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The contents of Chapters 3 and 4 are being prepared for submission to an ISl-accredited
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Atmospheric Environment (Elsevier).
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ABSTRACT

The impacts of atmospheric particulate matter (PM) are co-determined by chemical
composition. PM with aerodynamic diameter < 2.5 ym (PM;s) typically contains a significant
fraction of organic- (OC), elemental carbon (EC), water-soluble inorganic ions and organic acids
(OA), which can affect climate, air quality, human health, acid deposition and visibility.
Exceedances of PM with aerodynamic diameter < 10 um (PM,o) associated standard limits are
frequent in many regions in the South African interior (SAAQIS, 2018). However, very little data
have been published regarding PM’s chemical composition. This research presents a multi-year
aerosol dataset for South Africa, as determined at two regional background sites (Skukuza and
Louis Trichardt, i.e. SK and LT), and two sites that are more directly impacted by nearby
industrial emissions (Vaal Triangle and Amersfoort, i.e. VT and AF) operated within the

Deposition of Biogeochemical Important Trace Species (DEBITS) project.

24-hour PM,s and PMy, aerosol samples were collected on quartz and Teflon filters, once a
month from March 2009 to December 2015, at each of the four sites. The quartz filters were
analysed on a Desert Research Institute (DRI) analyser 2001 Model and a Sunset OCEC Dual
Optical Lab Instrument (Version 6.4) for OC and EC contents, while the Teflon filters were

analysed with an ion chromatograph (IC) to obtain the water-soluble inorganic and OA contents.

Results indicated that the mass fractions of organic carbon (OC) and elemental carbon (EC) at
all four sites were lower than what is typical within a developed world context; not due to lower
concentrations, but due to the larger fractional contributions from especially sulphate (SO,%).
Open biomass burning was found to contribute to elevated OC and EC levels on a regional
scale. However, household combustion for space heating in semi- and informal settlements
made a substantial local (e.g. at VT) and noticeable regional (e.g. at AF and SK) OC and EC
contribution. Additionally, industrial and/or vehicle emissions contribute to the baseline OC and
EC levels year-round, while oxidation of volatile organic compounds (VOCs) during the wet

season will also contribute to OC levels.

The highest concentration of water-soluble ions was reported for the PM, 5 size fraction, and in
this size fraction SO,* had the highest concentrations, followed by OA. Spatial assessment
showed that the VT had the highest S0,* and NH," concentrations, followed by AF, SK and LT,
while the NO;™ concentrations were the highest at VT, followed by SK, AF and LT. NH," was
found to be the most probable cation to neutralise the acidic ions in the PM, 5 size fraction at all
the sites. Back trajectories, diagonal correlation graphs, principal component analysis (PCA),
calculations of sea-salt fractions (SSFs) and non-sea-salt fractions (nSSFs), as well as other
empirical calculations were used to determine possible source contributions from marine,

terrigenous, fossil fuel use, biomass burning, NH, -associated and OA-associated sources. At
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all sites in the PM,s size fraction, fossil fuel use, NH,-associated and terrigenous sources
contributed most to the water-soluble ion and OA content. However, the fractional marine
influence at SK and LT were higher than at the other sites. Aerosol mass closure indicated that
organic matter (OM), derived from the OC mass, was the most significant contribution to the
PM, s aerosol mass percentage at all sites, with SO,* making the second largest contribution at
all sites.

Keywords: Aerosol, Deposition of Biogeochemical Important Trace Species (DEBITS),
International Network to study Deposition and Atmospheric chemistry in Africa (INDAAF),
organic carbon (OC), elemental carbon (EC), water-soluble inorganic ions, organic acids,

chemical composition, mass closure
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CHAPTER 1

BACKGROUND, MOTIVATION, OBJECTIVES AND
APPROACH

In this chapter... the background and motivation are presented in section 1.1, the objectives in
section 1.2, and approach in section 1.3.

1.1 Background and motivation

The impacts of atmospheric aerosols on climate and general air quality are determined by their
physical (e.g. size, mass, structure, and optical properties) and chemical properties (chemical
composition) (Seinfeld and Pandis, 2016). Typical chemical species present in atmospheric
aerosols include alumina-silicates (e.g. from wind-blown dust), black carbon (BC) or elemental
carbon (EC) (depending on analytical technique applied, with definitions according to Petzold et
al., 2013), organic carbon (OC), sulphates (SO,%), nitrates (NO3), ammonium (NH,") and trace
metal species. Aerosols are generally classified according to their size, e.g. PMy, (aerodynamic
diameter < 10 um), PM,s (aerodynamic diameter < 2.5 um), PM; (aerodynamic diameter <1
um), and PMg; (aerodynamic diameter <0.1 um) (Slanina and Zhang, 2004). General
detrimental effects of atmospheric aerosol pollution on human health include increased
cardiopulmonary and respiratory diseases (Gauderman et al., 2004), while PMy; can diffuse
through the membranes of the respiratory track into the blood stream (Oberdorster et al., 2004).
Major environmental impacts of atmospheric aerosol pollution include acid deposition and
eutrophication (Lazaridis et al., 2002). The baseline of uncertainty associated with aerosol
radiative forcing is large, and depends on the afore-mentioned aerosol characteristics, which

can vary significantly on a regional and global scale (Slanina and Zhang, 2004; IPCC, 2013).

Atmospheric BC (or EC, depending on analytical technique applied) is emitted as a primary
species, while OC can consist of primary and secondary aerosols (Putaud et al., 2004). Major
sources of OC and BC include incomplete combustion of fossil fuels, biomass burning and
traffic emissions. OC can be formed through the oxidation of volatile organic compounds
(VOCs) from both anthropogenic and biogenic sources. BC absorbs terrestrial long-wave
radiation that has a warming effect on the atmosphere, while OC, depending on its chemical
properties, could absorb or reflect incoming solar radiation (Bond et al., 2013; Laskin et al.,

2015). It is generally accepted that OC has a net cooling effect (Ramanathan and Feng, 2009;
1



Bond et al., 2013; Caserini et al., 2013; IPCC, 2013). BC is considered to be the second most
important contributor to global warming, after carbon dioxide (CO;) (Bond and Sun, 2005; IPCC,
2013). Aerosol SO,* and NO3 are formed through the oxidation of sulphur and nitrogen oxides
(which include cloud processing), respectively, which are gas species that can cause health
problems. SO,* and NOj3 are two of the most important species in aerosol and wet deposition
(Vet et al., 2014). The deposition of inorganic compounds can be beneficial (e.g. nutrients) or
detrimental (e.g. eutrophication) to the environment (Charlson et al., 1992). Particulate SO,*
and NOj3; enhance the reflectivity of atmospheric aerosols, which has a cooling effect (IPCC,
2013). Sulphur and nitrogen oxides are generally emitted from fossil fuel combustion processes
(Graedel and Crutzen, 1995; Van Loon and Duffy, 2005; Lourens et al., 2011). NH,", derived
from ammonia (NHs3) emissions, is usually associated with agricultural activities and some
industrial processes (Brasseur et al., 1999; Van Loon and Duffy, 2005; Seinfeld and Pandis,
2016).

Although Africa is regarded as one of the largest source regions of anthropogenic atmospheric
OC and BC (Liousse et al.,, 1996; Kanakidou et al., 2005), it is one of the least studied
continents. Within Africa, southern Africa is an important source region. Biomass burning
(anthropogenic and natural) is endemic across this region (Swap et al., 2003), especially during
the dry season when almost no precipitation occurs in the interior (Laakso et al., 2012). South
Africa is the economic and industrial hub of southern Africa, with large anthropogenic point
sources (Lourens et al.,, 2011; Pretorius et al.,, 2015), which lead to elevated levels of
atmospheric SO, and NO; (Dhammapala, 1996; Martins, 2009; Engelbrecht, 2009).
Agricultural cultivation activities, during which fertilisers are added that can contribute to
elevated levels of aerosol NH,", are widely practised in South Africa (DAFF, 2016). Conradie et
al. (2016) also indicated significant influences from terrigenous and marine sources on ionic

species in rain water in South Africa.

Notwithstanding the elevated levels of aerosol OC and BC, as well as various inorganic ionic
species in the ambient atmosphere of the South African interior, and the importance of these
species within human health, environmental and climate perspectives, relatively limited papers
related to such topics have been published in the peer-reviewed public domain. Reviews of
such literature related to OC and BC, as well as water-soluble inorganic ions and organic acids,
are presented in sections 2.1 and 3.1, respectively. From these reviews, it is evident that no
long-term OC and BC data have been published for South African regional background sites,
with very limited publications considering water-soluble inorganic ions and organic acids.
Chiloane et al. (2017) presented some PM;, OC and EC concentration data for a limited number
of regional background sites. However, these authors only used the data to give regional

context to an industrially impacted site that was considered in greater detail. Aurela et al. (2016)
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presented PMy,, PM, s and PM; OC and EC, as well as water-soluble inorganic ions and organic
acid concentrations, determined from a very limited number of aerosol samples for a single
regional background site. Tiitta et al. (2014) presented relatively detailed descriptions of eBC,
organic aerosol, SO,*, NO; and NH," contents only for PM, measured at a regional
background site sampled over a one-year period. Venter et al. (2018a) recently published
water-soluble ionic contents for a regional background site, as well as an industrial and

household combustion influenced site, but did not quantify OC and EC/BC.

1.2 Objectives

The general aims of this study were to conduct a long-term assessment of the OC and EC, as
well as water-soluble chemical compositions of aerosols in the South African interior. The

specific objectives of this study were as indicated below.

1. Perform long-term assessment of OC and EC aerosol concentrations in the South
African interior. This assessment should include evaluating spatial and temporal patterns, mass
fractions of the total aerosol mass and possible source contributions.

2. Conduct similar (to Objective 1) assessment of aerosol water-soluble inorganic ions and

organic acids at the same sampling sites.

1.3 Approach

In order to meet the objectives, it was decided to deal with each objective in a separate chapter,
i.e. Chapter 2 for Objective 1 and Chapter 3 for Objective 2. This is a somewhat unorthodox
approach, since there are not separate literature and experimental/method chapters in this
thesis. However, this approach allowed the candidate to present literature and experimental
aspects that were focused on each of the objectives, instead of, for instance, presenting a
separate literature survey that is very broad. In Chapter 4, mass closure of the overall aerosol
mass, including species considered in Chapters 2 and 3, will be considered. Therefore,
Chapter 4 is linked to both Objective 1 and 2. In the final chapter, i.e. Chapter 5, the main
conclusions of the three separate chapters were summarised, the project was evaluated in
terms of the objectives and future perspectives presented. A simple mind map of the entire

thesis is presented in Figure 1-1.
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CHAPTER 2

PARTICULATE MATTER OC AND EC ASSESSMENT

In this chapter... Literature relevant to organic- (OC) and elemental carbon (EC) is presented
in section 2.1. In section 2.2, experimental aspects, including sampling sites (section 2.2.1),
sampling methods (section 2.2.2), analyses (sections 2.2.3), air mass histories (section 2.2.4),
and fire locations (section 2.2.5) are discussed. Results and discussions are presented in
section 2.3, which includes the spatial- (section 2.3.1), temporal assessment (section 2.3.2) and
source insights (section 2.3.3). Section 2.4 summarises the conclusions from this chapter. This

chapter is linked to Objective 1, as stated in section 1.3.

2.1 Literature survey

2.1.1 Impact of aerosols

As indicated in Chapter 1, atmospheric aerosols are of great interest to the scientific community,
because they directly and indirectly affect global and regional climate (Jen and Wu, 2008;
Ramanathan and Feng, 2009; Laakso et al., 2010 and references therein; IPCC, 2013; Seinfeld
and Pandis, 2016), general air quality (Venter et al., 2012; Butt et al., 2015), human health
(Gauderman et al., 2004; Huttunen et al., 2012; Butt et al., 2015; Siponen et al., 2015), acid
deposition and/or eutrophication (Lazaridis et al., 2002; Pdschl, 2005; Seinfeld and Pandis,
2016), and visibility (Fourie, 2006; Zhao et al., 2013; Seinfeld and Pandis, 2016; Yu et al., 2016;
Mukherjee and Agrawal, 2017). Atmospheric aerosols directly influence climate by scattering
and absorbing solar radiation, and indirectly influence climate by causing an indirect radiative
effect when aerosol particles act as cloud condensation nuclei (CCN) and ice nuclei (IN), which
modulates cloud properties (IPCC, 2013; Seinfeld and Pandis, 2016; Gunsch et al., 2018). The
fine particulate matter (e.g. typically PM,s) is mostly responsible for the adverse health effects
caused in humans (e.g. cardiovascular- and pulmonary diseases) (Pope Ill and Dockery, 2006).
Visibility is reduced by particulate matter that scatters and absorbs sunlight (Seinfeld and
Pandis, 2016). The influences of aerosols (including the radiative forcing characteristics) and
their atmospheric lifetime (which can be in the range of hours to weeks) are determined by their
physical and chemical properties (e.g. size, mass, structure, chemical composition,
concentration of compounds and optical properties), which can differ on global and regional
scales (Charlson et al., 1992; Slanina and Zhang, 2004; IPCC, 2013; Seinfeld and Pandis,



2016). Obviously, aerosol lifetime is also much longer in free troposphere or stratosphere than

in the planetary boundary layer (PBL).

2.1.2 Size classification and chemical composition of aerosols

Aerosols/particulate matter (PM) can be classified according to their size, e.g. PMy, (i.e.
aerodynamic diameter < 10 um), PM,s (i.e. aerodynamic diameter <2.5um), PM; (i.e.
aerodynamic diameter <1 ym) and PMy; (i.e. aerodynamic diameter < 0.1 pm) (Slanina and
Zhang, 2004; Péschl, 2005). PM, s particles typically consist of sulphates (SO4*), nitrates (NOg
), strong acids, ammonium (NH,"), trace metal species, water (Pfeiffer, 2005; Hsu et al., 2017),
carbonaceous species (i.e. OC, black carbon (BC) or EC, depending on the analytical technique
applied, according to Petzold et al., 2013). PM;, would also include a significant aeolian dust
fraction (Tyson and Preston-Whyte, 2000; Pfeiffer, 2005). Aerosol BC is considered to be the
second most important species contributing to global warming, after carbon dioxide (CO,) (Bond
and Sun, 2005; IPCC, 2013). Although it is compound specific, incoming solar radiation is
largely reflected by OC compounds, which cause a cooling effect on the atmosphere
(Ramanathan and Feng, 2009; Bond et al., 2013; Caserini et al., 2013; IPCC, 2013).

2.1.3 OC and EC sources

Primary aerosols are defined as being directly emitted from sources into the atmosphere and
secondary aerosols are formed through gas-to-particle conversion processes in the
atmosphere. BC and/or EC aerosols are emitted as primary atmaospheric species, while OC can
be emitted as primary (POC) species from both natural and anthropogenic sources or
secondary OC (SOC) can form in the atmosphere (Putaud et al., 2004; Szidat et al., 2009).
Atmospheric aging processes (i.e. heterogeneous reactions and gas-to-particle partitioning)
could result in the chemical composition changing over time (Moffet and Prather, 2009; Riemer
and West, 2013). For instance, the oxidation of volatile organic compounds (VOCs) from
biogenic and/or anthropogenic sources can lead to SOC. The primary sources of OC and BC or
EC include incomplete combustion of fossil fuels (e.g. coal and oil), open biomass burning,
traffic emissions and household combustion (e.g. for space heating and cooking) (Pdschl, 2005;
Fourie, 2006; Bond et al., 2013; Seinfeld and Pandis, 2016).

2.1.4 Classification and terminology

OC was defined by Shah and Rau (1990) (according to Petzold et al., 2013) as many
compounds that consist of carbon, which are chemically combined with hydrogen and/or
elements such as oxygen, sulphur, nitrogen, phosphorous and chloride. The chemical
composition of OC is very complex and therefore single component identification is relatively
difficult, although not impossible. Broadly, OC can be divided into two subcategories, i.e. water-

soluble OC (WSOC) and water-insoluble OC (WISOC) (Zappoli et al., 1999; Sullivan and
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Weber, 2006). WSOC consists of oxygenated compounds such as di- and polycarboxylic acids,
fatty acids, as well as carbohydrates and their derivatives, while WISOC consists of alkanes,
alkanals, alkanons, waxes, proteins, plant fragments and bio-aerosols (i.e. small living
organisms) (Pdschl, 2005; Szidat et al., 2009). Both of the afore-mentioned OC sub-categories
impact the atmosphere (Facchini et al., 1999). WSOC has hygroscopic properties that act
effectively as CCN and thereby affect climate by increasing the amount and lifetime of clouds
(Wozniak et al., 2012). According to Decesari et al. (2000), WSOC can be divided into three
main groups (i.e. neutral compounds, mono-/dicarboxylic acids and polyacids) by using
acid/base characteristics. Kiss et al. (2002) and Mayol-Bracero et al. (2002) refer to polyacidic
compounds as HULIS (i.e. humic-like substances). HULIS can be of either primary or secondary
origin (Sullivan and Weber, 2006). Furthermore, hydrophilic WSOC consists of highly
oxygenated compounds that have low molecular weights (e.g. aliphatic carboxylic acids,
carbonyls, saccharides and amines), whereas hydrophobic WISOC consists of compounds with
higher molecular weights (e.g. aliphatic carboxylic acids and carbonyls, aromatic acids, phenols,
organic nitrates, cyclic acids and fulvic acids) (Bae and Park, 2013). Generally, WSOC is taken
up easier by biological systems (e.g. human blood and lungs) than WISOC, which contributes to
the adverse human health effects of WSOC mentioned earlier (Swanson et al., 2007; Mills et al.,
2008a). Categorisations of OC can also be done based on functional groups, as is common in
organic chemistry, through the use of analytical techniques such as Fourier transform infrared
(FTIR) spectroscopy, proton nuclear magnetic resonance (HNMR) spectroscopy or gas
chromatography followed by mass spectrometry (GC-MS) (Liu et al., 2012; Matsumoto et al.,
2014). All the afore-mentioned OC classifications, along with their volatility characteristics, can
assist scientists in understanding the chemical properties, formation mechanisms, sources and
impacts of atmospheric OC better (Yu et al., 2004a; Matsumoto et al., 2014). The volatility of
OC reflects the molecular weights of the compounds that make up the OC (Miyazaki et al.,
2007). Huffman et al. (2009) reported that SOC particles had similar volatilities, which were
lower than that of other organic particles, however, Ehn et al. (2014) stated that the volatility of

secondary organic aerosol (SOA) ranges from extremely low to semi-volatile.

Goldberg (1985) generally defined BC as a substance that was produced through incomplete
combustion of fossil fuels and biomass burning (Petzold et al., 2013). Bond et al. (2013)
describe BC as a strong absorbent of visible light, it is refractory, it has a volatising temperature
close to 4000K, it is insoluble in water and organic solvents (e.g. methanol and acetone), and it
consists of small carbon spherules with a diameter that could range from <10nm up to 50nm.
According to Petzold et al. (2013), the recommended definition of BC is that it is a light-
absorbing atmospheric aerosol carbonaceous substance, but different measurement techniques

are required for a more quantitative description. Therefore, equivalent BC (eBC) refers to BC
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data acquired with an optical absorption method, with mathematical conversion required to
transform the light absorption coefficient to mass concentration (Petzold et al., 2013). Shah and
Rau (1990) defined EC as an only carbon consisting substance, meaning that it is not bound to
any other elements and can exist in a crystalline or amorphous structure (Petzold et al., 2013).
Petzold et al. (2013) recommended that the term EC, instead of eBC, be used for data that are
specific to carbon content of carbonaceous matter and analysed by a thermal-optical method.

In the current study, EC was measured, not BC or eBC. However, as is evident from the above-
mentioned discussions, the terms are not the same. Therefore, in subsequent discussions, the
terms EC, BC and eBC are used according to the definitions recommended by Petzold et al.
(2013).

