annealing stage, the hydrogen gas flow cleans the
surface of the quartz wool substrate with the addi-
tional role of roughening of the surface to facilitate
nucleation for graphene growth. During the growth
stage at high temperatures (> 1000 °C), methane gas
is introduced into the system and the main processes
involved include:

1. Dissociation of methane to form reactive carbon
and hydrogen species (Fig. 1b) that possess suf-
ficient activation energy to reach the surface of
the quartz wool (CHy = C + 2H, (AH = 75.6 k]
mol ™)) [43].

Adsorption and desorption of carbon and hydro-
gen species at the surface.

Nucleation which occurs as active carbon atoms
are anchored onto the quartz surface, mainly
through van der Waal C-O and H-O bonding
arising from electrostatic interactions between
electronic charge density fluctuations [44].

@ Springer

96

In-plane propagation as more carbon atoms are
adsorbed at the edges of the stable nuclei in such
a way that small, flat monolayer or bilayer
graphene domains are primarily formed [32].
In-plane propagation is plausible as the cohesion
energy between the polar quartz surface and
graphene is higher than between two carbon
atoms suggesting that subsequent carbon species
favourably land on the clean quartz substrate
instead of stacking on top of existing domains [5].
Graphene growth: As more methane gas enters
the system, the number of active carbonaceous
radicals increases and the deposition of the
carbon atoms by physisorption becomes more
sporadic resulting in further in-plane propaga-
tion of existing domains, edge-stacking and ulti-
mately C-C coupling and stacking of graphene
sheets [1]. Due to the resultant number of irreg-
ular domains of varying thickness and orienta-
tion, it is also possible that vertical stacking
occurs. The overall graphene formation is thus bi-
and multi-layered sheets on the surface of the
quartz wool.

During the cooling stage, the above-mentioned
processes are terminated by rapid cooling of the
substrate/furnace centre by shifting the furnace
chamber off centre.

The effect of growth temperature
on the quality of graphene wool

The effect of the growth temperature was the first
parameter that was optimised as preliminary tests as
well as other literature studies [1, 32, 40] confirmed
that temperature was the most critical parameter in
the synthesis in that it would ultimately either yield
or not produce graphene. Experiments were carried
out by growing graphene on three separate quartz
wool samples under the same conditions
(500:500:100 sccm, Ar/H,/CH,, 30 min growth) with
varied growth temperature from 800 to 1300 °C.

In this study, confocal Raman spectroscopy was
adopted to identify the quality of graphene and the
number of layers formed. Typically, the Raman
characteristic features of high-quality graphene are
the G-band mode at ~ 1590 cm ™' and the 2D band
mode at ~ 2690 cm™' which originate from the
normal first-order Raman scattering process (the
tangential vibration of the sp* carbon atoms) and the



second-order process (double resonance Raman pro-
cess) that involves two in-plane transverse optical
mode (@iTO) phonons near the K-point [5, 32],
respectively. In defective graphene, an additional
band, namely disorder-induced D band at
~ 1350 cm™" is observed which originates from a
double resonance Raman process involving inter-
valley scattering of iTO phonon and defect near the
K-point [7]. The electronic band structure of graphene
is sensitive to interlayer interactions (influenced by
the number of layers) and stacking orders which can
be shown using Raman spectroscopy due to the
double resonance nature of the D band and 2D band.
To determine the number of layers in high-quality
graphene, the 2D-to-G peak intensity ratio (I,p/Ic),
2D band line-shape and peak width are analysed [7].
In defective graphene, a high disorder (high D peak
intensity) could influence the broadening of the 2D
peak since the 2D band is the overtone of the D band
[31]. Nonetheless, it is accepted that for monolayer
graphene, the D and 2D bands are composed of a
symmetric Lorentzian peak [35].

Figure 2 shows the Raman data of the graphene
wool obtained at different growth temperatures.
Figure 2a, d, g shows the optical microscope image
with an overlay mapping of the G peak intensities
which confirm that the quartz wool substrate was
coated with carbon at higher temperatures with the
most intense bright yellow surface for 1200 °C. To
confirm this finding the Raman spectra (Fig. 2j)
revealed that the signature defective graphene D, G
and 2D bands were not observed at the lower tem-
perature growth of 800 °C but were clearly seen for
samples at higher temperatures. When considering
the growth at higher temperatures at 1200 and
1300 °C, the calculated IH/Ig ratio (the area under the
D peak) increases with increasing growth tempera-
ture from an average value of 0.85 at 1200 °C to 1.60
at 1300 °C (Fig. 2k) suggesting lower-quality (or more
highly disordered) graphene at higher temperatures
(> 1200 °C). The calculated 2D-to-G peak intensity
ratios (I,p/Ig) decrease with increasing growth tem-
perature from an average value of 0.95 at 1200 °C to
0.60 at 1300 °C which demonstrates the characteris-
tics of a bilayer at 1200 °C and multi-layered gra-
phene at 1300 °C. From the literature, the typical
Raman spectra of high-quality monolayer, bilayer
and multilayer graphene show ILp/Ig ratios of > 2,
~ 1 and < 0.7, respectively [45]. The optimum tem-
perature for graphene growth in this study was thus
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found to be 1200 °C which yields uniform bilayer
graphene coating of the quartz wool.

The SEM images in Fig. 3 correlate with the Raman
data and show that the nucleation density is the
highest at 1200 °C as is the visual surface area of
graphene. This sample is dominated by a high den-
sity of graphene islands that are flaky in appearance.
The increase in nucleation density with increasing
temperature was also found in a study by Tai et al.
[32] who further demonstrated that the average grain
number and the maximum grain size vary as a
function of growth temperature indicating that tem-
perature is a key factor in controlling graphene
nucleation and growth. However, the authors who
used single-crystal silicon substrates also noted that if
the temperature is too high it can destroy the quartz
surface. In this study, it appears that the substrate
surface was modified at the higher temperature of
1300 °C (Fig. 3d) resulting in a more bulging gra-
phene surface which was significantly different to
that seen at 1200 °C in Fig. 3c. As aforementioned,
the Raman spectra confirmed the presence of gra-
phene at a higher temperature but with a higher level
of disorder.

The results of the temperature based experiments
can be explained by considering the fundamental
growth and nucleation processes. At 800 °C, gra-
phene was not able to be synthesised as a direct result
of the inefficient decomposition of the methane pre-
cursor [40]. The lower temperature also results in
lower activation energies for the carbon species that
are then consequently not able to form stable bonds
with the substrate surface and are unable to form
stable nuclei. This is the opposite of what was found
at the highest growth temperature of 1300 °C. Here,
the methane can be efficiently broken down resulting
in large numbers of carbon species, including frag-
ments (CH, (x < 4)) as well as various dimers and
monomers [4, 5]. At elevated temperatures, these
carbon species have very high activation energies and
easily come into contact with the quartz surface and
are then adsorbed by dispersive C-O and H-O
binding, but it must also be noted that thermal
vibrational energy also increases with increasing
temperature [5], disrupting the weak intermolecular
bonds resulting in the higher rate of desorption
compared to adsorption of the carbon species from
the substrate and thus lower-quality graphene. The
growth at 1200 °C can be viewed as an ideal balance
between the activation and thermal vibrational
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Figure 3 SEM images for
pristine quartz wool (a), GW
grown at 800 °C (b), 1200 °C
(c) and 1300 °C (d).

energy, and as a result, the highest quality graphene
wool was obtained with a minimum ratio of the
disordered carbon relative to the graphitic carbon
(Ip/Ig).

The effect of cooling rate on the quality
of graphene

To investigate the effect of the cooling rate on the
quality of synthesised graphene, two options were
considered with two separate samples, each sample
grown with the following parameters
500:500:50 scem (Ar/H,/CH,) for 30 min. The
growth was carried out at 1200 °C which was estab-
lished to be the optimum temperature in the previous
experiment. Slow cooling occurred by simply
switching the furnace off after the growth period and
leaving the CVD system to cool under ambient con-
ditions at an average rate of — 0.4 °C s™'. Rapid
cooling occurred by switching off the furnace and
shifting the tube horizontally so that the sample was
completely removed from the heating zone where
additional cooling was facilitated by a built-in fan,
resulting in a rapid cooling rate of approximately
— 14.5 °C s™". Figure 4a-h shows the Raman data of
individual graphene wool fibres obtained at slow and
rapid cooling rates. When comparing the G peak
intensity mapping for the slowly cooled sample in
Fig. 4a with the fast cooled sample in Fig. 4d, it is

Pristine
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evident that the rapidly cooled sample yielded a
much better and more uniform carbon surface cov-

erage. This finding correlated to a significantly lower
Ip/Ig peak ratio of ~ 1.7 for the rapidly cooled
sample (Fig. 4e) as opposed to the value of ~ 2.7
(Fig. 4b) for the slowly cooled sample. The average
Raman spectra depicted in Fig. 4g confirmed higher-
quality graphene in the rapidly cooled sample with
more intense characteristic G and 2D bands at
~ 1590 and ~ 2700 cm™}, respectively, with a lower
D band contribution at ~ 1350 cm™". Based on the
findings of these experiments, all of the subsequent
samples in this study were grown at 1200 °C and
rapidly cooled.

The SEM images for the synthesised graphene
wool under different cooling rates are shown in
Fig. 5b, c for slow and rapid cooling, respectively,
and compared to the pristine quartz surface in
Fig. 5a. The rapidly cooled sample showed a higher
density of graphene domains suggesting that the
cooling rate affected nucleation. This notion is sup-
ported by the G map images showing that the rapidly
cooled surface had higher G intensities, thus more
surface coverage with carbon. To explain this, the
rapid drop in temperature coincides with lower
vibrational energies on the surface, thereby reducing
desorption of anchored carbon nuclei that are bound
to the surface by weak van der Waals forces [44].
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The effect of methane flow rate
on the quality of graphene

The effect of methane flow rate was investigated by
growing graphene on five separate quartz wool
samples under the conditions (500:500:20-200 sccm,
Ar/H,/CHy,, 30 min growth at 1200 °C and cooled at
— 145°Cs™") where the methane flow rate was
varied from 20 to 200 sccm during the growth period.
Figures 6 and 7 show the Raman data relating to the
graphene wool obtained at different methane flow
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Cooling rate (°Cls)

GW that was cooled rapidly at — 14.5 °C s~'. g Comparison of
the D, G and 2D peaks in the Raman spectra (g) and graph
representing G intensity and Ip/Ig and Ip/Ig ratios (h).

rates. Based on the G, Ip/Ig and Lp/Ig mapping in
Fig. 6a—o, the methane flow rate of 100 sccm (Fig. 6g—
i) could be clearly identified as the optimum flow rate
when considering the bright intensity of the G map-
ping and lower I /I ratio of < 1 (Fig. 7b). At higher
methane flow rates > 100 sccm, the ratio of the dis-
ordered carbon relative to the graphitic carbon
increases due to more defective graphene deposition
on the quartz wool. The decrease in I,p/Ig ratio with
increasing methane flow rate confirms multi-layered
graphene growth. Figure 6a—c relating to a low flow

100



] Mater Sci

Figure 5 SEM images for
pristine quartz wool (a), GW
grown and cooled slowly at a
rate of — 0.4 °C s™! (b) and
GW grown and cooled rapidly
at a rate of — 14.5 °C s~

(c) at 200 nm range.

rate (20 sccm) shows little/no graphitic carbon pre-
sent on the quartz surface, and the absence of the
characteristic 2D peak in Fig. 7a further suggests that
graphene was not formed at lower methane flow
rates (< 20 sccm). This finding was consistent with
the study by Xu et al. [5] in which the authors used
methane flow rates ranging from 8 to 400 sccm to
control the number of graphene layers formed on
polished quartz discs. In other studies, lower
methane flow rates ranging from 1 to 20 sccm were
successfully applied in the growth of graphene;
however, this was demonstrated on a catalytic copper
surface [46]. Placing a substrate vertically in the CVD
tube, as in the study by Chen et al. [4], can signifi-
cantly increase the probability of collisions between
the reactive carbon fragments and the quartz surface
and result in lower required methane flow rates and
shorter growth times however, the less rigid nature of
the quartz wool substrate used in this study limited
the orientation options in the CVD tube. The number
of layers appears to be different at various methane
flow rates suggesting that the kinetic rate-limiting
step is in the transport of gas molecules to the surface
of the substrate and not the surface reaction [46].
Consequently, the growth is not self-limiting and the
formation of bi- and multi-layered graphene is
possible.

The SEM images for the samples grown at different
methane flow rates are shown in Fig. 8a—f. It can be
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clearly seen that the nucleation densities increase
with increasing methane flow rates with the most
significant increase observed when doubling the flow
rate from 50 sccm (Fig. 8c) to 100 sccm (Fig. 8d). The
optimum flow rate of 100 sccm showed a very den-
sely covered surface with a relatively uniform flaky
appearance. When the flow rate was increased to 150
and 200 sccm, respectively, the morphology changed
to being more clustered and irregular in nature as a
result of the non-uniform number of layers associated
with an excess of methane, and the increase in
spherical shapes is likely due to the presence of
amorphous carbon.

The effect of hydrogen flow rate
on the quality of graphene

The effect of hydrogen flow rate was investigated by
growing graphene on three separate quartz wool
samples under the exact same conditions except for
the hydrogen flow rate that differed during the
growth period (500:0-500:100 sccm, Ar/H,/CHy
30 min growth time at 1200 °C and cooled at
—145°Cs™"). When comparing the G intensity
mapping in Fig. 9a, d, g, it is evident that 500 sccm
was the optimum flow rate as confirmed by the most
intense and uniform carbon coverage of the fibrous
quartz surface. The Ip/Ig ratio maps in Fig. 9b, e, h
and the lowest average Ip/Ig ratio of ~ 0.7 as seen in
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<«Figure 6 G intensity map (a), Ip/Ig ratio map (b) and Ip/Ig ratio
map (c) for GW grown with 20 sccm CHy. G intensity map (d),
Ip/Ig ratio map (e) and Lp/Ig ratio map (f) for GW grown with
50 scem CHy. G intensity map (g), Ip/Ig ratio map (h) and Irp/Ig
ratio map (i) for GW grown with 100 sccm CH,4. G intensity map
(§), In/Ig ratio map (k) and I,p/Ig ratio map (I) for GW grown
with 150 sccm CHy. G intensity map (m), Ip/Ig ratio map (n) and
Lyp/Ig ratio map (0) for GW grown with 200 sccm CHy.

Fig. 9k further revealed the obvious optimum H,
flow rate. The I,p /I ratio maps in Fig. 9¢, {, i visually
demonstrate the vital role that H, plays during the
growth of graphene as the I,p/I; ratio approaches
zero if the H, flow is too low due to the absence of the
characteristic 2D peak. This is supported by the
Raman spectra in Fig. 9j that shows that when the
growth was carried out in the absence of hydrogen,
there was no graphene present on the quartz wool as
there was no 2D band. The spectra resembled that of
amorphous carbon in that there were signature broad
bands enveloping the G and D bands [5]. Similar
amorphous carbon signatures were found when the
hydrogen was introduced at a lower flow rate of
250 sccm. These findings strongly demonstrate the
vital role of hydrogen in non-catalytic growth of
graphene on a quartz wool substrate. The H; aids in
the efficient cracking of methane and substrate sur-
face roughening, thereby increasing the number of
nucleation sites for graphene growth, and it has been
found that hydrogen saturation can stabilise the
graphene edges by reducing the desorption rates of
carbon-containing species [47]. In terms of the actual

Wavenumber (cm™)

growth, the H, also plays a role in governing the
number of graphene layers and thickness of surface
coverage as it facilitates the H-termination of gra-
phene domains which influences the growth mecha-
nism. This is in agreement with other findings
relating to the growth mechanism of a hydrogen-ex-
cluded CVD process, which suggests that hydrogen
plays a critical role in determining the rate-limiting
step and whether or not monolayer graphene is
obtainable irrespective of the surface roughness [46].

Based on the SEM images shown in Fig. 10 for
samples grown with and without the addition of Hp,
it is evident that the samples in which the hydrogen
flow was either not present (0 sccm, Fig. 10b) or too
low (250 sccm, Fig. 10c) showed a significant differ-
ence in surface morphology when compared to the
optimum flow rate of 500 sccm in Fig. 10d. The
optimum H, flow rate showed a uniform flake-like
morphology, whereas the samples grown without
sufficient H, flow showed a very different bulging
morphology.

The effect of growth time on the quality
of graphene

The growth time investigation was carried out under
the exact same conditions (500:500:100 sccm, Ar/H,/
CH, at 1200 °C and cooled at — 14.5 °C s™!) where
only the growth period was varied from 30 to 90 min.
It can be seen from the Raman data in Fig. 11 that the
growth time had less of an effect on the quality of
graphene than the other parameters with the Ip/Ig
ratios of ~ 0.80, 0.75 and 0.70 for 30, 60 and 90 min

1200 25 25
(a) D G (b) —Q— G peak intensity
CH,: 200 sccm 2D 1000 | —0=Ipllg -y -
5 _ —O—lyplg ;
& |CH,: 150 scem = §
2 & 115,115 o
@ 2 = =
S |cH_: 100 sccAnlM /N g 8001 O o o Q&
£ = 5 — 110 J10™
c € 400
g CH_: 50 sccm x 4
£ g Qo 0405 40.5
4 o 200+
CH:20scem A\ (0] =
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Figure 7 Comparison of the D, G and 2D peaks in the Raman spectra (a) and graph representing G intensity and Ip/Ig and Ip/Ig ratios

(b) for GW grown at different methane flow rates.
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Figure 8 SEM images for
pristine quartz wool (a) and
GW grown with methane flow
rates of 20 sccm (b), 50 sccm
(c), 100 sccm (d), 150 sccm
(e) and 200 scem (f).

growth, respectively. The I,p/Ig ratio was relatively
consistent between the three growth temperatures as
seen in the ratio maps (Fig. 11c, f, i) as well as the
average intensities in Fig. 11k implying that the
number of layers did not change significantly.

Having considered the increased cost and time
involved with 90 min growth, it was not selected as
an optimum parameter especially since it was very
comparable to the 30 min growth time.

The surface morphologies of the graphene wool
samples grown for different time periods are evident
from the SEM images in Fig. 12b—d. At first glance,
the image for the sample grown for 30 min (Fig. 12b)
appears to have the highest nucleation density and
the most uniform surface coverage. Figure 12c, d for
60 and 90 min growth times, respectively, showed
very similar morphologies to that of the sample
grown for 30 min in terms of the flaky appearance
with few clustered arrangements; however, they
appear to be much less uniform with more flat
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surfaces visible in between the graphene domains
and a higher density of larger carbon clusters.

Characterisation of graphene wool
synthesised under optimised conditions

Raman

The Raman images of the graphene wool grown
under optimised conditions are presented in Fig. 13
(500:500:100 sccm, Ar/H,/CH, for 30 min at 1200 °C
and cooled at — 14.5 °C s™"). The G intensity map-
ping (Fig. 13a) exhibited relatively uniform carbon
coverage across the sample with an average Ip/Ig
ratio of 0.85, as depicted in Fig. 13b. The ILp/Ig
mapping (Fig. 13c) displayed an average value of
0.93, and the 2D peaks full width at half maximum
(FWHM) mapping (Fig. 13d) showed values in the
range of 25-80 cm™' which demonstrated the char-
acteristics of bilayer graphene, indicating the forma-
tion of mostly bilayer graphene wool.
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Figure 9 G intensity map (a), Ip/Ig ratio map (b) and L,p/I ratio (i) for GW grown with 500 sccm H,. Comparison of the D, G and
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H,. G intensity map (g), In/Ig ratio map (h) and Lp/Ig ratio map
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Figure 10 SEM images for
pristine quartz wool (a) and
GW grown with hydrogen
flow rates of 0 sccm (b),
250 scem (c) and 500 scem

(d).

The Ip/Ig ratio is inversely proportional to the
crystallite grain size (L,) and has been widely used to
estimate the quality of graphene or the size of the
graphene domain. The grain size of graphene grown
at 1200 °C was calculated using the following for-
mula [48] L, (nm) =24 x 1071 x 2* x (Ip/Ig) !
where the wavelength of excitation laser, A, is 532 nm
and the Ip/Ig is as shown in Fig. 13b. Figure 13e
displays a crystallite grain size mapping which
shows an average value of 24 nm which is compa-
rable to the grain size of graphene grown on other
commercially available substrates such as z-cut single
quartz crystals and quartz discs that ranged from 17
to 100 nm [5, 40].

TEM

Graphene on the quartz wool was investigated using
TEM by transferring suspended GW fibres onto a
copper grid.

Figure 14a shows that the coverage of the quartz
wool by graphene is continuous with a varying
number of layers and thickness which confirms the
proposed mechanism. The irregular, flaky appear-
ance of the graphene can clearly be seen to be as a
result of vertical staking (Fig. 14b). Figure 14c, d
further illustrates multiple-layered in-plane and out-
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of-plane staking of the graphene flake-like sheets
depicted by the varying translucence. Vertical and in-
plane stacking of graphene was also reported by
other authors who found that domains in the range of
~ 0.7 nm signifies a monolayer of graphene and an
increase in the thickness signifies an increase in gra-
phene layers which ranges from 1.9 to 2.9 nm corre-
sponding to 3-5 multi-layered graphene [32, 49, 50].

XPS

Figure 15a shows a wide scan XPS spectrum of the
optimised graphene wool, which displays the sur-
face composition (94.05 at.% C 1s and 5.95 at.% O
1s) of the sample. The core level spectrum of C
1s (Fig. 15b) shows the strongest peak of sp> C = C
at 284.4 eV (graphene component) and low-intensity
oxide constituent peaks, namely, C-OH (285.2 eV),
C-O0-C (2865eV), C=O (287.7eV) and COOH
(289.7 eV) [51-53]. In addition, the core-level spec-
trum of O 1s further confirms the oxide constituents
present in the surface of the graphene wool. Based
on the XPS data, it can be mentioned that the
observed D peak in the Raman spectra of the sam-
ples is due to the broken sp® carbon network into
nanoscale oxidised domains which occurred during
CVD synthesis [1].
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Figure 12 SEM images for
pristine quartz wool (a) and
GW grown for 30 min (b),
60 min (c) and 90 min (d).

Pristine

Figure 13 G intensity map (a), Ip/Ig ratio map (b) and I,p/I ratio map (c), full width half maximum (FWHM) of 2D peak (d) and grain
size (La) (e) for GW that was grown using optimised experimental conditions.
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Figure 14 TEM images for
the graphene wool grown
under optimised experimental
conditions (500:500:100
sccm, Ar/H,/CH, at 1200 °C
and cooled at — 14.5 °C s7).

Conclusions

We have developed a simple and efficient non-
catalysed atmospheric pressure CVD process for
synthesising novel high-quality graphene wool on a
large scale avoiding time-consuming and complex
synthesis transfer steps, not to mention the accom-
panying risk of contamination and damage. The key
parameters for the growth of high-quality graphene
wool were found to be growth temperature and
precursor gas flows (H, and CHy). Other parameters
such as cooling rate and growth time can be tweaked
to improve the quality of the graphene wool but are
not detrimental to the growth mechanism. The kinetic
rate-limiting step was found to be in the transport of
gas molecules to the surface of the substrate and was
not self-limiting. The optimised graphene wool was
grown for 30 min at 1200 °C with Ar/H,/CH,
500:500:100 sccm gas flow rates, resulting in bi- and
multi-layered graphene which showed a minimum
ratio of the disordered carbon relative to the graphitic

carbon (Ip/Ig ~ 0.8) and crystallite grain size of
24 nm. The morphology of the graphene was flake-
like, and XPS analysis of the optimised graphene
revealed a surface composition of 94.05 at.% C 1s and
5.95 at.% O 1s. Oxygen-aided synthesis may prove
useful in producing higher-quality graphene, if
required, as this will increase the collision frequency
of the carbon precursor on the quartz wool substrate
during nucleation. However, defective graphene is
desirable for specific applications such as gas
adsorption whereby defects act as additional
adsorption sites as well as sites for possible covalent
functionalisation to improve specificity. This novel
fibrous graphene wool has the integrity of a crys-
talline graphene surface with the advantage of
structural support from the quartz substrate, making
it very easy to manipulate and less rigid than many
other forms of graphene, lending itself to a wide
range of potential uses, including in electronics,
energy storage, catalysis, and gas sorption, storage,
separation and sensing applications.
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ABSTRACT: Volatile and semivolatile organic compounds in [ i —————————— ]

ambient air and occupational settings are of great concern due to
their associated adverse human health and environmental impacts. |
Novel graphene wool samplers have been developed and tested to |
overcome limitations of commercially available sorbents that can
only be used once and typically require solvent extraction. | % & % S
Graphene wool (GW) was synthesized by non-catalytic chemical
vapor deposition with optimized conditions, resulting in a novel
fibrous graphene wool that is very easy to manage and less rigid
than other forms of graphene, lending itself to a wide range of
potential applications. Here, the air pollutant sampling capabilities of the GW were of interest. The optimal packing weight of GW
inside a glass tube (length 178 mm, i.d. 4 mm, o.d. 6 mm) was investigated by the adsorption of vaporized alkane standards on the
GW, using a condensation aerosol generator in a temperature-controlled chamber and subsequent detection using a flame ionization
detector. The optimized GW packing density was found to be 0.19 mg mm™ at a flow rate of 500 mL min~", which provided a gas
collection efficiency of >90% for octane, decane, and hexadecane. The humidity uptake of the sampler is less than 1% (m/m) for
ambient humidities <70%. Breakthrough studies showed the favorable 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. Oxidized domains at the irregular edges of the graphene layers, due to a broken, non-pristine sp> carbon network, allow for
adsorption of polar molecules. The GW was applied and used in a combustion sampling campaign where the samplers proved to be
comparable to frequently used polydimethylsiloxane sorbents in terms of sampling and thermal desorption of non-polar semivolatile
organic compounds. The total alkane concentrations detected after thermal desorption of GW and PDMS samplers were found to be
17.96 + 13.27 and 18.30 = 16.42 ug m™>, respectively; thus, the difference in the alkane sampling concentration between the two
sorbent systems was negligible. 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, importantly, the reusability of samplers.
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1. INTRODUCTION

Air quality is of global concern, and efficient means to monitor
air pollutants is critical, particularly those which require
monitoring by law due to the environmental and human health
impacts they may incur. Volatile and semivolatile organic
compounds (VOCs and SVOCs, respectively) are emitted to
the atmosphere from numerous sources, such as the
petrochemical, agricultural, paint, and mining industries.
Current commercially available carbon-based sorbents, includ-
ing activated charcoal, Anasorb 747, Carboxen, and carbon
molecular sieves, used to sample VOCs and SVOCs in air
typically require solvent extraction prior to analysis, which is
costly, time-consuming, and environmentally unfriendly, and
they cannot be reused, which increases operational costs.
Graphene is a crystalline allotrope of carbon nanomaterials
that has received worldwide attention due to its unique two-
dimensional planar monolayer structure, outstanding chemical
and thermal stability, high specific surface area, and hydro-

© 2021 The Authors. Published by
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phobic properties which deem graphene to be a suitable
sorbent candidate.'~® The recognition of graphene’s properties
resulted in a number of potential applications in electronics,
energy storage, catalysis, and gas sorption, storage, separation,
and sensing.”’~'" The majority of graphene materials in
environmental applications see their use in sensing and
storage; however, to the best of our knowledge, graphene
has not been used as a sorbent material for organic gas-phase
pollutants for environmental sampling to date. The aim of our
research was to develop a novel graphene wool (GW) trap and
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Figure 1. Experimental setup for the determination of gas collection efficiency on the GW trap (a) and schematic of the experimental setup (b).

evaluate its application as a sorbent material for ambient and
occupational air pollution sampling of SVOCs and VOCs.""'?