2.1.5 OC and EC in southern and South Africa

Africa is considered as one of the largest source regions of anthropogenic OC and BC (Liousse
et al., 1996; Kanakidou et al., 2005). Within Africa, southern Africa is a major sub-source region.
Open biomass burning (anthropogenic and natural), which emits significant amounts of
carbonaceous aerosols, is widespread across southern Africa during the dry season (Formenti
et al., 2003; Swap et al., 2004; Tummon et al., 2010; Laakso et al., 2012; Vakkari et al., 2014).
Open bhiomass burning plumes from southern Africa occasionally impact Australia and South
America (Swap et al., 2004). Emissions from such fires in southern Africa, as well as
transportation across the continent, have been studied through campaigns of the Southern
African Fire Atmospheric Research Initiative (i.e. SAFARI-92 and SAFARI-2000). In addition to
open biomass burning, South Africa is the industrial and economic centre of southern Africa,
with numerous large anthropogenic point sources that could potentially emit carbonaceous
aerosols. These include an array of very large coal-fired power stations (Mphepya et al., 2004;
Collett et al., 2010; Lourens et al., 2011; Beukes et al., 2013a; Pretorius et al., 2015; Chiloane
et al.,, 2017; Venter et al.,, 2017), large petrochemical operations that apply coal pyrolysis
processes (Lourens et al., 2011; Chiloane et al., 2017) and many pyro-metallurgical smelters
(e.g. base metals, ferroalloys, steel) that use carbonaceous reducing agents such as anthracite,
char and coke (Barcza, 1995; Roos, 2011; Kleynhans et al., 2016). Almost none of these
industries do de-SOy (i.e. removal of sulphur) or de-NOy (i.e. removal of nitrogen) their process
off-gas. A significant portion of South Africa’s population also lives in semi- or informal
settlements, where people are still to a large degree reliant on ineffective household combustion
using relatively low grade coal and/or wood for cooking and space heating (Venter et al., 2012;
Van Zyl et al., 2014; Giannakaki et al., 2016). Due to the mixed first- and third-world nature of

the South African economy, the vehicular fleet is also relatively aged when compared with first-



world countries (Lourens et al., 2012; Lourens et al., 2016). Therefore, significant carbonaceous

aerosol emissions can also be expected from this sector (Cao et al., 2004; Venter et al., 2012).

Notwithstanding the occurrence of numerous potential areas and point sources of OC and BC
(or EC) in South Africa, very little ambient OC and BC (or EC) data have been published for this
region in the peer-reviewed public domain. Formenti et al. (2003) reported OC and EC for a
limited number of filters sampled during SAFARI 2000 on board an aircraft during September
2000 in a smoke haze layer over the Atlantic Ocean, offshore from Namibia and Angola. Collett
et al. (2010) presented an hourly average diurnal plot for eBC measured at the Elandsfontein
monitoring station in the industrialised Highveld from April 2005 to March 2006. Hirsikko et al.
(2012) and Venter et al. (2012) used eBC data collected at Marikana (station in close proximity
to semi- and informal settlements, and pyro-metallurgical smelters) in 2008 to 2009 in order to
explain other observations without considering eBC in detail, while Laakso et al. (2012) did the
same for eBC data collected at Elandsfontein (station in industrialised Highveld) from 2009 to
2011. eBC mass concentration data gathered at Welgegund (a background site) were used by
Hyvérinen et al. (2013) to explain a new method, which entailed correcting eBC concentrations
measured with a multi-angle absorption photometer (MAAP). Tiitta et al. (2014) used the same
data to explore the chemical composition of PM; aerosols, which included eBC and organic
aerosols. In Kuik et al. (2015), the weather research and forecasting model, which included
chemistry and aerosols (WRF-Chem), was used to model anthropogenic emission contributions
to total eBC mass concentrations for four months in 2010. These authors found considerable
meteorology modelling underestimations and uncertainties, i.e. changes in wind direction and
the early beginning of the rainy season, which could have increased the wet deposition. Size
resolved (i.e. PM;, PM;,5s and PM,s,0) categorisation of organic compounds in aerosols,
according to organic functional groups, collected over a year sampling period at Welgegund,
revealed that the organic composition of aerosols in South Africa is complex (Booyens et al.,
2015). Feig et al. (2015) presented an initial analysis of eBC concentration data measured at
eight monitoring stations in the Vaal Triangle and Highveld Priority areas, which included the
seasonality, influence of meteorological conditions and the relationship with PM;q and PM;s
concentrations. Aurela et al. (2016) presented very limited OC and EC mass concentration data
derived from samples collected over 14 days during 2007 and 2008 at a regional background
site (Botsalano). Recently, Chiloane et al. (2017) presented eBC spatial and temporal (diurnal
and seasonal) assessments for various sites, as well as source contributions for a single
sampling site in the industrial Highveld. No spatial (e.g. covering several sites) and seasonal

data have been presented for OC.



2.1.6 Literature conclusions

Specifically considering the OC and BC (or EC)-related literature published in the peer-reviewed
public domain (section 2.1.5) indicates the lack of long-term ambient OC and EC data for South
African regional background sites. Although some eBC work has been done for southern Africa,
year-round data for OC and OC/EC ratio is absent. The data set in this study is the only one
providing OC/EC ratio values and enables studying inter-annual variability in OC and OC/EC
values. Objective 1 was therefore correctly formulated and if the goals set out in this objective
are achieved, a significant contribution to science can be made by this study.

2.2 Experimental

2.2.1 Sampling sites

Aerosol PM, s and PM,o samples were collected at four different sampling sites in the northern
interior of South Africa, operated within the Deposition of Biogeochemical Important Trace
Species (DEBITS), International Network to study Deposition and Atmospheric chemistry in
Africa (INDAAF) project (Galy-Lacaux et al., 2003; Martins et al., 2007), which is endorsed by
the International Global Atmospheric Chemistry (IGAC) programme and the World
Meteorological Organisation (WMQO). These four INDAAF sites were Vaal Triangle (VT),
Amersfoort (AF), Skukuza (SK) and Louis Trichardt (LT). The locations of these sites within a
regional southern African context are presented in Figure 2-1. Mphepya et al. (2004) previously
introduced the sites AF and LT, while Mphepya et al. (2006) introduced SK and Conradie et al.
(2016) previously introduced all these sites (i.e. VT, AF, SK and LT); therefore, only brief site
descriptions are presented in Table 2-1. Figures 2-1a to 2-1d present Google Earth images of
the areas surrounding these four measurement sites, which corresponds with the spatial extent
of the small rectangles indicated on the zoomed-in map in Figure 2-1. The information
presented in Figure 2-1 and Figure 2-2, as well as Table 2-1, will be contextualised with the

results presented later.
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Figure 2-1: Map of South Africa and zoomed-in area, indicating the location of the INDAAF sites, as well as provinces of South Africa and large point sources
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Table 2-1:

Short description of the INDAAF sites in southern Africa

Name, location and elevation

Description

Vaal Triangle (VT)
26°43'29"S 27°53'05"E,

1320 m amsl

Located in a grassland biome. The Vaal Triangle area is highly industrialised. Air
quality, which is affected by emissions from industries, traffic and household
combustion, is a major concern. Therefore, the area has been proclaimed a
national air pollution hotspot in terms of the South African National

Environmental Management Act: Air Quality (Gazette, 2005).

Amersfoort (AF)
27°04'13"S 29°52'02"E,

1628 m amsl

Located in a grassland biome. The sites are situated on the perimeter of the
internationally well-known NO, hotspot discernible from satellite observations
over the Mpumalanga Highveld of South Africa (Lourens et al., 2012). Therefore,
it can be expected that large point sources will affect air quality here. The area
wherein the site is located has also been proclaimed a national air pollution
hotspot in terms of the South African National Environmental Management Act:

Air Quality (Gazette, 2005).

Skukuza (SK)
24°59'35"S 31°35'02"E,

267 m amsl|

Located in the savannah biome. It should be regarded as a regional background
site, situated in one of the largest protected areas, i.e. Kruger National Park, in

the world.

Louis Trichardt (LT)
22°59'10"S 30°01'21"E,

1300 m amsl

Located in the savannah biome. It should be regarded as a regional background

site, where the surroundings are predominantly used for agricultural purposes.
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Picture 2-1: Instruments deployed at SK (photo courtesy of Carin van der Merwe).

Laakso et al. (2012) briefly discussed the meteorology of the South African Highveld and the
interaction between meteorological patterns and pollutant levels. According to Lourens et al.
(2012), and Laakso et al. (2012), the Highveld is internationally considered as an NO,
emission hotspot and significant amounts of CO,, SO, are also emitted there. Additionally,
high S0,* and NOj loads occur in the area (Josipovic et al., 2010; Conradie et al., 2016).
Industrial emissions, other emissions (e.g. household combustion, biogenic) and solar
radiation result in a very reactive pollution mix, which can build up due to a dominant anti-
cyclonic recirculation pattern (Tyson and Preston-Whyte, 2000). This occurs as a result of a
dominant continental high pressure cell over South Africa’s interior, especially from June to
middle October. Additionally, pollutants are trapped by low-level inversion layers, which
increase the ambient concentrations thereof (Tyson and Preston-Whyte, 2000). These
inversion layers are strong during the evening and early mornings, but break up in the
presence of sunlight heating. Korhonen et al. (2014) reported that the PBL over the Highveld
starts to grow three to four hours after sunrise, coinciding with the breakup of the afore-
mentioned inversion layers. However, the high-powered lidar used by Korhonen et al. (2014)
could only detect aerosols above 400m and therefore could not observe some of the early
morning PBL transition. Gierens et al. (2018) presented a method that is more suitable for
studying the early morning development of the PBL, by using ceilometer data. Most of the

precipitation occurs from middle October to April, which promotes pollutant washout, while
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almost no precipitation occurs from May to middle October, which further enhances pollutant

build-up.

2.2.2 Sampling methods

24-hour PM, 5 and PM,o aerosol samples were collected on quartz filters with a deposit area
of 12.56 cm?, once a month from March 2009 to December 2015 at each of the four sites.
This collection strategy was used, since it was the only logistically feasible approach — it was
impossible to conduct continuous measurements. A total of 656 samples were collected for
both size fractions (PM,s and PMyy) at all four sites, i.e. 164 samples for each site. A total of
328 blank samples were also collected, i.e. 82 for each site.

To prevent contamination, surgical gloves and tweezers were worn to handle the quartz
filters. Before sampling, the quartz filters were baked at 900°C in a fit-for-purpose furnace
(used solely for this application) for four hours. Thereafter, the filters were cooled in a
desiccator. The prebaked filters were visually inspected for flaws. The accepted filters were
weighed with a Mettler Toledo scale (XS1005 DualRange) that was calibrated and
accredited by SANAS. Afterwards the filters were stored in airtight Petri dish holders (in a
laboratory with relatively humidity less than 20.0%) until they were used for sampling.
MiniVol samplers were used during sampling (Baldauf et al., 2001). These samplers were
developed by the United States Environmental Protection Agency (US-EPA) and the Lane
Regional Air Pollution Authority. Programmable timers with battery backups for power cuts,
allowed samples to be collected at a constant flow of 5 L/min over the 24-hour sampling

periods. Prior to sampling, sampler flow rate was verified with a handheld flow meter.

After sampling, the filters were again stored in Petri dish holders and additionally placed in
plastic zip lock bags. These were then transported in a mobile refrigerator to the laboratory,
where they were stored in a standard commercial refrigerator. 24 hours before analysis, the
samples were removed from refrigeration and weighed with the Mettler Toledo scale just

before analysis.

2.2.3 0OC and EC analysis

Although EC cannot always be directly related to eBC (Watson et al., 2005), for South Africa
it has been stipulated that EC can be used as a proxy for eBC (correlation coefficient r =
0.83 between eBC and EC) (Sehloho et al., 2017). This implies that EC mass concentrations
determined by off-line sampling and laboratory analysis, as presented in this study, can be

used to extend the limited spatial coverage of online eBC measurements.
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Numerous methods can be used to analyse OC and EC samples collected on filters (Chow
et al., 2001). The Interagency Monitoring of Protected Visual Environments (i.e. IMPROVE)
thermal/optical (TOR) protocol instead of the National Institute of Occupational Safety and
Health (i.e. NIOSH) protocol was used in this study. Although both protocols deliver the
same amount of total carbon (TC), both also result in lower EC with the transmittance
values, due to the optical pyrolysis adjustment being higher for transmittance than
reflectance. This lower EC was more significant for very black filters, which could not detect
blackening (due to pyrolysis) by reflectance or transmittance (Chow et al., 2001). In this
study the appearance of the filters after sampling was light to dark brown, which would not
influence EC values as much as black filters. Furthermore, the NIOSH protocol adds some
of the EC measured, to the OC value during analyses, which is indicated by increased light
transmission and reflectance at 850°C. This could be due to mineral oxides in the sample
that supplies oxygen to carbon particles that is in close proximity, at this extremely high
temperature. In contrast, the IMPROVE protocol separates the OC and EC more accurately
during analyses (Chow et al., 2001), therefore, this protocol was the better choice for
analysing samples on both instruments described below and also in order to attempt
consistency for the analyses of samples (Chow et al., 1993; Chow et al., 2004;
Environmental, 2008; Guillaume et al., 2008). Due to logistical reasons, samples collected in
the period March 2009 to February 2015 were analysed on a Desert Research Institute
(DRI) analyser 2001 Model at the Laboratoire d’Aérologie (France), while samples collected
from March 2015 to December 2015 were analysed on a Sunset OCEC Dual Optical Lab
Instrument (Version 6.4) at the North-West University (South Africa) (Birch and Cary, 1996;
Birch, 1998). Both instruments have a detection limit of 0.2pug carbon/cm? (Chow et al., 1993;
Turpin et al., 1990), with a relative standard deviation (RSD) of 5.0% (Chow et al., 1993;
Birch and Cary, 1996). The exact procedures applied to these instruments were relatively
recently presented by Maritz et al. (2015) and Chiloane et al. (2017), and are therefore not
repeated here. The analysis in France was done by the candidate under the supervision of
an experienced analyst of the DRI analyser, although the analysis in South Africa was also
done by the candidate on a Sunset OCEC Dual Optical Lab Instrument, the analysts at

Sunset Laboratory Inc. did assist where necessary.

To ensure that the results obtained from the two different analytical instruments were similar,
12 randomly selected samples from each measurement site were analysed by both
instruments. The OC and EC mass concentrations obtained differed by less than 3.0%,
which is better than the precision (how close repetitive analyses are to one another) of
<5.0%, specified for these types of analytical instruments (Birch and Cary, 1996). Although a

reference sample was not analysed to indicate the accuracy (how close to the true value) of
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the methods applied, the notion that the results were also accurate was supported by the
two independent methods applied at two independent laboratories having very similar

results.

2.2.4 Air mass histories

Back trajectories of air masses were obtained using the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT 2014) model (version 4.8) (Draxler and Hess, 1997).
Meteorological data from the GDAS archive (of the National Centre for Environmental
Prediction (NCEP) of the United States National Weather Service), which is achieved by the
Air Resources Laboratory (ARL) (ARL, 2014), were used. Trajectories were modelled for 96
hours backwards and arriving on the hour, at a height of 100 m above ground level.
Therefore, for each 24-hour sample, 25 such back trajectories were calculated (one more
than the sampling hour period, since both the trajectories at start and end hour were
included). The maximum error margins reported for back trajectories calculated in this
manner are 15.0 to 30.0% (Stohl, 1998; Riddle et al., 2006; Vakkari et al., 2011). Individually
calculated hourly-arriving back trajectories were overlaid on a southern African map, divided
into 0.2x0.2° grid cells. A colour code indicating the percentage of trajectories passing over
each 0.2x0.2° grid cell was used, with red indicating the highest number of trajectory

overpasses.
2.2.5 Firelocations
The MODIS collection 5 burned area product (Roy et al., 2008; MODIS, 2014) was used to

determine fire locations.

2.3 Results and discussion

2.3.1 Spatial assessment and contextualisation of concentrations

In Figure 2-3, box and whisker plots of the PM, s (a) and PMy, (b) OC and EC concentrations
for the entire sampling period, for each measurement site, are presented together with
median OC/EC ratios, as well as box and whisker plots of the PM,s OC/EC ratios (c) for

each site.
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Figure 2-3: PM_s (a) and PMjg (b) OC and EC concentrations and OC/EC ratios (c) at the four INDAAF

sites. The red line indicates the median, the blue dot the mean, the top and bottom edges of the box
indicate the 25" and 75™ percentiles and the whiskers the 2.7 o (99.3% coverage if the data have a
normal distribution). Median OC/EC ratios are also indicated
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Figure 2-3 (continued):
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PMzs (a) and PMyo (b) OC and EC concentrations and OC/EC ratios (c) at the four

INDAAF sites. The red line indicates the median, the blue dot the mean, the top and bottom edges of the
box indicate the 25" and 75" percentiles and the whiskers the 2.7 o (99.3% coverage if the data have a
normal distribution). Median OC/EC ratios are also indicated
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Figure 2-3 (continued): PMgs (a) and PMjg (b) OC and EC concentrations and OC/EC ratios (c) at the four
INDAAF sites. The red line indicates the median, the blue dot the mean, the top and bottom edges of the
box indicate the 25" and 75™ percentiles and the whiskers the 2.7 o (99.3% coverage if the data have a
normal distribution)

Considering all OC and EC results for all sites combined, it was determined that the
contributions of PM,s OC and EC median mass concentrations to the PM;; median mass
concentrations were 95.5 and 97.5%, respectively, which clearly indicates that both OC and
EC occurred predominantly in the PM,s size fraction. Therefore, all the subsequent results

only indicate the PM, 5 size fraction.

It is evident from Figure 2-3a that OC was higher than EC at all four of the South African
INDAAF sites. The OC and EC concentrations were the highest at VT, with particularly EC
levels being substantially elevated when compared to the other three sampling sites.
Therefore, the OC/EC ratio of VT, i.e. 2.9, was also meaningfully lower than for the other
sites. AF had the second lowest OC/EC ratio of 5.0, followed by LT with 5.1 and then SK
with the highest ratio of 6.4. Figure 2-3c indicates the box and whisker plots of the PM,s
OC/EC ratios for each site, which supports the afore-mentioned observation from Figure 2-
3a. These OC/EC ratios provide insight into the proximity of emitting sources in relation to
the measurement site locations. The VT site is located within a highly populated (also with
high traffic volumes), industrialised region (e.g. metallurgical smelters, coal-fired power
stations and petrochemical operations), with numerous semi- and informal settlements
(where a significant fraction of homes uses household combustion for space heating and
cooking) within close proximity. The close proximity of these sources to the VT site results in
the EC, which is a primary emitted species of which the concentration will reduce due to dry

and wet deposition (Thatcher and Layton, 1995; Massey et al., 2012) during atmospheric
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transport, to be higher than at sites that are further away from sources. However, the OC
levels at VT likely do not yet reflect the full consequence of SOC, due to the nearby proximity
of sources. In contrast, the higher OC/EC ratios at the other sites (i.e. AF, SK, LT) indicate
that the emitting sources are likely to be further from the measurement locations. More
complete oxidation of volatile species to form SOC and reduction in EC concentrations due

to dry and wet deposition of the particles, will result in higher ratios.

Although the VT OC and EC concentrations are elevated above that reported for the regional
background sites reported here, i.e. SK and LT, the concentrations at VT are well below that
measured in heavily polluted areas such as New Delhi, India (average OC and EC of 25.6
and 12.1 pg/m®, respectively) (Sharma et al., 2016), Mumbai, India (average OC and EC of
40.0 and 15.0 yg/m®, respectively) (Herlekar et al., 2012) and Beijing, China (average OC
and EC of 14.0 and 4.1 ug/m?®, respectively) (Ji et al., 2016). However, the concentrations at
the background sites (SK and LT) are significantly higher than what has been described for
true remote background sites such as 10 sites across Europe (average EC that varies
between 0.15 to 0.22 ug/m® (Cavalli et al. 2016), National Atmospheric Observatory
Kosetice, Czech Republic (average OC and EC of 2.85 and 0.65 upg/m? respectively)
(Mbengua et al. 2018), Terceira Azores, Portugal (Site: AZO 02) (average OC and EC of
0.33 and 0.04 ug/m®, respectively) (Pio et al., 2011), Sonnblick, Austria (Site SBO 02)
(average OC and EC of 0.90 and 0.14 ug/m®, respectively) (Pio et al., 2011) and Barrow,
Alaska, USA (annual average eBC of 0.041 ug/m®) (Bodhaine, 1995). This indicates that
these South African regional background sites are impacted by OC and EC sources.

Contributing sources will be discussed later.

As far as the candidate could ascertain, the only study that has been printed in the peer-
reviewed public domain that indicates OC and EC aerosol mass fractions/percentages for
South Africa is Aurela et al. (2016), who presented average PM; mass percentages (OC and
EC mass percentages of 39.0 and 3.0%, respectively) for samples taken over very short
time periods (14 days in 2007 and 2008) at one site only. Therefore, considering the paucity
of such data, mass percentages of PM,s OC and EC, corresponding to the mass

concentrations presented in Figure 2-3, are presented in Figure 2-4.

20



35( T — - T
30
°\-:- 25
v
3]
= 20
o
S 15/ | ° . . .
l",_-','
® 10 T
L
) l . il
[ ]
LT T B [ =
0oC EC oC EC 0oC EC oC EC
VT AF SK LT
Figure 2-4: PM2s mass percentage of OC and EC for the four INDAAF sites in South Africa. The red

line indicates the median, the blue dot the mean, the top and bottom edges of the box indicate the 25"
and 75" percentiles and the whiskers the 2.7 o (99.3% coverage if the data have a normal distribution)

The average OC PM,s mass percentages varied between 14.1 (LT) and 15.4% (VT), while
the average EC PM, s mass percentages varied between 2.3 (SK) and 5.5% (VT). Although
one should not compare PM; with PM,s results, it is obvious from the afore-mentioned
results that the 39.0% OC PM; aerosol mass reported by Aurela should not be considered
as representative of the entire South Africa. In addition, Titta et al. (2014) reported PM; eBC
mass fraction as 5.0% for Welgegund, which corresponds well with the EC mass fraction
percentages (Figure 2-4). Datasets covering larger spatial areas and longer time periods, as
presented here, give a better estimate of the true situation. Mbengua et al. (2018) found
PM, s OC mass percentages to be 11.0% and PM, 5 EC to be 14.0% at one rural background
site (National Atmospheric Observatory KosSetice, Czech Republic). Putaud et al. (2004)
described PM, s OC mass percentages to be 20.0 to 30.0% (at rural sites) and 22.0 to 38.0%
(sites in close proximity to cities and at kerbside sites), while PM,s EC mass percentages
were 5.0 to 11.0% (at rural sites) and 5.0 to 23.0% (sites in close proximity to cities and at
kerbside sites), for more than 20 European sites in winter. It therefore seems that the mass
percentages of both OC and EC, at all four South African sites reported here, are somewhat
lower than within a typical European context. Chemical mass closure was not undertaken,
and therefore the contributions from other species cannot be explicitly stated. However, it is
certain that SO,% will contribute significantly to the PM, s content. This is in contrast to most
of the developed world where a decline in aerosol S0,% concentrations has been reported
(Zhang et al., 2007b). Recently, Conradie et al. (2016) showed that SO,* was the dominant

ion in rain water at the same South African INDAAF sites discussed in this paper, and that
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the situation in the period 2009 to 2014 was worse (lower pH and higher strong acid content)
than similar studies conducted a decade earlier (Mphepya et al., 2004; Mphepya et al.,
2006). Aurela et al. (2016) indicated that PM,; contained 44.0% SO, at a regional
background site, while Tiitta et al. (2014) reported 33.0% SO, in non-refractive PM; (and
27.0% if eBC was included) for more than one year of Aerosol Chemical Speciation Monitor
(ACSM) measurements conducted at Welgegund. Compared to the developed world, the
lower contribution of OC and EC to the PM, s mass percentages reported here (Figure 2-4) is
therefore not due to lower mass concentrations of OC and EC (Figure 2-3), but rather due to
comparatively higher SO,* content of aerosols measured in South Africa.

2.3.2 Temporal (seasonal) assessment

Figure 2-5a and Figure 2-5b indicate average (blue dot) and median (red line) values of the
monthly OC (a) and EC (b) concentrations measured over the entire sampling period of 82
months (March 2009 until December 2015) for all the sites, respectively.
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From Figure 2-5, relatively distinct seasonal patterns can be observed for all the measurement
sites. OC and EC concentrations peaked in the cold winter months (June to August) at VT,
which clearly indicates that household combustion for space heating in semi- and informal
settlements is most likely the main source of both OC and EC at this site. The presence of low-
level inversion layers during the evening and early morning (Korhonen et al., 2014; Gierens et
al., 2018) during this time of the year, which trap low-level emissions such as household
combustion, also exacerbate the situation. Additionally, it is expected that the afore-mentioned
low-level during inversion layers will to a large degree prevent high-stack industry emissions
from making a significant contribution in June to August, during the evenings and early
mornings (Gierens et al., 2018). Previously, Venter et al. (2012) and Chiloane et al. (2017)
indicated that household combustion in semi- and informal settlements is a significant source of
eBC (with EC measured as a proxy for eBC in this study) in South Africa during winter;
however, as far as the candidate could ascertain, these are the first results published in the
peer-reviewed public domain that indicate the influence of this type of combustion on elevated
levels of OC in South Africa. Regional open biomass burning will also make a contribution to OC
and EC levels measured at the VT. In contrast to the VT, maximum OC and EC levels for LT
were observed in September, which coincides with the peak frequency of open biomass burning
in southern Africa. Open biomass burning frequencies will be discussed in greater detail in the
next section. For the AF and SK sites, no single seasonal source seems to dominate, with
elevated OC and EC levels occurring in the period from approximately May to October. This
period coincides with the cooler later autumn (May), cold winter (June to August) and early
spring, prior to the start of the rainy season (September to middle October). It therefore seems
feasible that both household combustion for space heating and open biomass burning are
contributing substantially to elevated OC and EC levels at these sites. Low-level inversion layers
in the colder months will not trap these low-level emissions for long, since the growth of the PBL
is a bit slower during these months and do not limit the impact of high-stack emissions from
industry too much (which is especially relevant to the AF site). It is obvious that both these sites
will also be impacted by open biomass burning that occurs on a regional basis, but it was not
necessarily expected that household combustion for space heating would make such a
significant contribution at both sites. However, recently, Chiloane et al. (2017) reported that
household combustion was the dominant eBC source during winter at Elandsfontein, which is
situated approximately 100km west north-west from AF. Similar to AF and SK, Elandsfontein is
not in close proximity to semi and- informal settlements, yet the afore-mentioned authors
suggested that household combustion had a regional impact on eBC. Therefore, the current
results imply that household combustion for space heating also has a regional impact in terms
of OC and EC levels, which affect AF and SK.
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All sites had the lowest OC and EC levels during late spring (November), summer (December to
February) and early autumn (March), which corresponds with the rainy season in the South
African interior (Conradie et al., 2016) that will enhance pollutant washout. Low-level thermal
inversion layers are also not common during this period and the PBL tends to be deeper
(Korhonen et al.,, 2014). Additionally, household combustion for space heating and open
biomass burning are uncommon during this period. Contributing sources would typically be
industry, traffic and household combustion for cooking, which occur throughout the year, and
additionally biogenic VOC emissions (Jaars et al., 2016) that are oxidised to form OC.

In addition to the temporal OC and EC patterns considered in this section, similar OC/EC ratio
temporal patterns are presented in Figure A-1 (Appendix A), which can be referenced in future

work.

2.3.3 Additional source insights

In the previous section, it was demonstrated that household combustion for space heating
and/or open biomass burning were significant sources of OC and EC in the northern interior of
South Africa. In Figures 2-6a to 2-6d, the monthly observed Modis fire pixels from the MODIS
collection 5 burned area product (Roy et al., 2008), over the entire sampling period (i.e. March
2009 until December 2015), within 100 and 250 km radii around each measurement site, are
presented. From these results, it is evident that most of the open biomass burning fires occur
from June to October, with August and September having the highest fire frequencies, irrelevant
of which site or year is considered. This supports the earlier deduction that open biomass
burning is likely the dominant source of elevated OC and EC levels during this time of the year.
Considering Figure 2-6, it is clear that all the measurement sites considered in the study will be
influenced by open biomass burning. It was evident that AF, SK and LT had elevated OC and
EC levels during the peak biomass burning period (Figure 2-5), when compared to VT. The
strong (due to population density) household combustion source at VT, however, prevented the
biomass burning contribution to be clearly observable in the seasonal cycles (Figure 2-5). The
VT seasonality is therefore likely to be the sum of both sources, i.e. household combustion and

biomass burning.
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Figure 2-6: Modis fire pixels (Roy et al., 2008) within 100 and 250km radii of VT (a), AF (b), SK (c) and

LT (d), over the entire sampling period

From Figure 2-6, it is interesting to note that LT had the least amount of fires within the 100 and

250 km radii.
cycles (Figure 2-5) that open biomass burning is the most important source of OC and EC at

At first, this seems to contradict the deduction made earlier from the seasonal

this site. However, in order to contextualise the influence of open biomass burning, the location
of fires in relation to air mass movements needs to be considered. Similarly, the regional
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influence of household combustion on OC and EC levels needs to be considered within the
context of possible areas from where such emissions are likely, in relation to air mass

movements.

Figure 2-7 indicates the locations of Modis fires pixels in 2013 (a) and 2015 (b) in southern
Africa. Two years are shown, since it is well known that there is significant inter-annual variation
in the occurrence of open biomass burning in southern Africa. This is mainly a result of the
variation in El Nifio Southern Oscillation (ENSO) conditions. La Nifia results in above average
rainfall in southern Africa, while El Nifio causes less than average rainfall, which results in more
or less biomass being available, respectively, for fires in different years (Mafusire et al., 2016).
In order to contextualise the possible emission areas for household combustion, the population
density for southern Africa is presented in Figure 2-8. Both these aspects, i.e. location of open
biomass burning fires and population density, will subsequently be discussed within the context
of air mass movements, which are indicated by the overlay back trajectory maps (Figure 2-9)
that were drawn for all the sampling days at the sampling sites, over the entire monitoring period
(i.e. March 2009 to December 2015).
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Figure 2-7: Modis fire pixels for 2013 (a) and 2015 (b) (Roy et al., 2008), superimposed on biomes

(Mucina and Rutherford, 2006)
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Figure 2-8: Population density for southern Africa (CIESIN, 2010). Also indicated are the locations of the
Johannesburg-Pretoria (Jhb-Pta) megacity (with more than 10 million inhabitants) and a zoomed-in area
around the SK measurement site
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Figure 2-9: Overlay back trajectory maps (calculated as indicated in section 2.2.4) for VT (a), AF (b), SK (c) and LT (d) for all sampling days during the entire
monitoring period (i.e. March 2009 to December 2015)
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Considering the overlay back trajectory map (Figure 2-9a) for VT, it is evident that air masses
had likely transported open biomass burning fire emissions (Figure 2-7) to the site. However, as
was indicated by the seasonal patterns (Figure 2-5), this is not the dominant OC and EC source.
The OC/EC ratio for this site clearly indicated that sources in relatively close proximity are
dominant (Figure 2-3), while the seasonal patterns (Figure 2-5) indicated that this source is
likely to be household combustion for space heating, especially during the cold winter months.
Additionally, the overlay trajectory map (Figure 2-9a) and the population density map (Figure 2-
8) clearly show that air masses, which had passed over the Johannesburg-Pretoria (Jhb-Pta)
megacity, will influence VT. The Jhb-Pta megacity has more than 10 million inhabitants, with

large semi- and informal settlements (Lourens et al., 2012; Lourens et al., 2016).

Considering the OC and EC seasonal patterns (Figure 2-5), elevated levels at LT were identified
as being mostly due to open biomass burning (Figure 2-5 and associated text). However, it was
also the site with the least number of fires occurring within 100 and 250 km radii, which seemed
contradictory. However, it is evident from the overlay back trajectory map (Figure 2-9d) that the
main fetch region (region with highest frequency of back trajectory overpass) for LT is over the
Kruger National Park and the South African-Mozambique border, which is an area that has a

high incidence of open biomass burning (Figure 2-7).

OC and EC seasonal patterns indicated that both household combustion for space heating and
open biomass burning resulted in elevated levels (Figure 2-5) at AF and SK. The open biomass
burning contribution at both these sites is obvious from Figure 2-6, Figure 2-7 and Figure 2-9.
For AF, the household combustion influence is likely to be associated with small semi- and
informal settlements from the town of Amersfoort (not the measurement site, but the town close
to it), as well as air masses that had passed over the Jhb-Pta megacity (Figure 2-8 and
Figure 2-9b). Although SK is situated in the Kruger National Park, which is a relatively pristine
environment, in reality, relatively large and densely populated semi- and informal settlements
occur less than 20 km north-west from the SK site (see zoomed-in area in Figure 2-8), which

explains the observed household combustion for space heating influence in winter.

Recently, Chiloane et al. (2017) showed the influence of household combustion for space
heating on eBC (measured online) at Elandsfontein (as indicated earlier, approximately 100km
west north-west from AF), by indicating a correspondence between eBC and ambient
temperature. Since the elevated OC and EC levels at VT during winter were mainly attributed to
household combustion for space heating, the OC and EC concentrations measured at VT were
plotted against the average ambient temperature during every 24-hour sample period, using a
bivariate technique that considers uncertainty margins (Thirumalai et al., 2011) as indicated in

Figure 2-10a and Figure 2-10b. In order to evaluate the correlation, guidelines similar to
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Sheskin (2003) and Kleynhans et al. (2017) were employed, i.e. (i) if |l = 0.7 a correlation is
considered to be strong/significant; (i) if |0.3] =2 || < 0.7 a correlation is considered to be
moderate and (iii) if [r] < 0.3 a correlation is considered to be weak/insignificant”. Considering
these guidelines, OC correlated moderately (r = 0.48) to average temperature, while EC
correlated to the high end of moderate, almost being significant (r = 0.62). However, it must be
taken into consideration that household combustion for space heating in South African semi-
and informal settlements usually only occurs in the evening to early morning during a typical
winter day (Venter et al., 2012), since ambient temperature can vary from below 0°C in the early
to morning to well above 25°C in the afternoon. Therefore, these correlations, which were based
on average temperatures over the entire 24-hour sampling periods, are likely to be significantly
improved if sampling times corresponded more with household combustion for space heating
periods. The afore-mentioned correlations therefore support the notion that household
combustion for space heating is the dominant source at VT, resulting in elevated OC and EC
levels, especially during winter. In contrast, for LT, was insignificantly impacted by household
combustion for space heating, the correlations (Figure 2-10c and Figure 2-10d) were completely

insignificant (r = 0.12 for both OC and EC correlations with temperature).
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periods for VT (aand b) and LT (c and d)
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2.4 Summary and conclusions

Maritz et al. (2015) did publish the results of the first two years (i.e. March 2009 till April 2011) of
data included in this chapter. This chapter presents the first long-term (several years) OC and
EC dataset for South Africa that covers multiple measurement sites, i.e. two regional
background sites (SK and LT), an industrially influenced site (AF), and an urban/industrial site
(VT). OC and EC mass fractions for all sites were lower than what is typical for the developed
world. This was not due to lower OC and EC levels, but rather due to larger fractional
contributions from other species, with specifically SO, making a significant contribution to
aerosol chemical composition in South Africa.

OC and EC levels were significantly higher at VT than at the other sites. OC/EC ratios indicated
that sources in close proximity to VT were likely the main contributors, while more distant
sources possibly impacted AF, SK and LT. Seasonal OC and EC patterns indicated that
household combustion for space heating in semi- and informal settlements was likely to be the
most dominant source at VT, which was substantiated by correlating OC and EC concentrations
to ambient temperature. Overlay back trajectory maps compiled for the sampling periods
indicated that air mass that had passed over the Johannesburg-Pretoria (Jhb-Pta) megacity,
where many semi- and informal settlements occur, also makes a contribution to OC and EC
levels at VT. In addition, open biomass burning made a contribution, therefore the seasonal
pattern observed for VT was as a result of both these sources, i.e. household combustion for

space heating and biomass burning.

Seasonal OC and EC patterns indicated that elevated levels of OC and EC at LT were likely to
be due to regional open biomass burning, which was confirmed by overlay back trajectory
analysis within the context of open biomass burning fire locations. Both open biomass burning
and household combustion resulted in elevated levels of OC and EC in the seasonal patterns of
SK and AF, which were confirmed with back trajectory analysis, population densities and open

biomass burning fire locations.

Overall, the results indicated that open biomass burning contributed to OC and EC levels on a
regional scale, irrespective of site location in the South African interior. However, household
combustion for space heating in semi- and informal settlements makes a significant local (e.qg.
at VT) and discernible regional (e.g. at AF and SK) OC and EC contribution, which has not
previously been indicated, although Chiloane et al. (2017) did show that eBC from household
combustion made a regional contribution to eBC. Industrial and vehicle emissions are likely to
contribute to the baseline OC and EC levels measured throughout the year, while oxidation of

VOCs during the rainy season will also contribute to OC levels during this period.

35



CHAPTER 3

PARTICULATE MATTER WATER-SOLUBLE INORGANIC
JONS AND ORGANIC ACIDS ASSESSMENT

In this chapter... Literature relevant to water-soluble inorganic ions and organic acids is
presented in section 3.1. In section 3.2, experimental aspects, including sampling site
description, filter preparation and sampling methods (section 3.2.1), analyses (section 3.2.2),
ancillary data and data processing (section 3.2.3), as well as empirical calculations and
statistical analysis (section 3.2.4) are discussed. Results and discussions are presented in
section 3.3, which includes contextualisation of concentrations (section 3.3.1), spatial
distribution (section 3.3.2), temporal assessment of the most important ions (section 3.3.3),
acidity and neutralisation (section 3.3.4) and statistical evaluations along with source
contributions (section 3.3.5). Section 3.4 summarises the conclusions drawn from this chapter.

This chapter is linked to Objective 2, as stated in section 1.3.

3.1 Literature survey

3.1.1 Introduction

Typical chemical species present in atmospheric aerosols include alumina-silicates (e.g. from
wind-blown dust), black carbon (BC) or elemental carbon (EC) (definitions according to Petzold
et al., 2013, depending on the analytical technique applied), organic carbon (OC), trace metal
species, water-soluble inorganic ions (e.g. nitrate (NOg), chloride (CI), sulphate (SO4%),
fluoride (F),  sodium (Na"),  ammonium (NH,"),  potassium (K*),  magnesium (Mg?"),
calcium (Ca*)) and organic acids (OA) (e.g. oxalic- (COOH),, acetic- (CH;COOH), formic-
(CHOOH) and propionic- (C,HsCOOH) acid). In this chapter, only the afore-mentioned water-

soluble inorganic ions and organic acids are considered.

3.1.2 Impacts

Atmospheric aerosols can affect the environment negatively (Lin et al.,, 2014; Zhang et al.,
2018) and can have adverse human health affects (Seaton et al., 1995; Lazaridis et al., 2002;
Gauderman et al., 2004; Karthikeyan and Balasubramanian, 2006; Schlesinger et al., 2006).
These effects depend on the aerosol concentration, as well as physical (e.g. size, mass,
structure, and optical density) and chemical properties (e.g. chemical composition and solubility)
(Seinfeld and Pandis, 2016). In subsequent paragraphs, these possible negative impacts are
briefly considered.
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3.1.2.1. Health impacts

Particulate matter (PM) smaller than 10 pm (PMy) has been linked to causing asthma,
respiratory diseases and even cancer (Callén et al., 2012), while crustal- and road dust in this
size range were specifically associated with increased cardiovascular diseases (US EPA,
2009). Smaller aerosols, e.g. smaller than 2.5 um (PM,;s), have been identified as one of the
main causes for cardiopulmonary morbidity and mortality (Zhou et al., 2015; Hsu et al., 2017).
The finer particulate fractions in wood and biomass fuel burning smoke have been associated
with increased respiratory illness of the upper respiratory tract, tuberculosis and lung cancer,
while such particulate matter from traffic emissions has been linked with cardiovascular
diseases (Bruce et al., 2000; US EPA, 2009). The US EPA (2009) stated that secondary
sulphates from long-range transport, which are typically very fine (e.g. <100 nm), (Vakkari et al.,
2015), were associated with higher mortality rates. All the afore-mentioned clearly indicates that
aerosol size is very important within a human health perspective, since finer particles typically

penetrate deeply into the respiratory system.