The GW trap samplers which we have developed can be
thermally desorbed for analysis (which does not use solvents
and is thus more environmentally friendly and cost-effective),
and importantly, they can be conditioned and reused multiple
times. The low back pressure of the GW sampler also enables
the use of a small portable battery-operated personal sampling
pump, whereby the GW trap can be used as a standalone
sorbent or in a sampling train with other sampling media. In
this paper, the GW adsorbents were evaluated in terms of gas-
phase collection efficiencies, breakthrough volumes, and
humidity uptake. Following this, their real-life application
was demonstrated in a fuel emission sampling campaign.

2. MATERIALS AND METHODS

2.1. Chemicals and Synthesis of GW. Commercially
available 9—30 ym coarse quartz wool (Arcos Organics, New
Jersey, USA) was used as a substrate for the growth of
graphene by atmospheric pressure chemical vapor deposition
(APCVD), as reported in Schoonraad.'* The quartz wool was
placed in the center of a horizontal quartz tube (50 mm o.d.,
44 mm i.d,, X 1000 mm length) of a OTF 1200X-50-SL high-
temperature furnace (MTI Corporation, California, USA). A
500:500 sccm argon (99.999%, Afrox, South Africa): hydrogen
(99.999%, Afrox, South Africa) mix was introduced into the
system after which the temperature was ramped to 1200 °C.
After a 10 min annealing period, 100 sccm methane (99.95%,
Afrox, South Africa) was introduced for 30 min for graphene
growth. The system was rapidly cooled under Ar and H, after
the growth period had elapsed. The deposited graphitic carbon
takes the form of the quartz wool substrate by covering the
surface of each fiber, and for the purpose of its application, the
substrate was not removed; thus, the term “graphene wool
(GW)” in this work infers graphene coated on quartz wool.
The synthesis steps, optimization, and full characterization of
GW (Raman spectroscopy, scanning electron microscopy
(SEM), high-resolution X-ray photoelectron spectroscopy
(XPS), and high-resolution transmission electron microscopy
(TEM)) are detailed in Schoonraad et al.'*'?

2.2. Assembly and Optimization of the GW Trap. To
assemble the final, optimized GW traps (Figure S1), 120 + 6

mg of synthesized GW was weighed out using a calibrated
Sartorius Entris analytical balance. The GW was gently packed
into 178 mm-long glass tubes (i.d. 4 mm, o.d. 6 mm, Listco,
SA) using tweezers and an in-house manufactured wire tool
consisting of a 10 cm straight wire (0.d 2 mm) with one side
bent into a hook. The GW was packed into a bed length of 50
mm and was held securely in place using stainless-steel screens
(Merck, SA). The GW samplers were conditioned for 8 h at
300 °C with hydrogen (>99.999% purity, AFROX, SA) with a
gas flow of 100 mL min~" using a Gerstel TC 2 tube
conditioner (Chemetrix, SA). The open ends of the
conditioned traps were then capped with endcaps consisting
of 1 cm quartz glass rods secured with Teflon sleeves.

In order to determine the final parameters of the GW trap
(120 g of GW packed into S0 mm bed length), the assembly of
the GW trap was first optimized by determining the maximum
gas-phase collection efficiency with varying masses (50, 99,
110, and 120 mg) of the sorbent material at different bed
lengths (20, 3S, 50, and 5§ mm) using the experimental setup
as described in Section 2.3.

2.3. Gas-Phase Collection Efficiency of the GW Trap.
The substance-specific gas-phase collection efficiency of the
GW trap was investigated using vaporized octane (C8),
dodecane (C12) (99%, Merck, Hohenbrunn, Germany), and
hexadecane (C16) (99%, Alfa Aesar, Karlsruhe, Germany) in
an experimental setup as depicted in Figure 1, which was a
similar setup used by Kohlmeier et al. who validated
multichannel silicone rubber traps as denuders for gas—particle
partitioning of aerosols from semivolatile organic com-
pounds.'* Each substance was individually vaporized using a
Sinclair-La-Mer 270 condensation aerosol generator at flow
rates of 2.5 L min™" for octane and 5 L min™" for dodecane and
hexadecane, followed by dilution with nitrogen to a total flow
of S0 L min~". The generated vapor was then passed through a
150 cm-long flow tube to ensure that the generated vapor was
below the saturation concentration of each substance and
avoid droplet formation. The resultant gas was redirected
through either a bypass line or a GW trap via copper tubing.
The alternate switching between the bypass line and the
graphene trap was made possible using two-way valves, and the
subsequent concentration of gas molecules was measured with
a 109A-type flame ionization detector (FID) (J. U. M.
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Figure 2. Experimental setup for the determination of humidity uptake on GW traps (a) and schematic of the experimental setup (b).

Engineering, Karlsfeld, Germany), which was operated at a
flow rate of 0.5 L min~". The FID was calibrated daily with
propane (Linde, Germany), and the instrument zero was
validated using pure nitrogen (Linde, Germany). The
concentration ratio measured between the GW trap and
bypass line was used to obtain the time-dependent gas-phase
collection efficiency (%) as in eq 1

(1)

To ensure that the detected concentration was not biased
from the adsorption of gases onto the copper tubing surface,
the lines were saturated prior to the experiment by inserting an
empty liner in place of the GW trap and verifying a constant
FID signal. All experiments were performed in triplicate inside
a temperature-controlled chamber at 24.7 + 0.2 °C.

Three different GW traps were used in each experiment, and
the traps were conditioned with nitrogen gas (Linde,
Germany) for S h at 230 °C in between subsequent
experiments to successfully demonstrate the reusability and
reproducibility of the novel adsorbent. In order to determine
the strength of adsorption and thus storage capabilities of GW,
nitrogen gas was passed through a loaded trap to check if any
FID signal was observed, which would indicate that the
analytes were desorbing from the GW and breakthrough had

occurred.

2.3.1. Comparative Traps Used in Gas Collection
Efficiency Experiments. The PDMS samplers were prepared
based on the method described by Ortner and Rohwer.'® Each
trap consisted of 22 parallel PDMS tubes, with a total mass of
385 mg, (S5 mm long, 0.3 mm id, 0.6 mm o.d., Sil-Tec,
Technical Products, Georgia, US) in a 178 mm-long glass tube
(6 mm o.d, 4 mm id., Listco, SA). The PDMS traps were
conditioned prior to use at 280 °C for 16 h using hydrogen
(>99.999% purity, AFROX, SA) with a gas flow of 100 mL
min~" using a Gerstel TC 2 tube conditioner. The PDMS
samplers were capped identically to the GW traps in Section
2.2. Commercially available activated charcoal adsorbent tubes
(Drager, type BIA, Liibeck, Germany) were also used to
compare gas-phase collection efficiencies of VOCs.

2.4. Moisture Uptake by the GW. The humidity uptake
on GW traps was tested gravimetrically using the setup
illustrated Figure 2. A fish tank (450 mm X 220 mm X 300
mm, Lifestyle Pet Hyper, SA) was used as the humidity
chamber, and an aquarium mist maker (M-12L, Sobo, China),
submerged in water inside a Petri-dish (110 mm i.d., 115 mm
od., 64 mm height), was used to generate aerosols that
simulated set ambient humidity ranges >75%. A makeshift
splash guard was placed above the Petri-dish to allow only a
fine mist to flow from the dish and to prevent larger water
droplets from splashing out and compromising the study.
Aluminum stands held the samplers in place at the same height
as the ambient air humidity monitor (Monitor de la Humedad,

https://doi.org/10.1021/acsomega.1c03595
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Figure 3. Experimental setup within the GC oven for the determination of breakthrough volume (a) and schematic of the experimental setup (b).

AcuRite, US). Teflon tubing was used to connect the samplers
to Gilian GilAir Plus air sampling pumps (Sensidyne, US) via a
condenser to prevent water from entering the pumps. GW
samplers were conditioned, using a Gerstel TC 2 tube
conditioner (Chemetrix, SA), with H, at 250 °C for S h
prior to use and were weighed before and after the
hygroscopicity experiment to determine the gross uptake of
humidity by mass on the GW traps.

Triplicate GW samplers were placed inside the chamber to
sample the air for a period of 10 min at a flow rate of 500 mL
min~! at three set humidities (50, 60, and 70%). The mist
generator was switched off, and the lid was removed during
this study to obtain a constant humidity with no undesired
variations due to air flow effects. A GW sampler was also
connected outside the chamber as a control, which was
sampled in parallel to other samples. For humidity ranges
>75%, the mist generator was switched on, and the lid was
placed on the tank to simulate a more humid environment
than what was typically experienced under ambient conditions.
A GW trap was then compared to a quartz wool (QW) control
trap for humidity ranges >75% to accurately assess the effect
the graphene layers have on the moisture uptake. The
entrained moisture was investigated by weighing the GW
trap after sampling and then flicking the trap 10 times
consecutively and reweighing the trap in order to determine
how much of the moisture was absorbed versus that physically
entrained in the fibers of the sorbent.

2.5. Experimental Determination of Breakthrough
Volumes. Breakthrough volumes as a function of temperature
were determined using the setup depicted in Figure 3. An
uncoated capillary column (15 c¢m, 025 mm id.,, 0.363 mm
d.f, SGE Analytical Science) was connected to each end of the
GW trap using relevant nuts and ferrules with one of the
uncoated capillaries connected directly to the injection port of
a Varian 6890 gas chromatograph (GC) (Agilent, US), and the
second capillary connected the other end of the GW trap to a
FID such that the GW trap took the place of the GC column.
The inlet pressure of the GC injection port was held at 8 kPa,
and H, was used as the carrier gas at a flow rate of 10 mL
min~". The FID H, gas flow was set at 40 mL min~" with the
air and N, make-up flow rates at 400 and 10 mL min~},
respectively. N, was generated using a Peak Scientific nitrogen
generator (Peak Scientific, Scotland), while hydrogen, dry air,
and helium (>99.999% purity) were supplied by AFROX
(SA). Once the sampler was connected to the uncoated

24768

capillaries and was securely positioned in the GC oven, the
setup was leak-tested using a gas leak detector (LD-223, GL
Sciences Inc., Japan).

The chosen sorbents to which the breakthrough volumes of
the GW sampler were compared were the PDMS trap as it has
historically been used in a wide range of air-monitoring studies
and a sampler made of quartz wool to the same specifications
of the GW sampler as a control. The GC oven was operated
isothermally at set temperatures for each experimental run,
which was done in duplicate; thereafter, the temperature was
increased in suitable increments until a satisfactory Gaussian
peak was observed on the FID chromatogram. The set
temperatures were between 25 and 190 °C, 25 and 200 °C,
and 25 and 340 °C for the GW, QW, and PDMS samplers,
respectively.

The breakthrough volume for the samplers was calculated
using the retention times from the experimentally acquired
FID chromatograms for the GW, PDMS, and QW samplers
using eq 2.'® As this research aimed to develop a new sampler,
the mass of the sorbent to be used in the sampler was not fixed,
as this aspect was to be optimized; therefore, BV is reported in
units of volume per g of sorbent

BV = (RT X flow)
W, X 1000 mL/L (2)

where BV = breakthrough volume (L g™'), RT = retention
time of the analyte (min), flow = carrier gas flow (mL min™"),
W, = specific sorbent mass (g), and 1000 mL/L = conversion
factor to convert data from mL g™' to L g™".

In the case of the QW, GW, and PDMS, these masses were
found to be 0.141, 0.120, and 0.366 g, respectively.

The FID chromatograms were produced by injecting 1 xL of
each of the following nine analytes into the GC injection
port—methanol (bp 64.7 °C), hexane (bp 68 °C), propanol-2-
ol (82.5 °C), toluene (bp 110.6 °C), butan-1-ol (bp 117.7 °C),
octane (bp 125.6 °C), cyclohexanone (bp 155.6 °C), dodecane
(216.2 °C), and hexadecane (286.8 °C). These analytes were
chosen due to their range of boiling points and their differing
polarities in order to investigate the effect that both parameters
have on the interaction between an analyte and the selected
sorbents. Methanol (>99% purity) and n-hexane (>97%
purity) were purchased from Sigma-Aldrich (SA). Propanol-2
(>99% purity), butan-1-ol, (>99% purity), and dodecane
(>99% purity) were purchased from Merck. Cyclohexanone

https://doi.org/10.1021/acsomega.1c03595
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(>98.5% purity) was purchased from UNILAB (Philippines);
octane (>99.5% purity) and hexadecane (>99.5% purity) were
purchased from BDH laboratory reagents (SA). Acetone
(>97% purity) and toluene (>99.5% purity) were obtained
from Associated Chemical Enterprises (ACE, SA).

The temperature increments of the breakthrough experi-
ments differed as the temperature increments were dependent
on the sorbent and the tested analyte. A minimum of four
temperature increments were used. The duplicate chromato-
graphic FID data for each sampler were then averaged for each
analyte at the specific isothermal temperature run, and the
retention time of the selected analyte for the point
corresponding to where the maximum signal occurred was
taken from the averaged results. Thereafter, eq 2 was used to
calculate the temperature-dependent breakthrough volume for
a range of VOCs on GW, PDMS, and QW.

2.6. Application of the GW Sampler. 2.6.1. CAST
Experimental Setup. A combustion aerosol standard (CAST,
Jing mini-CAST 5201D, Switzerland) generator was operated
with propane (99.95%, Linde AG, Germany) according to
settings described by Mason et al.'” Rapeseed oil methyl ester
(RME) fuel was one of the fuels tested and was purchased
from ASG Analytik-Service GmbH, Augsburg, Germany. The
fuel was introduced to the CAST generator using a high-
performance liquid chromatography (HPLC) pump (Kontron,
type 420, Germany), which generated 22 L min~" undiluted
combustion exhaust, which then passed through a series of
online analytical instrumentation (a FID (SK-Electronik,
GMBH) and a Fourier transform infrared spectroscopy (FT-
IR) gas analyzer (Gasmet, Model: DX4000, Finland)). After
online analysis, 0.3 L min~' undiluted CAST exhaust was
introduced to a porous tube dilutor (Mikro-Glasfaser Filter-
element, Type GF-12-57-80E) to which dry air was added to
make up a total diluted flow of 3 L min~". An ejector dilutor
drew 3 L min™" from the porous dilutor and diluted the flow
with synthetic air at 27 mL min™", after which a custom-built
three-way Y-piece stainless-steel splitter was fitted to allow for
the diluted flow to be directed to selected samplers, which
included PDMS and GW traps that sampled at a flow rate of
500 mL min~" for 10 min with GilAir Plus air-sampling pumps.
A full description of the CAST setup is described by Mason et
al., where this system was used to sample gas-phase volatile and
semivolatile organic fuel emissions from three different fuels.'”

2.6.2. GC—MS Analysis. Samplers were thermally desorbed
using helium at 60 mL min™" from 80 °C to 250 and 280 °C
for PDMS and GW samplers, respectively, with a hold time of
30 min using a thermal desorption system (TD-20, Shimadzu,
Japan). The cooled injection system (CIS) method was
ramped from 5 to 330 °C and held for 30 min. For analysis, a
GC-2010 Plus was coupled to a MS-QP2010 Ultra (both
Shimadzu, Japan), and the helium carrier gas was set at a flow
rate of 1.6 mL min~" with a split ratio of 10:1 using a VF-XMS$
30 m X 025 mm id X 025 ym df column (Agilent,
Netherlands). The GC oven was initially held at 60 °C for 6
min and then ramped at S °C min™" to 250 °C. The transfer
line temperature was set to 250 °C. The mass spectrometry
method scanned mass ranges of m/z 35—500 with an electron
ionization energy of 70 eV and an ion source temperature of
230 °C. Calibration of the GW and PDMS was performed
using individually prepared standards of alkanes in hexane (2—
200 ng pL™' made from alkane standard solution Cg—C,,,
Sigma-Aldrich, Supelco, US) that were spiked onto traps with
1 uL of internal standard mix (n-heptane d4 n-dodecane d,

and n-hexadecane dy, Sigma-Aldrich, Supelco, US). The
concentrations of the internal standards can be found in Table
S1.

3. RESULTS AND DISCUSSION

3.1. Optimization of the GW Trap Assembly in Terms
of GW Mass, Volume, and Density. In order to determine
the final parameters of the GW trap, the assembly of the GW
trap was first optimized by determining the maximum gas-
phase collection efficiency at varying masses of the sorbent
material at different bed lengths, resulting in varying densities
that are depicted in Table 1.

Table 1. Density, Mass, and Volume of GW Packed Into a
Glass Tube for the Optimization Study

mass of GW  bed length ~ volume of GW  density of GW gacking
(mg) (mm) (mm® (mg mm™)
N 70 879.645 0.0568
S0 35 439.823 0.1137
N 20 251.327 0.1989
99 S0 628318 0.1576
110 SS 691.150 0.1592
120 S0 628318 0.1910

In order to achieve the optimal packing of the sorbent
material in a glass tube, where the tube dimensions were
chosen to be compatible with a commercial thermal desorber,
the gas-phase collection efficiency for octane was investigated
at varying masses of the GW sorbent material. The gas-phase
collection efficiency of the GW was then compared to that of
two other gas-phase samplers—a PDMS trap and a
commercially available activated charcoal adsorbent tube.
Figure 4a reveals that the GW gas-phase collection efficiency
increased from 42 to 94% when increasing the GW mass from
0.01 to 0.11 g in the glass tube, which was then comparable to
the collection efficiency of activated charcoal. However, it must
be noted that the GW mass in the trap was significantly less
than the mass of charcoal required to achieve the same results.
The charcoal has the advantage of excellent VOC adsorption
but the tradeoft is more difficult desorption that requires time-
consuming solvent extraction steps. The activated charcoal has
a mass of 900 mg in a bed length of 69 mm, and due to its high
surface area and high degree of microporosity, the gas
molecules penetrate deep into the sorbent pores when
compared to the GW, which is only a thin surface layer of
graphene, as seen in TEM images of the material in
Schoonraad et al,, which is why thermal desorption is possible
with GW and not charcoal.'*

The PDMS absorbent (with a mass of 365 mg) proved to be
an ineffective medium for the collection of volatile organic
species, such as octane, as the premature fall in the FID signal
quickly increased to 50% of the bypass signal within a few
seconds, indicating that breakthrough from the trap was
occurring, and gas-phase collection efficiency was just above
40%. This was not a surprising finding, considering the fact
that PDMS has been validated for trapping of SVOCs."*™>°
This can be explained by the mechanism and kinetics, which
are entirely different for PDMS in that absorption of analytes
takes place instead of adsorption as in the case of charcoal and
GW.

Another important practical aspect favoring the use of GW is
the sampling back pressure (BP). The BP is the resistance
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Table 2. Moisture Uptake of GW Traps at Various Levels of Humidity (n = 3)

average average mass of the GW sampler before exp  average mass of the GW sampler after exp  average mass difference % (m/m) H,0 on
humidity (® 8)" ® trap

509" 6.3488 63489 0.0001 0.0817

60% 6.3604 + 0.0096 6.3607 + 0.0094 0.0003 + 0.0005 0.2180 + 0.377S
70% 6.3612 + 0.0100 6.3616 + 0.0099 0.0004 + 0.0001 0.3321 + 0.0861
extreme 6.3646 + 0.0183 6.4272 + 0.0047 0.0626 + 0.0147 51.9439 + 12.6622

’ ; P b :
“Mass recorded after removing entrained moisture. “Based on one GW trap, as no mass difference was found for the other two traps.

opposing the desired air flow through the sampler that may
lead to unstable sampling flow rates at high BPs. The BP of the
GW traps was found to be +13” H,O at a constant flow of 400
mL-min~', as measured and displayed using the GilAir portable
sampling pumps. The low back pressure can be attributed to
the low sorbent packing density of the GW and its fibrous
nature, which adds to the versatility of samplers as it allows
them to be used with a personal sampling pump (BP threshold
of 40” H,0) in a variety of sampling setups, including
denuders.”

The effect of the packing density of the GW trap was
investigated by keeping the mass of the GW constant and
varying the bed length. From Figure 4b, it is evident that the
gas-phase collection efficiency is inversely proportional to the
bed length, which is due to the mean free path of the analyte
decreasing with a more compact bed, resulting in higher rates
of gas collection. When maintaining a GW mass of 50 mg, the
gas collection efficiency increased from 69 to 77% when
decreasing the bed length by a factor of 2 and further improved
to an average of 83% when the bed length was decreased to 20
mm. The GW mass was then doubled to improve the capacity
of the GW trap further. Taking all the assembly parameters in
this study into consideration, the optimal GW trap assembly
consisted of 120 + 20 mg of GW housed in a glass tube (5.0
mm od. X 40 mm id.) with a 50 mm bed length
corresponding to a density of 0.19 mg mm™. The collection
efficiency of the octane was also determined to be 94 + 0.5%
for three different GW traps with the same packing density,
which confirms repeatability of the experiments and reprodu-
cibility of the manmade trap assembly.

3.2. Gas Collection Efficiency of GW Traps. Three
replicate traps (A—C) were made according to the optimized
assembly as set out in Section 3.1 and were then used to
determine the gas collection efficiency with three different
alkanes ranging from the more volatile octane to the
semivolatile hexadecane. Figure Sa shows the average
collection efficiency of octane (C8), dodecane (C12), and
hexadecane (C16) on three different GW traps A—C, and
Figure Sb—d shows the individual gas-phase collection
efficiencies for octane, dodecane, and hexadecane, respectively.
The collection efficiency was very good at over 90% for all
three alkanes over a period of 30 min. When switching from
the bypass line, it can be clearly seen that the time taken to
reach the maximum collection efficiency was significantly
longer for hexadecane due to the slower adsorption kinetics;"*
similarly, dodecane adsorption on the GW was slower than
that of octane; this follows Fick’s Law of diffusion, which is
governed by the molecule size-dependent diffusion coefficient.
The vapor pressure also leads to differences in the vapor
saturation concentration of the tested substances, and since
octane has the highest vapor pressure, saturation is reached
faster due to the higher number of molecules available to be

adsorbed on the lines, which can only adsorb a finite number
of molecules.

In order to determine the strength of adsorption and thus
storage capabilities of GW, nitrogen gas was passed through a
loaded trap to check if any FID signal was observed, which
would indicate that the analytes were desorbing from the GW
and breakthrough was occurring. Figure Se reveals that the
octane collection efficiency remained unchanged after a period
of 30 min, but after a period of 4 h, a breakthrough of <5% was
observed in Figure Sf. To confirm this finding, the experiment
was repeated with the less-volatile hexadecane over an
extended period of 15 h, and no significant breakthrough
occurred (Figure Sg). This experiment will also be beneficial
for the future investigation of displacement mechanisms if
mixtures of gas-phase analytes are to be sampled. The
breakthrough experiment of dodecane, illustrated in Figure
Sh, showed that <2% of the total adsorbed concentration of
48.42 mg m™> was desorbed after a period of 8 h.

The afﬁnitz of graphene for alkanes has been demonstrated
theoretically,”" and it was found that the desorption energy
increases as a function of the n-alkane chain length, which
supported our experimental data as we found hexadecane to
have the highest affinity for the GW. When optimizing the
atomic positions during adsorption, the authors found that all
calculations reached an energetic minimum when the alkane
carbon skeletons were parallel to the graphene surface.”'
However, the GW in this study is not pristine graphene, so it is
likely that the adsorption of gas molecules on the defective GW
is much stronger, and the orientation of the adsorbates may
differ."

This work proves the excellent affinity and capacity of the
GW for non-polar analytes in the volatile and semivolatile
ranges. These GW traps can also be used for extended periods
of time without breakthrough, which renders them as
potentially suitable samplers for full 8 h-shift occupational
monitoring.

3.3. Humidity Study. Molecular adsorbates can act as
either acceptor or donor molecules when interacting with
graphene, and H,O has been found to be an acceptor
adsorbate, resulting in p-type doping of the graphene, whereby
the water molecules adsorb only on the surface of the
graphene, as the hydroxyl groups are too large to penetrate the
graphene film.'%**7%*

As mentioned previously, a high sample humidity can have
an influence on the type and extent of molecular adsorption of
other analytes on the GW, and it can lead to a decrease in their
breakthrough volume as a result of reduced availability of
active sites on the GW surface; thus, hygroscopicity studies are
vital to determine the feasibility of a novel sorbent. Table 2
represents the moisture uptake of GW traps as a function of
humidity.

Samples were taken in triplicate in different humidity ranges
from S0 to 70%, which are commonly experienced in ambient
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and occupational environments. Samples were also taken in
triplicate inside the controlled-humidity chamber under visibly
humid conditions where extremely high-humidity environ-
ments were artificially produced using a mist generator. This
experiment was conducted to investigate the extent of the H,O
adsorption on the GW surface versus water droplets that are
entrained within the GW fiber layers and cavities in the trap.
After sampling, the GW sampler was weighed and compared to
the dry-conditioned trap to reveal that the mass of the sorbent
had doubled, representing over 100% moisture uptake. After
flicking the trap 10 times consecutively and reweighing the
trap, it was found that over 40% of the moisture was not
physically adsorbed. Based on this finding, the entrained
moisture was removed from all traps after sampling in the same
fashion. The specific mass of GW in each trap was used to
calculate % (m/m) H,O for each replicate (GW in sampler 1:
0.1223500 g, GW in sampler 2: 0.1198255 g, and GW in
sampler 3: 0.1198255 g).

The results in Table 2 show that moisture uptake in the GW
traps increased with increasing humidity with values of 0.08,
0.22, and 0.33% (m/m) H,O for average humidity levels of 50,
60, and 70%, respectively. The moisture uptake is considered
insignificant at these humidities, but caution must be taken at
higher humidity where the H,O molecules will compete with
analyte molecules for active sites on the GW surface. It is
recommended that the GW sampler is not to be used in
extremely high-humidity environments unless coupled with an
upstream moisture trap.

The interaction between water adsorbates and the graphene
surface is largely dictated by the orientation of the water
molecules with respect to the surface of the graphene and the
structure of the grarphene surface itself, whether it is defective,
doped, or pristine.”’ This was confirmed by Leenaerts et al,
who used density functional theory (DFT) to demonstrate that
the adsorption energy was primarily determined by the
orientation of the molecule and to a lesser extent by the
molecule position.”® In our study, the defective SiO, substrate
promotes adsorption from water molecules, as the defects in
the GW result in oxygen-containing species at the surface, as
confirmed by XPS,'> which interact with the polar water
molecules. It was even found that H,O adsorbates can shift the
SiO, substrate’s impurity bands and change their hybridization
with the graphene bands.*® This is in contrast to pristine
graphene that is non-polar in nature and thus more insensitive
to H,O adsorbates with the only mechanism of adsorption
being physisorption by weaker dispersive forces.”>**

3.4. Chromatographic Determination of the Break-
through Volume of Selected Analytes. Breakthrough
analysis is expedient to determine the maximum loading
capacity of the sorbent before breakthrough and/or loss of the
analyte occurs, which in turn will be used to determine suitable
sampling volumes. The adsorption and desorption of analytes
on the GW surface were investigated by breakthrough analysis
at room temperature and at elevated temperatures.

In Section 3.2, the excellent gas collection of non-polar,
planar alkanes in the volatile and semivolatile ranges was
demonstrated; therefore, this section will extend to the more
polar and volatile range. Here, the elution technique was
utilized, whereby the Gaussian gas chromatographic peaks
depicted in Figure 6 for each VOC and SVOC were used in
conjunction with eq 2'° to determine the specific breakthrough
volume. It should be noted that the methodology used is based
on the literature; however, the injection of pure liquid samples
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Figure 6. Overlaid chromatograms illustrating the differing retention

of methanol at 25 °C for samplers used in the breakthrough study.

may lead to overloading of the sorbents. The results should
thus be seen as providing comparative measurements between
sorbents but may not reflect the true gas-phase breakthrough
volumes. The average retention times used for the calculations
at isothermal temperatures for each sorbent are reported in
Tables S2—S4. The dead volume correction was not done, as
this value required the injection of a non-retained analyte into
the GC port, and typical non-retained analytes, such as
methane, have been found to be adsorbed by graphene.®

The resultant breakthrough curves for each analyte on each
sampler type are represented in Figure 7, and their
corresponding exponential equations and correlation coef-
ficients are shown in Table S6. The exponential equations
derived from the curves were used to calculate the BV values
for analytes, which could not be measured experimentally, due
to retention by sorbents at this temperature, and these values
are presented in Table 3. From the curves in Figure 7, it is
immediately evident that all BVs decrease with increasing
temperature, and GW showed significantly higher break-
through volumes for polar analytes when compared to PDMS
samplers.

The studied polar VOCs were selected to represent a range
of boiling points from 64.7 to 155.6 °C. The correlation
coefficients (R* values in Table SS) ranged from 0.7570 to
0.9902, which shows a good fit to experimental data, enabling
extrapolation to 25 °C in order to determine the breakthrough
volumes at ambient sampling temperatures. Calculated GW
BVs predictably increased with decreasing volatility of the
analyte, but the low BVs obtained, ranging from 0.029 to 0.202
L g”!, demonstrated that in this experiment, non-polar VOCs
did not have a very strong affinity for the GW surface. Other
sorbent materials such as Tenax have specific breakthrough
volumes (SBVs), an order of magnitude larger than for GW,
but it must be noted that the polarity of this sorbent lends itself
to polar adsorbates.

From Figure 7 and Table 3, it can be seen that at room
temperature (25 °C), the GW breakthrough volume for the
most volatile compound, methanol, is calculated to be 0.05S8 L
g~'. However, when targeting analytes with higher boiling
points such as cyclohexanone, the breakthrough volume is
calculated to be 0.563 L g™'. When considering a more
semivolatile, non-polar compound such as hexadecane, the BV
decreases to 0202 L g™

The extrapolated breakthrough volume at a specific
temperature should be considered when selecting the sampling
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Figure 7. Breakthrough volume curves for the 0.120 g QW (left), 0.141 g GW (middle), and 0.365 g PDMS (right) samplers at various isothermal
temperatures.

Table 3. BVs of QW, GW, and PDMS along with the Boiling Points, Molecular Masses, and Densities of the Compounds at the
Inlet Temperature of 250 °C>’

analyte with the polarity expressed as MM of compounds density at 25 °C QW BV at 25 °C  GW BV at 25 °C  PDMS BV at 25 °C
corresponding BP Log P (g mol™) ((152) Tg wLegh Tegh
Polar Compounds
methanol (64.7 °C) -0.77 32.04 0.875 0.043 0.058 0.044
propanol-2 (82.5 °C) 0.05 60.10 0.79 0.086 0.093 0.120
butan-1-ol (117.7 °C) 0.88 74.12 0.81 0.405 0.397 0.168%
cyclohexanone 0.81 98.15 0.94 0.549 0.563 0.227¢
(155.6 °C)
Non-polar Compounds

hexane (68 °C) 3.90 86.18 0.66 0.029 0.029 0.259
toluene (110.6 °C) 2.73 92.14 0.86 0.102 0.097 0.185“
octane (125.6 °C) 5.18 11423 0.70 0.128 0.129 0.194°
dodecane (216.2 °C) 6.10 170.33 0.75 0.170¢ 0.142° 0.266"
hexadecane (286.8 °C) 8.30 22641 0.77 0.212¢ 0.202° 0.347¢
“Calculated values are distinguished from the experimentally determined values.
flow rate and sample volume and additional parameters such as the surface coverage and level of defects to enhance molecular
sampling humidity, which also influences the breakthrough interactions with both polar and non-polar analyte molecules.
behavior of an analyte due to the adsorbed water molecules When comparing the GW sorbent to the PDMS sorbent,
taking up active adsorption sites on the surface of the GW, which has alﬁeady been validated for PAHs and more polar

which was discussed in Section 3.3. compounds,"**? it can be seen from Table 3 and Figure 7 that
From Table 3, it can be seen that PDMS has larger GW had higher BVs for methanol, butan-1-ol, dodecane, and
breakthrough volumes for all non-polar analytes, whereas GW cyclohexadecane. The PDMS, on the other hand, showed

showed higher breakthrough volumes for all polar analytes. better BVs for non-polar analytes only, which can be explained
To establish the extent of adsorption of the GW surface, the by the differences in the sorbent material. The PDMS is a non-
BV volumes were directly compared to those of the parent QW polar medium that traps analytes by absorption rather than
substrate. GW shows higher BV at 25 °C than QW for almost adsorption; therefore, only molecules with the same polarity
every analyte; however, these differences are not considered will be absorbed. The GW sorbent showed an increase in BVs
significant. This can be explained by the non-uniform bi- and with an increase in the carbon chain length of the non-polar
multilayered graphene surface on the QW. Regions of the QW analytes, which was also seen in the gas collection efficiency
are exposed on the GW, resulting in the same adsorption study in Section 3.2, and it can be rationalized by the increase
mechanisms of polar analytes and therefore similar retention in desorption energy, as determined theoretically by Londero
and breakthrough. These findings suggest that the growth of and colleagues.”' The affinity of the GW for polar molecules is
graphene on the QW could be further optimized in terms of due to the defective nature of the GW that contains polar
24773 https://doi.org/10.1021/acsomega.1c03595
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Figure 8. Concentration of C,,—C,, alkanes in RME biodiesel combustion emissions on GW and PDMS samplers that were thermally desorbed

and analyzed by GC—MS.

regions with increased electrostatic potential and increased
dispersive forces for polar analyte adsorption. Oxidized
domains exist in the material as a result of a broken sp
carbon network, which occurred during CVD synthesis.
These domains occur at the irregular edges of the graphene
layers and are the main site of adsorption of polar molecules
due to interactions with electronegative oxygen, resulting in
dispersive forces, of which hydrogen bonding is the most
predominant. A similar result was reported by Berashevich and
Chakraborty, who found that adsorbed polar molecules formed
a cluster along the oxidized zigzag edges of graphene. The
oxidized edges tend to donate a charge to the adsorbates, and
the extent of adsorption is governed by the intermolecular
distance and by the location of the adsorbed molecules relative
to the plane of graphene.”®

The BV for octane, dodecane, and hexadecane in this study
was significantly lower than that determined in the gas
collection efficiency study in Section 3.2, and it must be noted
that the experimental setups were different, which plays a
major role in the results obtained, specifically when the
temperature is concerned. The temperature-controlled cham-
ber was held at ambient temperature during all measurements,
whereas this FID experimental setup had a heated inlet,
resulting in an increase in the kinetic energy of analytes,
leading to an increased rate of desorption and thus lower BVs.
Another drawback of this study was that only one GW trap was
used in the configuration, as it was not practicably feasible to
change the sampler after each experiment. This can result in a
deterioration of the GW coating with time and an increase in
defects, which ultimately affect the polarity and retention
capabilities of the sampler; therefore, the results must be
interpreted with caution. It is suggested that further
investigation is required in order to accurately determine the
GW material interaction with polar versus non-polar analytes.
In this study, the peak areas for methanol on GW were found
to be significantly higher than for other samplers (Figure 6),
and it was hypothesized that the graphene material is broken
down when it is flushed with certain solvents, such as
methanol, which resulted in the elevated FID signal in the
experiment. This is another aspect to the novel material that
requires further research in order to fully understand the uses
and limitations of the sampler.

For future work in this regard, it is advised to further
optimize the GW sampler to contain a higher mass of the GW
sorbent per sampler to increase the BVs and then introduce a

24774

second GW sampler downstream to potentially act as a gauge
for breakthrough. This will allow for more accurate
determination of the SBVs for target analytes under varying
conditions, which are encountered in real-world sampling.
Headspace gas sampling should be conducted where the
breakthrough of analytes can be determined by means of
permeation tubes, as in the experiments conducted here,
overloading of the sorbents was likely resulting under non-
linear chromatographic conditions. A good starting point
would be the determination of breakthrough of naphthalene
using headspace sampling, as this can directly be compared to
the validation of PDMS sorbents, for which the breakthrough
volumggof naphthalene is S L at a sampling flow rate of 0.500 L
min~".

3.5. Application of the GW Sampler in Fuel
Combustion Emission Sampling. The GW sampler and
various other samplers were used in conjunction with a
controlled-combustion aerosol standard system, where dupli-
cate air combustion emission measurements were taken from
diesel, gas-to-liquid fuel, and rapeseed methyl ester biofuel, as
described in detail by Mason et al."” For the scope of this
study, only one fuel, namely, RME biodiesel, was considered to
demonstrate the practical use of the GW sampler.

From Figure SI, it can be clearly seen that the GW
calibration curves for C,,—C,, alkanes had correlation
coefficients >0.999 for every analyte, which depicts excellent
linearity for the range of concentrations with LODs ranging
from 424 to 4874 ng m™>, as seen in Table S6 in the
Supporting Information. The linear response also demon-
strated the successful thermal desorption of analytes from the
GW, therefore showing that no solvent extraction is required.
The fact that TD quantitatively removes the non-polar C,,—
C, alkane analytes, with molecular weights and boiling points
ranging from 114 to 282 g mol™' and 125.6 to 343 °C,
respectively, from the sampler further confirms the sustainable
reusability of the samplers with respect to these analytes.

The GW sampler was shown to be very effective in sampling
alkanes in the volatile—semivolatile range, which were found to
be in the low pg m™ range with tetradecane being the most
abundant, as seen in Figure 8. The performance of the GW
sampler was directly compared to that of a PDMS sampler,
which has been tested, validated, and applied in numerous
studies,"#"77>%*%3! and it was found to be very comparable in
both emission profiles and concentrations of each analyte,
excluding hexadecane, with an % difference of 1.9% between
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the total alkane concentrations. The GW showed higher
recoveries of the lower alkanes <C15 when compared to the
PDMS but lower concentrations for the higher alkanes. The
significantly large discrepancy between the two samplers for
hexadecane (83% difference) and all alkanes >C1S was likely
due to incomplete thermal desorption of heavier alkanes from
the GW, as the TD method was optimized for PDMS. These
findings were consistent with those found in Section 3.2, which
demonstrated the high affinity of GW for non-polar analytes,
but were contrary to those found in Section 3.4, which showed
better retention of polar analytes on the GW. This can be
explained by better coverage of graphene layers on the QW for
the traps used in the CAST study and the fact that each GW
sampler was only used once, ensuring the integrity of the
graphene surface.

4. CONCLUSIONS

A novel GW trap was optimized in terms of sorbent mass, bed
length, and packing density and was tested for use as a sampler
for a range of volatile and semivolatile analytes. The GW
sampler was compared to commercially available and validated
PDMS and charcoal samplers to assess accuracy and efficacy.
The gas-phase collection efficiency was found to be >94% 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 where
moisture was predominantly found to be entrained in the fibers
and not physisorbed on the graphene surface. The
experimental and theoretical breakthrough studies showed
that GW had higher breakthrough volumes for polar analytes
when compared to the PDMS sampler, however BVs of GW
did not significantly increase when compared to QW, which
demonstrated the high degree of defects of the GW and the
non-uniform surface of bi- and multilayers. Subsequently, a
more practical breakthrough experiment may be required, such
as using headspace sampling, to aid in the validation of the
retention volumes at set pressures and temperatures using
numerous replicates of different GW traps.

The GW sampler efficacy was then demonstrated in a real-
world application, where it was employed as an air sampler for
volatile and semivolatile organic compounds arising from the
combustion of a rapeseed methyl ester biofuel. The linear
response of each analyte demonstrated the successful thermal
desorption of the C;;—C,, alkane analytes from the GW
sampler, therefore, showing that no solvent extraction is
required. The GW was found to be very comparable in both
emission profiles and concentrations of each analyte to a
PDMS sampler and can be used as a standalone sampler or as a
secondary trap in a sampling train similar to that of a PDMS
denuder setup.'®°

GW is thus a novel adsorbent that has proven to be an
effective sampling medium comparable to currently available
technologies. It has numerous advantages including the fact
that it is reusable, sustainable and cost-effective and, very
importantly, does not require time-consuming and toxic
solvent extraction techniques. Another significant advantage
is the possibility to tune the surface chemistry of the GW for
targeted polar or non-polar analytes by modifying the surface
coverage of graphene on the QW. The presence of oxidized
domains at the edges of the non-pristine graphene results in
dispersive forces with polar analytes due to interactions with
the electronegative oxygen and results in edge-type adsorption.
The extent of polar adsorption is thus largely governed by the

intermolecular distance, the extent of oxidation of the
graphene, and the location of the adsorbed molecules relative
to the graphene layer plane.

This tunability can also provide additional capabilities
regarding device design, for applications including filtration,
microfluidics, chemical sensing, and, as in this study, chemical
sampling.
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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.
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The incomplete combustion of fossil fuels generates hazardous gaseous compounds
which have been linked to various adverse environmental and human health effects
worldwide. Cleaner alternatives such as gas-to-liquid (GTL) and biofuels such rapeseed
oil methyl ester (RME) have therefore been investigated. In this study, a Combustion
Aerosol Standard (CAST) was used to generate a diluted, consistent and relatively stable
source of fuel emissions from the combustion of diesel, GTL and RME, respectively. Gas
phase sampling was carried out by removing particulates using a filter upstream of
three different samplers: i) a commercialised activated charcoal sampler; ii) a validated
polydimethylsiloxane (PDMS) sampler; and iii) a novel graphene wool (GW) sampler.
The latter two were thermally desorbed, whilst the charcoal sampler was solvent
extracted. All three samplers were analysed for trace levels of selected volatile organic
compounds (VOCs) and semi-volatile organic compounds (SVOCs) by means of gas
chromatography-mass spectrometry (GC-MS).

The GW sampler outperformed the PDMS and activated charcoal samplers as the GW
sampled the most compounds and had a lower variability in VOC and SVOC (selected
polycyclic aromatic hydrocarbon and n-alkane) concentrations sampled, especially in the
case of the n-alkanes (average %RSDs of the GW, PDMS and activated charcoal samplers
were found to be 23.8%, 43.1% and 52.9%, respectively). The activated charcoal sampler
was found to be unsuitable in this study due to the low number of detected compounds,
as well as high benzene and toluene backgrounds of the sorbent. Combustion of diesel
was found to emit a total VOC and SVOC concentration 4-5 times that of GTL and RME,
respectively, based on GW sampler analyses. This study therefore further supports GTL
and RME as cleaner fuel alternatives to petroleum derived diesel.

©2020Elsevier B.V. All rights reserved.

= Capsule: A novel graphene wool sampler allowed for the detection of more gaseous VOCs and SVOCs with better reproducibility than other

samplers, including standard activated charcoal.
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1. Introduction

The detection of hazardous gaseous compounds has become ever more critical as an increasing number of studies
link various adverse environmental and human health effects to increasing ambient air pollution (Landrigan et al., 2019;
Goldemberg et al,, 2018; Yan et al,, 2018). Commonly known constituents of air pollution include compounds such as
NOy, SOy, CO and particulate matter (PM) in addition to volatile organic compounds (VOCs) and semi-volatile organic
compounds (SVOCs). Recent literature shows that vehicular emissions are generally reported in terms of the CO, CO,,
NOy and PM produced (Dagaut et al., 2019; Borillo et al., 2018; He, 2016). There are multiple studies which have focused
on the adverse side effects of PM (Bae and Hong, 2018; Gautam et al., 2018; Hime et al., 2018; Chen et al., 2017; Kiinzli
et al.,, 2005; Peters et al., 1997), which thereby warrants combustion emissions being reported in terms of PM production,
however, it is also crucial to be cognisant of gaseous emissions, such as VOCs and SVOCs, as these have also shown to
be detrimental to human health (Points, 2019; Mirzaei et al., 2016; Yu and Kim, 2010; Jia et al., 2008; Kawamura et al.,
2006). VOCs and SVOCs have been noted to be potentially carcinogenic and may cause the enhancement of respiratory,
cardiovascular, infectious and allergic diseases through contact with the skin or through inhalation (Helen et al., 2019;
Lerner et al.,, 2018; Raza et al.,, 2018; Bernstein et al., 2004; Finlayson-Pitts and Pitts Jr, 1999; Finlayson-Pitts and Pitts,
1997; Hemminki and Pershagen, 1994). It has been noted that a trend towards using biodiesel over petroleum-derived
diesel has arisen due to lower reported PM emissions from biodiesel combustion, therefore it is generally considered a
cleaner alternative fuel (Damanik et al., 2018; Knothe and Razon, 2017). However, little has been reported on the gaseous
organic by-products released by the combustion of these biofuels.

As research into the effects of VOCs and SVOCs has progressed over the years, governing environmental bodies have
made it ever more imperative to create a means by which to monitor even lower trace concentrations of these analytes.
Currently, VOCs are typically sampled onto retaining media such as commercially available Carbotrap, Carbosieve ™S-III
and Tenax® which are either carbon- or polymer-based samplers. SVOCs are commonly sampled onto the same retaining
media as the VOCs in addition to retaining media such as multi-channel polydimethylsiloxane (PDMS) traps (Munyeza
et al.,, 2018; Forbes and Rohwer, 2009; Ortner and Rohwer, 1996).

The use of carbon-based air samplers is not a novel concept in the field of environmental analysis, however a novel
class of carbon nanostructures, known as graphene, is gaining attention in analytical chemistry due to many of its innately
attractive properties. Graphene has been calculated to have an impressive theoretical specific surface area of 2630 m?
g~ (Ziittel et al., 2004) which is far above the 1000 m? g~! required of a “strong” sorbent (United States Environmental
Protection Agency, 1999). Due to the ultrahigh surface area graphene possesses in combination with its non-polar nature,
Schoonraad and Forbes developed a means to synthesise graphene in a way which allows facile use thereof as an adsorbent
in an active air sampler, called a graphene wool (GW) sampler, as shown in Figure S1 in the Supplementary Information
(Schoonraad and Forbes, 2019a,b; Schoonraad et al., 2020).

A CAST generator, which is based on a laminar propane co-flow diffusion flame, is a useful way to produce stable trace
level emissions that mimic the physical and chemical properties which are characteristic of real-world emissions from
the combustion of selected fuel sources (Moore et al., 2014). To solve the difficulty of analysing combustion aerosols,
which have a tendency to coagulate, particles need to be produced instantaneously in a continuous process with reliable
reproducibility (Kasper, 2009) from a regulated aerosol generator. It is from this need that the CAST generator was
developed, in which soot particles are formed when the combustion process is quenched with inert “quenching” gas, and
its operation has been investigated by various authors (Mueller et al., 2015; Moore et al., 2014). In this study, trace level
gas phase emissions which are simultaneously produced from a CAST generator were utilised to evaluate the performance
of three different air samplers. Due to the various methods implemented to stabilise the exhaust emissions from the CAST
generator, it has been viewed as a stable and repeatable source of PM of a certain size range (Mueller et al., 2015) and
therefore the diluted exhaust stream may also be a source of trace levels of organic gas phase combustion emission
products.

Here we describe the sampling of gas phase VOCs and SVOCs from a CAST generator utilising a filter upstream
of each sampler to capture the PM and thereby only sample the gas phase analytes. The VOCs of interest included
benzene, toluene, ethylbenzene and xylenes (BTEX), whilst SVOCs included n-alkane hydrocarbons and polycyclic aromatic
hydrocarbons (PAHs). Emissions from each of three different fuel types were sampled from the CAST exhaust in parallel
by three different samplers of interest, namely a multichannel PDMS sampler prepared in-house, a commercial activated
charcoal sampler, and a novel GW sampler prepared in-house. The activated charcoal sampler was selected due to
its use in VOC methods published by the International Organization for Standardization (ISO) and Methods for the
Determination of Hazardous Substances (MDHS) (International Organization for Standardization ISO 9487:1991 (E);
International Organization for Standardization ISO 16200-1:2001 (E); Methods for the Determination of Hazardous
Substances MDHS 96 (2000)). Activated charcoal is also a cheaper alternative to graphitised materials such as Carbotrap®.
The CAST system was utilised in this comparison of the performance of the chosen samplers due to the improved stability
of emissions the system produces in comparison to real-world emissions, which typically would vary over time which
in turn introduces sampling uncertainties. Other gas standard emission generators tend to produce only one compound
at a time, and standard gas cylinder mixtures of VOCs cover a very limited range of analytes. The CAST system therefore
provides a suitable means to evaluate the performance of the selected samplers, thereby allowing for the determination
and evaluation of the strengths and weaknesses of each type of sampler in determining the concentrations of the target
organic gas phase analytes at trace levels.
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2. Materials and methods
2.1. Reagents and materials

The three fuels that were tested, namely petroleum derived diesel with no added biodiesel (BO), gas-to-liquid (GTL)
and rapeseed oil methyl ester (RME) fuels were all purchased from ASG Analytik-Service GmbH, Neusdss, Germany. An
ultrasonic bath was utilised to degas each fuel for 30 min prior to use.

Individual stock standards of 36 volatile organic compounds (VOCs) and semi-volatile organic compounds (SVOCs)
along with 13 internal standards were purchased from the suppliers listed in Table S1 of the Supplementary Information.
Working solutions were prepared by appropriate dilutions of the stock solutions prior to use. For the extraction of
analytes from the activated charcoal sampler, anhydrous carbon disulphide (CS;) (>99% purity) was purchased from
Merck, Germany.

2.2. Sampler details

Each of the polydimethylsiloxane (PDMS) traps consisted of twenty-two 55 mm long parallel PDMS tubes (Technical
Products, Inc., Georgia, USA) of 0.3 mm i.d. which were housed in a 89 mm long Supelco glass TD tube with an i.d. of
4 mm. Graphene wool (GW) was synthesised in-house as per the optimised conditions described by Schoonraad et al.
(2020) using a quartz wool substrate (Acros, Industrial Analytical, South Africa). For the assembly of the GW samplers,
approximately 120 mg of GW was weighed out using a calibrated Sartorius Entris analytical balance and then packed into
the same glass tubing as the PDMS traps, whilst maintaining a bed length of 60 mm for the GW sampler. The sorbent was
held in place by stainless steel screens (Sigma Aldrich, South Africa) which are designed for Gerstel TD tubes of the same
i.d.. The traps were then conditioned using a multi-tube conditioner (TC-20 MARKES International, Germany) at 250 °C
for 8 h under hydrogen gas flow and were then sealed using Shimadzu stainless steel tube caps. The activated charcoal
type BIA tubes were purchased from Dréger, Germany.

2.3. CAST setup

A Combustion Aerosol Standard generator (diesel CAST, Jing mini-CAST 5201D, Switzerland) was operated with propane
(99.95%, Linde AG, Germany). The settings were as follows: dilution air (10 L min~'), oxidation air (2.2 L min~'), quenching
gas (10 L min~", fixed), propane fuel (30 mL min~!, fixed) (refer to Mueller et al. (2016) for further details regarding the
operation of the CAST). The fuel of choice was supplied to the CAST generator using an inlet from a high-performance
liquid chromatography (HPLC) pump at 50 mL min~'. In the viewing window, illustrated by number 4 of Fig. 1, it could be
seen that the flame changed from blue to orange once the fuel of interest was added to the propane already combusting
in the CAST generator. A photograph of the CAST setup is shown in Figure S2 in the Supplementary Information.

The fuel was introduced to the CAST generator using polytetrafluoroethylene (PTFE) tubing (50 cm) and polyurethane
(PU) tubing (5 cm) using a HPLC pump (Kontron, type 420, Germany) and then subsequently, copper tubing was used
to connect the HPLC pump to the CAST generator. Antistatic polyurethane hose of 12.0 mm o.d. x 8.0 mm i.d. (Riegler,
Germany) was used for all the connections between the CAST and various dilutors, splitters and sampling instrumentation
involved in this study. The CAST generated 22 L min~! of undiluted combustion exhaust. From the CAST generator, an
exhaust outlet, shown by number 6 in Fig. 1, allowed for the undiluted excess exhaust emissions to be released whilst
continuously sampling 0.3 L min~! of this exhaust over the course of the 10 min sampling period for analysis by a flame
ionisation detector (FID) (SK-Electronik, GMBH), calibrated with propane (30 ppm) in nitrogen (Linde, Germany), and a
Fourier-transform infrared spectroscopy (FT-IR) Gas Analyser (Gasmet, Model: DX4000, Finland). The FID sampled the
undiluted CAST exhaust using a 380 °C heated transfer line. Thereafter, 0.3 L min~! (1.5 L min~! for GTL and RME) of the
undiluted CAST exhaust was introduced to a porous tube dilutor (Mikro-Glasfaser Filterelement, Type GF-12-57-80E) to
which 2.7 L min~! (1.5 L min~! for GTL and RME) of dry air was added to make up a total diluted flow of 3 L min~'. The
ejector dilutor then drew the 3 L min~! from the porous dilutor and further diluted the CAST exhaust with laboratory
air that was first cleaned by passing through Intersorb Plus (Intersurgical, Sankt Augustin, Germany) to remove CO,, and
then activated charcoal (Carl Roth, Karlsruhe, Germany) and finally through Silicagel (Azelis, Sankt Augustin, Germany) at
27 mL min~!. Any overpressure which may have occurred in the ejector dilutor was released through the outlet shown
as number 10 in Fig. 1.

From the ejector dilutor, a custom-built three-way Y-piece stainless steel splitter allowed for the diluted flow of the
CAST exhaust to be directed to various sampling instrumentation as well as to the selected samplers. Two of the Y-piece
exits lead directly to two sampling stations to which selected samplers were attached and diluted CAST exhaust was
drawn through these at 500 mL min~" for 10 min by Gilian® GilAir® Plus Air Sampling Pumps (Sensidyne®, USA).

The second Y-piece was utilised for the measurement of the light absorption properties of the CAST aerosols measured
online by means of an Aethalometer® (Magee Scientific, Model AE33-7, Slovenia), which had an optimised diluted flow
using a PALAS® VKL 10E dilutor as the Aethalometer® typically required a dilution of 1:10 000 in order to not over
saturate the instrument. From the same PALAS® VKL 10E dilutor, the diluted CAST exhaust was additionally measured
by a Condensation Particle Counter (CPC, TSI, Model 3022A, USA) and an Electrostatic Classifier (TSI, Model 3082, USA)
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Fig. 1. Schematic diagram of the CAST generator sampling set-up.

connected to a CPC (TSI, Model 3750) in order to determine the stability of the particle number concentration produced
from the CAST after changing fuel sources. The particulate matter (PM) measurements were conducted in order to check
the stability of the emissions and suitability of the dilution ratios of the different fuels. The combustion of diesel (BO)
resulted in higher PM emissions than the other fuels, therefore the emissions required different dilutions for gas phase
sampling. The fuel of interest was thus combusted in the CAST generator and the exhaust thereof passed through a porous
tube dilutor and an ejector dilutor, in which the dilution flows were adjusted to dilute diesel (BO) emissions by a factor
of 100 and to dilute the GTL and RME emissions by a factor of 20.