Many studies have shown that various health effects were specifically associated with water-
soluble ions. SO,> and NO; are typically the most common inorganic components of PM
sampled in the South African interior (Tiitta et al., 2014; Aurela et al., 2016). Aerosol S0,% and
NO; are formed through the oxidation of sulphur dioxide (SO,) and nitrogen oxides (NO,),
respectively. Since SO4* occurs mainly in the PM, 5 size fraction (Pandey et al., 2006; Reiss et
al., 2007), it is likely to be transported and penetrate deeper into the lungs than species
associated with larger particles (Pandey et al., 2006). Zhang et al. (2000) suggested that areas
with high SO4* concentrations had higher mortality rates. Chen et al. (2016) found that
exposure to SO,* was linked to elevated blood pressure and heart rate, as well as increased
respiratory and cardiovascular problems. Secondary SO,* species, e.g. (NH4),SO,, can also
cause malignant growths of lung cancer, although the mechanisms by which SO,* aerosols are
responsible for these growths is still unknown (Yun et al., 2017). In contrast to SO,*, very few
epidemiological studies have positively identified health effects associated with NOj". Lipfert et
al. (2006) and Ostro et al. (2006) reported NO;3; to be associated with mortality rates in
California. Furthermore, a clinical study by Utell et al. (1980) reported other health effects
associated with NOj, such as reduced airway conductance in humans with influenza
(Schlesinger, 2007).

Atmospheric NH," is formed from ammonia (NHs) emissions. After N, and N,O, NHjs is the most
abundant compound in the atmosphere that contains nitrogen (Seinfeld and Pandis, 2016).
NH," can neutralise acid forming species present in the aerosol phase to produce ammonium
salts (e.g. ammonium sulphate (NH;HSO,) and -bisulphate ((NH,).SO,), and/or ammonium
nitrate (NH4NOs3)) (Young et al., 2016). Identified health effects associated with NH," in the

PM,s size fraction, along with OC and EC, are increased cardiovascular- and respiratory
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mortality (Atkinson et al., 2015; Hsu et al., 2017). Wang et al. (2015c) indicated that SO,*, K*
and NH," had high correspondence (in terms of occurrence) with water-soluble metals and
therefore might contribute to more harmful effects in humans. Jones et al. (2015) found that
S04%, NH,* and NO3 were strongly associated with respiratory problems.

Chlorine-releasing agents (e.g. sodium hypochlorite (NaClO), calcium hypochlorite (CaCl,O5)
and trichloro-S-triazinetrione (C3Cl3N3O3)) contribute to effects such as mucosal irritation, as
well as bronchial hyper-reactivity, which can lead to more severe pulmonary diseases (Babu et
al., 2008; Cao et al.,, 2017). In contrast, when chloride is emitted from marine sources (e.g.
NaCl), it can have a therapeutic effect on people with airway infections and breathing disorders,

viz. hoarseness, bronchitis and asthma (Catalina et al., 2012).

F is emitted by some industries, specifically in countries with historically less stringent air quality
legislations, e.g. China and India. Many employees of such industries have been diagnosed
with fluorosis (i.e. excessive exposure to fluoride), which is indicated through the measurement
of haemoglobin (Zhiliang et al., 1987; Joshi and Dudani, 2008; Susheela et al., 2013). Currently,
F emissions do not seem to be a general problem in South Africa. Some everyday products
contain F (Barbier et al., 2010). For instance, sodium fluoride (NaF) is used in water fluoridation
and toothpaste (Dutta et al., 2017).

According to Seinfeld and Pandis (2016), CHOOH and CH;COOH are the most commonly
occurring carboxylic organic acids in the atmosphere, even though Graedel et al. (1986) and
Niu et al. (2018) reported many aliphatic, olefinic and aromatic acids being present in the
atmosphere. Particulate matter organic acids could contribute to pulmonary inflammation
(P6schl, 2005).

Mg? and Ca?* occur commonly in both crustal sources and in fly ash emitted by industrial
activities (Mahlaba et al., 2011). Fly ash poses increasing health risks for humans when
ingested or inhaled, since it also contains heavy metals, which could be carcinogenic (Zhou et
al., 2015).

3.1.2.2. Environmental impacts

The deposition of inorganic compounds can be either beneficial (e.g. nutrients) or detrimental
(e.g. eutrophication) to the environment. Because nitrogen is a structural element of chlorophyll
and amino acids (building blocks of protein molecules), the occurrence of nitrogen-containing
species in the environment within certain limits is beneficial (Connell, 2005; Elminir, 2007), more
so than for S-containing species. However, these beneficial levels are often exceeded. In
general, the negative environmental effects of S0, and NOj are reduction in vegetative
photosynthesis, visibility impairment, temperature fluctuations, haze formation (Meng et al.,
2016 and references therein) and its effects on the radiative balance through their optical and

hygroscopic properties (Young et al.,, 2016). Xu et al. (2015) reported that the SO, and NO,
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measured during a haze period in Southeast Asia were oxidised and formed optically active
secondary inorganic aerosols (i.e. NH;NO3z; and (NH4),SO, or NH,HSO,) that reduced visibility
between 2.0 and 90.0%. Furthermore, Gao et al. (2015) also reported a lack of visibility caused
by organic matter (OM), (NH,4).SO, and EC. The haze events mentioned in Xu et al. (2015) had
decreasing effects on vegetative photosynthesis, which consequently led to fewer crops and
increased atmospheric temperature (due to the lower uptake of CO, by crops). If this secondary
effect (i.e. temperature increase) was dramatic, it could have led to more natural biomass
burning. In South Africa it is however unlikely that this effect will be substantial (Kulmala et al.,
2014; Keppel-Aleks and Washenfelder, 2016). In general, the direct radiative effect of both NO3
and SO, is cooling (i.e. negative aerosol forcing) (Charlson et al., 1992; IPCC, 2013; Wan et
al., 2016). According to Jacobson (2001b), CI' also enhances cooling of the atmosphere.
Environmental concerns with organic acids are acidification of rain water, which Keene and
Galloway (1986a) indicated from precipitation samples collected in New York, USA. Detrimental
environmental effects on terrestrial and aquatic ecosystems can be caused by disposed fly ash
(may contain Mg?* and Ca®"), because heavy metals are leached from the ash that adversely
affects water quality and plant growth (Wong and Wong, 1990; Babu and Reddy, 2011).
Excessive NH," deposition can lead to eutrophication (i.e. excessive richness of nutrients) of

ecosystems (i.e. terrestrial and water) (Bouwman et al., 1997; Asman et al., 1998).
3.1.3 Sources

Sources of the previously mentioned water-soluble ions and organic acids are explored in this
section. SO, and NO, (as the most important precursors of SO,* and NOy) are often co-emitted
by coal-fired power plants (Collett et al., 2010; Amster et al., 2014; Pretorius et al., 2015) and
household combustion for space heating and cooking (Lourens et al., 2011; Venter et al., 2012).
SO, is mainly emitted from fossil fuel combustion activities (Graedel and Crutzen, 1995; Van
Loon and Duffy, 2005; Engelbrecht, 2009; Lourens et al., 2011; Conradie et al., 2016), sulphide
ore smelters (Jacobs, 2006) and volcanoes (Connell, 2005). Petrochemical operations are also
known to emit either H,S or SO,, or a combination of both (Nunes et al., 2005; Lourens et al.,
2011; Malakan et al., 2018). The atmospheric lifetime of H,S is longer than SO, (Seinfeld and
Pandis, 2016), but it can ultimately also result in S0,% formation, via oxidation of SO,. Seinfeld
and Pandis (2016) reported global SO, and SO,” emission estimates to be 56.3 and
2.2 Tg(S)lyr from fossil fuel combustion and industry, 1.3 and 0.1 Tg(S)/yr from biomass
burning, and 6.6 and 2-4 Tg(S)/yr from volcanoes, while only the SO, emissions were
estimated to be between 40 and 320 Tg(S)/yr from oceans and 2-4 Tg(S)/yr from plants and

soils.

NO, can be emitted from natural or anthropogenic sources. Natural sources include biogenic
emissions and open biomass burning (if not anthropogenic), while the anthropogenic sources

include biomass burning (both household combustion and anthropogenic open biomass
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burning), fossil fuel combustion (e.g. coal-fired power stations, traffic emissions) (Niu et al.,
2016; Lv et al., 2018; Sun et al., 2018) and vehicle emissions (Lourens et al., 2012; Lourens et
al., 2016).

In general, the emissions of S- and N-containing species are relatively high in South Africa,
since most of the local industries do de-SO, or de-NOy their process off-gas, as is common in
first-world countries (Beukes et al., 2013a). The South African platinum industry is the
exception, since it has implemented de-SO, technology (Jacobs, 2006). Since a significant
fraction of both SO,” and NO; is secondarily formed, long-range transport can also be a
significant source at regional background sites (Vakkari et al., 2013; Liu et al., 2017).

As mentioned in the previous section, NH," is formed from NH; emissions. The main sources of
NH; include industrial production of fertiliser (Brasseur et al., 1999; Van Loon and Duffy, 2005;
Seinfeld and Pandis, 2016), petrochemical plants, ammonification of humus (i.e. decomposition
of leaves and plant material by microorganisms) (Seinfeld and Pandis, 2016), agricultural
activities, bacterial decomposition in nitrogen-based fertiliser mixed with soils (Schlesinger and
Hartley, 1992; Kumar et al., 2018), wild fires and wood use for household combustion (Delmas
et al., 1995; Brocard et al., 1996).

The marine environment is the main source for chloride (CI) and sodium (Na") and also a
significant source of Mg®* (Li et al., 2014a; Conradie et al., 2016; Szép et al., 2018). In addition
to the marine origin, CI and Na* can also originate from other sources. Wan et al. (2016) found
that these ions at Lhasa (China) in winter originated mainly from biomass burning. The results
from Kumar et al. (2018) indicated CI levels in New Delhi were from open biomass burning and
burning of plastic waste as fuel in industrial and domestic activities. According to Liu et al.
(2017), higher concentrations of CI and Na* were measured during winter at an urban Beijing
site and possible sources were identified as coal combustion and biomass burning, while Zhao
and Gao (2008) indicated CI (fine fraction) to be primarily from coal combustion in winter. Li et
al. (2010) and Liu et al. (2017) indicated that potassium (K*) concentrations decreased in winter
along with the higher concentrations of CI" and Na*, and therefore coal combustion was named

the primary source of CIand Na* emissions in these two studies.

Andreae et al. (1998), Wan et al. (2016), Liu et al. (2017) and Kumar et al. (2018) reported that
K" in the fine fraction was emitted from biomass burning. In contrast, Wan et al. (2016) and
Kumar et al. (2018) proposed that K* in the coarse fraction originated from crustal sources,
while Shen et al. (2009) and Liu et al. (2017) both found it to be emitted from marine sources, in
addition to the crustal origin. More recently, Aurela et al. (2016) found that K* in fresh biomass
burning plumes formed KCI (Gao et al., 2003; Li et al., 2003). The concentrations of the total

dissociated organic acids, together with K* and CI" were also used as an indicator for biomass

40



burning contribution in Conradie et al. (2016). Within Indian and Asian contexts, high particulate

S0O,* and K* are often indicative of firework emissions (Cao et al., 2017).

According to Zhiliang et al. (1987), F is emitted in China by the metallurgical industry (e.g.
aluminium and iron smelters), while in India it is emitted from industries producing aluminium
from alumina by using cryolite (tri-sodium hexafluoro-aluminate, NazAlF) as a flux (Susheela et
al., 2013). Kumar et al. (2018) stated that, in New Delhi, F" is mainly emitted by the brick kiln

industry, with a smaller contribution from coal combustion.

Mg and Ca”* could be from marine sources, terrigenous contribution, or elements in fly ash
(Liu et al., 2017) emitted by pyro-metallurgical smelters (Mahlaba et al., 2011). The terrigenous
contribution to the aerosol loading in South Africa is significant, since it is a semi-arid country.
Kumar et al. (2018) reported Mg?* and Ca* to be from heavy dust storms, while Wan et al.
(2016) and Liu et al. (2017) stated that Ca* was primarily from dust sources (i.e. crustal
materials such as calcite and dolomite, CaCO; and CaMg(COs),, respectively). Zhou et al.
(2018) stated that a mixture of Ca** and Na" was primarily from crustal species and construction

materials in Baotou, China.

Niu et al. (2018) indicated primary and/or secondary sources to be the origin of organic acids.
Primary sources consist of direct vehicle emissions, marine and vegetation (Kawamura et al.,
1985; Graedel and Eisner, 1988), while secondary sources consist of photochemical formation
of organic acids (Bothe and Donahue, 2010; Gu et al., 2014; Niu et al., 2018). Niu et al. (2018)
stated that CHOOH, CH3;COOH and (COOH), combined accounted for more than 90.0% of the
total atmospheric organic acid load, while Kawamura et al. (1985) indicated CH;COOH as the
main organic acid in the atmosphere, followed by CHOOH and C,HsCOOH. The primary source
of CHOOH and CH3;COOH, indicated by Kawamura et al. (1985), was used engine oil. Niu et al.
(2018) and Keene and Galloway (1986a) found CHOOH and CHs;COOH to originate from
primary biogenic sources. Lazaridis et al. (2008) and Gongalves et al. (2017) indicated primary
sources of organic acids (i.e. malonic- and succinic acids, CH,(COOH), and (CH,),(CO,H),,
respectively) to be vehicular emissions, biomass burning and biogenic emissions. The study of
Mochizuki et al. (2017) presented a more detailed description of the secondary formation of
different organic acids, but also stated that CHOOH and CH3;COOH were formed in the
atmosphere by photo-oxidation of biogenic volatile organic compounds (BVOCs), while

(COOH), was attained from biogenic, as well as anthropogenic VOCs.

3.1.4 Water-soluble inorganic ions and organic acids in southern and South Africa

As stated in section 2.1.5, South Africa is an important source region of atmospheric pollutant
species. South Africa is the economic and industrial hub of southern Africa, which includes
several large anthropogenic point sources (section 2.1.5) such as large coal-fired power
stations (Mphepya et al., 2004; Collett et al., 2010; Lourens et al., 2011; Beukes et al., 2013a;
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Pretorius et al., 2015; Chiloane et al.,, 2017; Venter et al., 2017), petrochemical operations
(Lourens et al.,, 2011; Chiloane et al., 2017) and pyro-metallurgical smelters (Barcza, 1995;
Roos, 2011; Kleynhans et al., 2016). Not many of these large point sources de-SO, and de-NO,
their process off-gas, which leads to elevated atmospheric SO,* and NO; levels (Dhammapala,
1996; Engelbrecht, 2009; Conradie et al., 2016). In addition, contributing sources include
household combustion of coal and wood for space heating and cooking by a large part of the
population living in semi- and informal settlements in South Africa (Venter et al., 2012; Van Zyl
et al., 2014; Hersey et al., 2015; Giannakaki et al., 2016; Nkosi et al., 2018). Emissions from
vehicle transport in South Africa will contribute to the elevated levels of certain ions in the
atmosphere (Kawamura et al., 1985; Conradie et al., 2016; Niu et al., 2018), especially since
the South African vehicular fleet is relatively old (with a significant fraction of older technology)
and not as well maintained as is common in first-world countries (Lourens et al., 2012; Lourens
et al., 2016). Biomass burning also contributes significantly to elevated levels of atmospheric
aerosols (Formenti et al., 2003; Mafusire et al., 2016; Vakkari et al., 2018), with specifically the
organic (Tiitta et al., 2014) and K" (associated with CI") aerosol contents increasing as a result
thereof (Aurela et al., 2016). NH," from agricultural activities is important (Conradie et al., 2016;
Sun et al.,, 2017; Nanus et al.,, 2018) and PM; chemical analysis by Tiitta et al. (2014) also
indicated that industrial processes (e.g. petrochemical and chemical industries) are also likely to
be a significant source for this species. Conradie et al. (2016) studied precipitation samples at
the same sampling sites that were considered in this study and indicated that terrigenous and
marine sources contributed significantly to the ionic species found in South African rainwater.

Therefore, these sources will also be investigated in this study as possible sources.

According to reports on air quality in South Africa, exceedances of PM,s and PM;, associated
standard limits are frequent in many regions in South Africa (SAAQIS, 2018). South Africa is
also the country with the highest frequency of new secondary aerosol formation and the highest
growth rate of these newly formed aerosols (Nieminen et al., 2018). As was indicated in the
preceding paragraphs, many possible sources could contribute to these observations.
Notwithstanding the afore-mentioned, there are only a few published studies on aerosol
composition for South Africa. Tiitta et al. (2014) used an Aerosol Chemical Speciation Monitor
(ACSM) to measure and report the chemical composition of PM; aerosols at Welgegund, which
included NOj3, CI', SO,%, organic aerosols and NH,". Aurela et al. (2016) presented very limited
data of inorganic water-soluble ions, OC and EC, as well as monosaccharide anhydrides, which
was derived from samples collected over 14 days during 2007 and 2008 at a regional
background site (i.e. Botsalano). This study (Aurela et al., 2016) also presented the composition
of two samples (one measured for 44 and the other for 124 minutes) collected in fresh biomass
burning plumes. In addition, water-soluble inorganic ionic aerosol species (i.e. SO4*, NOg,
NH,", Na*, K, CI, Ca*, Mg?, F) were reported for a one-year sampling campaign at

Welgegund in the PM;, PM;.,5 and PM, 5.1 Size fractions and for one year at Marikana (except
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F) in the PM, s and PM, s 1o Size fractions (Venter et al., 2018a). Other studies such as Mphepya
et al. (2004 and 2006) and Conradie et al. (2016) focused only on water-soluble species in
precipitation samples. In addition to the South African work, some results have been published
from studies conducted in southern Africa. Formenti et al. (2003) reported on a limited number
of filter measurements collected during SAFARI 2000 on board an aircraft in a smoke haze
layer over the Atlantic Ocean (offshore from Namibia and Angola) for which water-soluble
inorganic ions (except F° and organic acids) were reported. Limited aerosol composition
measurements (two-week sampling period during the wet season and 12 days during the dry
season) were also presented for Morogoro, Tanzania (Mkoma et al., 2013), which indicated the
concentrations of water-soluble inorganic ions (except F). All the afore-mentioned studies
related to South and southern Africa (Formenti et al., 2003; Mkoma et al., 2013; Tiitta et al.,
2014; Aurela et al., 2016) will be discussed in greater detail within the context of results

presented later in this chapter.

3.1.5 Literature conclusions

Considering the paucity of published literature related to aerosol chemistry in South Africa and
more specifically on water-soluble inorganic ions and organic acids, it is evident that more such
research is needed. Therefore, if the goals set out in Objective 2 (section 1.2) are achieved, this
study will make a significant contribution to very relevant science. In order to accomplish this,
samples collected during a long-term sampling campaign at four sites in the South African
interior were analysed for water-soluble inorganic ions and organic acids. These results were
explored in terms of spatial and temporal patterns, acidity and neutralisation, statistical

evaluation, as well as possible source contributions.

3.2 Experimental

3.2.1 Sampling sites, filter preparation and sampling

Aerosol samples were collected at four different sampling sites in the northern interior of South
Africa, operated within the Deposition of Biogeochemical Important Trace Species (DEBITS),
International Network to study Deposition and Atmospheric chemistry in Africa (INDAAF) project
(Galy-Lacaux et al., 2003; Martins et al., 2007), which is endorsed by the International Global
Atmospheric Chemistry (IGAC) programme and the World Meteorological Organisation (WMO).
A detailed description of the sampling sites (i.e. Vaal Triangle (VT), Amersfoort (AF),
Skukuza (SK) and Louis Trichardt (LT)) was presented in section 2.2.1, therefore it is not

repeated here again.

24-hour PM, s and PM,o aerosol samples were collected on Teflon filters (with a deposit area of

12.56 cm?). It was collected once a month from March 2009 to December 2015 at each of the
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four sites for both size fractions. A total of 656 samples were collected for both PM, s and PMg,

i.e. 164 samples per site.