2.4. Sample collection and extraction

Prior to introducing a new fuel into the CAST generator, the system was cleaned with cotton swabs, Kimtech wipes
and a vacuum cleaner. Once cleaned, the selected degassed fuel was introduced into the CAST generator using the HPLC
pump and the combustion emissions were monitored by the particle counter and the aethalometer to ensure that the
CAST generator was stable and producing a consistent concentration of aerosols. A stainless-steel filter holder assembly
was positioned between an empty glass tube upstream and the selected sorbent sampler downstream. The filter holder
contained a 13 mm quartz-microfibre disc (Ahlstrom Munksjo, T 293) with a precipitation area diameter of 10 mm. Each
sampler was connected to a Gilian® GilAir® Plus Air Sampling Pump (Sensidyne®, USA) using Teflon tubing (Fig. 2),
which was operated at 500 mL min~! for 10 min. A photograph of the set-up is shown in Figure S3 in the Supplementary
Information.

These sampling pumps were all calibrated for each specific sampler used prior to sampling by means of a Gilibrator
2® (Sensidyne®, USA). This accounted for the individual differing back pressures of the different sampler types. A Kestrel
4500 weather station (Envirocon, South Africa) was used to measure the ambient conditions at the time of the sampling
event which are shown in Table S2 of the Supplementary Information. After sampling, PDMS and GW samplers were
end-capped and were subsequently wrapped in aluminium foil, sealed in zip lock polyethylene bags and were stored in
a freezer at —18 °C until analysis took place within 72 h.

The charcoal tubes were opened with an adjustable ORBO™ Tube Cutter after the sampling event, and the charcoal was
emptied into 20 mL amber vials. 3 mL of CS, was added, the vials were then sealed and allowed to extract for 12 h in a
fume hood at room temperature. Although accredited methods such as the ISO 9487: 1991 (E) state that 500 L of solvent
be used in the extraction of analytes from activated charcoal sorbents, it was found that 3 mL of solvent was required
to completely submerse the activated charcoal. After overnight extraction, the extract, with the activated charcoal still in
contact with the solvent, was sonicated (Allpax Palsonic, Germany) for 15 min. The supernatant extract was subsequently
transferred into a 5 mL amber GC vial and stored in a freezer at —18 °C until batch-wise analysis was conducted within
72 h.
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Diluted CAST exhaust

l

Bl

Fig. 2. Schematic of the sampler setup where numbers (D), @ and @ illustrate the positions of the activated charcoal, GW and PDMS samplers,
respectively, during CAST sampling events.

2.5. GC-MS analysis

The PDMS and GW samplers were thermally desorbed using a Thermal Desorption System (TD-20, Shimadzu, Japan)
using 60 mL min~" helium from 80 °C to 250 °C for the PDMS and to 280 °C for the GW sampler, both with a hold time
of 30 min. The cooled injection system (CIS) method started at 5 °C and ended at 330 °C with a hold time of 30 min. A
GC-2010 Plus was coupled to a MS-QP2010 Ultra (both Shimadzu, Japan) and helium was used as carrier gas at a flow
rate of 1.6 mL min~". A split ratio of 10:1 was applied whilst the column used was a VF-XMS 30 m x 0.25 mm i.d. x
0.25 pm d.f. column (Agilent, Netherlands). The GC oven method started with a hold time of 6 min at 60 °C and was
ramped to 250 °C at 5 °C min~!. The transfer line temperature was set to 250 °C. The mass spectrometry method was
set to scan from m/z 35 to m/z 500 with an electron ionisation energy of 70 eV and an ion source temperature of 230 °C.

The charcoal extracts were injected by a 1 pL hot injection at 280 °C. Helium was used as the carrier gas with a flow
rate of 1.5 mL min~'. A split ratio of 1:1 was applied and a SGE BX5 25 m x 0.22 mm i.d. x 0.25 wm d.f. column was
used. The oven started with a hold time of 1 min at 40 °C and was ramped to 250 °C at 5 °C min~! and then held for 2
min. The transfer line temperature was set to 270 °C. The mass spectrometry method was the same as for the PDMS and
GW sampler analysis.

3. Results and discussion
3.1. FID/FTIR analyses

Since this study occurred over a period of three days, it was of interest to investigate the inter-day CAST generator
combustion and emission stability using the flame ionisation detector (FID) and Fourier-transform infrared spectroscopy
(FTIR) over the sampling period to determine the reliability of the CAST system for organic gas phase emission sampling.
In order to do this, the sampling of the emissions from the CAST generator started with the diesel (BO) fuel type, which
was used as a basis for comparison of the other two fuels tested, as petroleum-derived diesel is widely used throughout
the world. The experiments then continued onto the gas-to-liquid (GTL) and rapeseed oil methyl ester (RME) fuel types,
respectively, and ended with sampling the BO fuel type as a bracket test to gauge the reproducibility of the CAST emissions
between the duplicate measurements sampled over the course of the days over which the sampling took place. In Table 1,
each fuel type is allocated numbers 1-4, where 1 and 2 designate the duplicate measurements of the first round of
sampling the emissions from each fuel, which were carried out directly after each other, whereas numbers 3 and 4 relate
to the duplicate measurements of the second sampling event of the same fuel which were carried out sequentially on a
different day.
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Table 1
Mean FID results for the sampling events of the undiluted fuel emissions over each 10
min sampling period.

Sampling event FID (ppm)

BO GTL RME
1 8.87 7.33 5.60
2 8.75 727 5:57
3 7.63 7.09 5.30
4 7.60 7.05 5.49
Mean 8.21 7.19 5.49
SD 0.69 0.14 0.13
%RSD 8.42 1.89 2.46

As can be seen from Table 1, the response of the FID showed higher gas phase organic emissions from each fuel type
during the first sampling event as compared to the second sampling event. Although the duplicate sampling events for
each fuel type were carried out on different days, no rinsing occurred for intra-fuel sampling events of the GTL and
RME fuel types. This could have in turn contributed to the smaller FID measurement difference (i.e. lower #RSD) in the
combustion fuel emissions of these fuel types, measured between the duplicate fuel measurements, as compared to BO
which was sampled as a bracket test. Nevertheless, the fuel combustion emissions recorded by the FID, for all of the fuel
types, showed that the combustion emissions were significantly different between days, using a statistical t-test at a 95%
confidence level. This implies that it is preferable to conduct all tests of a particular fuel type sequentially on one day when
using the CAST system, in order to reduce these uncertainties. During the sampling events of each fuel type, additional
measurements were taken of the H,0, CO,, O, percentage and amount of CO (ppm) contained within the combustion
emissions from the CAST exhaust. These values were found to not differ significantly during the sampling period (Table
S3 in the Supplementary Information).

In order to compare the performance of the samplers, the results from the second sampling events of the BO and
GTL combustion were used, i.e. BO and GTL 3 and 4 in Table 1, as these results proved to be more reliable from the FID
measurements; in that lower %RSDs were recorded. Additionally, it was found that the first round of sampling of the BO
and GTL yielded concentrations that were significantly larger with greater variation than in the second round of sampling
as shown in Figure S4 of the Supplementary Information. Since the RME fuel did not contain additives i.e. stabilisers,
polymerisation of the combustion products occurred around the flame tip during the second sampling event causing a
partial blockage with related potential inconsistencies in results, therefore the duplicates from the first sampling event
for that fuel type, i.e. RME 1 and 2 in Table 1, were used for the comparison of the samplers and fuel types.

3.2. Comparison of the compounds detected on each sampler type

The highest number of target analytes were detected from the emissions of diesel (BO), where thermal desorption
of the PDMS sampler resulted in the detection of 33 target analytes, whilst 34 were detected upon analysis of the GW
sampler. Analysis of the charcoal sampler extracts resulted in the detection of only two of the 36 target analytes in all fuel
types sampled; namely benzene and toluene, of which only benzene was above the limit of quantification (LOQ). The low
number of analytes detected was likely due to the dilution volume. After analysis of a blank extraction of the activated
charcoal sorbent, it was evident that the detected analytes were from the sorbent itself, which contained particularly high
levels of benzene. The blank analysis data of the three samplers is shown in Table S4 in the Supplementary Information.
Therefore, the comparison of the concentrations of benzene and toluene emitted upon combustion of different fuels is
based only on the analysis of the PDMS and GW samplers (as shown in Fig. 3 and detailed in Section 3.4).

There are a number of factors contributing to the lack of analytes detected upon analysis of the activated charcoal
sampler extracts as compared to the number of compounds detected upon analysis of the PDMS and GW samplers, as
shown in Fig. 3 (also refer to Tables S5 and S6). Firstly, the volume of solvent experimentally determined to be required
(3 mL) for the extraction of the activated charcoal may have diluted the sampled analytes to below the limit of detection
(LOD) of the analytical method. The charcoal sampler was preliminarily calibrated for only 8 of the 36 target analytes.
Further calibration of the remaining 28 target analytes did not occur as no other target compounds other than benzene and
toluene were detected upon analysis of the activated charcoal extracts. The LODs for the activated charcoal sampler were
calculated to range from 0.48 g m~> for naphthalene to 2.26 wg m~> for m-xylene (Tables S7a and S7b). Comparatively,
the LODs for PDMS ranged from 0.0001 wg m~ for 1,2-dimethylnaphthalene to 0.80 wg m~3 for n-octane, whilst the
LODs for GW ranged from 0.002 wg m~3 for toluene to 0.79 wg m—3 for n-octane and n-nonane.

Another reason why the analysis of the activated charcoal extracts could have resulted in the detection of so few
compounds is that the activated charcoal may have bound the analytes in an irreversible manner and this, in combination
with the low gas phase analyte concentrations which the CAST system produces, could have resulted in the analytes not
being detected. The lack of analytes detected occurred even though the activated charcoal was left in CS, for 10 h as
compared to the recommended extraction time of 30 min (ISO 9487:1991 (E)).
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Table 2
The relative advantages and disadvantages of GW, PDMS and charcoal samplers for the sampling of the selected VOCs, PAHs and n-alkanes at trace
levels.
GW sampler PDMS sampler Activated charcoal sampler
Low background noise
Can be reused Can be reused Reasonable cost (€3.26 per sampler)
Advantages On average, the lowest standard

deviation in recorded duplicate
measurements

Largest number of compounds
detected

A large number of compounds
detected

Similar analysis time to PDMS

Similar analysis time to GW

Can be thermally desorbed therefore
requires no solvents in preparation
for analysis

Can be thermally desorbed therefore
requires no solvents in preparation
for analysis

Does not require a lab equipped with
a TD system

Disadvantages

Sorbent background (due to
siloxanes)

Sorbent background (for toluene and
benzene)

Reasonably costly (€6.88 per
sampler)

Most costly (€7.55 per sampler)

Single use

Lower concentrations of several
target analytes reported as compared
to PDMS

Larger standard deviation in recorded
duplicate measurements as compared
to the GW sampler, especially for the
n-alkanes

Largest standard deviation in
recorded duplicate measurements of
benzene

Requires a lab equipped with
thermal desorption system

Requires a lab equipped with a
thermal desorption system

Lowest number of compounds
detected

Long extraction time

Incomplete analyte recovery

Toxicity of solvent used for
extraction i.e. CS;

As can be seen from Fig. 3(c), the GW sampler was found to be more effective than PDMS in retaining the lighter
n-alkanes such as n-octane and n-nonane. However, analysis of the GW sampler generally gave lower concentrations of
each target analyte than the PDMS sampler (Fig. 3(a)-(c)). This may be indicative of the GW sampler having a lower
breakthrough volume compared to the PDMS sampler however, the true cause is probably due to the thermal desorption
parameters being optimised for the PDMS sampler and not for GW desorption. Therefore, the lower concentrations of
analytes determined upon analysis of the GW samplers are most likely due to the incomplete thermal desorption of
analytes from the GW sampler, which retains analytes more strongly by adsorption rather than by sorption as in the case
of PDMS.

3.3. Comparison of the variability between the samplers

As previously stated, the analysis of the PDMS samplers reflected higher concentrations of the target compounds as
compared to the GW samplers (Fig. 3). However, the reported concentrations from the analysis of the PDMS samplers
showed larger standard deviations as compared to the GW samplers. This could be due to PDMS functioning as a sampler
through the action of absorption as opposed to the GW sampler, which functions by adsorbing analytes. Additionally, the
structure of the GW sorbent itself, which involves a 2D monolayered structure of one atom thickness, leads to a large
number of active sites being open and available for adsorption.

The range of target analytes were dominated by non-polar compounds which would theoretically tend to interact
better with the non-polar GW sorbent as compared to the less non-polar PDMS sorbent. The lower standard deviation in
the concentrations reported through the analysis of the GW samplers as compared to the analysis of the PDMS samplers
is particularly noticeable for the concentrations of the polycyclic aromatic hydrocarbons (PAHs) detected (Fig. 3b) but
even more so for the concentrations of n-alkanes detected (Fig. 3c). Therefore, due to the lower degree of uncertainty in
concentrations reported upon analysis of the GW sampler and the greater number of compounds detected by the GW
sampler as compared to the other two samplers, the GW sampler proved to be the superior sampler as compared to the
activated charcoal sampler and the PDMS sampler for the sampling of the selected trace level VOCs, PAHs and n-alkanes
in this study. The strengths and weaknesses of the various samplers are summarised in Table 2.

3.4. Effect of the different fuels on the combustion emission profiles

Throughout the sampling period, the ambient temperature differed slightly from 26.8-27.7 °C with a standard deviation
of 0.4 whilst the barometric pressure ranged from 955.5-956.2 hPa with a standard deviation of 0.2, as shown in Table S2.
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Fig. 3. Detected concentrations of (a) VOCs, (b) PAHs and (c) n-alkanes from the combustion of fuel types BO, GTL and RME sampled from the CAST
generator exhaust using PDMS and GW samplers. The error bars are based on the standard deviation (SD) of duplicate measurements and abbreviations
can be found listed in Tables S7a and S7b.
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Fig. 4. Relative abundance (g m~2) of various compounds detected upon analysis of the GW sampler after sampling the gas phase emissions from
BO, GTL and RME combustion: (a) benzene and toluene, (b) naphthalene, (c) VOCs, (d) PAHs and (e) n-alkanes.

This showed that the ambient conditions during sampling were fairly consistent and thereby allowed for the comparison
of the fuel measurements and the CAST system over the sampling period.

Most of the CAST combustion emission compound profiles for the different fuels tested reflected a similar trend as
seen in Fig. 3, when sampled by the PDMS and the GW sampler. Since it has been identified that the PDMS sampler had
more variability in the resultant concentrations reported as compared to the GW sampler, the relative concentrations of
target analytes within each fuel type emission profile will be discussed in terms of the results reported upon analysis of
the GW samplers. Comparing the three fuel types sampled in this study, the combustion of diesel (BO) resulted in higher
concentrations of target compounds in most cases, with the exception of the hexadecane in the combustion emissions
of gas-to-liquid (GTL) (Fig. 4). As expected, the combustion emissions of rapeseed oil methyl ester (RME) reflected lower
concentrations of targeted VOCs and SVOCs as compared to diesel and GTL, with the exception of ethylbenzene and the
xylene isomers in the case of GTL (Fig. 4c).

These reported results align with the visual analysis of the filter papers which were placed upstream of the samplers.
It can be seen in Fig. 5 that the PM filter from BO combustion is considerably darker than the filters relating to GTL and
RME combustion. The same trend was also observed in the duplicate sampling events conducted with BO and GTL and
RME.

The percent carbon content and total unburned hydrocarbons (THCs) are typically reported in the literature to be
the largest in diesel whilst GTL tends to have less, and biodiesels, such as RME, have been reported to have the lowest
concentrations (Dagaut et al.,, 2019; Soriano et al.,, 2018; Damanik et al., 2018). The measurements are done on %w/w
of the fuel before combustion or the measurements of the target molecules are accomplished though the analysis of
the PM phase formed after the combustion of the fuel. The compounds present in the different fuels and the relative
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Fig. 5. PM filtered from (a) BO, (b) GTL and (c) RME CAST emissions prior to gas phase sampling.

abundancies in terms of engine emissions are also reported. It is important to note that the CAST generator pyrolyses the
fuel by means of a diffusion flame therefore the combustion conditions and consequently the emissions, would differ to
real-world engine emission scenarios making direct comparisons to other studies difficult.

Furthermore, compounds present in various fuel sources are often reported in terms of total carbon (TC); which is
the summation of elemental carbon (EC) and organic carbon (OC) fractions with little detail regarding which specific
compounds are present in the OC fraction (Zhou et al., 2019; Atiku et al., 2016; Nystrom et al., 2016; Shen et al., 2013).
In terms of bettering the fuel source for many forms of machinery in order to reduce emissions which are potentially
hazardous to human health, it will be important to determine emission profiles of fuels not only in terms of the particulate
matter generated, but also specifically which volatile and semi-volatile organic compounds are being released into the
atmosphere, as these can also be detrimental to the environment and to human health, even though they may not be
visible.

4. Conclusions

In this study it was found that the commercial activated charcoal sampler was not effective in sampling the trace
levels of target analytes produced upon combustion of the fuels tested by the CAST. This could be due to the sample
being too dilute and below the LOD due to the volume of the extraction solvent required, as well as the low levels of gas
phase VOCs and SVOCs produced by the CAST system, and the small sample volume. In addition to the target analytes
being below the LOD for the activated charcoal extracts, the activated charcoal sampler may have irreversibly adsorbed
the target analytes. It is also noted that the extraction method for the activated charcoal sampler is time consuming and
requires a toxic solvent, and high background concentrations were found for some target analytes. The activated charcoal
sampler proved to be the cheapest however, with a once-off use, whilst the PDMS and GW have the advantage of being
able to be reconditioned and reused.

The results of the PDMS sampler analysis reflected relatively higher concentrations of the VOC and SVOCs target
analytes detected to that of the GW sampler. However, the results from the PDMS sampler analysis also showed a higher
variability in the duplicate concentrations reported, particularly for the n-alkanes. The analysis of the GW sampler showed
that target analytes were determined with lower uncertainties than with the PDMS sampler and lighter n-alkanes, such as
octane and nonane, were detected with the GW sampler but not with the other two samplers. However, the analysis of the
GW samplers did reflect lower concentrations of all target analytes sampled as compared to the concentrations reflected
by the PDMS sampler. This could indicate that the GW has a lower breakthrough volume than the PDMS sampler or, most
likely, that the TD parameters were optimal for the PDMS but resulted in incomplete desorption from the GW sorbent
which therefore requires further optimisation such as a higher desorption temperature. Overall, the GW sampler has
proven to be superior, as compared to the activated carbon as well as the PDMS sampler in the sampling of the selected
trace levels of VOCs, PAHs and n-alkanes in this study. In terms of fuel comparisons, diesel (BO) produced the highest
concentration of VOCs and SVOCs upon combustion in the CAST, as compared to rapeseed oil methyl ester (RME) and
gas-to-liquid (GTL) fuels.

Regarding the CAST generator itself, it is suggested that one fuel type is used and sampled over a continuous period
to definitively establish the reproducibility of the CAST, as significant variation was observed when sampling the fuel
emissions on different days, although this variability was compounded by the low levels of target analytes produced by
the CAST system. In future comparisons, the final extract volume for the charcoal sampler should be reduced to improve
detection limits, especially in light of the low emission levels from the CAST system. It may also be of use to analyse the
various fuel types before combustion to determine the aromatic content thereof and compare these to the combustion
profiles reported in this study, as well as to compare the samplers using another combustion source which generates
higher levels of target VOCs and SVOCs.
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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
Toluene D8
O-Xylene D10
Naphthalene D8
Biphenyl D10
Acenaphthylene D8

Acenaphthene D10
Fluorene D10
Phenanthrene D10
Anthracene D10
N-Heptane D16
N-Dodecane D26
N-Hexadecane D34

Fluka
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Cil - Cambridge Isotope Institute
Cil-Cambridge Isotope Laboratories

Sigma Aldrich
Supelco
Cil-Cambridge Isotope Laboratories
Cil - Cambridge Isotope Institute
Sigma Aldrich
Sigma Aldrich
Aldrich

Table S2: Ambient conditions at the start of sampling events for this study

Measurement Barometric Wet Bulb Dry Bulb

Pressure (hPa) (°C) (°C)

BO 1 955.5 20.4 26.8
GTL1 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
BO 2 956.2 9.0 21.7

Table S3: Mean FTIR results for the sampling events of the undiluted fuel emissions over each 10 min sampling

period.

Sample H20 (%) CO2 (%) CO (ppm) 02 (%)
BO1 0.58 0.58 9.51 10.30
B0 2 0.57 0.58 9.48 10.30
BO 3 0.65 0.58 9.40 10.20
BO 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

GTL1 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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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.
0-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.

Target analytes
Benzene
Toluene

Ethylbenzene
m-Xylene
0-Xylene

Benzaldehyde

Styrene
Phenol
Indene
Indane

Naphthalene
Fluorene
Biphenyl

Acenaphthene

Acenaphthylene

Phenanthrene

Anthracene
Fluoranthene
Pyrene
2-Methylnaphthalene
1-Methylnaphthalene
1,2-
Dimethylnaphthalene
1-Methylfluorene
n-Octane
n-Nonane
n-Decane
n-Undecane
n-Dodecane
n-Tridecane
n-Tetradecane
n-Pentadecane
n-Hexadecane
n-Heptadecane
n-Octadecane
n-Nonadecane
n-Eicosane
Total VOCs + SVOCs

Average concentrations of target
analyte (ug.m)

BO GTL RME
96.63 21.65 26.57
773.83 148.24 161.10
23.19 1.36 6.39
54.90 3.07 11.99
13.36 1.12 3.79
15.69 6.95 6.82
9.78 5.62 5.03
15.01 4.38 4.15
5.53 4.30 2.59
1.33 0.40 0.31
12.83 7.40 6.37
0.28 0.07 0.07
0.85 0.30 0.30
0.15 0.06 0.04
0.42 0.23 0.16
0.81 0.21 0.22
0.07 0.04 0.01
0.44 0.12 0.05
1.18 0.29 0.09
2.06 0.90 0.75
1.46 0.52 0.47
n.d. n.d. n.d.
n.d. n.d. n.d.
2.90 n.d. n.d.
4.45 n.d. n.d.
7.90 1.63 1.43
8.72 2.24 1.52
8.76 3.02 2.75
6.06 2.14 1.80
10.74 5.81 4.71
3.62 3.44 3.02
5.22 6.34 4.06
2.16 1.66 1.17
2.25 2.10 0.74
2.78 0.91 0.51
1.82 0.57 0.30
1097.16 237.09 259.29
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%RSD of the duplicate

measurements
BO GTL RME
10.09 1228 5.96

3.72 2.33 2.30
0.63 1406 9.05

2243 560 16.96
291 8.52  15.63
19.46  1.25 0.33
2403 10.74 0.52

0.56 9.58 8.68
0.02 9.73 0.74
2853  9.97 4.56

13.75 1264 4.89
61.87 14111 31.98
1094 1921 1514
141.45 1.59 8.33
8421 113 11.05
3441 037  30.69
2432 63.85 142.59
28.34 3407 7.66
38.74 10.01 29.98
30.84 445 12.39
29.26 1543 434

n.d. n.d. n.d.

n.d. n.d. n.d.
141.42 n.d. n.d.
28.04 1.78 n.d.
24.32 1.24 9.17
13.65 8.92 7.10

18.82 274 1117
3312 9.88  10.07
58.44 416  16.36
5429 3267 0.62
59.61 20.35 23.37
4045 1783 26.03
50.89 6241 8.76
76.23 211  21.29
6941 814 22.08



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.

Target analytes
Benzene
Toluene

Ethylbenzene
m-Xylene
0-Xylene

Benzaldehyde

Styrene
Phenol
Indene
Indane

Naphthalene
Fluorene
Biphenyl

Acenaphthene

Acenaphthylene

Phenanthrene

Anthracene
Fluoranthene
Pyrene
2-Methylnaphthalene
1-Methylnaphthalene
1,2-Dimethylnaphthalene
1-Methylfluorene
n-Octane
n-Nonane
n-Decane
n-Undecane
n-Dodecane
n-Tridecane
n-Tetradecane
n-Pentadecane
n-Hexadecane
n-Heptadecane
n-Octadecane
n-Nonadecane
n-Eicosane
Total VOCs + SVOCs

Average concentrations of target
analyte (ug.m=)

%RSD of the duplicate

BO GTL RME
374.65 76.74 7151
774.41 159.30 158.30

7.91 2.07 2.57
22.07 2.73 5.36
7.31 1.01 2.38
59.86 27.56 20.25
6.53 5.14 3.79
54.34 13.28 12.62
4,28 4.03 3.03
0.35 0.44 0.25
13.45 8.96 6.55
0.66 0.09 0.09
0.80 0.31 0.14
0.38 0.12 0.03
0.21 0.31 0.27
1.07 0.22 0.21
0.25 n.d. 0.01
0.61 0.05 0.05
0.51 0.16 0.10
3.07 1.11 0.86
2.10 0.78 0.55
0.38 n.d. n.d.

n.d. n.d. n.d.

n.d. n.d. n.d.

n.d. n.d. n.d.

5.73 2.13 1.09
8.19 3.25 1.52
16.44 4.42 3.92
16.87 4.56 1.66
520.12 119.29 4.36
150.05 31.72 2.20
1672.63 12.29 9.82
7.50 1.57 0.93
10.30 2.13 1.09
18.57 1.16 0.89
6.44 1.02 0.64
3768.03 487.96 317.03
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measurements
BO GTL RME
8.72 8.89 7.15
0.18 1.61 0.36
18.31 1.64 29.13
34.95 12.19 30.19
17.10 38.32 19.83
37.49 9.69 7.30
16.97 17.68 11.63
6.01 13.91 12.16
1.99 13.75 7.79
0.00 5.16 7.45
23.13 3.17 6.07
61.04 141.31 50.64
48.49 74.59 4.80
80.47 21.37 141.25
141.26 7.57 4.26
71.78 76.52 52.34
64.40 n.d. 142.86
5.45 5.17 30.53
119.65 47.45 2.00
75.32 24.08 3.62
32.75 14.58 7.71
141.36 n.d. n.d.
n.d. n.d. n.d.
n.d. n.d. n.d.
n.d. n.d. n.d.
141.43 49.46 0.26
141.42 38.41 10.44
72.83 64.28 66.00
97.65 84.11 2.39
139.33 137.22 30.47
131.22 130.84 0.39
140.53 55.46 96.35
53.58 57.03 28.53
46.23 69.11 6.49
26.85 27.60 6.40
12.58 33.06 12.86



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 CS; and the extract was injected into the GC port. (-) denotes that content is unavailable for

a specific analyte/sampler combination.

Target analytes
Benzene
Toluene

Ethylbenzene
m-Xylene
0-Xylene

Benzaldehyde

Styrene
Phenol
Indene
Indane

Naphthalene
Fluorene
Biphenyl

Acenaphthene

Acenaphthylene

Phenanthrene

Anthracene
Fluoranthene
Pyrene
2-Methylnaphthalene
1-Methylnaphthalene

1,2-Dimethylnaphthalene

1-Methylfluorene
n-Octane
n-Nonane
n-Decane
n-Undecane
n-Dodecane
n-Tridecane
n-Tetradecane
n-Pentadecane
n-Hexadecane
n-Heptadecane
n-Octadecane
n-Nonadecane
n-Eicosane

Abr.