Before sampling, the Teflon filters were inspected for any flaws, while wearing surgical gloves
and using tweezers. After this, the filters were weighed with a Mettler Toledo scale (XS1005
DualRange) that was calibrated and accredited by SANAS. Afterwards the filter were placed
into airtight Petri dishes and stored in a conventional refrigerator until sampling.

The Teflon filters were placed in a MiniVol sampler for sampling. These samplers were
developed by the United States Environmental Protection Agency (US-EPA) and the Lane
Regional Air Pollution Authority (Baldauf et al., 2001). The samplers were equipped with a
pump, which was controlled by a programmable timer. This allows samples to be collected at a
constant flow rate over a pre-determined time period. All samples in this study were collected at
a flow rate of 5 L/min, which were verified by a handheld flow meter that was supplied with the

MiniVol samplers.

After sampling, the Teflon filters were placed back into the same Petri dishes in which they were
stored before. These holders were then sealed off, bagged and stored in a portable refrigerator
for transport to the laboratory. At the laboratory, the sealed filters were stored in a conventional

refrigerator until analysis.

Before analysis, all the filters were weighed again with the Mettler Toledo scale. The water-
soluble ions were extracted by placing each filter into a pre-marked and clean Teflon cup with
10 ml deionised water (resistivity 18.2 MQ/cm). The cups were sealed with lid and placed into a
sonic bath for 30 minutes. After this, the water in each cup was poured into a pre-marked vile

and analysed with an ion chromatograph (IC).

3.2.2 lon Chromatoqgraph (IC) analysis

A Dionex ICS-3000 IC system with two flow lines was utilised. The one flow line was used for
the detection of anions and the other for cations. Water-soluble anions quantified were acetic-
(CH;COO), formic- (COOY), propionic- (C,HsCOO) and oxalic acid (C,0,%), as well as
fluoride (F), chloride (CI"), sulphate (SO,%) and nitrate (NO3). The anion flow line was equipped
with a 4 mm AS 15 analytical column, 4 mm AG 15 guard columns, a 4 mm CRD 200 carbonate
removal device and an AERS (Anion Electrolytically Regenerated Suppressor) 500 4 mm
suppressor. A multiple-step eluent program was employed and potassium hydroxide (KOH) was
used as an eluent. Firstly, the eluent concentration was kept constant at 5 mM for 14 minutes,
after which it was raised to 35 mM during a two-minute period. The eluent concentration was
then kept constant at 35 mM for 18.5 minutes, after which it was reduced to 5 mM during a two-
minute period and kept constant for 2.5 minutes. This eluent concentration profile ensured

minimum analysis time, while enabling proper species peak separation. Throughout the 39-
44



minute program, the suppressor current was kept constant at 104 mA. A five-point calibration
was performed with 0.1, 0.5, 1.0, 2.5 and 5.0 ppm standard solutions prepared from 1 000 ppm
certified stock solutions obtained from Industrial Analytical. Analysis of the samples commenced
only after the relative standard deviation of the calibration curve was below 5.0%. Detection
limits (DLs) at a confidence level of 98.3% were determined according to the method presented
by Skoog e5t al. (2014) for the various anionic species, as indicated in Table 3-1.

Water-soluble cations quantified were sodium (Na*), ammonium (NH,"), potassium (K",
magnesium (Mg?*) and calcium (Ca?**). The cation flow line was equipped with a CERS (Cation
Electrolytically Regenerated Suppressor) 500 4 mm suppressor. A set of 3 mm CS-16 analytical
column and 3 mm CG-16 guard column was fitted, and a constant methanesulphonic acid
(MSA) eluent concentration of 25 mM was employed at a constant flow rate of 0.400 mL/min,
while a suppressor current of 30 mA was applied. The program was set to run for 39 minutes
per sample. A five-point calibration was also performed with 0.1, 0.5, 1.0, 2.5 and 5 ppm
standard solutions prepared from 1 000 ppm certified stock solutions obtained from Industrial
Analytical. The samples were only analysed after the relative standard deviation of the
calibration curve was below 5.0%. Detection limits (DLs) at a confidence level of 98.3% were
determined according to the method presented by Skoog et al. (2014) for the various cationic
species, as indicated in Table 3-1.

Table 3-1:  Detection limits (DLs) at a confidence level of 98.3% in ppb (i.e. pg/L) and pg/m® for the water-
solubleion species analysed with the IC

Inorganic ions DLs (ppb) DLs (ug/m°)
NO;’ 526 52600
cr 17.5 17500
S04 5.7 5700
F 10.7 10700
Na' 33.6 33600
NH," 20.1 20100
K 27.2 27200
mMg* 21.0 21000
ca™ 18.7 18700
Organic acids (OA):
Acetic acid (CHsCOO') 28.1 28100
Formic acid (COO) 18.2 18200
Propionic acid (C;HsCOQ") 15.7 15700
Oxalic acid (C,0,7) 17.2 17200
3.2.3 Ancillary data and data processing

As indicated in section 2.2.4, 96-hour backward trajectories were calculated for each sampling

hour, and overlay back trajectory figures were generated with Matlab.
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3.24 Empirical calculations and statistical evaluations

(1g)

The anionic and cationic species quantified with the IC in parts per billion (ppb) (T) and were

converted to mass concentration in microgram per cubic meter (%) as well as micro-

equivalents per litre (uEq/L) by using Table 3-2, as well as Equations 3-1 to 3-3.

Table 3-2 shows the molar mass (M) (g/mol) and the equivalent weight of the different ionic

species (Eq.wt) (g/mol).

Table 3-2:  The molar mass (M) (g/mol) and equivalent weight (Eq.wt.) for all the ionic species

lonic species Molar Mass (M) (g/mol) Equivalent weight (Eq.wt.) (g/mol)
Na* 22.99 22.99
NH," 18.05 18.05
K 39.10 39.10
mg* 24.31 12.16
ca® 40.08 20.04
NO; 62.00 62.00
ar 35.45 35.45
s0,” 96.06 48.03
COOH 45.02 45.02
CH;C00° 59.04 59.04
CHsCOO" 73.07 73.07
0.7 88.02 44.01

In Equation 3-1 the mass concentration is (ug/m3), the parts per billion (ppb) (”L—g) and the

volume air is m3. The value 0.01L is the amount of deionised water the sample was sonicated in
for 10 minutes. Equation 3-2, the Eq.wt is the equivalent weight (g/mol) (Table 3-2), M is the
molar mass (g/mol) (Table 3-2) and n is the ionic charge. In Equation 3-3, ¢ is the ion

concentration (ug/L that is also ppb).

gy _ Pxoou

m3  Volume air(m3)

3-1)

Eq.wt.= M/|+n| (3-2)
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(WEq) _ ¢
L Eq.wt

3-3)

In order to determine the ionic balance of samples extracted from the filters, the anionic
contributions (AE) in uEqg/L (Equation 3-4), along with the cationic contribution (CE) in uEqg/L
(Equation 3-5) were required. The AE and CE were used to calculate the total ionic load of
each sample in upEqg/L (Equation 3-6). After this, the ion difference percentage (ID%)
(Equation 3-7) was calculated. The AE included nitrate (NO3), chloride (CI), sulphate (SO.%),
fluoride (F), as well as dissociated oxalic- (C,0,%), acetic- (CH;COO"), formic- (CHOO") and
propionic- (C,HsCOOQ") acid. The CE included sodium (Na*), ammonium (NH,"), potassium (K",
magnesium (Mg?") and calcium (Ca*").

AE = Z Anion concentrations (3-4)

CE = Z Cation concentrations (3-15)

Total ionic load = AE + CE (3—6)

ID% = ‘(M> X 100‘ 3-7)
(CE + AE)

The neutralisation factor (NF) was calculated with Equation 3-8 to evaluate the neutralisation
ability of the base cations (X) (i.e. Mg®*, Ca** and NH,") on the main inorganic acidic species
(considered to be SO,* and NOy) in the aerosol sample (Laouali et al., 2012), while Equation 3-
9 was used to evaluate the neutralisation ability of the afore-mentioned base cations on the

main inorganic acidic species and dissociated OA (SO,%, NO3 and dissociated OA).
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(NF)x = (3-38)

X/ _ .
(NO; + S0;7)

_X _
(NF)x = /(NO; + S02~ + 0A) (3-9)

The contributions of the sea-salt fractions (SSF) and non-sea-salt fractions (nSSF) were
calculated for different ions (X) separately with Equations 3-10 (for SSFy) and 3-11 (for
nSSFy). All Na* were assumed to be from sea salt, even though it was mentioned in
section 3.1.3 that other sources could emit Na* and CI. Southern Africa is surrounded by the
Atlantic and Indian Oceans and oceans are therefore considered as the main sources of Na*
and CI. The SSFy is the sea-salt fraction of element X (e.g. CI, SO,%, Mg¥, Ca* and K),
nSSFy is the non-sea-salt fraction of element X, [Na*] er0s0:1 iS the sodium concentration in
the aerosol sample (LEQ/L), [X/Na™ |seawater iS the ratio of element X concentration (UEg/L) to
Na* concentration (UEg/L) in seawater (Keene et al., 1986b) (Table 3-6, section 3.3.5), and

[X]4erosor is the concentration of element X in the aerosol sample (UEQ/L).

SSFX = [Na+]aerosol X [X/Na+] (3 - 10)

seawater

nSSFX = [X]aerosol - ([Na+]aerosol X [X/Na"']

= [X]aerosol — SSFx

seawater) (3 _ 11)

Similar to Conradie et al. (2016) the SSFs values were used to indicate the marine contributions
and since agricultural and biomass burning are large source contributions in southern Africa,
NH," was used to suggest possible NH,"-associated contributions, which are not all from
agricultural contributions, while OA for possible other sources (section3.1.3) that includes
biomass burning contributions. SO,* was also used as a reference ion for the anthropogenic
activities in South Africa. To estimate the anthropogenic contributions, the SSFsos,) Was
subtracted from the determined SO,* concentration values (UEg/L). The remaining SO,* (i.e.

NSSFso42-) is either from anthropogenic or terrigenous sources. Assuming that anthropogenic
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S0, is in excess of that supplied by sea salt (i.e. SSF(so42-)) as mentioned and from terrigenous
supplied by gypsum (i.e. the Ca** concentration), according to Delmas (1981), it was used as a
reference element for continental crust, since Ca®* is a common lithospheric component (Ding

et al.,, 2013) and therefore subtracted from nSSF o4, to indicate the anthropogenic part of
S0O4* contributions ([SOZ‘]anthmpogeniC) (Equation 3-12) (as was also used by Conradie et al.,
2016 and Mphepya et al., 2006). The terrigenous part of the SO,” contribution
([SOZ Nterrigenous) Was calculated by counting nNSSFges), NSSFcazr, NSSFe),

[Ca?*] together (Equation 3-13) (used also by Mphepya et al.,

Continental crust
2006). [SOZ ],.ssF is the non-sea-salt fraction of the SO4* concentration (LEQ/L), [Ca?*],ssF iS
the non-sea-salt fraction of the Ca®* concentration (UEQ/L), [Mg?*],ssr is the non-sea-salt
fraction of the Mg®* concentration (UEqQ/L), and [K *],.ssr iS the non-sea-salt fraction of the K*

concentration (LEQ/L).

[SOA%_]anthropogenic = [505_]7155? —0.47 [Ca2+]nSSF 3-12)

= [5042-_]715517 - [Ca2+]Continental crust

[S0F7] terrigenous
= [Mg**Inssr + [Ca?* Insse + [K* ]nsse
+ ([SOZ lnssr — [SOF lanthropogenic) (3-13)
= [Mg**lussr + [Ca®* |nssp + [K* Inssr

2+
+ [Ca ] Continental crust

The fossil fuel use contribution was calculated with Equation 3-14. [NO3 ],ssr IS the non-sea-

salt fraction of the NO3™ concentration (LEqQ/L).

Fossil fuel use contribution = [NO3 lnssr + [SOF lanthropogenic (3-14)

Principal component analysis (PCA) is often used to indicate the possible sources of different
ions (e.g. Conradie et al., 2016; Kumar et al., 2018; and Zhang et al., 2018). The dataset, of all
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the ions in both size fractions and all the sites, was submitted to a Box-Cox transformation.
Although there is no limit to the amount of factors that may be used and kept, it is
recommended that only factors that are meaningful or with significant eigenvalues should be
considered (Hosiokangas et al., 1999; Conradie et al., 2016). Only principal components that
had eigenvalues higher than 1 were inspected, after which Varimax rotation followed. Three
principal components were considered for all the sites in both size fractions, except for the PM, 5
size fraction at LT that had two meaningful principal components. Some of the components
identified represented more than one source type, while others only indicated a single source

type.

3.3 Results and discussion

3.3.1 Contextualisation of concentrations

Considering that PMj, includes the PM,s size fraction, PM,s mass concentrations were
subtracted from PM;, to determine the PM, 5.1, Size fraction concentrations. Table 3-3 presents
the average mass concentrations of water-soluble ions in the PM,s and PM,s 1o Size fractions
for the entire sampling period for all the measurement sites, as well as concentrations obtained

at African and other international sites.
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Table 3-3:

published PM;s mean/median mass concentrations (pglm3) of particulate matter samples collected at various international locations

PM25 mean mass concentrations (pg/ms) of particulate matter samples collected at the four South African INDAAF sites (i.e. VT, AF, SK, LT), compared to

+

2+

2+

Source Date Place Site Mean/Median (ug/m®) NOj3 cr s0,” F OA Na NH," K Mg Ca
Vool Trianel Grassland biome, Industrialised, Traffic, Mean PM, 5 0.88 054 38 039 212 037 168 053 047 052
aal Triangle )
Household combustion Mean PM, 5 10 0.67 0.22 0.89 007 094 026 0.31 0.09 0.18 0.31
Mean PM, 5 0.35 0.46 2.88 0.41 2.03 0.74 1.00 0.59 0.47 1.09
Amersfoort Grassland biome in NO, hotspot
Mean PM;s.19 0.35 0.28 0.75 0.08 0.63 0.25 0.23 0.10 0.22 0.23
This study 03/2009 -12/2015
Mean PM, 5 0.875 1.83 2.25 0.39 1.54 0.63 0.80 0.45 0.59 0.71
Skukuza Savannah biome, background site
Mean PM; 519 0.42 0.64 0.61 0.06 0.35 0.59 0.15 0.18 0.18 0.28
Mean PM, 5 0.38 0.45 2.10 0.31 1.57 0.35 0.69 0.42 0.42 0.54
Louis Trichardt Savannah biome, agricultural, background site
Mean PM; 519 0.49 0.47 1.28 0.08 0.65 0.51 0.41 0.13 0.31 0.99
Africa
Aurela et al. (2016) 9-15/10/2007 and 01-02/2008 Botsalano, South Africa Background dry savannah Mean PM; 0.03 - 3.92 - - 0.05 1.02 0.18 - -
Tiitta et al. (2014) 09/2010-08/2011 Welgegund, South Africa Grassland savannah, grazed by cattle and sheep Mean PM; 0.5 0.03 2.4 - - - 0.9 - - -
24/11/2010-28/12/2011 Welgegund, South Africa Grassland savannah, grazed by cattle and sheep Median PM, 0.02 0.005 1.35 0.015 0.16 0.44 0.032 0.003 0.019
Venter et al. (2018a)
11/2008-10/2009 Marikana, South Africa Small residential area Median PM, 5 0.27 0.07 1.83 0.09 0.55 0.09 0.02 0.08
Mean PM; 1.02 0.03 1.98 - - 0.19 0.91 0.61 0.013 0.051
Aged smoke
i Mean PM, ; 1.181 0.045 1.155 - - 0.149 0.51 0.313 0.051 0.152
Formenti et al. (2003) 6-16/09/2000 Atlantic %C_ea" °”Th°'e -
Namibia/Angola Mean PM; 1.415 0272  1.935 - - 1.591 4.46 - 0.104
Fresh smoke
Mean PM, ; 4.193 0.261 1.343 - - 0.659 1.141 1.36 0.642 2.192
Mean PM, s WS 0.06 0.06 0.21 - - 0.32 0.21 0.39 0.09 0.06
Mkoma et al. (2013) 05-06/2011 and 07-08/2011 Morogoro, Tanzania Agricultural, livestock, domestic and forest fires
Mean PM, s DS 0.18 0.08 0.26 - - 0.62 0.93 1.54 0.079 0.297
Other international locations
Shao et al. (2018) 12/2016 -01/2017 Beijing, China Urban, industrial, traffic, heavy haze Mean PM, 5 29.09 4.07 20.93 - - 0.58 15.44 1.40 0.23 0.69
Xi'an High, Tech Zone, China Urban, residential Mean PM, 5 17.10 3.80 22.20 0.30 - 1.70 9.60 1.30 0.30 2.50
Xi'an Jiaotong University, China Residential, traffic Mean PM, 5 17.20 3.90 22.80 0.30 - 1.60 9.10 1.50 0.30 2.50
Xi'an North Third Ring, China Suburban, traffic Mean PM, 5 17.80 4.50 23.70 0.20 - 1.10 9.20 1.60 0.40 2.80
Qiu et al. (2016) 03/2012-03/2013
Weinan, China Urban, fertilizer factory, power plants Mean PM, 5 18.00 3.00 24.70 0.10 - 1.30 10.00 1.30 0.20 1.60
Baoji, China Traffic Mean PM, 5 14.80 2.30 19.80 0.10 - 1.20 7.50 0.90 0.20 1.30
Qinling Mountains, China Background site, affected by Xi'an emissions Mean PM, 5 14.80 1.70 19.30 0.20 - 1.50 7.20 1.00 0.20 1.10
Shakya et al. (2017) 02-04/2014 and 07-08/2014 Kathmandu Valley, Nepal Urban basin, mountains and hills Mean PM, 5 0.49 0.58 6.38 0.07 - 0.23 3.30 0.91 0.14 3.65
Kumar and Raman (2016) 01/2012-12/2013 VVNP Bhopal, Central India Lake and hill Mean PM, 5 3.02 1.46 3.35 0.35 - 0.96 2.07 0.98 0.18 0.77
Chuang et al. (2016a) 09/2014-01/2015 Taoyuan, Taiwan Open area, c'“?:;’uas't'r'?:s”' highways and Mean PM, s 890 100  9.60 - - 020 500 030 020 040
Jusino-Atresi tal.
o oty 08/2006-09/2006 Cape San Juan, Puerto Rico Clean environment, close to Atlantic Ocean Mean PM, 5 006 058 050 001 - 06 016 003 009 010
Szigeti et al. (2015) 06/2010-05/2013 Széna Square, Budapest, Hungary Urban, traffic Mean PM, 5 2.14 0.11 2.84 - - 0.22 1.33 0.18 0.05 0.16
Gawhane et al. (2017) 04/2015-04/2016 Pune, India Urban, industrial, traffic Mean PM, 5 0.98 3.42 4.80 - - 1.98 0.51 0.47 0.28 0.51
Suburban Mean PM, 5 2.90 0.18 2.10 - - 0.16 1.50 0.13 0.03 0.08
Urban Mean PM, 5 2.90 0.19 2.00 - - 0.18 1.40 0.12 0.03 0.12
Bressi et al. (2013) 09/2009-09/2010 Paris, France North East Rural Mean PM, 5 2.20 0.16 1.90 - - 0.14 1.20 0.12 0.02 0.05
North West Rural Mean PM, 5 2.60 0.18 1.90 - - 0.16 130 0.11 0.03 0.06
South Rural Mean PM, 5 2.20 0.14 1.80 - - 0.13 1.20 0.10 0.02 0.04
Castro et al. (2018) 03/2006-03/2006 Tecamac University, Mexico Suburban Mean PM3, 1.81 0.73 3.42 - - - 1.09 0.97 0.23 1.08
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By considering the combined PM, s and PM, 5.1, results from this study in isolation, it is evident
from Table 3-3 that SO, concentrations were the highest of all the water-soluble species, at all
four sites. Differences between the four measurement sites considered in this thesis are not

discussed further here, since spatial distribution is considered in detail later (section 3.3.2).

As previously indicated (section 3.1.4), very few aerosol chemical analyses have been
published for southern- and South Africa. By considering Table 3-3, it is evident that all the
South African sites considered in this study had significantly higher PM,s mean ionic
concentrations than reported for Morogoro (Tanzania), which was mostly influenced by
agriculture and livestock, as well as domestic and open biomass burning emissions (Mkoma et
al., 2013). Although PM,s cannot be directly compared to PM;, Formenti et al. (2003) reported
similar or even higher mean concentrations of most of the ionic species in open biomass
burning plumes measured offshore from Namibia and Angola, than the PM,s mean
concentrations reported for VT, AF, SK and LT. This indicates the significant regional influence
of large-scale open biomass burning in southern Africa, which is endemic in this region (Swap
et al., 2003). Aurela et al. (2016) reported higher mean SO, in PM; aerosols measured at
Botsolano, than what was found in PM,s at the relatively polluted VT and AF. This is
understandable, considering that Botsalano is frequently impacted by air masses that had
passed over the western Bushveld Complex. Here, numerous platinum group metal (PGM)
smelters occur that emit high concentrations of SO, (Jacobs, 2006), due to sulphide-rich ore
being smelted (Xiao and Laplante, 2004b). The PM; mean SO,* and NO; reported by Tiitta et
al. (2014) for Welgegund, a regional background site in South Africa, were in the same range as
PM, s concentrations found at all four the sites considered in this study. The total PM; organic
aerosol content (which also included non-water-soluble species) at Welgegund (3.6 pug/m®) was
significantly higher than the PM,s OA (i.e. organic acid) levels found at VT, AF, SK and LT
(1.54-2.12 ug/m®), but this can at least partially be explained since only the water-soluble
organic acids (OA) were quantified in the current study. The median PM; at Welgegund
reported by Venter et al. (2018a) for NO3, CI, S0,% and NH,*, was much lower when compared
to the same ions in the PM; mean (Tiitta et al., 2014) and in the PM;s at all four sites of the
current study. In contrast, the PM,s median of NOj; for Marikana (Venter et al., 2018a)
compared well with the PM,s mean concentrations at AF and LT, while the PM,s median for

NH," (Venter et al., 2018a) was in the same range as for SK and LT.

The average PM,s ionic concentrations of the background sites SK and LT were substantially
higher than reported for a true international background site, i.e. Cape San Juan (Puerto Rico)
(Table 3-3) (Jusino-Atresino et al., 2016), which indicates the regional impact of anthropogenic
pollution and open biomass burning in the South African interior. Furthermore, although the
NO; (0.88 and 0.35 ug/m®), SO,* (3.80 and 2.88 ug/m®) and NH," (1.68 and 1.00 ug/m® PM,s

concentrations at VT and AF were relatively high within an African context, these levels were
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substantially lower than NO; (14.80-29.09 pg/m®), SO,* (19.3-24.70 pyg/m®) and NH," (7.20-
15.44 ug/m®) PM, s concentrations reported for severely polluted areas in China (Table 3-3 and
references therein). SO,> PM,s concentrations at the regional background sites SK and LT
(2.25 and 2.10 yg/m®) were in the same range as reported for Paris (1.80 and 2.10 pg/m®)
(Table 3-3 and references therein), which again indicates the regional impact of anthropogenic
pollution in South Africa. NH;* PM, 5 concentrations at VT and AF (1.68 and 1.00 pg/m3) were
similar to levels reported in Paris (1.20 and 1.50 pyg/m®) (Table 3-3 and references therein).
However, the NO;™ levels in Paris (2.20 and 2.90 pg/ms) were higher than found for VT, AF, SK
and LT (0.35-0.88 pug/m°) (Table 3-3 and references therein), mostly likely due to the high traffic

volumes in this large city.

Currently, there is no South African air quality standard limit for total and/or water-soluble ionic
content of PM. However, the WHO (2014) does propose annual guideline limits for PM,s and
PM,, as 10 and 20pg/m3, respectively. The total PM,s water-soluble ionic concentrations, as
presented in Table A-1 (Appendix A), exceed the afore-mentioned guidelines at VT
(11.31 pg/m?), AF (10.02 pg/m®) and SK (10.06 pug/m?), which indicates that the ionic content of

PM, s in South Africa requires attention in terms of possible air quality impacts.

3.3.2 Spatial distribution

Presented in Figure 3-1 and Figure 3-2 are box and whisker plots (indicating median, mean, 25"
and 75" percentiles and +2.7 x standard deviation) of the water-soluble ion and OA mass
concentrations (ug/m®) of PM,s and PM,s.10, respectively, for all the sites considered in this
study. Each of these figures is divided into two, i.e. the top graph (a) indicates the actual mass
concentrations, while in the bottom graph (b) some of the species concentrations were
multiplied with constants (indicated next to the species name on the x-axis) to make the
concentration values more legible on the y-axis. Consistent multiplying constants were applied

in both Figure 3-1 and Figure 3-2.

53



-
N

-
o

@

Concentration (uglm?’)

o

é;é@@&éé— b %é%%iﬁéiééééié$é@éé%é%

VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT
NO, cr SOi' F Org. acid Na® NH}, K Mg?* Ca
a -
@ Species

12

10

EN

N

Concentration (uglm?’)

10ahA08 Lo dBnl b oebaBhdnn

VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT VT AF SK LT

NO(x3) CI(x3) soZ F(x10) Org. acid (x3) Na'(x4) NH; (x2) K*(x5) Mg?*(x5)  Ca®'(x4)
(b) Species
Figure 3-1: PM.s mass concentrations (ug/m®) of the water-soluble ions and OA for each of the INDAAtFh

sites. The red line indicates the median, the black dot the mean, the top and bottom edges of the box the 25
and 75" percentiles and the whiskers the +2.7 o (99.3% coverage if the data have a normal distribution). Top
graph (a) indicates the actual mass concentrations of the species, while the bottom graph (b) indicates the mass
concentrations that were multiplied with constants (indicated next to the species name on the x-axis)
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Figure 3-2: PM25.10 mass concentrations (pglm ) of the water-soluble ions and OA for each of the INDAAF

sites. The red line indicates the median, the black dot the mean, the top and bottom edges of the box the 25"
and 75" percentiles and the whiskers the +2.7 o (99.3% coverage if the data have a normal distribution). Top
graph (a) indicates the actual mass concentrations of the species, while the bottom graph (b) indicates the mass
concentrations that were multiplied with constants (indicated next to the species hame on the x-axis)

By comparing Figure 3-1la and Figure 3-2a, it is evident that a higher concentration of water-
soluble ions occurred in the PM, s than in the PM,s.10 Size fraction. Moreover, in the PM, 5 size

fraction, SO, was the species with the highest concentration at all sites, while the organic acid
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(OA) mass concentrations were 2" highest. However, if total nitrogen (N) (determined from NOg
and NH,") and total sulphur (S) (determined from SO,%) are calculated (Table A-1, Appendix A),
very similar N and S concentrations are found at each site. By considering the total water-soluble
ionic concentration of both the size fractions (Table A-1, Appendix A), it is clear that aerosols at VT
(15.25 yg/m®) had the highest water-soluble ionic content, with AF (13.13 ug/m°®) and SK
(13.52 pg/m®) each with very similar levels, while LT (12.54 yg/m®) had the lowest water-soluble
ionic content. However, the relative contributions of the different species and size fractions varied
at the different sites, as will subsequently be discussed.

Several studies indicate that SO,* (as oxidation product of SO,, and to a lesser degree from H,S)
and NO; (as oxidation product of NO,) in the South African interior mainly originate from industrial
fossil fuel use (e.g. coal-fired power stations and petrochemical operations) and household
combustion for space heating and cooking (Collett et al., 2010; Lourens et al., 2011; Venter et al.,
2012; Pretorius et al., 2015). As previously stated, almost none of the industries in South Africa de-
SO, or de-NO, their process off-gas (Beukes et al., 2013a) as is common in first-world countries,
and therefore it is possible that these industrial sources are responsible for a significant fraction of
the SO, and NO;” emissions. Open biomass burning (especially from August to middle October),
biogenic emissions and traffic can also contribute significantly to NO3™ levels (Lourens et al., 2012;
Beukes et al., 2013a). Considering the variety of possible sources, SO,* and NOj; levels are not
always associated with one another. By comparing the average and/or median SO,
concentrations at the different sites, it is evident that the VT had the highest concentrations,
followed by AF, SK and LT. Aerosols at VT also had the highest average and/or median NOjz
concentrations, notwithstanding that AF is situated in the well-known NO, hotspot identified with
satellite measurements, while VT is situated on the edge of the afore-mentioned hotspot (Lourens
et al.,, 2012). This indicates that emission heights of NOs; precursor species, which can be
assumed to be mostly NO, within the South African context, differ significantly between AF and VT.
Most of the NO, emissions in the Mpumalanga Highveld will be from industrial high-stack
emissions (e.g. coal-fired power stations) (Pretorius et al., 2015), whereas, fractionally, a much
greater proportion of NO, emission will take place at ground level near VT, due to the larger
population density there. Likely sources of such lower level emissions are traffic (Lourens et al.,
2012), small industries and household combustion in semi- and informal settlements (Venter et al.,
2012; Hersey et al., 2015; Nkosi et al., 2018). The comparison of the average and/or median NO3’
concentrations at the different sites indicated that SK had the 2™ highest concentration, followed
by AF and LT. Various reasons could contribute to lower NOj™ levels at AF than SK, one of which
are the high-stack emissions in the vicinity of AF, although the SO,” is higher at AF than at SK.
However, the atmospheric lifetime of SO, is generally shorter than NO, (Seinfeld and Pandis,

2016). Therefore, NO; formation will take place over a wide area if compared to SO,* formation.
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By comparing the average and/or median NH," concentrations from Figure 3-1 and 3-2, it is
evident that these levels are highest at VT, followed by AF, SK and LT. Fertilisers (an important
possible source of NH3) (Schlesinger and Hartley, 1992; Lian et al., 2018) are produced close to
VT on a large scale and this site is also surrounded by more chemical-related industrial activities
(Conradie et al., 2016) than AF and the other two sites, which explains the higher NH," levels. SK
and LT are in the same concentration range and it can be expected that agricultural activities will
make a contribution to NH," levels (Satsangi et al., 2013) at these sites, as well as open biomass
burning (Paulot et al., 2017) and animal excrement (Schlesinger and Hartley, 1992).

According to Aurela et al. (2016), CI and K" levels can be used as indicators of biomass burning
influence, in addition to OA as indicated by Conradie et al. (2016). The OA correlation with acidity
was used as indicative for biomass burning in Conradie et al. (2016) even though no seasonal
cycle of OA was observed by the afore-mentioned authors. By comparing the average and/or
median of CI', K" and OA, in Figure 3-1, it is evident that the levels of the individual species were in
the same range, except the CI" at AF that was a bit lower. It is therefore likely that open biomass

burning is a possible source at all the sites.

CI associated with Na" usually indicates a marine contribution (Conradie et al., 2016; Jusino-
Atresino et al., 2016). In both size fractions (Figures 3-1 and 3-2), the CI and Na* concentrations
were the highest at SK, which is situated closest to the coast of the four sites considered, and
therefore supports the notion that SK has a higher marine influence, if compared to the other three

sites.

By comparing the average and/or median Mg* and Ca®* concentrations, they seem to be in the
same range at all the sites. Therefore, the results do not indicate whether fly ash (Mahlaba et al.,
2011; Conradie et al., 2016), marine and/or terrigenous (Van Zyl et al., 2014; Conradie et al., 2016)

sources dominate at the different sites.

In order to augment the concentration-based results presented in Figures 3-1 and 3-2, the mass
fraction percentages (%) of the individual water-soluble ions and total organic acids determined for
all four sites in the two size fractions, i.e. PM,s and PM, .19, are presented in Figures 3-3 and 3-4,
respectively. Again, each of these figures indicates the actual mass fraction percentage (%) (graph
a), as well as the results with some of the mass fraction percentages multiplied with constants

(indicated next to the species name on the x-axis) to make the values more legible on the y-axis.
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From Figures 3-3 and 3-4, it is obvious that SO,* is the species with the highest fractional

contribution of all the ionic species at all four sites considered. The mean mass fraction percentage
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contribution of SO,* for the four sites varied between 13.3 and 22.1%, while its median mass
fraction percentage contribution varied between 5.2 and 8.6%. The mean ranges of PM,s mass
fraction for the other ions at all four sites were as follows: NO3™ (1.4 and 8.1%), CI' (1.1 and 4.1%),
F (approx. 0.4% for all sites), OA (2.5 and 7.0%), Na* (2.5 and 7.0%), NH," (0.9 and 4.7%), K* (5.7
and 7.4%), Mg** (1.3 and 2.1%) and Ca** (0.6 and 1.3%).

The significant mass fraction contribution of SO,*, even at the background sites, again indicated
the regional influence of anthropogenic emissions. As previously mentioned in Chapter 2, Conradie
et al. (2016) also found that S0,* was the dominant ion in rain water at the same sites (i.e. VT, AF,
SK and LT) during the sampling period from 2009 to 2014. SO,*was reported to be the dominant
ionic species at Botsalano (Aurela et al., 2016) and Welgegund (Tiitta et al., 2014; Venter et al.,
2018a), respectively. Aurela et al. (2016) and Tiitta et al. (2014) stated that the mean mass
contributions of SO,% were 44.0% at Botsalano and 33.0% of non-refractive PM, at Welgegund
(27.0% if eBC is included in calculation). SK had the highest mean mass fractions for CI, Na" and
OA, with 4.1, 7.0 and 7.0%, respectively. This indicates the significant influences from marine and

possible biomass burning sources at this site.

To contextualise the above-mentioned mass fraction percentages, some international references
are considered. Shao et al. (2018) reported mass fractions of NO3 (i.e. 38.3%), SO, (i.e. 27.4%)
and NH," (i.e. 21.7%) in the PM, s fraction in Beijing. Kumar and Raman (2016) stated that the sum
of SO,*, NO;” and NH,* contributed 61.0% to the total PM, s ionic species in Bhopal (India), while
Gawhane et al. (2017) reported that SO,* (i.e. 13.0%) made the highest contribution in PM,5 in
Pune (India). In Budapest, the ion with the highest mass fraction in summer was SO,* with 21.5%
(14.4% in the fall and 15.5% in spring), while NO3" was the ion with the highest mass percentage in
winter, i.e. 13.0% (Szigeti et al., 2015). At five sites in Paris, the mass fraction percentages were
between 17.0 and 22.0% for NOy', 13.0 and 16.0% for nssSO,*, 10.0 and 12.0% for NH,*, 2.0 and
5.0% for mineral dust and 3.0 and 4.0% for sea salt (Bressi et al., 2013), respectively. The
dominance of NO; over SO,* percentages in a number of the afore-mentioned studies (Bressi et
al., 2013; Szigeti et al.,, 2015; Gawhane et al., 2017) was attributed to traffic being the most
significant source of precursors (NO,), which is clearly not the case for the South African sites
considered in this study. Parworth et al. (2015) reported 21.0% for NOg, 12.0% for SO,*, 9.4% for
NH,", 0.24% for CI', 57.0% for organics at a background location in north-central Oklahoma, while
Bressi et al. (2016) reported 58.0% of organics, 21.0% for NO3", 12.0% for S0,% and 8.0% of NH,"
at northwest of the Po Valley (i.e. background site) for the total non-refractive PM;. Both these
studies were measured with an ACSM instrument. For Cape San Juan, a true marine background
site, Na* and CI contributed 58.0% to the mean mass, which clearly indicates marine as the main
source of ionic species (Jusino-Atresino et al., 2016). Therefore, although SK (and LT to a less
degree) is significantly impacted by marine air masses, the fractional contribution thereof is not

comparable to true marine background sites.
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By considering Figures 3-1 and 3-2, as well as Figures 3-3 and 3-4, some deduction can already
be made with regard to the distribution of the water-soluble ions and OA between the two different
size fractions, i.e. PM,s and PM,s.10. However, to enable proper assessment of this, Figure 3-5
presents the size distribution percentages (%) for each ion and OA, over the two size fractions for

all the sites.
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Figure 3-5:  Size distribution of the water-soluble ionic species and OA for all four INDAAF sites

From Figure 3-5, it can be seen that most of the ions occur in the PM, 5 size fraction at all sites.
Seinfeld and Pandis (2006) defined two general size fractions to explain aerosol composition,
i.e. PM, and >PM,. PM, patrticles typically originate from primary emissions; condensation of
secondary SO,*, nitrate and organics from the gas phase; and coagulation of smaller particles.
As is evident from Figure 3-5, S0O,* mainly occurred in PM,s at all the sites, as expected
(Seinfeld and Pandis, 2006). This is also in agreement with Venter et al. (2018a), who recently
mentioned that SO, mainly occurred in the PM; size fraction at a regional background site in
South Africa, i.e. Welgegund. However, a significant fraction of NOs; occurred in PMss.1g
(43.0%, 49.7%, 32.4% and 56.5%) for VT, AF, SK and LT, respectively, which indicates that the

high S0,% levels in the PM,s size fraction result in substitution of NOs™ in NH4NO5 to form
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ammonium sulphate ((NH,).SO,). In addition, the higher NO3™ in PM, 5 19 suggests the influence
of aged marine air masses, wherein NHO; reacts with some NaCl to form NaNO; and HCI
(Turner and Colbeck, 2008). It is also obvious that SK and LT are influenced more by fresher
marine air masses than the other sites, since Na* at these sites was significantly higher in the
PM, .19 Size fraction. This was confirmed by overlay back trajectory figures (Figures 3-6a to d)
that were compiled from back trajectories with arrival times coinciding with sampling times
during the entire sampling period (March 2009 to December 2015). These figures clearly
showed SK and LT being influenced more by marine air masses than VT and AF. In contrast,
VT is influenced most by air masses that had passed over the surrounding
industrial/developed/populated areas (including the Mpumalanga Highveld), as well as the
Johannesburg-Pretoria megacity that is also significantly polluted (Lourens et al., 2012 and
2016). AF is mostly influenced by air masses that had passed over the surrounding
Mpumalanga Highveld and the Vaal Triangle (where VT was situated). Detailed site
descriptions, which include references to large point sources and the declaration of priority

areas wherein VT and AF are located, were presented in section 2.2.1.
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% Trajectories passing

(d)

Figure 3-6: Overlay back trajectory figures of individual trajectories calculated during sampling times at VT (a), AF (b), SK (c) and LT (d) over the entire sampling
period (i.e. March 2009 to December 2015). Similar figures were presented in section 2.3.1
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3.3.3 Temporal assessment of the most important ions

According to results presented thus far in this chapter (i.e. Figures 3-1 to 3-4), SO,%, NOg,
OA and NH,4" were the ions with the highest concentrations. This is in agreement with results
from Venter et al. (2018a), who presented results for a regional background site
(Welgegund) and an industrial/lhousehold combustion impacted site (Marikana). Therefore,
only the temporal variations for these species, i.e. SO,”, NO;, OA and NH,", are
considered. The monthly median concentrations for both size fractions and each sampling
site are presented in Figure 3-7, while the corresponding monthly average concentrations
are presented in Figure 3-8.
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Figure 3-7: The monthly median concentrations of NO3 (blue line), S0.% (red line), OA (green line)
and NH,4" (black line) in the PMas (a) and PMas.10 (b) size fraction, over the entire sampling period for all
four INDAAF sites
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Considering the results presented in Figures 3-7 and 3-8, it is difficult to state with a high

level of confidence that clear seasonal patterns exist for any of the ions considered. One of

the reasons why seasonal patterns are not obvious might be due to the sampling procedure

applied, i.e. a monthly 24-hour sample at each site might not represent the monthly

average/median concentrations, even over the ~6.5 year period considered here. A single

24-hour sample with an abnormally high or low concentration will significantly influence the
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results, which would have been less likely if monthly composite samples were obtained.
However, even Tiitta et al. (2014), who conducted high temporally resolved PM; ACSM
measurements at Welgegund, could not identify clear seasonal patterns, except for organic
aerosols that were higher in the open biomass burning season. In the current study, only OA
was determined and not total organic aerosol content, and therefore it is difficult to compare
to the results of Tiitta et al. (2014). Tiitta et al. (2014) also made some deductions regarding
the seasonality of NO3’, but these authors only considered PM; that contains only a small
fraction of NOs- (as was also reported by Aurela et al., 2016, and Venter et al., 2018a).