PDMS
0.03
0.001
0.02
0.05
0.07
0.07
0.02
0.04
0.05
0.03
0.004
0.02
0.01
0.02
0.02
0.01
0.02
0.01
0.01
0.03
0.10

0.001

0.03
4.00
0.79
0.19
0.07
0.05
0.06
0.02
0.03
0.04
0.02
0.03
0.04
0.05

LOD (ng)
GW
0.44
0.01
0.09
2.27
0.07
0.13
0.13
0.09
0.06
0.06
0.86
0.03
0.01
0.04
0.02
0.02
0.02
0.02
0.01
0.03
0.58

0.31

0.05
3.95
3.95
0.63
0.26
0.07
0.05
0.04
0.03
0.04
0.03
0.04
0.04
0.12
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Charcoal
0.002
0.002
0.003
0.004
0.002

0.001
0.003

0.001

PDMS
0.09
0.004
0.06
0.15
0.22
0.22
0.06
0.14
0.15
0.11
0.01
0.08
0.04
0.07
0.06
0.05
0.06
0.03
0.03
0.11
0.33

0.002

0.10
13.33
2.63
0.62
0.24
0.17
0.21
0.06
0.09
0.12
0.07
0.10
0.13
0.16

LOQ (ng)
GW
1.45
0.04
0.29
7.58
0.24
0.42
0.43
0.31
0.19
0.19
2.85
0.11
0.04
0.13
0.08
0.05
0.06
0.05
0.05
0.10
1.92

1.02

0.16
13.16
13.16

2.10

0.87

0.24

0.17

0.12

0.12

0.12

0.10

0.14

0.13

0.41

Charcoal
0.01
0.01
0.01
0.01
0.01

0.003
0.01

0.003



Table S7b: LODs and LOQs (ng.m) 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 CS; and 1 uL of the 3 mL extract was injected into the GC port. (-) denotes that content is

unavailable for a specific analyte/sampler combination.

Target analytes
Benzene
Toluene

Ethylbenzene
m-Xylene
0-Xylene

Benzaldehyde

Styrene
Phenol
Indene
Indane

Naphthalene
Fluorene
Biphenyl

Acenaphthene

Acenaphthylene

Phenanthrene

Anthracene
Fluoranthene
Pyrene
2-Methylnaphthalene
1-Methylnaphthalene

1,2-Dimethylnaphthalene

1-Methylfluorene
n-Octane
n-Nonane
n-Decane
n-Undecane
n-Dodecane
n-Tridecane
n-Tetradecane
n-Pentadecane
n-Hexadecane
n-Heptadecane
n-Octadecane
n-Nonadecane
n-Eicosane

Abr.

PDMS
0.01
0.0002
0.004
0.01
0.01
0.01
0.003
0.01
0.01
0.01
0.001
0.005
0.002
0.004
0.004
0.003
0.004
0.002
0.002
0.01
0.02

0.0001

0.01
0.80
0.16
0.04
0.01
0.01
0.01
0.003
0.01
0.01
0.004
0.01
0.01
0.01

LOD (ug.m?)

GW Charcoal

0.09
0.002
0.02
0.45
0.01
0.03
0.03
0.02
0.01
0.01
0.17
0.01
0.003
0.01
0.005
0.003
0.004
0.003
0.003
0.01
0.12

0.06

0.01
0.79
0.79
0.13
0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
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0.99
1.10
1.78
2.26
1.49
0.62
1.50

PDMS
0.02
0.00
0.01
0.03
0.04
0.04
0.01
0.03
0.03
0.02
0.00
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.07

0.00

0.02
2.67
0.53
0.12
0.05
0.03
0.04
0.01
0.02
0.02
0.01
0.02
0.03
0.03

LOQ (g.m™)

GW
0.29
0.01
0.06
1.52
0.05
0.08
0.09
0.06
0.04
0.04
0.57
0.02
0.01
0.03
0.02
0.01
0.01
0.01
0.01
0.02
0.38

0.20

0.03
2.63
2.63
0.42
0.17
0.05
0.03
0.02
0.02
0.02
0.02
0.03
0.03
0.08

Charcoal
3.31
3.66
5.94
7.55
4,95
2.08
5.01



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 ug kg™ 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 PAHSs 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 PAHSs 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 PAHSs in the primary trap samples for all the burn events,
(equating to 17.2 pg m) 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 pug m™ 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 pg 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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Feasibility study of portable sampling
techniques for combustion related airbome
particulates in a platinum mine

V. Geitner, |. Orasche, G. C. Dragan, G. Jakobi, J. Schnelle-Kreis, G.-L. Geldenhuys, P. B. C. Forbes, E. W. Karg, D. Breuer, R. Zimmermann

ABSTRACT Hazardous compounds such as airborne parti-
culate polycyclic aromatic hydrocarbons (PAHs) and black car-
bon (BC) require special attention. The toxicological effects
caused by the inhalation of such substances depend mainly on
the concentration of each health relevant compound inhaled.
In this feasibility study, portable aerosol samplers were
utilised for the first time together with portable Aethalometers
in different areas of a South African underground platinum mi-
ne.The preliminary results showed the highest mean toxicity
equivalent (TEQ) values from 3.2 to 3.9 ng m= in the mecha-
nised mining areas, indicating the largest extent of diesel ex-
haust emissions at those sampling sites. Furthermore, very
high mean equivalent black carbon (eBC) concentrations from
264 to 1439 ug m3 were found in the same areas and give
therefore, a cause of concern regarding occupational health
aspects. In summary, both, the aerosol samplers and the
Aethalometers delivered valuable data regarding the occupa-
tional exposure to airborne pollutants originating from com-
bustion sources in mining activities. For such mining activities,
the exposure to eBC was shown to be of greater concern than
the exposure to PAHs.

1 Introduction

The health of underground workers in the mining sector
worldwide is a matter of concern. Noise, thermal stress, whole
body vibration, musculoskeletal disorders and the inhalation of
hazardous substances such as coal dust, silica or diesel exhaust
emissions are some examples for risks mine workers are confron-
ted with [1; 2]. Severe occupational diseases might result in the
case of continuous inhalation of polluted air over a long period of
time. For instance, if heavy diesel powered vehicles are used for
ore mining and transportation, diesel exhaust emissions above a
threshold limit value should be considered as a potential trigger
of cancer [3; 4]. More precisely, diesel engine exhaust was cate-
gorised by the International Agency for Research on Cancer
(IARC) as carcinogenic to humans (Group 1) [4]. In general,
particle-bound diesel engine emissions are considered of great
concern as they can penetrate deep into the lungs. Therefore, in
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Machbarkeitsstudie zu personengetrage-
nen Probenahmetechniken fiir Partikel aus
Verbrennungsmotoremissionen in einer
Platinmine

ZUSAMMENFASSUNG Luftgetragene Gefahrstoffe, wie
partikelférmige polyzyklische aromatische Kohlenwasserstoffe
(PAK) und RuB (schwarzer Kohlenstoff, engl. black carbon, BC),
erfordern unter arbeitsmedizinischen Gesichtspunkten beson-
dere Aufmerksamkeit. Toxikologische Auswirkungen, verur-
sacht durch die Einatmung dieser Substanzen, hangen im
Wesentlichen von der Konzentration der gesundheitlich rele-
vanten Verbindungen ab. In dieser Machbarkeitsstudie wurden
erstmals personengetragene Aerosolsammler zusammen mit
tragbaren Aethalometern in verschiedenen Bereichen einer
stidafrikanischen Platinmine angewendet. Die vorlaufigen Er-
gebnisse zeigten die hochsten Toxizitatsaquivalent-Werte (TEQ-
Werte) von 3,2 bis 3,9 ng m? in den mechanisierten Bergbau-
bereichen, welche auf die hohen Dieselabgasemissionen in
diesen Minenbereichen zuriickzufiihren sind. AuBerdem konn-
ten in denselben Bereichen sehr hohe Ru3- bzw. BC-Konzen-
trationsmittelwerte von 264 bis 1439 pg m* festgestellt wer-
den, was im Hinblick auf arbeitsmedizinische Aspekte ein
Grund zur Besorgnis ist. Die mit den Aerosolsammlern und
Aethalometern ermittelten Ergebnisse liefern wertvolle Daten
hinsichtlich der berufsbedingten Exposition luftgetragener
Schadstoffe aus Verbrennungsquellen bei Abbau- und Trans-
portarbeiten unter Tage. Bei diesen Bergbauarbeiten konnte
gezeigt werden, dass die Exposition mit Ru8 bzw. BC besorg-
niserregender ist als die Exposition mit PAK.

addition to the implementation of technical and organisational
protection measures, regular occupational monitoring of hazar-
dous substances is vital to control the potential exposure of wor-
kers.

Diesel exhaust emissions consist of a complex mixture of gase-
ous substances and particulate matter (PM), resulting from un-
burned fuel, lubricant oil and combustion products [5]. Diesel
emission PM comprises mainly elemental carbon (EC) as core
and organic compounds adsorbed on the large surface area of the
core [6]. These organic compounds in turn contain polycyclic
aromatic hydrocarbons (PAHs) as well as methylated, nitrated
and oxygenated PAHs [5]. Besides carcinogenic PAHs [7], the
high quantity of carcinogenic EC also indicates a high health risk
potential [8] Furthermore, various metals from additives can be
found in diesel exhaust [9]. If diesel exhaust is emitted to the sur-
rounding environment, particle ageing additionally leads to mixed
particles by coagulation of engine emission and dust particles
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Table 1 Sampling parameters for the Aethalometer and aerosol sampling mieasurements in the platinum mine [22].

Mechanised mining Conventional mining
Tipping point LHD vehicle area
Aethal
Number of instruments N 3 3 2
Measurement duration [min] 64, 32,29 55, 27, 50 66, 65
Mean air temparature [°C] 33, 30,32 34,31,33 31,31
Mean relative humidity [%] 48, 49, 40 53, 47,40 42,40
Flow rate [ml min~] 150, 50, 50 150, 50, 50 50, 50
Time resolution [s] 60 60 60
Aerosol sampling
Number of samples N 4 4 5
Flow rate [| min] 0.5 05 0.5
Sampling duration [min] 31, 33, 45, 88 14, 20, 57, 60 7. 15, 28, 50, 60

from working activities. The discussion of the fate of those parti-
cles after lung deposition highlights the need for a single particle
analysis to better assess potential health outcomes. A method to
characterise individual particles is the aerosol time-of-flight
(ATOF) mass spectrometer [10; 11], which is able to deliver for
each single particle both the PAH profile and the inorganic com-
position. However, personal exposure data would be particularly
beneficial for occupational or environmental health studies, which
include ideally personal biomarkers of exposure (e.g. from blood
[12] or urine [13; 14]).

The extent of adverse health effects depends on the concentra-
tion of the compounds inhaled as well as on their physico-chemi-
cal properties. While hygroscopic gases are predominantly depo-
sited in the extrathoracic region like nose, larynx and upper air-
ways due to their high diffusivity, non-hygroscopic gases can pe-
netrate further into deep lung regions, depending on absorption,
translocation and metabolism in the airway lining cells [15]. In
contrast, particles are deposited mainly depending on their aero-
dynamic diameter [16]. Micron-sized particles mainly deposit on
the air conducting extra thoracic and bronchial part of the respi-
ratory tract by gravitational sedimentation and impaction at the
airway bifurcations [17; 18]. There, they can be cleared by the
mucus covering the airways and transported to the larynx by ci-
liated cell activity [19; 20]. If sub-micron-sized fine and ultrafine
(<100 nm) particles reach the alveoli, an unspecific immune de-
fence in the alveolar region is performed by freely moving ma-
crophage cells, removing particles from the epithelium by phago-
cytosis. However, ultrafine particles from diesel emissions deceive
this mechanism by their small size and by depositing widely
spread over the alveolar surface with a local dose of up to several
particles per pneumocyte (6,940 nm? [21]). Those particles
could be taken up by the cells or could be translocated through
the epithelium, for instance to the blood circulation.

The goal of our study was the analysis of the diesel emission
PM fraction inside an underground platinum mine in the North
West Province of South Africa. The mine was a perfect location
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to compare different work exposures dominated by one combus-
tion source, the load haul dump (LHD) vehicles. Since these
LHD vehicles were operated without any emission reduction
measures and were responsible for high emissions of soot parti-
cles. In order to assess the workers’ exposure to PM in different
areas of the mine, personal sampling was undertaken in the me-
chanised (ie. diesel engine based) as well as conventional
(i.e. electrical power based) mining areas. For this purpose, por-
table Aethalometers and personal aerosol samplers were carried
by workers to measure their exposure for different tasks. The di-
rect-reading portable Aethalometers provided online measure-
ments of equivalent black carbon (eBC) originating from emitted
soot particles. The particle mass collected by the personal aerosol
samplers provided useful information towards the exposure
against polycyclic aromatic hydrocarbons (PAHs), their oxygena-
ted and methylated derivatives as well as aliphatic compounds
with carbon ranges from C;, to Cy,. Applying these personal ae-
rosol sampling techniques, concentrations of hazardous com-
pounds as well as PAH toxicity equivalent (TEQ) values could be
determined.

2 Materials and methods
2.1 Sampling sites

The field measurements took place in the underground shafts
of a platinum mine in the North West Province of South Africa
[22]. The underground platinum mine is one of approximately
17 Merensky Reef mines in the Bushveld Igneous Complex. The
mined ore contains a wide range of various platinum- and palla-
dium based compounds such as platinum sulphides, which can be
found with a content of up to 74 % in some ore layers [23]. The
depth of the mine, where our field studies were carried out, had a
depth of between 620 and 1,290 m below surface.

In this mine, aerosol sampling and Aethalometer measure-
ments were carried out in three different areas: two in mechani-
sed mining areas and one in a conventional mining area. In the
mechanised mining areas, heavy diesel powered LHD vehicles
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were used. The LHD vehicles transported the mined platinum ore
to a central location called the tipping point, where it was dum-
ped by the tipping point operator above a conveyor belt that
transferred the ore to the ground level. Workers who carried the
personal samplers and Aethalometers in the mechanised mining
area were LHD vehicle operators and the tipping point operator.
These workers were not protected by any pressurised cabins, thus
they were directly exposed to the diesel engine emissions. This
means the LHDs had no cabins and there was also no housing
around the control panel for the tipping point. Workers were on-
ly protected from getting injured due to impacts of larger objects
by open cages.

At the tipping point, there was a steady but infrequent arrival
of LHD vehicles to dump their load. In contrast, in the conven-
tional mining area, no LHD vehicles were present (non-diesel
shaft). Here, miners were collecting ore by means of electrically
powered drilling and blasting operations. Compared to the me-
chanised mining area, no diesel exhaust emissions were expected
here.

The conditions in the mine were characterised by high tempe-
ratures around 32 °C and a relative humidity around 45%
(Table 1). All of the investigated areas had similar conditions.
The non-diesel shaft was slightly cooler at around 31°C, whereas
LHD vehicle drivers had to work at temperatures of up to 34 °C
due to heat radiation from the engines.

2.2 Sampling of particles with personal aerosol
samplers

For the purpose of this feasibility study, personal aerosol sam-
plers were used to trap airborne particulate organic compounds
found underground (Figure 1 a/b). A detailed description and
characterisation of the samplers can be found elsewhere [22; 24].

For the purpose of this study, only the particle-bound hazar-
dous compounds were considered. The particle phase was sam-
pled on 13 mm quarz fibre filters. Before use, the commercially
available quartz fibre filters (T293, Munktell, Sweden) were hea-
ted in an oven at 550 °C for 12 h and stored in sealed glass vials.

Inside the mine, 13 workers were equipped with personal
aerosol samplers connected to GilAir Plus pumps (Sensidyne,
USA) in order to perform workplace air measurements inside
the platinum mine (Figure 1 d/e and Table 1). Four personal
aerosol samplers were applied each in the tipping point area as
well as in the LHD vehicle area, while five aerosol samplers
where used in the conventional mining area. All filter samples
were taken at a flow rate of 0.5 | min'. The sampling duration
varied widely from 7 to 88 min. The reason for the different
sampling durations was that portable aerosol samplers were at-
tached to workers in the underground mine and it was not pos-
sible for them to return after a certain predetermined time. For
example, every LHD operator had individual driving routes and
therefore, varying distances which had to be covered. The varia-
tion in sampling time and thus sample volume was corrected
for in the calculation of the analytical results from the aerosol
samplers.

In addition to the portable filter samples, five field blank sam-
ples were taken underground and treated in the same way as the
real samples except they were not connected to a sampling pump.
The determined background levels of analysed organic com-
pounds were finally subtracted from sample values. After sam-
pling, all filters were stored in capped glass vials. The samples
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Figure 1 a: Portable aerosol sampling device; b: open filter holder (top) and
disassembled filter holder; c: portable Aethalometer; d, e: sampling set up
as carried by the workers. Photo: Authors

were transported in a cooler box to ground level and stored in a
freezer until analysis.

The off-line analysis of the particulate matter from quartz fi-
bre filters by thermal extraction was carried out with an
OPTIC-4 (GL Sciences, Netherlands) direct thermal desorption
injector. Prior to extraction, samples were spiked with internal
standard (ISTD) mixtures (Table 2). For the first 50 s, the split
flow was set at 50 ml min’!, at a column flow rate of 1 ml min'.
Afterwards the injector was switched to splitless mode for
20 min. After 135 s vent time the sample was heated up to
300 °C with a heating rate of 50 °C s!. Extracted compounds
were trapped on the separation column at 40 °C. The gas chro-
matography (GC) column was a 25 m BPX-5 non-polar column
(0.22 mm ID, 0.25 pm film thickness, SGE, Australia). After a
sampling time of 15 min for thermal extraction, the column was
heated at a rate of 20 °C min™! up to 150 °C, 5 °C min"! up to
350 °C followed by 10 min of isothermal operation. The mass
spectrometer (MS) of the GC-MS-System (Shimadzu GCMS-
QP2010 Ultra, Shimadzu, Japan) was operated in scan mode
(m/z 35 to 500, scan rate 3.3 Hz). Quantification of analysed
compounds was based on internal standard calibration of certain
compounds using internal (ISTD) and a calibration standard
mixture in toluene (Table 2).

2.3 Determination of the PAH based toxicity equivalent
values

An estimation of potential carcinogenicity resulting from PAH
exposure was achieved by the calculation of toxicity equivalent
(TEQ) values based on an approach of the German Research
Foundation [25] for occupational exposure. Briefly, the TEQ was
calculated by summing up the multiplication products of the con-
centration of single compounds with a corresponding toxicity
equivalent factor (TEF). The TEFs were set by a DFG expert
commission (MAK commission for maximum work place con-
centrations). The toxicity of eleven PAHs is related to
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Table 2 Overview of (isotope labelled) compounds used for the internal isotope labelled inter Calibration standard Precision in %
and calibration standard mixture for filters used underground. The preci- 2
2 2 y T nal standard mixture mixture
sion processing was determined for the calibration and was given as the
relative standard deviation (RSD) in % [22]. 11H-Benzo[blfluo-
: % > e e ren-11-one i
Isotope labelled inter- Calibration standard Precision in %
nal standard mixture mixture RSD Benzo[blnaph- 1
to[2,1-dlfuran
Naphthalene dg Naphthalene 8
Napht-
Biphenyl dyo Biphenyl 1 hol2,1,8 7-kimn]xan- 7
thene
Acenaphthylene dg Acenaphthylene 10 -
Benz[a]anthrace-
Acenaphthene dig Acenaphthene 10 ne-712-dlone 17
Fluorene dyq Fluorene 7 5,12-Naphthacenedio- 4
Y 1
Phenanthrene d,q Phenanthrene 5 e
Anthracene dyg Anthracene 6 :0'121; R yinag B 7
Fluoranthene dyq Fluoranthene 7 J-Methylpyrene 6
Pyrene dyy Pyrene 7 CroHas 15
Benz[alanthracene d;,  Benzo[c]phenanthrene 7 CisHae 10
Chrysene d,; Benz[alanthracene 8 CyeHso 14
sum Benzo|b, kifluo- CisHa 15
ranthene d,, Chiyssne Z
CigHaa 2
Benzole]pyrene di2 2,2'-Binaphthalene 12
CyHag 10
sum Benzo [b,j kifluo-
Benzo[alpyrene d;, arihona 15 CigHag 20
Perylene d;, Benzolelpyrene 12 CisHao 12
CaoHaz 5
Indenol7,2 3-cdlpyrene
= B alpyre 13
dyz ehellpyene CoiHag 8
g::)enz[ah]amhraoene Perylena 15 CzzHas 9
CaosHag 6
Benzo[ghilperylene dy,  Indeno[?,2,3-cdlpyrene 9
CaaHgo 6
Coronene dy; Dibenz[ahlanthracene 15 CasH 5
52
Dibenzothiophene dg Picene 13 CoHes 9
?s,éo-Anthracenedione Banzolifillberyione 15 CapHes 8
6
CaH, 9
Benz[a]anthrace- R onETe 18 =
ne-7,12-dione dyy CagHgo 6
n-Hexadecane dag 1,4-Naphthoquinone 30 CaoHez 16
n-Octadecane da 1-Naphthaldehyde 13 CayHgs 25
g CaoHes 14
n-Docosane dgg :]22:2 Aceaphtiyies 13
CagHes 16
n-Tetracosane dg, 9H-Fluoren-9-one 12 CoHro 20
n-Triacontane dg; 9H-Xanthen-9-one 17 CasHya 20
9,10-Anthracenedione 5 CagHzg 21
1,8-Naphthalic anhy- 30 CayHzs 22
dride
CasHyg 25
4H-Cyclopen-
ta[deflphenanthren- 6 CaoHao 16
4-one CioHez 17
Benzo[blnaph- 2-Methylnaphthalene 8
tol2,3-dlfuran 2 ibfiaidsiboli
1-Methylnaphthalene 8
11H-Benzolalfluo- 9
ren-11-one Cyclopentalcd]pyrene 7
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benzo(a]pyrene (B[a]P, TEF = 1), due to higher or lower health
risk potential compared to B[a]P [25].

In a number of European countries like Austria, Poland, Swe-
den and Switzerland, an occupational exposure limit of 2 pg m™
is in place for benzo[a]pyrene. Other countries (Germany, Latvia,
the Netherlands) have enforce even lower exposure limits for
B[a]P [26].

2.4 Black carbon monitoring with portable
Aethalometers

Black carbon (BC) is a product of incomplete combustion
processes and is emitted for example by vehicles operated on die-
sel fuel, such as LHDs. Due to the large surface area thereof, BC
is capable of absorbing various organic substances. In order to
characterise BC, portable Aethalometers (micrerth®, MA 200
series, AethLabs, USA) were used during our field campaign
(Figure 1 c). These Aethalometers enabled the online moni-
toring of carbonaceous aerosol particles within a sampling period.
The instrument is operated with an internal pump, which allows
continuous measurements over about 8 h with a time resolution
between 1 s and 5 min. It measures the light attenuation (ATN)
by aerosol particles continuously deposited on a polytetrafluoro-
ethylene (PTFE) filter tape at five wavelengths (375, 470, 528,
625 and 880 nm) ranging from ultraviolet (UV) to near infrared
(IR).

BC is characterised by its strong wavelength independent ab-
sorption of visible light, from near UV up to near IR and is de-
fined by its absorbance at 880 nm [27]. The conversion of the
attenuation to a mass concentration is done by an internal algo-
rithm considering mass absorption cross section and different op-
tical parameters, device design and filter material. The achieved
values are given as equivalent black carbon (eBC) [28]. Another
fraction of carbonaceous aerosols, excluding BC, which absorbs
light primarily at the short visible wavelengths (UV-VIS) is
called brown carbon (BrC). BrC can be calculated from the diffe-
rence between the absorbance at 370 nm and 880 nm
[27; 29; 30).

Because of the toxicological effects of elemental carbon, the
European Commission has set a binding occupational exposure
limit value (BOELV) of 50 pg m™, which shall be adhered to in
underground mining and tunnelling starting from February
2026. This quite low BOELV can raise issues for measurements
using traditional personal filter sampling techniques, as long sam-
pling times and high flowrates are necessary to achieve a low
enough LOQ. On the other hand, portable Aethalometers are
much more sensitive, which can be found very useful for occupa-
tional monitoring purposes. Beside shorter sampling times, expo-
sure profiles can also be measured with such direct-reading in-
struments. Even though the BC measured by the Aethalometer
doesn't directly translate into an EC concentration, validated cali-
bration factors could be used for the purpose of workplace mea-
surements. A similar device [31; 32] was successfully used to
measure diesel particulate matter in underground mines. Because
the particles emitted form diesel engines are below 1 pm in size
[33], the portable Aethalometers could be operated without a
size-selective inlet.

Here, in order to measure the ambient eBC concentrations on-
line in different mine regions, eight workers in total were
equipped with portable Aethalometers (Table 1). Six Aethalome-
ters were worn by workers at the tipping point and the LHD ve-
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Figure 2 Mean PAHTEQ values and mean PM concentrations of health rele-
vant PAHs. The health relevant PAHs are naphthalene (Nap), phenanthrene
(Phe), pyrene (Pyr), chrysene (Chy), Tmethylpyrene (Pyr 1 M), benz[alan-
thracene (B[a]A), sum benzo[b,j klfluoranthenes (sum B[b,j,kIF), cyclopen-
ta[cd]pyrene (CplcdlP), indenol1,2,3-cd]pyrene (1[1,2,3-cd]P),
benzolalpyrene (B[a]p) and dibenz[ah]anthracene (Db[ah]A). The PAHs are
listed from left to right with increasing TEFs [25]. TEFs of each PAH are
shown on the top of the bars. Graphic: Authors

hicle area. In the conventional mining area, two workers were
equipped with one Aethalometer each.

3 Results and discussion
3.1 Health relevant organic compounds found
underground

The mean and median concentrations of aromatic analytes as-
sociated with PM in different areas of the underground platinum
mine, as well as the calculated TEQ values are presented in
Table 3. The mean TEQ values and mean PM concentrations of
health relevant PAHs found underground are listed with increa-
sing TEFs in Figure 2. The bar diagram represents the results de-
termined for the tipping point (blue), LHD vehicle (red) and
conventional mining (green) area. Here, the highest mean con-
centrations of up to 45 ng m*® (median: 46 ng m™) could be
found for pyrene, its methylated derivatives and for phenanthrene
in the LHD vehicle area. This is due to the highest frequency of
LHD vehicles passing by in this area and therefore the largest ex-
tent of diesel exhaust emissions. However, one exception was di-
benz[ah]anthracene, a heavier PAH, for which much higher con-
centrations were found at the tipping point. In contrast, the LHD
vehicle and conventional mining area, the dibenz[ah]anthracene
concentrations found were below the limit of quantification
(LOQ). Also the green bars starting with pyrene represent values
below the LOQ.

In general, considering the sampled health relevant PAHs in
this feasibility study, the highest mean TEQ value of 3.9 ng m?
(median: 3.5 ng m™*) was calculated for the LHD vehicle area. In
the area of the tipping point, LHD vehicles were not continuously
present and therefore, lower concentrations of health relevant
PAHs were present in the surrounding air. Consequently, a lower
mean TEQ value of 3.2 ng m™ (median: 3.1 ng m™) was deter-
mined for that area. These measured TEQ values or B[a]P equi-
valents are several orders of magnitude below the OEL of
2 pg/m? imposed in most European countries. These findings
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Table 3 GC-MS quantification results for aromatic analytes found on filter samples as PM and calculated toxicity equivalent (TEQ) values. The toxicity equi-
valent factors (TEFs) for different PAHs are listed in the right column [25]. Liess than (<) values were below the limit of quantification (LOQ).

I ™

Mechanised mining PM Conventional mining PM
Tipping point LI4D vehicle area
Aromatic analytes Mean [ng m3] m;d:g] Mean [ng m3] m;d’:?; Mean [ng m3] [Mn;d:% TEF
TEQ 3.2 31 3.9 35 <0.1 <0.1
Naphthalene 8.6 78 13 14 5.1 43 0.001
1-Methylnaphthalene 21 16 2.7 29 17 13
2-Methyinaphthalene 3.0 25 5.2 5.0 17 1.6
Biphenyl 2.5 1.9 3.7 34 23 11
Acenaphthylene 0.4 0.3 14 14 <0.1 <0.1
Acenaphthene 0.1 <0.1 33 23 1.8 <0.1
Fluorene 19 1.6 3.2 29 0.8 <0.1
Phenanthrene n 9.4 19 13 0.6 0.2 0.001
Anthracene 4.8 47 n 79 0.5 03
Fluoranthene 10 10 10 9.9 <0.1 <0.1
Pyrene 36 34 45 46 <0.1 <0.1 0.001
1-Methylpyrene 15 14 19 17 <0.1 <0.1 0.1
2-Methylpyrene 21 20 29 27 <0.1 <0.1
4-Methylpyrene 20 18 26 24 <0.1 <0.1
Benzo[clphenanthrene 0.2 <0.1 0.5 <0.1 <0.1 <0.1
Benz[a]anthracene 3.2 3.2 34 34 <0.1 <0.1 0.1
Chrysene 5.1 54 75 73 <0.1 <0.1 0.01
2,2-Binaphthalene 0.1 0.1 1.0 0.9 <0.1 <0.1
s g 33 5.1 50 <01 <01 01
Cyclopentalcdlpyrene 0.9 0.9 11 1.0 <0.1 <0.1 0.1
Benzole]pyrene 11 11 16 1.6 <0.1 <0.1
Benzola]pyrene 0.6 0.7 0.8 0.8 <0.1 <0.1 1
Perylene 0.2 0.1 0.5 0.1 <0.1 <0.1
Indeno[7,2 3cdlpyrene 0.4 0.1 0.3 0.2 <0.1 <0.1 0.1
Dibenz[ahlanthracene 0.2 0.2 <0.1 <0.1 <0.1 <0.1 1
Picene 6.7 5.0 6.1 48 <0.1 <0.1
Benzo[ghilperylene 1.4 13 1.0 12 <0.1 <0.1
Coronene 0.2 <0.1 <0.1 <0.1 <0.1 <0.1
1,4-Naphthoquinone <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
1-Naphthaldehyde 12 15 24 26 <0.1 <0.1
;f;"’“"e“apmhy'e‘ 05 05 05 0.4 <0.1 <0.1
9H-Fluoren-9-one 21 1.8 3.3 25 <0.1 <0.1
9H-Xanthen-3-one 0.6 0.7 0.6 05 <0.1 <01
9,10-Anthracenedione 8.9 8.6 71 71 <0.1 <0.1
;':;':"’h‘h’"" anhylll 76 38 5.4 6.1 <01 <01
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S N T

Mechanised mining PM

Conventional mining PM

Tipping point LHD vehicle area

5 Median Median 3 Median
Aromatic analytes Mean [ng m3] {ng m3] Mean [ng m3] fng m31 Mean [ng m~] [ng w1 TEF
4-H-Cyclopen-
ta[deflphenanthren- 23 2.0 4.0 2.8 <0.1 <0.1
4-one
Benzo[b]naph-
to[2,3-d}furan <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
11H-Benzo|alfluo-
o -OnE 5.0 49 6.7 6.4 <0.1 <0.1
15 Seesldliing. 43 41 13 13 <01 <01
ren-11-one
Benzo[b]naph-
tol2, 1-d}furan <0.1 <0.1 0.3 <0.1 <0.1 <0.1
Naph-
to[2,1,8,7-kimn]xanthe-  <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
ne
Benz[a]anthrace-
ne-712-dione 0.2 <0.1 0.8 <0.1 <0.1 <0.1
f’"gz'Naph‘“m"““* <01 <0.1 <0.1 <0.1 <01 <0.1
7-lsopropyl-1-methylip-
Henanthrane 16 17 73 6.4 0.7 <0.1

suggest that the exposure to PAHs is not a main concern in simi-
lar mining environments. Currently, no OELs are defined for
PAHs in South Africa.

In contrast to the mechanised mining areas, no LHD vehicles
were present in the conventional mining shaft at all. Therefore,
with a few exceptions, almost all detected compounds were below
the LOQ. Here, the low concentrations of health relevant compo-
nents resulted in mean and median TEQ values below LOQ. One
possibility for the occurrence of PAHs in a LHD vehicle free area
could be wooden poles, which were utilised as roof supports un-
derground. If these wooden poles were treated with PAH con-
taining mixtures such as creosote before use, the release of PAHs
such as naphthalene into the surrounding air is not unlikely [34].
However, the existence of trace amounts of PAHs in a section
without any diesel emissions could also result from the transfe-
rence of airborne compounds from the outer environment of the
ground level via the air inlet [35]. Further investigations con-
cerning airborne compounds, transmitted from the external envi-
ronment via the air inlet, should be taken into account. In this
way, the quantity of air pollutants found underground can be as-
signed to emission sources in the mine considering the incoming
external air quality. The dispersion of gases and PM from diesel
mechanised mining sections to conventional mining sections may
be possible, depending on the configuration of the shafts and the
ventilation system, thus the linkages between diesel engine emis-
sions, ventilation system parameters and occupational exposure
need to be considered in assessing potential health risks under-
ground.

Besides aromatic compounds, aliphatic substances were also
found on filters in all three sampling sites. The mean and median
concentrations are listed in Table 4. In general, aliphatic substan-

392

ces found on filter samples originated from combustion aerosols
and from aerosols generated by the evaporation of lubrication oil.
Thus Cy; to C,4 aliphatics can be assigned to diesel exhaust emis-
sions, while aliphatic compounds with carbon numbers higher
than C,, originate from the exhaust of unburned lubricant oil
[36]. Our results revealed the highest mean concentrations in the
range of 64 to 204 ng m™ (median: 69 to 199 ng m”) for C,, to
C;o aliphatics found on filter samples taken in the LHD vehicle
area. However, for carbon numbers greater than 30, higher con-
centrations could be found on filters applied in the conventional
mining area. Here, the utilisation of greased pneumatic drills as
conventional mining tools was considered as a potential source of
aerosolised aliphatic components.

3.2 Equivalent black carbon concentrations

Table 5 shows all determined eBC concentrations as mean
and median values, while Figure 3 represents the online concen-
trations of eBC measured by four portable Aethalometers in all
three sampling locations. The measurements were not carried out
simultaneously, except the two measurements illustrated in Figu-
re 3c.

In the section of mechanised mining, fluctuating eBC concen-
trations, partially with high peak values could be observed
(Figure 3 a/b). Very high eBC concentrations of up to
1.5 mg m™* were measured particularly at the tipping point, whe-
re LHD vehicles arrived to dump the ore onto the conveyor belt
(Figure 3a). The fluctuations in Figure 3a are the result of time
slots, where LHD vehicles either arrived at the tipping point or
were absent. The evaluation of the measurement data of all three
devices worn in this area revealed a high mean concentration of
326 pg m” (median: 279 pg m?) (Table 5). However, higher
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Table 4 GC-MS quantification results for aliphatic analytes found on filter samples. Less than (<) values were below the limit of quantification (LOQ).

I e

Mechanised mining PM

Tipping point

Aliphatic analytes Mean in ng m3 Median in ng m3

CioHas 1 5.0 5.3
CyaHag 6.4 6.4 6.6
CiaHao 49 47 10
CysHa 5.0 5.4 9.7
CigHas 5.8 6.4 9.0
CyyHss 12 13 21
CigHsg 1 10 18
CiHao 13 10 18
CaoHaz 22 15 28
CyiHas 44 30 64
CaHag 95 54 148
CaHys 13 67 204
CaaHso 131 103 200
CasHs, 97 a 146
CasHsa 93 92 130
Cy7Hss 70 79 99
CasHsg 66 78 98
CagHgo 54 60 103
CaoHez 30 31 52
CayHas 25 28 32
CsHes 21 24 31
CasHgs 22 25 33
CaiHzo 17 19 28
CasHys 21 22 22
CagHz 17 15 21
Cy;Hzs 12 13 18
CasHig 16 17 18
CagHgo 17 19 14
CaoHaz 21 21 23

mean and median concentrations were found in the LHD vehicle
area.

In the LHD vehicle area a high overall mean eBC concen-
tration of 657 pg m> (median: 350 pg m) could be observed
(Table 5). Here, the highest mean concentration overall of
1,439 pg m™ (median: 450 pg m*) was measured. The other in-
strument measured lower concentrations with a mean value of
307 pg m?(median: 295 pg m3). The very high eBC concen-
trations observed in this area are the result of the direct exposure
of miners to diesel exhaust emissions or their work was perfor-
med in areas with a steady operation of diesel engines. In view of
this, Figure 3b shows the online eBC concentrations correlated to
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Mean in ng m3

Conventional mining PM

LHD vehicle area

Median in ng m= Mean in ng m= Median in ng m3

3.6 <0.1 <0.1
5.1 <0.1 <0.1
9.5 <0.1 <0.1
7.6 <0.1 <0.1
85 <01 <0.1
21 <0.1 <0.1
16 <0.1 <0.1
16 4.4 28
29 73 6.2
69 13 n
153 12 13
199 15 n
184 35 20
144 36 14
122 46 25
85 54 25
96 54 28
102 52 23
54 53 31
30 50 23
29 439 26
30 46 23
25 38 15
19 34 18
21 27 9.6
17 22 83
19 22 8.2
10 24 14
21 45 27

the operating procedures of the LHD vehicle engine. It transpires
that the engine loads were changing quickly depending on the
three working steps load, haul and dump. In addition, these vehi-
cles often reversed. This resulted in fluctuating peak values as
well as the higher eBC concentrations the drivers were exposed
to. The high eBC concentrations measured are of concern, when
compared to the BOELV of 50 pg m™ for EC, which will be in
place in the European Union from 2026. Even though a calibrati-
on factor is needed to convert eBC measurements in EC equiva-
lents, the high eBC concentrations measured in the mechanised
mining area show that exposure to diesel exhaust can be an issue
in mining environments.
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Table 5 Mean and median eBC concentrations determined via online
Aethalometer measurements in different mine areas [22].

Mean in ug m=3 Median in ug m=

Tipping point

Worker 1 334 336
Worker 2 264 245
Worker 3 379 231
3,::21 mean / median 326 279
LHD vehicle area

Worker LHD 1 1439 450
Worker LHD 2 307 295
Worker LHD 3 559 540
8;3:: mean / median 657 350
Conventional mining

Worker 1 2.0 19
Worker 2 2.0 2.2
Overall mean/median 50 24

values

Figure 3c shows the online eBC concentrations within the
conventional mining section. Each of the two workers wore one
instrument simultaneously. Compared to the mechanised mining
area, these eBC concentration levels were much lower and rather
constant during the whole measurement interval since no LHD
vehicles were present at all. The total mean and median eBC con-
centrations in the conventional mining area were 2 pg m™*
(Table 5).

As expected, there was no BrC measured, neither in the con-
ventional nor in the mechanised mining section. This is in agree-
ment with Corbin et al. [37], who found that BrC is commonly
negligible for diesel engine exhaust due to the high temperature
of combustion. Moreover, the low concentrations of organic
compounds, such as PAHs and alkanes, underline the huge dis-
proportion of organic material to eBC emitted by diesel engines.

4 Conclusion

The objective of this feasibility study was to perform an as-
sessment of the potential exposure of mine workers to health re-
levant particulate compounds, such as eBC and PAHs, using a
portable Aethalometer and a personal aerosol sampler. The re-
sults obtained revealed that the area with the highest exposure
measured by the personal samplers was the LHD vehicle area, fol-
lowed by the tipping point. Compared to the conventional mining
area, the eBC concentrations measured in the mechanised mining
sections were much higher. Since BC is an emission product and
has a large surface area, it is capable of adsorbing high concentra-
tions of PAHs. Therefore, the calculated TEQ values assigned to
the mechanised mining areas were much higher than those values
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Figure 3 eBC g ,,) Concentrations measured online at three different sam-
pling locations; 3a shows the eBC concentration at the tipping point; 3b
shows the eBC concentration in the LHD vehicle area; 3¢ shows the eBC
concentration in the conventional mining area. Here, two workers wore the
instruments at the same time. The red straight lines indicate the mean eBC
concentrations measured in each area. Graphic: Authors

determined for the non-diesel shaft, where no BC was emitted.
However, compared to the eBC concentrations, the determined
PAH concentrations were much lower by around four orders of
magnitude.

Finally three main outcomes were found in this feasibility stu-
dy which require further investigation:
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1. Sampling duration for PM also requires further consideration,
as variations in eBC concentration were detected by the Aetha-
lometer, which infers large changes in organic compounds con-
centrations during a working shift as well.

2. The portable Aethalometer is well suited for occupational mo-
nitoring of soot emissions, as areas of high exposure and expo-
sure peaks can be easily identified, given the direct-reading
measurement principle. We showed in this feasibility study that
the Aethalometer can be an appropriate instrument for
measuring black carbon in underground metal mines. A cali-
bration factor for diesel soot, between the eBC concentration
measured by the Aethalometers and the concentration of ele-
mental carbon, such as the established NIOSH 5040 [38] or
DGUV Information 213-544 [39] methods could be very ad-
vantageous for occupational monitoring purposes. This para-
meter should be monitored in general in diesel mechanised un-
derground working areas.

3.Last but not least, in further studies the number of workers
wearing personal samplers should be increased. The sampling
strategy should take into consideration that the sampling dura-
tion shall be representative for a work shift and personal sam-
pling should be conducted over several working days/shifts in
order to obtain a statistically reliable number of samples.

4.1 Study limitations

The eBC measurements with the portable Aethalometer
without a size-selective inlet can only be performed in mines
where interference from coal dust is not expected. Coal dust can
interfere with the eBC reading of soot, making a particle size-se-
lective inlet a prerequisite for coal mining environments. Occupa-
tional exposure limits for diesel emissions are usually set for the
concentration of elemental carbon, as measured by the NIOSH
5040 or DGUV Information 213-544 [39] methods. For occu-
pational studies, a conversion factor between eBC and elemental
carbon would be necessary.

Our study did not consider the exposure against silica, metals,
nitrogen oxides or volatile organic compounds, which may also
be of concern in mining environments.
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Abstract

The combustion of petroleum-based fossil fuels is associated with a high environmental burden. Several alternative fuels,
including synthetic fuels (e.g., gas-to-liquid, GTL) and biofuels (e.g., rapeseed methyl ester, RME) have been studied in
the last few years. While the advantages for the environment (sustainability of biofuels) are well known, research on the
resulting health effects from combustion aerosols of these alternative fuels is still scarce. Consequently, we investigated the
chemical combustion profile from three distinct fuel types, including a petroleum-based fossil fuel (BO) and two alternative
fuels (GTL, RME) under real exposure conditions. We sampled particulate matter (PM, 5, PM,, ,5) and the gas phase from
heavy-duty machinery and evaluated the general pattern of volatile and semi-volatile organic compounds, elemental and
organic carbon as well as a range of transition metals in the size segregated PM and/or gas phase. The use of comprehensive
two-dimensional gas chromatography time-of-flight mass spectrometry enabled us to classify distinct methylated PAHs in
the PM samples and its high abundance, especially in the fine fraction of PM. We found that (methylated) PAHs were highly
abundant in the PM of BO compared to GTL and RME. Highest concentrations of targeted aromatic species in the gas phase
were released from BO. In summary, we demonstrated that GTL and RME combustion released lower amounts of chemical
compounds related to adverse health effects, thus, the substitution of petroleum-based fuels could improve air quality for
human and the environment.

Keywords Alternative fuels - Combustion aerosol - (methylated) PAHs - Ultrafine particulate matter - Health effects

Introduction
B4 Thomas Groger Heavy-duty vehicles are in use on construction sides, in
thomas,groeger @helmholiz-muenchien.de mines, and in other working environments and contribute
1 Joint Mass Spectrometry Centre (JMSC), Cooperation Group to a considerable extent to the local air pollution (Traviss
Comprehensive Molecular Analytics, Helmholtz Zentrum et al. 2010; Gautam et al. 2018; Salo et al. 2021). These
Miinchen, Neuherberg, Germany heavy-duty vehicles are typically powered by fossil fuel.
2 Joint Mass Spectrometry Centre (JMSC), Chair of Analytical The increasing environmental burden resulting from petro-
Chemistry, University of Rostock, Rostock, Germany leum-based fossil fuel combustion has led to the ongoing
3 Department of Chemistry, Faculty of Natural search for alternative fuels (Unosson et al. 2021). Several
and Agricultural Sciences, University of Pretoria, Pretoria, advantages can be discussed supporting a substitution of
South Adfrica petroleum-based fuels by alternative fuels. CO, and green-
*  Processing Laboratory, Impala Platinum Limited, house gas (GHG) emissions are lower for alternative fuels
Rustenburg, Beutfidnce compared to petroleum-based fuel combustion (Moon et al.
®  Energy Business, Sasol, Cape Town, South Africa 2010; Zaharin et al. 2017), decreasing the environmental
6 ASG Analytik-Service AG, Neusif, Germany burden, e.g., in terms of its negative impact on climate.
7 Research Unit Analytical BioGeoChemistry, Helmholtz Regarding biofuel, several organic feedstocks are available
Zentrum Miinchen, Neuherberg, Germany enabling a sustainable way of fuel production. Therefore,
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biofuels are a prominently discussed alternative to petro-
leum-based fuels (Traviss et al. 2010; Sakthivel et al. 2018;
Unosson et al. 2021). Biofuels can be generated from oil-
producing crops, and vegetable oils can be utilized in a pure
or transesterified form into biodiesel. Other feedstocks are
sugar or starch crops for the production of alcohols such
as methanol or ethanol (Yasin et al. 2019). Biofuels from
oil-producing crops can be separated in three different gen-
erations including vegetable oil (first generation), noned-
ible vegetable oil (second generation), and waste cooking
oil (third generation) (Sakthivel et al. 2018). The chemical
and physical properties of a biofuel are mostly dependent
on the feedstock. For example, waste cooking oil is a widely
used biofuel due to its low cost, but it has inferior cold-flow
properties, which limits its use in winter months (Moon et al.
2010). Up to now, biofuels are mostly utilized as diesel-bio-
diesel blends to overcome difficulties in terms of cold-flow
properties as well as long-term negative consequences of
the use of pure biofuel such as injector coking, deposits,
and ring sticking (Moon et al. 2010). Several studies have
been conducted to increase the efficiency of biodiesel use
compared to petroleum-derived diesel, but still, contradic-
tory data is available on the emissions of biodiesel combus-
tion and resulting health effects (Bluhm et al. 2012; Mgller
et al. 2020). A typical feedstock of vegetable oil widely
used is rapeseed methyl ester (RME). This fuel is gained
by the transesterification of rapeseed oil. RME is primarily
composed of fatty acid methyl esters (FAMEs) with differ-
ent lengths of alkyl chains. As this fuel has no aromatic
content, polycyclic aromatic hydrocarbons (PAHs) cannot
be emitted by unburned fuel. Another alternative widely
discussed in the substitution of petroleum-based fuel is the
synthetic gas-to-liquid (GTL) fuel. It is gained by, e.g., the
Fischer—Tropsch process from natural gas, leading to a fuel
with negligible amounts of aromatic compounds and sulfur
(Li et al. 2007; Moon et al. 2010). GTL can usually be used
in conventional diesel engines without any engine hardware
modifications (Moon et al. 2010). This fuel is primarily
composed of long-chain alkanes and, thus, expected to emit
lower amounts of PM, in particular, PAHs compared to fos-
sil fuel combustion. Recently, an alternative to the synthetic
GTL has gained more attention, the so-called biomass-to-
liquid (BTL) fuel, which is produced in a similar way as the
GTL after gasification from biomass (van Steen and Claeys
2008).

Generally, fuel combustion releases high quantities of
particles. This particulate matter (PM) is physically charac-
terized by its aerodynamic diameter (size distribution) and
mass. Only particles with an aerodynamic diameter equal
to or smaller than 2.5 um are expected to deeply penetrate
into the respiratory tract (Hussain et al. 2011). The parti-
cles themselves and the semi-volatile organic compounds
(SVOCs) bound to the particles can be released into the
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lung leading to acute and inflammatory effects (Salo et al.
2021). Recently, the WHO updated their guidelines in which
they suggest even lower maximum exposure levels for PM, 5
and other air pollutants due to their known adverse health
effects, e.g., the increased risk of respiratory and cardiovas-
cular diseases (Lin et al. 2015; World Health Organization
2021). Moreover, the importance of further characterizing
specific PM such as ultrafine particles (UFP) was empha-
sized (World Health Organization 2021). UFP are particles
with an aerodynamic diameter smaller than 0.1 pm. Due
to their low size, UFP are physically not restricted to the
respiratory tract but can also be translocated to other organs
via the bloodstream (Hussain et al. 2011). Moreover, UFP
have a high-specific surface area and, thus, vast amounts of
organic compounds can be adsorbed onto these particles.
The translocation and the intense loading are expected to
have adverse health effects and highlight the need for further
characterization of UFP (Kwon et al. 2020).

Aerosol from fossil fuel combustion is loaded with a
plethora of different chemical components, of which poly-
cyclic aromatic hydrocarbons (PAHs) are of specific health
concern. Many PAHs are known to be carcinogenic and
mutagenic (Abdel-Shafy and Mansour 2016). Due to their
gas-to-particle equilibrium, they can occur particle-bound
or in the gas phase. For single compounds, their presence
in either of these phases mostly depends on their molecu-
lar weight and vapor pressure. For complex samples such
as aerosol produced by combustion processes, the gas-to-
particle partitioning is mostly influenced by the ambient
air temperature and the total organic aerosol concentration
(Cyp) (Shrivastava et al. 2006). At high C,, and, thus, low
dilution ratios the SVOCs are prone to be absorbed into the
particle phase (Lipsky and Robinson 2006; Shrivastava et al.
2006). Working environments like construction sites and
mines are using vehicles, which emit high amounts of com-
bustion aerosol. During their working shifts, workers may
be exposed to high amounts of potentially hazardous air pol-
lutants when operating this kind of heavy-duty machinery.
It is, thus, important to gain further insights on the combus-
tion aerosol of distinct fuel types and their possible resulting
health effects on employees.

In this study, we focused on the comparison of the chemi-
cal profile of the combustion aerosols from three distinct fuel
types and their possible health-related effects on workers in
a confined working environment. For this purpose, we sam-
pled particles and gas phase of a heavy-duty (Load-Haul-
Dump, LHD) vehicle fueled with petroleum-derived fossil
fuel (BO), GTL, and RME in a South African platinum mine
(1000 m underground). As ventilation may be insufficient
and space limited, occupational exposure to combustion
aerosols in mining environments is of specific concern (Salo
et al. 2021). We aimed at comparing the exposure profile of
the currently used diesel fuel to the alternative fuels (GTL,
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RME) to enable a comprehensive characterization of the
chemical compounds emitted and to estimate their possible
health-related effects. Combustion aerosol of the three fuel
types was sampled in terms of PM, s, size-segregated PM
with an emphasis on PM, 55, and the gas phase.

The analysis of PM samples focused on the chemical
characterization of substituted and unsubstituted PAHs
in the combustion aerosol of the different fuel types, and
a comparative analysis of the different size fractions. We
also investigated alkylated PAHs were classified based on
their aromatic core and methylation pattern. Moreover,
concentrations of seven distinct unsubstituted PAHs (phen-
anthrene, anthracene, fluoranthene, pyrene, benz(a)anthra-
cene, benz(e)pyrene, benz(a)pyrene) were calculated, and
toxic equivalents (TEQs) were determined. Additionally,
the elemental composition of the PM samples regarding
transition metals, alkaline metals, and other elements was
performed and compared between the different combus-
tion aerosols. The worker exposure to the gas phase was
compared between B0, GTL, and RME highlighting their
differences in aromatic carbon content. In particular, con-
centrations of benzene, toluene, o-xylene, naphthalene, and
biphenyl were calculated and compared for the gas phase
of the different combustion aerosols. Finally, the gaseous
organic compounds, mainly volatile organic compounds
(VOCs), were collected in two distinct sampling positions
(engine operator and tailpipe), enabling a more comprehen-
sive comparison of concentrations workers could be exposed
to during working procedures.

Experimental section
Sampling site

Aerosol sampling was conducted in a platinum mine in
South Africa 1000 m underground. The heavy-duty vehi-
cle used in this sampling campaign was a load-haul-dump
(LHD) vehicle typically used in this underground mine. The
sampling station was 1.5 m from the tailpipe (TP) as well as
1 m above ground (Fig. 1a).

Fig.1 Underground sampling
site of combustion aerosols.
Sampling station and additional
gas phase sampling at the
operator are depicted (a). Main
sampling station. Samples taken
from left to right (b): PM, s,
size-segregated PM, and gas
phase

The following samples have been taken: PM, s, size-
segregated PM (Sioutas, n=3), gas phase during test cycle
(TeC), and gas phase in high idling (HI) mode of the LHD
(Fig. 1b). Gas phase samples were additionally taken at the
LHD operator position (OP) at human chest height during
TeC and in HI mode (Fig. 1a). The complete sample set and
the conducted chemical analysis are summarized in Table 1.

Engine operations

The LHD was equipped with a Deutz BF 61 914C engine.
Engine specifications are summarized in following Table 2.

The LHD was filled with the specific fuel type at the
beginning of each sampling day. For that purpose, the
remaining fuel was drained from the LHD, fuel filters and
air filters were exchanged and the tank was flushed with 20
L of the test fuel before filling the tank. Lubrication oil was
exchanged prior sampling. Afterwards, the LHD returned
to work in production for 30 min before returning to the test
site. For aerosol sampling, the LHD vehicle was parked at
the common parking area of those vehicles at which the sam-
pling was conducted without movement. A pre-condition-
ing cycle was performed for 10 min to ensure temperature

Table 1 Summary of samples taken and analysis carried out. EC ele-
mental carbon, OC organic carbon

BO GTL RME
PM analysis
EC/OC PM, 5, PM 55 PM, 5, PMg,5 PM, 5, PM; 55
Elements by PM, 5, PM 55 PM, 5. PM;,s PM, s, PM 55
ICP-AES
SVOC by PM, 5. PMg 5. PM, 5. PMy55 PMy 5. PMg 5
GCxGC-MS size-segregated
PM
Gas phase analysis
VOC by GC- TP (TeC, HI) TP (TeC, HI) TP (TeC, HI)
MS
VOC by GC-  OP (TeC, HI) OP (TeC, HI) OP (TeC, HI)
MS
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Table 2 Engine specifications

ofaDentz BF 6L 914C engine oo certification Tier 2
No. of cylinders 6
Bore/stroke 102/132 mm
Displacement 65L
Compression ratio 18
Stroke 132 mm

Rated power
Max. torque
Induction
Fuel injection

Specific fuel consumption

141 kW (herein de-rated to 118 kW)

700 Nm at 1600 rpm

Charged air cooled

Five-hole nozzle injection; high pressure in-line
injector pump with mechanical centrifugal
governor

210 g (kWh)y™*

stabilization prior aerosol sampling. Aerosol sampling was
conducted in 10-min intervals in the two modes. High idling
(HI) was conducted with full acceleration and 0% throttle.
The test cycle (TC) was done including a bucket lift with a
fixed mass (one tire) which should mimic a load test. More
information on engine operations by LHD vehicles can be
found in Wattrus et al. (2016).