The seasonality of the ionic content of PM in the South African interior will depend on many
factors. For instance, the effect on warm and wetter summers, vs cold and dry winters
(Laakso et al., 2012); seasonality of open biomass burning during the dry season as a
source of PM (Mafusire et al., 2016, section 2.3.3); seasonal differences in wet deposition as
a removal mechanism for PM (Conradie et al., 2016); influence of seasonal relative humidity
on SO, oxidation to SO,* (Connell, 2005); seasonal differences in circulation patterns over
southern Africa (Garstang et al., 1996); seasonal differences in the formation of inversion
layers in the South African interior (Garstang et al., 1996; Korhonen et al., 2014; Gierens et
al., 2018); and obviously the sources that impact a specific site. However, all authors who
have previously considered the seasonality of PM ionic content in the South African interior
(Tiitta et al., 2014; Aurela et al., 2016; Venter et al., 2018a) have found that air mass history
(i.e. over what source areas an air mass has passed) is very important in understanding the

chemical composition.

In order to explore the effect of air mass history on ionic content, the chemical composition
of individual samples was plotted in stacked bar plots over the entire sampling period for the
VT site. This site was chosen as an example site, since it is influenced by a complex mixture
of sources. Additionally, more consideration was given to the PM,s size fraction, since it
contained the majority of the mass concentrations of most of the ions, with much less mass
occurring in the PM,s.9 size fraction (Figure 3-5). Considering the afore-mentioned,
Figure 3-9 presents the PM,s composition stacked bar plot of the 82 individual samples
collected at VT. Samples 2, 5, 9 and 18 were carefully selected as case studies (indicated by
the # in Figure 3-9). The back trajectories associated with sampling times of these selected
case studies are presented in Figure 3-10. Figure 3-9 indicates organic matter (OM) and not
OC, due to OC concentrations that were converted to OM concentrations by multiplying it
with a factor of 1.71 (Hegg et al., 1997; Turpin and Lim, 2001). This was required, since the
analytical technique that was applied (section 2.2.3) only quantified the carbon content of
organic compounds (from there the term OC), while the actual weight of organic compounds

is co-determined by the oxygen (O), hydrogen (H), nitrogen (N), sulphur (S), phosphor (P)
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and other trace elements present in the molecular structures. Additionally, the OA mass
fractions were not indicated separately, since OA forms part of the OM fraction. By
converting measured OC to OM through this calculation, furthermore adds uncertainty to the
new calculated OM that is <5.0% (Turpin et al., 2001). The uncertainty of the calculated OM

values is also controlled by our limited knowledge about OM components.
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Figure 3-9: PM. s stacked bar plot of the ion concentrations (pglm3) (including elemental carbon (EC)
as presented in Chapter 2 and organic matter (OM)) of individual samples collected over the entire
sampling period at VT. The samples are numbered at the top and the samples that were carefully
selected as case studies are indicated by #*
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Figure 3-10: Back trajectories associated with PM, s case studies (i.e. samples 2, 5, 9, 18) for the VT

As is evident in Figure 3-9, samples 31 to 52 (September 2011 to June 2013) had much
lower ionic concentrations than the samples measured before and after this time period. This
was due to the ionic concentration of some of the species being non-retrievable (thus
therefore not quantified) from the analytical instrument. Therefore, case studies from this
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period was not considered. The impact of these data limitations was limited during all
calculations, since the missing data points that were treated as non-available data in Matlab

calculations (i.e. not a number, NaN).

Case study and back trajectories associated with sample number 2 of VT

The chemical composition of this case study sample indicated elevated concentrations of
S04%, and lower but notable NH,* and EC concentrations (Figure 3-9). The back trajectories
passed over the Mpumalanga Highveld with its array of coal-fired power stations (Figure 3-
10, number 2) that are well known for high SO, and NO, emissions. As explained earlier,
SO, has a shorter atmospheric lifetime than NO, (Seinfeld and Pandis, 2006), and therefore
the higher SO,* reported here makes sense. Additionally, substantial NO3™ will only occur in
the particle phase if there is enough NH," to fully neutralize SO,*, and even then its
occurrence is strongly dependant on temperature (Seinfeld and Pandis, 2006).

Case study and back trajectories associated with sample number 5 of VT

This case study sample exhibited elevated organic matter (OM) and EC, as well as K*, NO5’
and CI concentrations. The associated back trajectories passed over many open biomass
burning events that are common during the dry season (this specific sample was taken in
July 2009). Such fires release the N (as NO,) that was part of the biomass and it is also
known that KCl is emitted (Aurela et al., 2016). The SO, concentration of this sample was
also not negligible, since the air masses had passed over numerous pyro-metallurgical
smelters in the western Bushveld Complex (near Rustenburg and Brits) that are known to
emit relatively high concentrations of SO,. However, the emitted flue gas concentrations do

not matter, but total emitted SO, matters on a regional scale.

Case study and back trajectory associated with sample number 9 of VT

This case study sample had elevated concentrations of OM, NH," and SO,*, with lower NO3
and EC concentrations. The back trajectories associated with it passed over a couple of
pyro-metallurgical smelters and coal-fired power stations, which explains the elevated SO,*.
The NH; emissions from the production of fertiliser in the area and other chemical operation
near VT explain the elevated NH," - such nearby sources are not easily explained by air
mass back trajectory analysis, but at least the sources are known and can make a
contribution. In contrast with the previously considered case study, almost no open biomass
burning events occurred, which explains the low EC concentration. However, the elevated
OM concentration can be explained by elevated biogenic VOC (BVOC) concentrations
during the early part of the wet season (sample was taken in November 2009) that can be
oxidised to form OM (Jaars et al., 2016).
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Case study and back trajectories associated with sample number 18 of VT

The composition of the case study sample indicated the presence of a number of species
that have already been considered in the previous case studies, e.g. NH,", S0,%, NO; and
CI'. However, what makes this case study particularly interesting is the elevated OM, but
lower EC concentrations (Figure 3-9). The back trajectory associated with this sample
passed over many open biomass burning events (Figure 3-10, number 18). However, the
majority of these events were quite far from the site (mostly in KwaZulu-Natal and the
Eastern Cape). It was indicated in Chapter 2 (section 2.3.1) that the OC/EC ratio indicates
the freshness of a plume, since secondary OC concentration is enhanced during aging from
biomass burning or biogenic VOC precursors, while EC concentration is reduced, due to wet
and dry deposition. According to Vakkari et al. (2014) combustion phases also affect the
ratio of BC to organic aerosol, resulting in higher OC/EC ratios for smouldering combustion.
Therefore, the elevated OM and lower EC observed for this case study are not surprising.
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As was previously stated, more consideration was given to the PM, s than to the PM, 5 1o Size
fraction during the discussion of case studies (Figures 3-9 and 3-10), since the former size
fraction contained the majority of the mass concentration of most of the ions (Figure 3-5).
However, a single PM, s 19 Size fraction case study is also considered for the VT, i.e. sample
24 that was collected in February 2011, since it illustrated one particular source better than
the previously discussed PM, s case studies. Figure 3-11 presents the stacked bar plot of the
PM, .10 Size fraction of VT, wherein it is evident that sample 24 contained a very significant
amount of Na*, Ca** and Mg?* if compared to the other samples. This is indicative of marine
aerosol, since Na‘, Mg®* and Ca*" are the most prevalent mineral ions in seawater

(https://web.stanford.edu/group/Urchin/mineral.html). The marine origin is also confirmed by

the back trajectory that is associated with this sample (Figure 3-12).
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Figure 3-11: PM.s.10 stacked bar plot of the ion concentrations (pglmg) (including elemental carbon

(EC) as presented in Chapter 2 and organic matter (OM)) of individual samples collected over the entire
sampling period for VT. The samples are numbered at the top and the samples that were carefully
selected as case studies are indicated by %

pem|

Figure 3-12: Back trajectory associated with PM3s.19 case study 24 for the VT

From all the case studies associated with VT, which was considered as an example site, it
was evident that the lack of observed seasonal patterns in the ionic concentrations
(Figures 3-7 and 3-8) is due to air mass history being the dominant determining factor for the

ionic chemical composition, in addition to the seasonal occurrence of open biomass burning.
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3.3.4 Acidity and neutralisation

In this section, the empirical calculations and statistical evaluations described in
section 3.2.4 are applied. In contrast to guidelines for the ionic balance of wet precipitation
samples prescribed by the World Meteorological Organization (WMO/GAW, 2004), no
guideline(s) for aerosol water-soluble ionic species balance could be found by the candidate.
Therefore, all the results obtained over the entire sampling period at all four sites were
included in the data analyses. The average ion difference percentages (calculated with
Equation 3-7) for the PM,5 size fractions were 17.9, 19.2, 22.2 and 18.1 %, while the ion
difference percentages for the PM, 5.1 Size fractions were 29.4, 18.0, 21.6 and 22.0 %, for
VT, AF, SK and LT, respectively. According to the principle of electro-neutrality, the aqueous
aerosol extractions prepared in this study (section 3.2.1) should have no ion difference.
However, all ionic species were not quantified, e.g. carbonate (CO3*) and bicarbonate
(HCOy3). In addition, H* occurring in acid condensate in aerosols (e.g. H,SO,) cannot
conventionally be quantified. Also, Hennigan et al. (2015) found that the aerosol H* loading
did not necessarily corresponded well with declining pH, therefore it was suggested that the
ion balance may not be a very good indicator of aerosol acidity. Kerminen et al. (2001)
observed that the ion balance depends on particle size, thereby suggesting that the smaller
particles are more acidic when compared to super-micrometre particles. Therefore, the
afore-mentioned ion difference percentages were expected and they are in the same range

as reported for similar studies elsewhere (Satsangi et al., 2013; Wan et al., 2016).

In addition to the direct importance of aerosol acidity (e.g. the effect of acidity on deposited
surface), has an influence on hygroscopicity of the aerosol, as well as the ability to produce
heterogeneous sulphate and secondary organic aerosols (Jang et al., 2002; Pathak et al.,
2011). According to Table 3-3, SO,*, NO; and dissociated OA are the anions that had the
highest concentrations in samples at the sites considered. CI" was not considered here, due
to its common association with Na* as a marine aerosol. Therefore, these ions (SO,%, NOg
and dissociated OA) will contribute most to aerosol acidity. This is similar to previous
findings related to aerosol acidity in the South African interior (Tiitta et al., 2014; Venter et
al., 2018a), although none of these authors quantified OA. Similar to Satsangi et al. (2013),
the three cations NH,", Mg2+ and Ca®" were considered as the most common neutralising
species in aerosols for the afore-mentioned acid-forming species. Again, this is comparable
to neutralisation calculations previously reported for aerosols sampled in South Africa (Tiitta
et al., 2014; Venter et al., 2018a), with some differences. For instance, Tiitta et al. (2014) did
not quantify Mg®* and Ca?*, while Venter et al. (2018a) did not consider the neutralisation
effect of Mg®* and Ca** although these species were quantified. Similar assumptions to that

applied here (i.e. SO,*, NO; and dissociated OA as the main acid forming species, and
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NH,", Mg* and Ca?" as the main neutralising species) have also been applied in wet
deposition acidy calculations (Mphepya et al.,, 2004; Laouali et al., 2012). Figure 3-13
presents graphs of the PM, s (a) and PM, .19 (b) cation- (CE) (UEQ/L) versus the anion (AE)
(MEqQ/L) equivalent contributions (calculated with Equations 3-4 and 3-5) for each site, with
CE representing the total NH,*, Mg®* and Ca?* equivalent concentrations and AE the total

NO3, SO,* and OA equivalent concentrations.
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Figure 3-13: PMzs (a) and PMas.10 (b) cation (i.e. sum of NH,", Mg®*, Ca*") versus anion (i.e. sum of
NOs, 5042', OA) equivalent concentrations for each site. The solid black line is a 1:1 line; the solid blue
line a linear fit of all data and the dotted blue line in some graphs indicate an alternative linear fit if one or
more outliers (identified with black circle) were omitted
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From Figure 3-13a, it is evident that the PM, 5 size fractions at VT and AF are slightly acidic,
with the calculated CE not fully accounting for calculated AE neutralisation. This is
understandable, since PM,s SO,* concentrations (that are likely to be the dominant acid
forming species in aerosols in the South African interior) at these two sites are significantly
higher than at the other two sites (Figure 3-1). However, at SK and LT, it seems as if the
PM,s size fractions are fully neutralised. For the PM,s1, size fraction (Figure 3-13b), it
seems as if the particulate matter is fully neutralised, if a very limited number of outliers are
ignored. The afore-mentioned results, i.e. that the PM,s and PM,s.1, seem fully or almost
fully neutralised differ from deductions made by Tiitta et al. (2014) and Venter et al. (2018a),
who indicated that PM; is not fully neutralised. However, as previously mentioned, these
authors did not account for the neutralising effect of Mg®* and Ca**. When Ca*" and Mg**
were removed from these graphs (Figure 3-13), similar slopes as reported by Tiitta et al.
(2014) and Venter et al. (2018a) were found. It is also interesting to note that Conradie et al.
(2016) reported very acidic wet deposition (pH 4.32 to 4.89 volume weighted means) at the
same measurement sites considered in the current study. Therefore, it is good (a positive
result) to know that PM, s and PM, 5.1, compositions do not seem to further exacerbate the

regional acid deposition problem over the South African interior.

To explore possible seasonal variations in aerosol acidity, Figure 3-14 illustrates PM,s (a)
and PM,:s.10 (b) CE (MEQ/L) versus AE (WEq/L) for the summer (i.e. January, February and
December) and winter (i.e. June, July and August) months separately, for each site. As is
evident from these results, there does not seem to be any significant seasonality with both
size fractions being neutralised in both seasons at all sites, after a very limited number of

outliers were omitted.
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The ability of cation species to neutralise anion species can be evaluated by calculating NF
factors. The higher the NF factor, the more the specific cation species are able to neutralise
strong acidic species. Average NF for NH,", Mg®* and Ca?®" was calculated with Equation 3-8
(if only SO,> and NOj3 are considered as acidic species) and Equation 3-9 (if SO,*, NO3
and OA are considered as acidic species) for both size fractions and all the sites. These
calculated average NF values are summarised in Table 3-4 (for acidic species SO,* and
NO3) and Table 3-5 (for acidic species SO,*, NO; and OA) for PM, s (a) and PM, .10 (D).

Table 3-4: Average neutralisation factors (NF) of NH,4", Mg®" and Ca* to neutralise SO4* and NO3 in
the PM2s (a) and PM2s.10 (b) size fractions at all sites
(a)
Site NFnuas NFwga+ NFcaze
VT 0.91 0.12 0.23
AF 0.77 0.13 0.20
SK 0.72 0.34 0.42
LT 0.78 0.17 0.28
(b)
Site NFnuas NFwga+ NFcaze
VT 0.70 0.49 1.21
AF 0.63 0.22 0.24
SK 0.31 0.58 0.44
LT 0.83 0.45 0.48
Table 3-5: Average neutralisation factors (NF) of NH,", Mg2+ and Ca” to neutralise SO4%, NOs and
OA in the PM25 (a) and PMzs.10 (b) size fractions at all sites
(a)
Site NFnuas NFwga+ NFcaz
VT 0.78 0.10 0.20
AF 0.69 0.12 0.18
SK 0.62 0.29 0.36
LT 0.68 0.15 0.25
(b)
Site NFnuas NFwga+ NFcaz
VT 0.45 0.31 0.77
AF 0.54 0.18 0.21
SK 0.27 0.51 0.38
LT 0.67 0.36 0.39
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By considering Tables 3-4a and 3-5a, it is evident that NH," is likely the most important
cation to neutralise the acidic ions in the PM, ¢ size fraction at all the sites, while Ca?* is likely
to be the second most important neutralising cation. This is similar to Conradie et al. (2016)
who also found NH,* and Ca?" to be the most important and second most important cations
to neutralise acidic species occurring in wet precipitation samples collected at the same sites
considered in this study. However, if Tables 3-4b and 3-5b are considered, it is obvious that
the likely neutralisation contribution of Mg?* and Ca?", relative to NH,* increases in the PM,s.
10 Size fraction. This is not unexpected, since higher Mg®* and Ca** concentrations in the
coarse fraction are likely due to wind-blown dust and marine aerosol

(https://web.stanford.edu/group/Urchin/mineral.html) contributions. All sites considered in

this study will be impacted by wind-blown dust, since South Africa is a semi-arid country.
Additionally, fly ash from combustion sources (both industrial and household) is likely to
make a significant contribution at VT. Due to the proximity of SK and LT to the Indian Ocean,
and the air mass histories associated with these sites (Figure 3-6), marine aerosols will
impact these sites significantly. VT and AF will also be impacted by marine aerosols, as was
illustrated in the case study considered in Figure 3-13 and in previous work (Conradie et al.,
2016; Venter et al., 2018a), though such influences will be less than at SK and LT.
Internationally, it is also not always the case that NH," is the dominant neutralising species.
For instance, in Agra (India), Ca** was the most important neutralising species, followed by
Mg?* and NH," (Satsangi et al., 2013).

3.3.5 Statistical evaluation and source contributions

Various methods can be used to assess the possible contribution of sources to the
measured ambient aerosol concentrations. One of the simplest methods is to draw
correlation graphs between different species to find possible linkages. However, it is
unrealistic to draw and consider hundreds of these graphs. Therefore, many authors have
compiled diagonal correlation graphs, which indicate the correlation coefficient(s) of species
to one another, for various applications (Satsangi et al., 2013; Jaars et al., 2014; Conradie et
al., 2016; Kleynhans et al., 2017; Liu et al., 2017; Mishra and Kulshrestha, 2017; Shakya et
al., 2017). Such diagonal correlation graphs are presented in the left pane of Figures 3-15a
to 3-15d and Figures 3-16a to 3-16d, for the PM,s and PM,s 1o Size fractions, respectively,
for each site. Such diagonal correlation graphs do not inform the reader of possible auto-
correlations and other data pitfalls; therefore, more advanced statistical processing is
advised. In the current study, explorative principal component analysis (PCA) was conducted
to identify possible factors associated with a source(s), similar to Conradie et al. (2016),
Kumar et al. (2018) and Zhang et al. (2018). The term ‘explorative’ is specifically used within

this context due to the relatively small dataset considered in this study (small in terms of
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statistical evaluation), which implies that the PCA results cannot be considered as
conclusive, but rather as indicative. The obtained meaningful PCA factors (with eigenvalues
higher than 1, for each site in both size fractions) are presented in the right pane of
Figures 3-15a to 3-15d and Figures 3-16a to 3-16d. These factors identified single or

multiple source types.
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Figure 3-15: Diagonal correlation graphs indicating Pearson correlations (r) (left panes) and

meaningful PCA factors (right pane) for each site in the PM; 5 size fraction
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Firstly, correlations between species in the PM, s size fraction (Figure 3-15) are considered.