Fuel types

Three different fuels were used for sampling of the corre-
sponding combustion aerosol: (1) a petroleum-derived diesel
fuel with no biofuel content (BO), representing the reference
diesel used in the working place, (2) a paraffinic fuel (GTL,
ORYX, Qatar) compatible with EN15940, and (3) a biofuel
(RME, SBE BioEnergie, Germany) according to EN14214
additivized with oxidation stabilizer. The organic composi-
tion of BO and lubrication oil used in this study was charac-
terized by GC X GC-ToFMS and the elemental composition
of lubrication oil was also determined by ASG Analytik-
Service AG. Fuel properties and composition of GTL and
RME were analyzed by Sasol Limited. Further information
on the composition and properties of fuel and lubrication oil
used can be found in Tables S1-S6.

Sampling and analysis of PM

PM was sampled on quartz fiber filters (QFF) (Quartz-
Microfibre Discs, Ahlstrom-Munksjs, Finland) with a
deployable particulate sampler (DPS) (SKC Inc., USA) and
a cut-off of 2.5 pm. These PM, 5 samples were continuously
sampled for all three fuel types during TeC and HI mode at
a flow of 10 L min~! for 21 min in total. In a similar man-
ner, size-segregated PM was sampled with a Sioutas five-
stage cascade impactor (SKC Inc., USA) at a flow of 9 L
min~" for 21 min. The five size ranges include > 2.5, 2.5-1.0,
1.0-0.5. 0.5-0.25 and < 0.25 pm. Samples were collected on

@ Springer

a 25-mm QFF on the different stages and on a 37-mm QFF
(Quartz-Microfibre Discs, Ahlstrom-Munksjs, Finland) on
an after-filter (< 0.25 pm). PM samples were taken at the
main sampling station solely (Fig. 1). Three experimental
replicates were taken for the size-segregated samples for
every fuel type (Fig. 1b). Filter samples were kept in the
corresponding samplers for transport until filter exchange
could be carried out under clean surrounding conditions at
the same day. Samples were stored at — 20 °C until analysis.

PM samples were prepared on the day of analysis. QFF
were cut by defined punches (/=2 mm) and placed into
glass inserts for the direct thermal desorption unit for analy-
sis. These glass inserts were deactivated with trimethylchlo-
rosilane (TMCS, Fisher Scientific, Germany) prior use. The
analyzed filter corresponded to 1.64 x 10~ m? for the stages,
7.47x10~* m? for PM, ,5 and 8.10x 10~* m* for PM,, 5 sam-
ples of collected aerosol. 1 pL of an internal standard (ISTD)
was applied to the QFFs by an autosampler (PAL 3 DHR,
CTC Dual Head) prior to analysis (see Table S7 for ISTD).

Determination of SVOC on PM was conducted on a direct
thermal desorption (DTD) comprehensive two-dimensional gas
chromatography (GCxGC) time-of-flight mass spectrometer
(ToE-MS, Pegasus BT 4D, LECO, USA). An OPTICH4 inlet sys-
tem (GL Sciences, Netherlands) was used. The GC column setup
was as follows: A BPX3 capillary column (60 m, 0.25 mm i.d.,
0.25 pm di, SGE, Australia) was installed as the first dimension
and a BPX50 capillary column (1.4 m, 0.1 mm id., 0.1 pm d
SGE, Australia) was installed as the second dimension. A BPX5
capillary column (2 m, 0.25 mm i.d., 0.25 um d;, SGE, Australia)
was additionally installed as a pre-column. A temperature gradient
of 2 °C min™! in the temperature range of 40 to 330 °C was applied
for GC analysis. More detailed information on the applied method-
ology for thermal desorption and gas chromatographic separation
can be found in Tables S7-S9. The MS transfer line and ion source
temperature were set to 300 °C and 250 °C, respectively. The mass
acquisition was from 35 to 700 Da at an acquisition rate of 100
spectra/s. The electron energy applied was 70 eV.
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Data acquisition and processing were carried out using
the ChromaTOF software (Version 5.5, LECO, USA). Peak
finding was conducted for the complete run with a signal-to-
noise (S/N) set to 300. Total ion chromatogram (TIC) was
used as a quantitation signal. The spectral match required
for peak combination was 800. The spectral similarity was
compared with the National Institute of Standards and Tech-
nology (NIST) library (version 2.3, 2017). The mass range
compared for library search was 35 to 600 m/z. The relative
abundance threshold was set to 10. The minimum similar-
ity for matches was set to 700 before the hit was assigned.
For the classification of alkylated PAHs, distinct reten-
tion time regions were marked and spectral filters specific
to those PAHs were assigned. Unsubstituted PAHs were
targeted using their molecular mass ion and their elution
on the selected column with respect to their deuterated
standard. Internal standards were applied for quantification
(Table S10).

We applied ChromaToF Tile (version 0.27.2.0, Leco,
USA) to perform a comparative analysis of the SVOC pat-
tern of PM, ,s samples. Supervised principal component
analysis (ANOVA-PCA) was conducted. A p-value of 0.05
was used for data comparison. F-ratios were calculated for
the significant compounds. Only compounds with an average
F-ratio larger than 100 were included in the PCA analysis.
Additionally, we excluded the region (RT1: 8000-9000 s
and RT?2: 1.40-1.87 s) resulting from the column bleed of
the instrument. More information on the comparison of the
PM,, ,5 by ChromaTOF Tile can be found in the supplemen-
tary material (Table S11).

EC and OC contents were determined from the QFFs
using a thermal—optical carbon analyzer (Desert Research
Institute Model 2001 A, Atmoslytic Inc., USA). The analysis
was conducted following the IMPROVE _A protocol (Chow
et al. 2007).

Elements were determined from the QFFs by inductively
coupled plasma atomic emission spectroscopy (ICP-AES;
Optima 7300 DV, Perkin Elmer, Germany). Samples were
transferred into closed quartz vessels and digested with
HNO, in a microwave system (Multiwave 300, Anton Paar,
Austria). Afterwards, the solution was diluted to 30 mL with
ultrapure H,O. The following elements were determined
from the emission samples: Al, As, B, Ba, Be, Bi, Ca, Cd,
Co, Cr, Cu, Fe, Hg, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S,
Sb, Se, Sn, St, Ti, V, W, and Zn. Samples were introduced to
the system with a peristaltic pump, connected to a micromist
nebulizer and a cyclone spray chamber. The power of the
radio frequency generator was set to 1400 W. Flow rate of
the argon plasma gas and the argon nebulizer gas was 15 L
min~! and 0.6 L min~!, respectively. Three blank measure-
ments and one control measurement of a certified standard
(CPI, USA) were performed for all elements mentioned
previously. Results were calculated with a computerized
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lab-data management system using calibration curves, blank
determinations, and control standards.

Sampling and analysis of gas phase

The gas phase was sampled for all three fuel types. Samples
were taken at the tailpipe (main sampling station, Fig. 1)
and at the operator during the test cycle (TeC) and in the
idle mode of the heavy-duty vehicle. Samples were taken at
a flow of 0.5 L min~! for approximately 5 min each. Addi-
tionally, the gas phase was taken at the operator during the
test cycle as well as idle mode. Flow and sampling time
corresponded to the gas phase samples taken at the main
sampling station. Adsorber tubes were sampled with Gilian
GilAir Plus Personal Sampling Pumps (Gilian, USA). A fil-
ter holder assembly made of stainless steel and equipped
with a QFF was used for removing the particulate fraction
and for protecting the adsorbers. Adsorber tubes consisted
of three sublayers of graphitized carbon black (GCB) sor-
bents used to trap compounds of several volatility ranges
(Table S12). At least one adsorber tube was kept closed and
taken as field blank for every sampling day. Samples were
stored at — 20 °C until analysis.

The analysis of the adsorber tubes was done by thermal
desorption (TD) with a Shimadzu TD-20 thermal desorption
unit (Shimadzu, Japan), coupled to a GC-MS System (Shi-
madzu GCMS-QP2010 Ultra, Shimadzu, Japan). The analy-
sis was done according to Mason et al. (2020), but modified
to the applied GCB adsorbent material. An isotope-labelled
standard mixture was applied to the sample prior to analy-
sis (Table S13). The thermal desorption was performed at
345 °C and lasted 45 min. Extracted compounds were at
first concentrated on a Tenax TD trap, cooled at 5 °C, and
then redesorbed at 330 °C and transferred with a split ratio
of 10 to the gas chromatograph. Separation was done on a
30-m-long VF-xMS, high arylene-modified phase column
(0.25 mm ID X 0.25 um d;, Agilent Varian, USA). Further
information on the temperature program of GC analysis and
mass spectral parameters can be found in Table S14.

Raw data files were imported to OpenChrom (Lablicate,
Edition 1.4.0.202110221400) as *cdf-files. Peak detection,
integration, and identification were applied (Table S15).
The 30 most abundant and reliable identified compounds
found in the gas phase of the different fuel combustion aero-
sols were compared. An S/N ratio of 50 was applied as the
threshold. Visual sample comparison as well as peak table
comparison have been applied. The comparison was based
on retention time and mass spectra. [dentification was based
on mass spectral comparison with the NIST library (version
2.3, 2017). Distinct aromatic compounds have been targeted
and semi-quantified by the equivalent isotope-labelled stand-
ard compound (Table S13).
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Results and discussion
Fuels

In this study, three different fuel types were investigated
namely BO, GTL, and RME. BO represented the petro-
leum-based reference fuel, that is usually used for the
heavy-duty machinery in this platinum mine. GC X GC
analysis of this reference fuel revealed dinaphthenes/ole-
fins (22.1%), naphthenes/olefins (21.8%), and iso-paraffins
(21.4%) as the most abundant compound classes found
in the BO, followed by n-paraffins (16.0%), alkylbenzenes
(7.8%), and naphthenobenzenes (6.1%, Table S10). These
compound classes make up over 95% of the fuel com-
position. The remaining 5% can be attributed to indenes
(1.6%), naphthalenes (1.6%), and several other aromatic
compounds (~1.7%, Table S1). GTL and RME were cho-
sen as alternative fuels. The production process for GTL
results in a paraffinic fuel mostly consisting of n-alkanes
(51.9%) and iso-alkanes (47.7%), making up over 99% of
the fuel composition. (The GTL used in this study was
produced from natural gas.) Relative amounts of com-
pound classes were determined by GCX GC (Table S1).
Only 0.2% of monocyclic as well as 0.2% of bi-and poly-
cyclic paraffins were measured in this fuel and no aromatic
compounds were detected. The composition of the RME
was determined by standardized analysis methods. Its ester
content was determined by EN 14103 and confirmed that
the RME used is composed of at least 96.5% of FAMEs
(Table S1). Moreover, the RME was defined by maximum
values for methanol and mono-, di- and triglyceride con-
tent (0.2%, 0.7%, 0.2%, 0.2%, respectively). The content
of alkaline metals (Na, K) as well as earth alkali met-
als (Ca, Mg) was required to be below 5.0 mg kg™ for
each of these groups (Table S2). For all three fuel types,
distinct properties were determined using standardized
analysis methods (ASTM, DIN, EN, ISO). These prop-
erties included among others the sulfur content, density,
viscosity at 40 °C, flash point, and cetane-number of the
respective fuel. The specific fuel properties measured can
be found in Tables S1-S4.

Additionally, the lubrication oil utilized in this study
was analyzed by GC x GC. We found alkanes (61.5%), fol-
lowed by dinaphthenes/olefins (20.0%) and naphthenes/
olefins (12.5%) add up to 94% of its composition. Fur-
thermore, 2.8% of polynaphthenes/olefins, 1.9% of 2,6-di-
tert-butylphenole, and 0.5% of benzenes were detected
(Table S3). The elemental composition was measured
by ICP-AES. We found that the main elements of the
lubrication oil were calcium (Ca, 1710 mg kg’1), zinc
(Zn, 1300 mg kg™), and phosphorus (P, 1230 mg kg™,
Table S6). These are typical additives used in lubrication
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oil (Selby et al. 2005; Lin et al. 2015). Ca is commonly
used as a detergent additive, while Zn and P are used as
extreme pressure-additives as well as wear protection
additives (Selby et al. 2005; Lin et al. 2015). Other abun-
dant elements found in the lubrication oil were boron (B,
310 mg kg™), followed by sodium (Na, 47.6 mg kg™"),
silver (Ag, 11.6 mg kg ™), magnesium (Mg, 8.9 mg kg™ ),
potassium (K, 8.1 mg kg™"), copper (Cu, 6.8 mg kg™,
and silicon (Si, 5.0 mg kg™) (Table S15). Na can origi-
nate from the anti-corrosion agent NaNO,, Mg is a known
detergent additive and Cu is an additive used in high-tem-
perature lubricant (Lin et al. 2015).

Particulate matter

The particulate matter (PM) in the exposure profile derived
from the combustion aerosols of LHDs has been chemically
characterized. To enable a comprehensive comparison, dif-
ferent techniques to determine the EC/OC ratio, elemental
composition, and semi-volatile organic compounds have
been applied. Table S16 shows the differences in total, ele-
mental, and organic carbon (TC, EC, OC) content for the PM
of the combustion aerosols. PM, ; and PM,, ,s samples have
been analyzed. We found the EC/OC ratio of BO compared to
GTL was similar for PM, 5 (0.45 and 0.44, respectively) and
PM, ,5 (0.52 and 0.58, respectively). RME showed a four to
five times lower EC/OC ratio (0.11) for PM, 5 and PM,, ,5
compared to BO and GTL. Data recently published by Unos-
son et al. confirm lower EC/OC ratios for RME compared to
BO (Unosson et al. 2021). Although EC/OC is less for RME
PM compared to BO PM, we found similar TC values. This
can be explained by higher OC content for RME compared
to BO PM (Table S16, Fig. 2). These results are consistent
with other studies, where lower amounts of EC and higher
amounts of OC were found for biodiesel PM compared
to PM from fossil fuel combustion due to the higher oxy-
gen content in biodiesel (Lu et al. 2012). Lowest TC and
OC were measured for GTL (1.9 mg m~” and 1.2 mg m~>,
respectively, Table S16, Fig. 2). This can also be explained
by the composition of the fuel as aromatic species and sulfur
content are substantially lower compared to BO fuel. These
differences in the carbon content of the PM can be derived
from the composition of the distinct fuel types. The different
fractions of OC and EC content for PM, 5 and PM,, ,5 for all
three fuels can be observed in Fig. 2.

The comparison of the distinct OC fractions indicated
that the first OC fraction (OC1) differs the most from one
fuel to another independent from the size fraction of the PM.
OC1 reflects thermally desorbed carbon up to a temperature
of 140 °C, thus, mainly VOCs are desorbed in this organic
fraction (Chow et al. 2007). However, this fraction is also
particularly susceptible to incorrect storage and handling
of the sample material. The OC2 and OC3 fractions (up
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Fig.2 Determination of the EC/OC-content of the combustion aero-
sols of the three distinct fuel types (BO, GTL, RME) by a thermal-
optical carbon analyzer. OC and EC contents are divided in their dis-
tinct fractions. The numbers 1, 2, 3, and 4 represent the respective
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to 280 °C and 480 °C, respectively) are characteristic of
the desorption of SVOCs (Chow et al. 2007). Additionally,
pyrolysis products from compounds with higher molecular
weight can be found in OC3 (Diab et al. 2015). Diab et al.
demonstrated that the OC2 fraction was mainly composed
of PAHs and alkylated PAHs (Diab et al. 2015). As PAHs
are intensively discussed in the literature to induce adverse
health effects, with some of them being known as poten-
tial carcinogens and mutagens and fossil fuel combustion is
known to emit high amounts of these hazardous compounds
(Bostrom et al. 2002; Kumar et al. 2014; Sun et al. 2014),
we further focused on the analysis of PAHs.

Up to now, the potential toxicity of a sample is mostly
conducted by the analysis of the 16 EPA PAHs. These EPA
PAHs were selected back in 1976 when knowledge on PAH
occurrence and the availability of standard material for iden-
tification and quantification purposes was limited (Anders-
son and Achten 2015). Nowadays, increasing research has
been directed to the analysis of different PAH species includ-
ing alkylated PAHs. Alkylated PAHs are highly abundant in
crude oil products and dominate petrogenic sources (Czech
et al. 2017). Although pyrogenic sources are dominated by
their unsubstituted analogues, the abundance of alkylated
PAHs due to unburned fuel as well as combustion processes
cannot be neglected. Nevertheless, research on their poten-
tial toxicity in comparison to their unsubstituted analogues
is still limited. Lam et al. focused on the comparison of the
potency and aryl hydrogen receptor (AhR) activation of
methylated PAHs compared to their unsubstituted analogues
(Lam et al. 2018). They found that the relative potency fac-
tors (REPs) of monomethylated PAHs decreased faster
than the ones of their parent compounds or other deriva-
tives with increasing exposure time (Lam et al. 2018). This
is in agreement with the study of Kang et al. showing a
higher solubility of methylated PAHs and thus a higher bio-
transformation of the incorporated compounds (Kang et al.
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2016). This can lead to higher excretion and detoxification
of those compounds. Nevertheless, when comparing REPs
of chrysene, benz(a)anthracene, and benzo(a)pyrene with
their methylated analogues, significantly higher potencies
were determined for their methylated analogues. Moreover,
they presented higher potencies for PAHs with a methyl
group attached to the core compared to ethyl, hydroxyl, and
methoxy groups after 24-h exposure duration (Lam et al.
2018). The relative potency determined by the H4IIE-luc
assay was, independent of the position of the methyl group
attached to the PAH, higher compared to the unsubstituted
PAHs (Lam et al. 2018). These studies emphasize the impor-
tance of monitoring methylated PAHs in a similar manner as
unsubstituted PAHs. We, thus, focused on the classification
of methylated three- and four-ring aromatics in the combus-
tion aerosols by comprehensive GC x GC-ToFMS analysis
in addition to the unsubstituted PAHs.

For BO, the overall PAH distribution in the samples was
similar independent of the particle size (Figs. S1, 3). Most
PAHs identified were three- and four-ring aromatics with dif-
ferent methylation patterns (Figs. S1, 3). Three-ring aromat-
ics were found with up to four methyl groups and multiple
alkyl groups attached to the ring structure. The abundance of
the three-ring aromatics increased with increasing methyla-
tion having a maximum at the group of three times methyl-
ated (C,) three-ring aromatics. For three-ring aromatics with
higher methylation patterns, the abundance decreased again
(Figs. S1, 3). The four-ring aromatics show a decrease in the
abundance with an increase of methylation. A maximum of
three times methylated four ring aromatics was identified.
The abundance of two to four-times methylated three-ring
aromatics is higher than the one found for the methylated
four-ring aromatics. When comparing these PAH patterns
to the literature, we found the distribution of methylated
three-ring aromatics (bell-shape) is typical for PAHs origi-
nating from unburned fuel (Andersson and Achten 2015). In
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Fig.3 PAH distribution of BO
for the following particle sizes:
A (>2.5 pm), B (2.5-1.0 pm),
C (1.0-0.5 pm), D (0.5-
0.25 pm), and after-filter E
(<0.25 pm). Phenanthrene and
chrysene are exemplary shown
as reference compounds for the
three- and four-ring aromatics,
respectively. Degree of methyla-
tion is shown as the amount of
—CHj; groups substituted to the
core. The highest abundance
of PAHs can be found on the
quasi-ultrafine particle after-
filter E. Stages and after-filter
were simultaneously sampled
in triplicates and analyzed via
TD-GC x GC-ToFMS. Sample -
: 7Z
abundance is shown as an area Z
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contrast, the distribution found for the four-ring aromatics
and a lower abundance with an increasing amount of meth-
ylation (Cy>C,;>C,>C;>C,) is typical for PAHs arising
from the combustion process (Andersson and Achten 2015).
In this context, it is important to mention that PAHs can gen-
erally originate from three different sources. First, they can
originate from unburned fuel or the lubrication oil (Klee-
man et al. 2008; Czech et al. 2017). Second, they can be
formed by the hydrogen abstraction-C,H, addition (HACA)
mechanism (Kislov et al. 2013; Czech et al. 2017). Third,
they can be broken down to smaller PAHs by pyrolysis (Diab
et al. 2015; Abdel-Shaty and Mansour 2016). In combus-
tion engines, unsubstituted PAHs are noticeably formed
by the HACA mechanism. The number of rings formed in
this process depends on the combustion temperature. Czech
et al. stated that in a homologue series of PAHs, usually the
unsubstituted or (mono-) methylated PAH shows the high-
est abundance, but also higher alkylation degrees are visible
especially for larger diesel engines due to a higher release of
unburned fuel (Czech et al. 2017).

For the size-segregated PM, we used the Sioutas impac-
tors, which enabled sampling of PM in the following size
range: A (>2.5 pm), B (2.5-1.0 pm), C (1.0-0.5 pm), D
(0.5-0.25 pm), and after-filter E (<0.25 pm). Ultrafine par-
ticles are defined as particles with an aerodynamic diam-
eter equal or smaller than 100 nm. Due to the cut-off point
of the Sioutas impactors, we could only sample particles
with a diameter equal or smaller than 250 nm. Neverthe-
less, we assume that the collected combustion particles
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will still mainly be ultrafine particles at this cut-off and,
thus, this fraction will be referred to as “quasi”-ultrafine
particles (qUFP) throughout the manuscript. We found that
the “quasi”-ultrafine particles (QUFP, PM,, ,5, after-filter E)
show the highest abundance of PAH compared to all other
size ranges (Fig. 3). The PAHs classified on these qUFP
represent at least 80% of the PAHs classified on the total PM
(Stage A-E). As the majority of PM released from diesel
engine combustion is accounted to the ultrafine fraction (in
terms of particle number) (Salo et al. 2021), the identifica-
tion of more than 80% of the classified PAHs on the qUFP
is plausible. The analysis of the several size ranges showed
higher variances for samples from stages A to D compared
to the after-filter (E). Although less pronounced as for the
qUFP, we can still observe the typical PAH distribution
described previously (Fig. 3 insert).

As the classified PAHs are certainly most abundant on
the QUFP and UFP are of specific health concern, we fur-
ther focused on the composition of the PM,5 samples when
comparing the combustion aerosol of BO to the combustion
aerosols of the alternative fuels GTL and RME.

The PAHs classified are noticeably most abundant in the
B0 combustion aerosol, followed by GTL and RME (Fig. 4).
For most of the PAHs determined, we found that the abun-
dance is at least twice as high in BO compared to GTL. Mul-
tiply alkylated three-ring aromatics and three times methyl-
ated four-ring aromatics cannot be identified in GTL. The
PAH distribution found for BO can be confirmed for GTL.
We found an increase of PAH abundance up to C3-PAH for

173



Air Quality, Atmosphere & Health

Fig.4 PAH distribution ana-
lyzed from the “quasi™-ultrafine
particles (PMg »5) for BO, GTL.,
and RME. Phenanthrene and
chrysene are exemplary shown 100
as reference compounds for the
three- and four-ring aromatics,
respectively. Degree of methyla-
tion is shown as the amount of
—CH; groups substituted to the
core. BO was simultaneously
sampled in triplicates, whereas
GTL and RME can only be
shown as two experimental
replicates. Sample abundance

is shown as the area normal-
ized by m? sampled. Standard
deviation is depicted as error
bars for samples measured in
triplicates. Insert: Detailed view 25
of PAH distribution of GTL and
RME solely
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the three-ring aromatics and a decline of abundance with
increasing methylation for the four-ring aromatics.

The amount of PAHs classified in the combustion aerosol
of RME is distinctly less compared to BO and GTL (Fig. 4).
The distribution of the PAHs, though, equals the distribution
found for GTL and BO combustion aerosol. The abundance
of the PAHs on the RME PM, ,5 is at least twofold less com-
pared to GTL. We determined an abundance four times lower
for the C5-PAHs group in RME compared to GTL and twelve
times lower compared to the BO PM, ,5 samples. For the
four-ring aromatics, we confirm the decrease of abundance
with increasing methylation, which was already observed
for BO and GTL. The groups of multiply alkylated three-ring
aromatics and three times methylated four-ring aromatics
cannot be identified in the PM, 5 samples of RME.

This aspect is important when discussing health aspects
of distinct combustion aerosols. The exposure to (alkylated)
PAHs is known to have adverse effects on human health. A
change in fuel type could, thus, greatly decrease the amount
of alkylated PAHs released. Moreover, the confirmation
of PAHs mainly found on the qQUFP is of great concern as
these particles can deeply penetrate into the lung, enter the
alveolar region, and can even be translocated to other organs
(Hussain et al. 2011). Although they have a low particle
mass, UFP have a very high particle number and, thus, a
high surface area on which different chemical components
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can be absorbed or adsorbed onto (Kwon et al. 2020). This
is also explaining the high amount of alkylated PAHs (over
80% of total alkylated PAHs classified) found on the PM »5
fraction.

To enable a comparison to previous research results
and to give a more comprehensive picture of the chemical
profile of the PM from these distinct fuel types, we addi-
tionally targeted seven unsubstituted PAHs in the PM, 55
of BO, GTL, and RME. We found that, independent of the
targeted PAH, the combustion of B0 released highest PAH
concentrations compared to GTL and RME. The compari-
son of GTL and RME combustion aerosol showed higher
concentrations of smaller PAHs (phenanthrene, anthracene,
fluoranthene, pyrene) for GTL. In contrast, higher molecu-
lar weight PAHs (benz(a)anthracene, benz(e)pyrene, benz(a)
pyrene) were more prominent in the RME combustion aero-
sol compared to GTL. The prevalence in the formation of
specific PAHs can be explained by the composition of the
fuels and the resulting differences in the combustion process.
While the paraffinic GTL is mainly consisting of smaller
alkane and alkene compounds, which mostly leads to the
formation of smaller PAHs by butadiene addition reactions
(Kislov et al. 2013), RME mainly consists of FAMEs of
different lengths of alkyl chains. As stated by Llamas et al.,
FAME:s are primarily consumed by the abstraction of the
H atoms by OHeand H radicals (Llamas et al. 2017). The
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a-hydrogen atom in regard to the ester group is the most
labile H atom due to resonance stabilization of the result-
ing radical. The more stable radical will decompose later
to a stable acrylic ester molecule and a (R-CH,e) radical
which can induce a chain reaction by p-elimination. This
radical can form several PAH and soot precursor in the flame
such as acetylene, ethylene and 1,3-butadiene. Ethylene and
1,3-butadiene could then form benzene, naphthalene, anthra-
cene, and phenanthrene by Diels—Alder reaction followed by
aromatization (ILlamas et al. 2017). This would explain the
detection of smaller PAHs in the RME combustion aerosol.
The formation of larger PAHs could be explained by the
Diels—Alder reaction of those lighter PAHs and ethylene fol-
lowed by aromatization of the naphthenic-aromatic hydro-
carbon formed. Herein, oxygen would serve as a hydrogen
acceptor to produce water in the combustion process (Lla-
mas et al. 2017).

Nisbet and Lagoy proposed toxicity equivalent factors
(TEFs) for 16 individual PAHs (Nisbet and Lagoy 1992).
These TEFs were based on previously conducted experi-
ments on the toxicity and carcinogenic potential of distinct
PAHs compared to the toxic effect of benz(a)pyrene (BaP)
and are the basis for the calculation of toxic equivalents
(TEQs) for different PM samples. The comparison of the
resulting TEQ values shows that the sum of BaPy, for the
analyzed PAHs is the highest for BO, followed by RME and
GTL. The overall higher concentrations of the targeted PAHs
in BO, thus, also result in a higher sum of calculated TEQs.
Intriguingly, while the concentration of the targeted PAHs is
higher in the GTL PM,, ,, the overall BaPrg, value is lower
compared to RME PM,, ,5 (Table 3). This can be explained
by the different TEFs taken into account for the TEQ calcu-
lations. Smaller molecular PAHs are known to show lower
toxic effects and have, therefore, lower TEFs. This empha-
sizes the importance of monitoring different PAHs. Espe-
cially, higher molecular PAHs such as dibenzo(a,h)anthra-
cene and indeno(123-c,d)pyrene (which were below the limit
of quantification in our study) with TEF of 5 and 0.1, respec-
tively (Nisbet and Lagoy 1992), can significantly contribute

to the total toxicity induced by PAHs. Moreover, the toxicity
of alkylated PAHs should be further investigated to enable
an assessment of their potential TEQ values. Recently, Rich-
ter-Brockmann and Achten highlighted the importance of
alkylated PAHs, in particular 1-methylpyrene and 5-meth-
ylchrysene, on the overall toxicity of environmental samples
and proposed their consideration in future risk assessments
(Richter-Brockmann and Achten 2018). In summary, valu-
able TEF values for PAH derivatives are needed to achieve a
more realistic estimation on the toxicity of complex aerosol
samples. Nevertheless, we found higher abundances in the
alkylated PAHs as well as higher concentrations of all tar-
geted unsubstituted PAHs in the BO in comparison to GTL
and RME PM,, ,;. Based on this data, the change in fuel type
would not only lead to the use of more sustainable energy
sources as well as to an independence of fossil fuel supply,
but might additionally improve the exposure situation.

As alkylated PAHs showed the lowest abundance in the
PM, ,5 of RME and also targeted PAHs showed lower con-
centrations compared to BO PM,, ,5, the higher OC meas-
ured for RME must derive from another source. We noted
previously that RME consists of high amounts of FAMEs
in the fuel (Table S2). To evaluate whether FAMEs contrib-
ute to the most distinct differences of PM between RME,
GTL, and BO, we performed a supervised analysis of vari-
ances-principal component analysis (ANOVA-PCA) of the
PM, ,5 of these three fuels (Fig. S2). A detailed look at the
components with the greatest loadings towards the RME
samples included FAMEs of various lengths of alkane side
chains as being the most significant components (Fig. S3,
Table 4). Although this type of statistical analysis cannot
state quantitative differences between the samples, Table 4
shows highest areas are clearly measured for the distinct
FAMEs, e.g., docosanoic acid methyl ester and tetracosanoic
acid methyl ester, in comparison to the other significantly
different compounds from RME to GTL and BO PM,, ,+
samples. This might be an explanation for the higher OC
content of RME combustion aerosol compared to GTL and
BO. Besides two unknown compounds, we found two cyclic

Table3 Targeted PAHS in the

BO GTL RME
PM, 5 samples of BO, GTL, and
RME. TEF values are based on BO GTL RME TEF BaPrgq BaPrgq BaPrgq
ieiproposed TEEby Nishetand — ppsimmny 76.1 482 266 0.001 0.1 <0.1 <0.1
Lagoy (Nisbet and Lagoy 1992).
TEQ values were calculated by Anthracene 23.1 11.3 n.d 0.01 0.2 0.1 n.d
multiplying the concentration Fluoranthene 62.9 48.3 33.5 0.001 0.1 <0.1 <0.1
of a PAH by its proposed TEF. Pyrene 237 177.1 118.2 0.001 0.2 0.2 0.1
g‘f‘g‘c"‘““au‘ms aegveninng  poos(ajanthracene 215 17 132 0.1 2.2 0.2 13
Benz(e)pyrene 12.1 2.4 7.9 0 0 0 0
Benz(a)pyrene 15.7 0.2 11.6 1 15.7 0.2 11.6
¥ 449 289 211 19 0.8 13
n.d. not detected
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Table4 Table content derived
from supervised ANOVA-PCA
(Figs. S2, S3). Components

with highest loadings towards
RME from the PM, ,s-bound
combustion aerosol are listed
and sorted from highest to
lowest abundance. Identification
and similarity calculations are
based on NIST library hits

Name Compound class F-ratio Abundance  Similarity
rel. (%)

Docosanoic acid, methyl ester FAME 542 100.00 883
Tetracosanoic acid, methyl ester FAME 354 55.03 908
Methyl 8-(2-furyl)octanoate Ester 415 12.15 966
15-Tetracosenoic acid, methyl ester FAME 124 10.16 898
Cyclopentene, 1-butyl- Naphthene 1904 9.84 957
13-Docosenoic acid, methyl ester, (Z)- FAME 181 9.32 889
Methyl 10-oxohexadecanoate Ester 695 6.48 798
cis-Methyl 11-eicosenoate Ester 969 3.66 874
10-Oxodecanoic acid, methyl ester FAME 275 2.43 854
Neophytadiene Diterpene 379 1.94 916
7-Nonynoic acid, methyl ester FAME 174 1.21 762
11,13-Ficosadienoic acid, methyl ester FAME 283 0.95 915
Methyl 18-methylnonadecanoate Ester 1920 0.75 872
Unknown (not identified) - 630 0.61 -
Methyl 8-(5-hexyl-2-furyl)-octanoate Ester 172 0.56 855
2-n-Octylfuran Furan 377 0.40 965
Nonadecanoic acid, methyl ester FAME 687 0.27 810
Butylated Hydroxytoluene Phenol derivative 460 0.19 902
Unknown (not identified) - 164 0.06 -
3-Methylene-7,11-dimethyl-1-dodecene Alkene 275 0.05 830

compounds (1-butyl-cyclopentene and 2-n-octylfuran), an
alkene (3-methylene-7,11-dimethyl-1-dodecene), which is
expected to have no influence on the toxicity of the aerosol, a
diterpene (neophytadiene) and an aromatic compound (But-
ylated Hydroxytoluene, BHT). BHT is a known antioxidant
and commonly used as an oxidation stabilizer in petroleum
products (Ryu 2010). As RME is a biodiesel composed of
many polar substances, it is important to ensure the stability
of this fuel during use and storage. We, thus, propose that
BHT was used as the oxidation stabilizer in this biofuel.
Besides, organic compounds also various metals are
considered to have adverse health effects. Therefore, we
compared the elemental composition of the ultrafine PM,, ,5
samples from BO, GTL, and RME by ICP-AES. We ana-
lyzed a wide range of elements, whereas the most hazard-
ous group of elements measured were the transition metals
(Table S17). Cu, Fe, Ni, Ti, and Zn were found in at least one
of the combustion aerosols from the distinct fuels. Cu was
only detectable in BO (592 ng m™), while it was below the
limit of quantification (LOQ) for GTL and RME combus-
tion samples. Cu is usually released by wear abrasion. As
our sampling approach was conducted without moving of
the vehicle, we did not expect significant amounts of cop-
per being present in our samples. As Cu is also used as an
additive in high-temperature lubricants and we confirmed Cu
in the lubrication oil measured, we expect the Cu found in
the BO combustion aerosol derived from the lubrication oil.
Although the lubrication oil was the same for all tested fuel
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types, the fuel and the resulting combustion temperature can
influence the release of unburned lubrication oil. Fe showed
the highest concentration in the PM of BO (7146 ng m™)
compared to GTL and RME (6963 ng m ™~ and 5918 ng m >,
respectively).

The highest concentration of Ni was determined in the
GTL samples (1047 ng m~>) compared to BO (881 ng m™>)
and RME (666 ng m™). Al showed highest concentrations
for GTL (9570 ng m™>) in comparison to BO and RME
(8585 ng m~° and 4413 ng m~?, respectively). The higher
concentrations of Ni and Al in the PM of GTL could be
explained by the production process of the fuel. Nickel is a
commonly used catalyst in the Fischer—Tropsch process and
Al,0, is aknown support material used, i.e., to enhance the
mechanical stability of the catalyst (van Steen et al. 2008).
Zn concentration was highest for RME combustion aerosol
(5631 ng m™*) compared to BO (4375 ng m™>) and GTL
(1588 ng m™?). Alkali (K, Na) and alkaline earth metals (Ba,
Ca, Mg) showed highest concentrations for RME combus-
tion aerosol compared to BO and GTL (Table S18). The fol-
lowing concentrations were determined for the RME PM,, ,5
samples: K (88 ug m™>), Na (14 ug m~>), Ba (914 ng m ™),
Ca (18 ug m™>), and Mg (2206 ng m~>). Mg concentrations
were below the LOQ for BO and GTL. For RME, we found
mainly alkali and alkaline earth metals showing the highest
abundance compared to the elemental composition of PM,, ,5
of BO and GTL. The higher concentrations of alkali and
alkaline earth metals in the PM of RME could be explained
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by their expected occurrence in natural sources such as rape-
seed oil and by their common use as catalysts in the trans-
esterification process of biofuels (Arzamendi et al. 2008;
Mohadesi et al. 2014; Tavizén-Pozos et al. 2021). Mohadesi
et al. studied the catalytic reactivity of alkaline earth metal
oxides including Ca0O/Si0,, BaO/Si0,, and MgO/SiO,
(Mohadesi et al. 2014). Arzamendi et al. studied the catalytic
reactivity and selectivity of several alkali and alkaline earth
metals in the transesterification process, including among
others Na, K, Ca, and Mg carbonites, Na and K bicarbonates,
and Ca and Mg oxides (Arzamendi et al. 2008). Recently,
Tavizén-Pozos et al. concluded that the combined use of
alkaline earth oxides with alkaline metals might enhance
their basicity so that more active sites would be available
and a higher resistance to environmental factors could be
achieved (Tavizon-Pozos et al. 2021). Ti concentrations
were comparable between RME and BO (287 ng m~* and
253 ng m~, respectively), while it was below the LOQ for
GTL PM, ,5. Sn concentrations were comparable for BO
(221 ng m™%), GTL (208 ng m™>), and RME (215 ng m™).
Non-metals (B, P, S, Se) analyzed were found to be most
abundant in BO combustion aerosol (B, Se) or comparable
to RME (P, S) while lowest for GTL (Table S18). Sulfur
concentration was measured to be lowest for GTL combus-
tion aerosol (9 pg m~?) which was expected as the fuel is
characterized by a low sulfur content (Table S4).

Gas phase

To enable a comprehensive comparison of the complete
combustion aerosol produced by the different fuels, the gas
phase needs to be considered. As previously mentioned,
VOCs and SVOCs are present in an equilibrium between
the gas and particulate phase. Their gas-to-particle partition-
ing is depending on the exhaust temperature as well as the
complete organic aerosol concentration (Cg, ). The identifi-
cation of VOCs and SVOCs in the gas phase was achieved
using TD-GC-MS.

For the comparison of the gas phase from the distinct
fuel types, we focused on the samples taken at the tailpipe
during the test cycle. Differences in the SVOC and VOC
composition of the gas phase between B0, GTL, and RME
were assessed. We identified 164 different volatiles in BO
and in GTL and 100 volatiles in the RME gas phase with
similar pre-processing conditions. We found that of the 30
most abundant compounds identified in the BO gas phase,
25 can also be found in the GTL and 26 in the RME gas
phase (Table 5). Aromatic compounds like xylene and other
methylated benzene isomers are more abundant in the BO gas
phase, while alkanes can be found several orders of mag-
nitude higher in GTL compared to BO and RME gas phase
(Table 5, Fig. S4). This resembles the results already gained
by the chemical analysis of the PM samples. The higher
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abundance of the aromatic species in the BO gas phase com-
pared to GTL and RME can again be explained by the differ-
ences in their fuel composition. The higher amount of aro-
matic hydrocarbons in the BO fuel, leads to higher amounts
of smaller aromatic compounds by pyrolysis of larger PAHs
during the combustion process. The increased amount of
alkanes in the GTL gas phase reflects the high abundance
of n- and iso-paraffins in this fuel.

To consider whether other chemical compounds were
highly abundant in GTL and RME but not found in the BO,
we additionally summarized the 30 most abundant com-
pounds found in GTL and RME gas phase (Table S18). The
analysis confirmed that the GTL gas phase mainly consists
of highly abundant alkane peaks. Most of the components
found in the RME gas phase showed smaller abundances
compared to GTL and B0, as can already be observed in
Table 5. Besides alkanes and aromatic compounds, the pres-
ence of FAMEs in the RME gas phase could be confirmed
(Table S18).

The gas phase samples evaluated in the previous chapter
considered only the sampling of volatiles at TP during TeC.
To study in which extent the LHD operator is exposed to
volatiles, known to have adverse health effects, we targeted
distinct aromatic compounds and included different exposure
scenarios which were addressed by our experimental design.
Absolute concentrations were determined by equivalent iso-
tope-labeled ISTDs.

The three main parameters for the exposure were as fol-
lows: (1) use of different fuels, (2) engine conditions, and (3)
sampling position. First, we found that the concentration of
the targeted mono- and diaromatic hydrocarbons in the gas
phase of the three fuels was observed to be highest for BO
(Table 6). Second, the concentrations calculated during TeC
and HI were higher during TeC for most of the compounds
independent of fuel type and sampling position. Third, the
concentrations measured at the main sampling position (TP)
were found to be several times higher for most of the tar-
geted compounds (except for toluene) in comparison to the
OP sampling position.

The influence of the different fuel types will exemplarily
be discussed for the TeC conditions at the tailpipe (TP). For
benzene, we determined a concentration of 311 pg m™ for
BO in comparison to 286 ug m~ for GTL and 210 pg m™
for RME in the gas phase. Toluene concentrations could only
be determined for BO (103 pg m™) and RME (87.8 pg m™),
as the isotope-labelled standard (toluene-d8) and, thus, the
native toluene peak are co-eluting with a highly abundant
alkane peak in the GTL samples. O-xylene could only be
determined in the BO gas phase with a concentration of
153 pg m~°. Naphthalene concentrations were similar for
B0 (19.5 pg m™?) and GTL (22.7 ug m™) but four times less
in RME (3.78 pg m~2). Biphenyl showed the lowest amount
calculated for the targeted gas phase compounds for all fuel
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Table5 Table based on the Compound Peak no.*  Class Rel. Abundance® (%)

30 most abundant peaks found

in the gas phase of the BO BO GTL RME

during test cycle at the tailpipe.

Retention time (RT) and mass Benzene 1 Aromatic 48.05 4.92 100.00

spectra similarity was used for Undecane 20 Alkane 100.00  82.10 26.90

somponentidentncanp Decane 12 Alkane 100.00  100.00 31.94
Dodecane 26 Alkane 73.00 33.11 15.32
Nonane 5 Alkane 43.02 85.23 24.31
Toluene 2 Aromatic 37.99 3 76.21
Tridecane 29 Alkane 37.99 21.10 4.80
Mesitylene 13 Aromatic 35.70 2.17 3.33
p-Xylene 4 Aromatic 25.40 0.83 9.96
Decane, 4-methyl- 14 Alkane 24.49 2.53 3.39
Tetradecane 30 Alkane 23.11 6.13 23.23
Benzene, 1,2,3-trimethyl- 15 Aromatic 20.98 - 1.08
Undecane, 3-methyl- 25 Alkane 20.09 %.13 2.09
Undecane, 2-methyl- 24 Alkane 19.77 10.20 3.36
Nonane, 3-methyl- 9 Alkane 19.08 9.44 1.56
Decane, 5-methyl- 17 Alkane 17.73 8.61 3.86
Undecane, 2,6-dimethyl- 27 Alkane 16.32 1.98 0.62
9-Octadecen-1-ol, (Z)- 19 Alcohol 16.18 - 1.44
Nonane, 2-methyl- 8 Alkane 15.56 8.37 1.93
Decane, 4-methyl- 18 Alkane 14.74 9.04 2.15
Tetradecane, 2,6,10-trimethyl- 28 Alkane 14.28 1.15 4.23
Benzene, 1-ethyl-3-methyl- 10 Aromatic 13.50 0.18 0.92
Cyclohexane, butyl- 16 Naphthene 12.65 0.55 -
trans-Decalin, 2-methyl- 22 Naphthene 12.59 0.25 -
Octane, 4-methyl- 3 Alkane 12.56 9.44 7.18
o-Xylene 6 Aromatic 12:27 - -
Octane, 2,6-dimethyl- 7 Alkane 12.01 1.58 =
trans-Decalin, 2-methyl- 21 Naphthene 11.95 0.47 1.36
Undecane, 5-methyl- 23 Alkane 11.74 8.37 1.33
Benzene, 1-ethyl-3-methyl- 11 Aromatic 11.53 - 1.63

Peak no.: the numbering of the peaks refers to the statistical analysis (Fig. S4)

“Relative abundance was calculated based on the area using TIC

*Toluene-d8 is coeluting with a highly abundant alkane peak and, thus, native toluene might not be detect-

able

types. As biphenyl could not be determined for the TP-TeC
condition for GTL, we compared the TP-HI concentrations
for BO, GTL, and RME. The concentration of biphenyl found
in BO gas phase (1.08 pug m™") was twice as high compared
to GTL (0.432 g m~>) and RME (0.558 pg m™>).

The comparison of the different engine conditions (TeC,
HI) showed higher compound concentrations during TeC
for benzene, o-xylene, and naphthalene for GTL and RME
(Table 6). The concentrations for toluene and naphthalene
were comparable between TeC and HI in the BO gas phase
at the TP position. The concentration of biphenyl was higher
during HI than during TeC at the TP but not at the OP posi-
tion. As concentrations of the targeted compounds were up
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to 23 times lower for the OP compared to the TP sampling
site (e.g. O-xylene in BO samples), we expect mainly dilu-
tion factors being responsible for this decrease. Although,
we were able to confirm dilution effects due to the distance
of the OP compared to the TP for the targeted compounds
(except for toluene), we were still able to measure concentra-
tions as high as 55.7 pg m~> for benzene and 13.7 pg m™>
for o-xylene in the BO gas phase. Concentrations of naph-
thalene and biphenyl were 0.535 pg m™> and 0.245 pg m—>
at maximum at the OP.

As VOCs have a relatively high vapour pressure, their
main exposure pathway is through inhalation. Benzene, tolu-
ene, and xylene (BTX) compounds have high potential for
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Table 6 Targeted aromatic hydrocarbons in the gas phase samples of
BO, GTL, and RME are summarized. Samples were taken at the tail-
pipe and at the operator level during test cycle and at high idling con-
ditions. Concentrations were normalized to sampling volume in m®.
Single measurements are listed if not stated differently

Benzene Toluene o-Xylene Naphtha-  Biphenyl
(igm™) (pgm™®) (ugm?) lene(ug  (pgm™)
m‘3)
BO
TP-TeC! 311 103 153 19.5 0.648
TP-HI' 226 108 115 21.2 1.08
OP-TeC 55.7 2 6.61 0.535 0.245
OP-HI 568 95.5 13.7 0.314 0.168
GTL
TP-TeC 286 22 = 227 =
TP-HI 138 2 z 11.9 0.432
OP-TeC - o2 - 0.465 0.121
OP-HI  40.6 22 = 0.395 0.079
RME
TP-TeC 210 87.8 - 3.78 0.197
TP-HI 118 84.2 = 1.19 0.558
OP-TeC 7.10 15.8 = 0.294 =
OP-HI - = - 0.185 0.128

!Mean values (n=2) are depicted

Toluene-d8 is coeluting with a highly abundant alkane peak and,
thus, native toluene might not be detectable

TP tailpipe, OP operator, TeC testcycle, HI high idling

bioaccumulation and are implicated in cancer and tumour
cases in humans (Kuranchie et al. 2019). Acute effects of BTX
exposure could include eye, nose, and skin irritation as well as
headaches, tiredness, and dizziness. A chronic exposure to these
VOCs could consequently pose a risk for cancer as well as it
could damage liver, kidneys, heart, lungs, and other organs (Kur-
anchie et al. 2019). Benzene is the most toxic component and has
been confirmed to be carcinogenic to humans (group 1) by the
US EPA (Kuranchie et al. 2019; Mihajlovi¢ et al. 2021). After
inhalation, benzene is converted to toxic metabolites and can
produces mutagenic properties (Kuranchie et al. 2019). Toluene
is known to induce skin and eye irritations and operates depres-
sant on the central nervous system (CNS). Xylenes are irritants
for the eye, skin, and mucous membrane and can cause among
others respiratory and gastrointestinal damage (Kuranchie et al.
2019). Naphthalene has been categorized as possibly carcino-
genic to humans (group 2B) by the International Agency for
Research on Cancer (IARC) (Yost et al. 2021). While epidemio-
logical studies are limited to two occupational exposure studies
which demonstrated limited evidence for effects on the nerv-
ous system of the workers by exposure to biphenyl above the
occupational threshold limit value (1.3 mg m™), experimental
animal studies of ingested biphenyl provided consistent evidence
for renal and some evidence for liver toxicity (Li et al. 2016).
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Moreover, carcinogenicity of biphenyl is summarized by the US
EPA (2005a) as “suggestive evidence of carcinogenic poten-
tial” based on increased incidence of urinary bladder tumours
in rats and liver tumours in mice after biphenyl exposure (Li
et al. 2016).

In summary, we demonstrated that the concentrations cal-
culated for these targeted aromatic compounds were higher
in the BO gas phase compared to GTL and RME gas phase.
Thus, potentially hazardous air pollutants, in particular aro-
matic compounds, were determined with the highest concen-
trations in the gas phase and on the PM of BO combustion
aerosol. This implies the potential benefits of a change in
fuel type from a health perspective.

Strengths and limitations

This study was carried out under realistic exposure conditions
to gain important information on the exposure situation of the
mine workers. The choice of this sampling place and the sam-
pling itself has some limitations. The LHD vehicles used are
optimized for the use of BO fuel and, thus, exposure profiles
of GTL and RME could be influenced by non-optimal engine
settings. As the sampling was conducted without movement of
the LHD vehicle the influence of abrasion of break and tire wear
cannot be included in this study. An advantage of this setup is
that the analysis of elemental composition of the combustion
particles is not influenced by elements resulting from abrasion.
Moreover, the sampling of PM, 5, PM,, .5, and gas phase enabled
a comprehensive characterization of the combustion aerosol of
these fuels. The advanced data analysis and evaluation using
GCXGC-ToFMS enabled a group-type comparison of methyl-
ated PAHs as well as a semi-quantification of targeted unsub-
stituted PAHs and, thus, the determination of BaPTEQ values.
Furthermore, gas phase was sampled at two sampling positions,
including the position of the LHD operator, which enabled the
assessment of a realistic exposure profile of VOCs for those
operators. Based on the chemical characteristics, including the
amount of metals and aromatic species released by the com-
bustion of the different fuel types, which reflect compounds of
potential health concern, we were able to identify BO as fuel that
released the highest amount of compounds of potential health
concern in comparison to GTL and RME.

Conclusion

A decreased release of greenhouse gases, less environmental
impact, and a reduced dependency of developing countries
on fossil fuels are key factors of sustainable development.
In this study, we wanted to evaluate a possible improve-
ment of the exposure situation when exchanging fossil fuel
with alternative fuels (GTL, RME). We demonstrated that
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chemical compounds such as (methylated) PAHs, metal ele-
ments (Cu, Fe), and other aromatic species are released from
heavy-duty machinery to a greater extent when fueled with
BO compared to GTL and RME. Moreover, the calculated
BaPrgq value was highest for BO, followed by RME and
GTL. Gas phase analysis of the different fuels showed high-
est concentrations for the targeted aromatic species (BTX,
naphthalene, biphenyl) released from B0 followed by GTL
and RME. The concentration of these compounds was still
elevated at the position of the LHD operator. This implies
potential adverse health effects for workers operating this
heavy-duty machinery. The use of GTL and RME would
release less (methylated) PAHs, metals, and other aromatic
species compared to BO, which could consequently lead to
a lower toxicological potential of the combustion aerosol.
Nevertheless, the use of GTL and RME would still lead to
substantial amounts of (methylated) PAHs and VOCs such
as benzene and toluene, which should not be neglected.

Future studies should focus on the biological evaluation
of these aerosols and their potential toxicological response,
as research on the toxicological potential of distinct aerosol
components such as methylated PAHs is still limited. Fur-
thermore, we suggest the implementation of TEF values for
methylated PAHs to ensure a more comprehensive toxico-
logical evaluation of complex aerosol samples.
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Appendix C: Certificate of Analysis of the PAH Mix

Certificate of Analysis Certified
Reference
QTM PAH MIX 1X1ML,2000UG/ML,DICHLOROMEHTANE .
Material
Product I CRM4T930
Lot LRACOS500
Expiration Date COctober 2021
MFG Date October 2018
Storage Conditions  Refrigerate
Solvent/Matrix DICHLOROMETHANE
Analyte Hinits fe;lrh[;_:ﬁn:d 14 Aﬂ;:};ﬂﬁ:ﬂ.l ."u‘u;;ﬁ:::r;’rﬂ R .'::-;n-n'm' E;'g'r:rﬂ cAS
MAPHTHALENE pg/mi 2000 + 191 2070 99,9 16412TN 1 91-20-3
ACENAPHTHENE pg/mi 2000 + 200 2130 99.9 MKCCB328 2 83-32-9
2-BROMONAPHTHALEME pa/ml 2000 + 441 2020 99,9 LBa4855 3 580-13-2
ACENAPHTHYLENE pg/mi 2000 £ 196 2080 99,6 LC20822 4 208-96-8
FLUORENE pag/mi 2000 £ 200 2110 99,4 LC19128 5 86-73-7
PHENAMTHRENE pg/mi 2000 + 200 2070 99.1 LB32356 6 85-01-8
ANTHRACENE pa/mil 2000 £ 199 2070 99.9 LC14310 7 120-12-7
FLUORANTHENE pg/mi 2000 + 199 2090 ag,2 LCOB645 8 206-44-0
PYRENE pg/mi 2000 + 207 2180 91.6 LB7OTE 9 129-00-0
BEMZO (A) ANTHRACEME pg/mil 2000 + 193 2040 99.9 LC18271 10 56-55-3
CHRYSEME pa/mi 2000 + 200 2090 99 21L74 11 218-01-9
BENZO (B) FLUORANTHENE pg/mi 2000 + 204 2100 99,5 LB95TTE 12 205-99-2
BENZO (A) PYRENE pg/mi 2000 + 194 2040 100 SLBVE458 14 50-32-8
INDEND (1,2,3-CD) PYRENE  pa/mil 2000 + 198 2080 99.5 ZRO82107-0: 15 193-39-5
DIBENZ (A, H) ANTHRACENE  pa/ml 2000 + 198 2080 99,7 LC18254 15 53-70-3
BENZO (G,H,I) PERYLENE pg/mi 2000 + 195 2050 98,8 LC1E26 16 191-24-2
SIGMA-ALDRICH

2501 Soldier Speings Rd Laramis, Wyaming B2070 USA
ACGRAEGITED ACCRAEGITED 07-T42-54sz
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