However, the interpretation of correlations values is sometimes subjective. Therefore, the

definitions suggested by Sheskin (2003) are employed to quantify the significance of a

correlation coefficient, i.e., “(i) if |l = 0.7 a correlation is considered to be strong/significant;

(ii) if 10.3] =2 |l < 0.7 a correlation is considered to be moderate and (iii) if |r] < 0.3 a

correlation is considered to be weak/insignificant”, which was also used by Kleynhans et al.
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(2017). Strong positive correlations between SO,* and NH," at VT (r = 0.751), AF (r = 0.863)
and LT (r = 0.933), and moderate correlation at SK (r = 0.541), indicate the importance of
neutralisation between these two species to form NH4HSO, and/or (NH;),SO,. Weaker
correlations (|r] = 0.063 to 0.356) were found between NH," and NOj", which indicates that
NH4NO; formation is less significant in the fine fraction. Interestingly, dissociated acetic acid
(CH;COO) correlated moderately strong with Ca®* and Mg** at all the sites (r = 0.445 to
0.794), which could indicate that this organic acid is mostly neutralised by the afore-
mentioned cations, rather than NH,". A strong correlation (r = 0.705) between K* with CI" was
found at VT, but these species had weak correlations at the other sites (|r| = 0.087 to 0.297).
This could indicate the impact of fresh biomass burning at VT, possibly from household
combustion (e.g. wood burning), since Aurela et al. (2016) revealed the significant presence
of KCl in fresh biomass burning plumes. Ca®* and Mg** were strongly correlated (r = 0.741 to
0.864) at all sites, which could indicate terrigenous sources (Huang et al., 2008; Satsangi et
al.,, 2013; Mishra and Kulshrestha, 2017), fly ash (Mahlaba et al., 2011) and/or marine

aerosols (https://web.stanford.edu/group/Urchin/mineral.ntml) are meaningful sources. Na*

was also moderate to strongly correlated (r = 0.398 to 0.766) to Ca®* and Mg?", possibly also
indicating the afore-mentioned sources. Obviously, it can be expected that fly ash at VT,
from industrial sources and/or household combustion, and fly ash from industrial sources
near AF will contribute to the observed Mg®* and Ca* levels. Marine aerosols will have a
fractionally more significant impact on SK and LT, than at VT and AF, as indicated by the air
mass histories (Figure 3-6). CI" was strongly correlated to Ca* and Mg®* (r = 0.717 and
0.922) and to Na* (0.755) at LT, which supports the notion of marine aerosol influence, but
none of the afore-mentioned three species correlate significantly with Na* for SK. K™ and
NOj3 correlated moderately (r = 0.452 to 0.676) at all sites, which could indicate the use of
fertiliser across the region, wherein KNOjs is often used as a source of soluble NO; and K*

that is free of CI" (https://www.cropnutrition.com/potassium-nitrate). K* and SO,> correlated

moderately (r = 0.340 to 0.422) at all sites, which along with the moderate K* and NO3

correlation could indicate ageing of biomass burning plumes (Li et al., 2003).

In general, strong correlations between species in the PM,s.1o Size fraction were not as
common as in the PM,5 size fraction. This was expected, since the majority of the water-
soluble inorganic ions and OA occurred in fine fraction (Figure 3-5). Therefore, it might be
presumptuous to make a significant deduction based on correlations for species in the PM, 5.
10 Size fraction. However, fractionally, the NO;, Na® and Ca®" contributions were more
substantial than for the other species in the coarse fraction (Figure 3-5). Therefore, these
species are briefly considered. For LT, where NO3; occurred mostly in the coarse fraction

(Figure 3-5), Na" correlated strongly (r = 0.751) to NO5". However, the meaning thereof is not
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clear at present. Ca** and Mg?" correlated moderately to strong (r = 0.614 to 0.895) for all
sites; possibly indicating similar sources, i.e. marine aerosols, fly ash and/or crustal

emissions (dust).

For the VT, PCA yielded three meaningful PM, s factors (Figure 3-15 right panes). The first
PM, 5 factor was associated with marine (due to high Na* and CI', as well as Ca®* and Mg**
loading) and/or terrigenous (due to high Ca** and Mg?* loading) sources. The second PM,s
factor was associated with biomass burning (due to high K*, CI', OA and NOj loading), while
the third factor was associated with fossil fuel use (due high SO,* and NO; loading) and
agricultural activities (due to high K*, NOs” and NH," loading). As indicated in section 3.1.3
other sources could also be responsible for OA emissions, not just biomass burning.
Reference is made here to specifically ‘fossil fuel use’ for factors with high SO,* loading,
instead of ‘fossil fuel combustion’, since some sources emit H,S that is the reduced form of
gaseous sulphur. However, H,S can also be oxidised to SO, and ultimately SO,*. PCA also
yielded three meaningful factors for the PM; 5.1 Size fraction at VT. The first was marine (due
to high Na* and CI', as well as Ca®* and Mg?* loading) and/or terrigenous (due to high Ca**
and Mg?* loading). Fossil fuel use was indicated as a possible source by the second factor
(due to high SO,* and NO;5 loading), while agricultural (due to NH," loading) was implicated
by the third factor. These factors explained 68.0 and 57.2% of the total variances for VT, in

the PM, s and PM, 5.1 Size fractions, respectively.

For AF, PCA yielded three meaningful PM, s factors, which indicated similar species loading
and sources to the three PM, s factors of VT, and therefore these are not repeated. Three
meaningful PM,s. 1o factors were also identified, but their loadings indicated grouping of
different source types if compared to the VT coarse fraction. The first AF PM,s.1o factor
indicated marine (due to high Na* and CI" loading), fossil fuel use (due to high SO,* and
NOj; loading) and biomass burning (due to high K*, CI" and NOs loading) as possible
sources. The second factor implied terrigenous sources (due to high Ca®* and Mg** loading,
while Na* and/or CI" was absent). Possible biomass burning (due to high OA and K" loading)
and agricultural (due to NH4" loading) were indicated by the third factor. These factors
explained 70.2 and 59.0% of the total variances for AF in the PM,s and PM;s.3, Size

fractions, respectively.

PCA again yielded three meaningful PM,s factors for SK, which indicated similar species
loading and sources to the three PM, s factors identified for VT and AF, i.e. i) marine and
terrigenous; ii) biomass burning; and iii) agriculture and fossil fuel use. Three meaningful
PM, 5.0 factors, with slightly different source combinations than those obtained for the PM, 5.

10 Size fractions of VT and AF, were obtained. The first factor was associated with
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terrigenous (due to high Ca** and Mg?* loading), marine (due to high Na* and CI' loading)
and biomass burning (due to high K" and CI loading) sources. The second factor again
implied possible biomass burning influence (due to high K™ and OA loading), in addition to
agricultural emissions (due to NH," loading), while the third factor again indicated the
influence of marine aerosols (due to high Na* and CI loading). These factors explained 61.0

and 65.5% of the total variances in the PM, s and PM; 5 1o Size fractions for SK, respectively.

For LT, PCA of the PM, 5 size fraction only yielded two meaningful factors. The first indicated
possible sources as marine (due to high Na* and CI', as well as Ca** and Mg*" loading),
terrigenous (due to high Ca** and Mg** loading) and possible biomass burning (due to high
CI" and OA loading), while fossil fuel use (due to high SO,* loading) and agriculture (due to
high NH," loading) were implied by the second factor. Analysis of the PM,s., size fraction
for LT indicated three meaningful factors. The first was associated with marine (due to high
Na" and CI loading) and fossil fuel use (due to high SO, loading). The second factor
implied terrigenous (due to high Ca®* and Mg** loading) and possible biomass burning (due
to high CI' and OA loading) contributions. The last factor was related to agricultural
emissions (due to high NH," loading) and again fossil fuel (due to high SO,* loading). These
factors explained 64.9 and 68.8% of the total variances for the PM,s and PM,s.19 Size

fractions for LT, respectively.

From literature, and from the results presented thus far in section 3.3.5, it is obvious that
some species might originate from multiple possible sources. For instance, Ca* and Mg*
might be from terrigenous (Satsangi et al., 2013; Mishra and Kulshrestha, 2017), fly ash
(Mahlaba et al.,, 2011) or marine (https://web.stanford.edu/group/Urchin/mineral.html)

sources. Therefore, to gain further insight into the origin of species, the sea-salt fractions
(SSF) and non-sea-salt fractions (nSSF) were calculated according Equations 3-10 and 3-
11, respectively. Table 3-6 indicates the ratios of different elements (i.e. ClI, SO,*, Mg,
Ca?" and K") in relation to Na* in seawater (Keene et al., 1986b), which were used in these
calculations. In addition, it was assumed that Na* was completely of marine origin. Similar
SSF and nSSF calculations have been performed by many previous authors (Sigha-
Nkamdjou et al., 2003; Mphepya et al., 2004; Mphepya et al., 2006; Galy-Lacaux et al.,
2009; Vet et al., 2014; Conradie et al., 2016).
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Table 3-6: Seawater concentrations ratios of element X (UEq/L) to Na* (UEq/L) (Keene et al., 1986b)

X [X/Na'Jseawater

cr 1.1600
S0~ 0.1210
Mg** 0.2270
ca” 0.0439

K 0.0218

Figures 3-17, 3-18, 3-19 and 3-20 present graphs for the nSSF against the SSF
contributions calculated for CI', SO,*, Mg®*, Ca®* and K" in both size fractions for VT, AF, SK

and LT, respectively. In these figures, a 1:1 line (in red) is also indicated. If the data were

predominantly below this line, the SSF contribution dominated that implied marine origin,

while the opposite is true if the data were mainly above the 1:1 line, i.e. non-marine origin.
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Figure 3-17: Graphs illustrating the nSSF versus the SSF for VT in the PM25s (a) and PM2s.10 (b) size

fractions. Red and blue circles show examples of fresh and aged biomass burning plumes, respectively
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Considering Figures 3-17 to 3-20, it is evident for both size fractions that CI° was
predominantly from marine origin at VT, AF and SK, while it was exclusively from marine
origin at LT. S0,% in the PM, ¢ size fraction was predominantly from non-marine origin at all
sites. In the PM,<,, Size fraction, non-marine SO,> also dominated at all sites, although
fractionally more samples were associated with marine origin, if compared to the PM, 5 size
fraction. This was particularly true for SK and LT (Figures 3-19 and 3-20), since these two
sites are influenced more than the other sites by air masses that have passed over the
Indian Ocean (Figure 3-6). For Mg** at the VT (Figure 3-17), it is apparent that it is mostly
from non-marine origin in both size fractions. However, at the other sites (AF, SK and LT,
Figures 3-18 to 3-20), it seems that there are significant fractions of Mg** associated with
both marine and non-marine origins in both size fractions. Ca®" in both size fractions at all
sites (Figures 3-17 to 3-20) was predominantly from non-marine origin, although a limited
number of samples in the PM, s, size fraction at AF, SK and LT (Figures 3-18 to 3-20)
reflected marine origin. K* in the PM,s size fraction (Figures 3-17 to 3-20) was
predominantly from non-marine origin at all sites, as well as in the PM, s.1¢ size fraction at VT
and AF. Although this was also true for SK and LT in the PM, .10 Size fraction, it was obvious

that the marine influence increased in this size fraction at these two sites.

Examples of High nSSF CI" and K* values, which might suggest fresh biomass burning
plumes as a possible source are indicate with red circles in Figure 3-17 (during August 2015)
and Figure 3-18 (during August 2009) in the PM, 5 size fraction. Examples of low nSSF CI
and high nSSF K*, which could possibly indicate an aged biomass plume as the source, are
indicated with blue circles in Figure 3-17 (during August 2011) in the PM,s size fraction.

Such examples could be further explored in subsequent studies.

In addition to the above-mentioned SSFs and nSSFs, calculated according Equations 3-10
and 3-11, respectively, additional source deductions were made by applying Equations 3-12,
3-13 and 3-14 described in section 3.2.4. Thereby the SSF was considered to be entirely
from marine origin. The nSSF for CI, Mg®, Ca* and K" were assumed to be from
terrigenous (crustal) sources, while the nSSF of SO,* was divided between terrigenous and
anthropogenic source contributions. To estimate the anthropogenic contributions of SO,
the SSFsosz) Was subtracted from the determined SO,* values (MEg/L). The remaining
S0~ (i.e. nSSF(s042-) Was then assumed to be either from anthropogenic or terrigenous
sources. Assuming that anthropogenic SO,* is in excess of that supplied by gypsum
(CaS0,4-2H,0) (Delmas, 1981), Ca®" was used as a reference element for continental crustal
emissions (Ding et al., 2013), and therefore anthropogenic SO,” contributions were

calculated with Equation 3-12, while the terrigenous SO,* contributions were calculated with
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Equation 3-13. The fossil fuel use source contribution was then calculated with Equation 3-
14, which totalled the anthropogenic S0, and NOs nSSF. With the empirical source
contribution calculations applied, it was impossible to differentiate between NH,"
contributions from bacterial decomposition of urea in animal excreta and from
natural/fertilised soils (Schlesinger and Hartley, 1992), open biomass burning fires and
household combustion of wood (Delmas et al., 1995; Brocard et al., 1996), fertiliser
production (Brasseur et al., 1999; Van Loon and Duffy, 2005; Seinfeld and Pandis, 2016)
and petrochemical plant emissions (Mirbagheri et al., 2010; Khan et al., 2016). Therefore,
this source group was merely indicated as ‘NH, -associated’ contributions. Conradie et al.
(2016) attributed OA only to biomass burning. However, other sources could also make a
contribution to this species. Therefore, “OA-associated” was indicated as a separate
contribution, which is likely to be mainly of biomass burning origin, although other sources
could also contribute. Considering all the afore-mentioned, Figure 3-21 presents pie graphs
of the estimated source contributions to the determined chemical content of the analysed
ions of PM,s (a) and PM,s.9 (b) size fractions for all sites. Each of these source

contributions is subsequently discussed separately.
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Figure 3-21: Estimations of source contributions to the chemical content of dry aerosol loading at
each site for analysed ions in PMzs (a) and PMzs.10 (b) size fractions
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Marine contributions: The marine contributions on the water-soluble aerosol contents were
calculated to be 6.0, 9.0, 20.0 and 13.0% in the PM, 5 size fraction, while in the PM, 5.1 Size
fraction they were 9.0, 16.0, 54.0 and 30.0% for VT, AF, SK and LT, respectively (Figure 3-
21). By comparing all these values, it is evident that the marine influences at SK, followed by
LT, were most significant. This was expected, since SK and LT are situated closest to the
coast of the four sites considered (Figure 2-1), and the air mass histories of these two sites
suggested significant marine influences (Figure 3-6). Conradie et al. (2016), who
investigated wet deposition (rain) chemistry at the same sites considered in this study, also
reported the marine influences to be most significant at SK and LT. By comparing the PM; s
(Figure 3-21a) and PM,s o Size fractions (Figure 3-21b), it is apparent that the marine

influence is much more significant in the coarse fraction than the fine fraction at all sites.

Terrigenous (crustal) and Biomass burning contributions: These two contributions were
presented together, since the nSSF ., are part of terrigenous contributions, but together with
NSSFc, it is part of biomass burning contributions. As indicated by Figure 3-21, the
terrigenous and biomass burning contributions to the water-soluble aerosol contents at all
sites were in similar ranges, i.e. between 19.0 and 30.0% in the PM, 5 and between 21.0 and
24.0% in the PM, 5.1 Size fraction. The exception to this was VT in the PM, ..o Size fraction,
for which the contribution was 47.0%. The terrigenous contribution is associated with wind-
blown dust species and is considered an important contributor to the aerosol load in South
Africa (Van Zyl et al., 2014), since it is a semi-arid country. Therefore, the meaningful
terrigenous contributions at all sites make sense. The extremely high terrigenous
contribution in the coarse fraction at VT could be due to two possible reasons. Firstly, the
assumption applied that the nSSFs of Mg?*, Ca*" and K* were from terrigenous (crustal)
sources, could inflate the contribution at VT. Here, industrial fly ash and fly ash from
household combustion from semi- and informal settlements are likely to contribute to the
main terrigenous associated species. However, industries use bag filter and/or electrostatic
precipitator technologies to limit fly ash emissions (Pretorius et al., 2015). Therefore,
ambient fly ash from this source type is expected to be fine (i.e. passing through bag filters
and/or electrostatic precipitators) and reports mostly to the PM, 5 size fraction. In contrast,
household combustion emissions are unfiltered and will contribute to elevated PM, 5.4 levels.
This deduction is supported by the earlier observation (Figure 3-15 left pane) that a strong
correlation between K* and CI" was only observed for VT. Fresh biomass burning, such as
household combustion of wood, is characterised by KCl emissions (Aurela et al., 2016).
Secondly, Venter et al. (2018b) reported that the eastern Free State, which is by volume the
largest maize (staple food in South Africa) producing region in South Africa, is one of the

most significant wind-blown dust source regions. Typically, cultivated land is ploughed just
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before the first rains, which results in high amounts of dust being liberated by wind erosion
from the unprotected soil. Since the VT site is situated on the north-western border of the
eastern Free State, this site is likely to be significantly impacted by wind-blown dust, which
was associated with terrigenous sources in this study. The terrigenous contribution reported
here was in the same range or higher than that reported by Conradie et al. (2016) (14.0 to
24.0%) in wet deposition (rain) at the same sites considered in this study. As previously
stated, open biomass burning is endemic to southern Africa (Swap et al., 2003), and will
make a contribution at all the sites considered. The higher biomass burning contribution in
the PM,s size fraction for VT can possibly be explained by household combustion of
biomass (wood) that will be a more important source at this site, than at any of the other
sites. Conradie et al. (2016) reported the biomass burning contributions in wet deposition
(rain) to be in the 6.0 to 15.0% range, which is similar to the aerosol contributions reported
here for both size fractions at all sites. Even though OA is not included for this contribution it
is also likely to be from biomass burning, while other sources could also contribute to OA
emissions as mentioned in section 2.1.3. Therefore, OA-associated sources was indicated

as a separate contribution.

Fossil fuel use contributions: The fossil fuel contributions to the water-soluble aerosol
contents were 34.0, 36.0, 24.0 and 32.0% in the PM, 5 and 15.0, 33.0, 11.0 and 20.0% in the
PM, .10 size fraction at VT, AF, SK and LT, respectively (Figure 3-21). These results indicate
the very significant regional influence of fossil fuel use in South Africa, since even the remote
background sites such as SK and LT are significantly impacted. This regional impact is
mainly due to most industries in South Africa not yet applying de-SO, and de-NO,
technologies. Conradie et al. (2016) also reported fossil fuel contributions in wet deposition
(rain) at all the sites considered in this study to be between 18.0 and 47.0%, which is in the
same range and even higher than calculated aerosol contributions. The same authors found
S0O,* to be the species with the highest volume weighted mean concentrations at all the

sites, with NO3™ also having relatively high concentrations.

NH, -associated contributions: Figure 3-21 indicates that the NH,"-associated
contributions for analysed ions were 34.0, 31.0, 21.0 and 29.0% in the PM, 5, and 16.0, 24.0,
8.0 and 21.0% in the PM,5.1, Size fraction at VT, AF, SK and LT, respectively. Most of the
NH," reported to PM,s (Figure 3-5), therefore this size fraction is of particular interest. As
previously stated, various sources of NH; that results in NH," formation are known. Some of
these sources are expected to make a contribution at all sites, e.g. bacterial decomposition
of urea in animal excreta and from natural/fertilised soils (Schlesinger and Hartley, 1992)

and open biomass burning (Delmas et al., 1995; Brocard et al., 1996; Swap et al., 2003).
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Furthermore, it was indicated earlier that K* and NO; correlated moderately at all sites in the
PM, s size fraction (Figure 3-15 left pane), which suggested fertiliser use emissions across
the region, since KNOj; is often used as a source of soluble NO; and K" that are free of CI

(https://www.cropnutrition.com/potassium-nitrate). K* and SO,* also correlated moderately

at all sites, which along with the moderate K" and NO3™ correlation could indicate ageing of
biomass burning plumes (Li et al., 2003). However, VT and AF are located in the biomes
where food associated crop -cultivation in South Africa mainly occurs (Mucina and
Rutherford, 2006; Jaars et al., 2016), which will result in more significant fertiliser application
levels and associated higher NH; atmospheric emissions. Therefore, the higher NH,-
associated contributions in the PM,s size fractions at the afore-mentioned two sites are
understandable. Additionally, emissions of fertiliser production and the chemical industries
near VT could contribute to it being the site with the higher NH, -associated contribution in
the PM, 5 size fractions. As a comparison to the aerosol results presented here, Conradie et
al. (2016) reported NH,"-associated contributions (indicated as agriculture contributions by
these authors) in wet deposition (rain) at all the sites considered in this study to be between
14.0 and 20.0%. This is in the same range as reported here, except for the afore-mentioned
higher contribution at VT in the PM, s size fractions. Lastly, it is important to remember that
NH," are usually associated with SO,* and/or NOj', therefore this source contribution also

partially reflect the occurrence of the latter two species.

OA-associated contributions: The contributions of this fraction of the analysed ions
illustrated by Figure 3-21 were 6.0, 5.0, 5.0 and 5.0% in the PM,5, and 13.0, 6.0, 3.0 and
6.0% in the PM,5.1q Size fraction at VT, AF, SK and LT, respectively. Biomass burning will
make a significant contribution to this fraction (Conradie et al., 2016), however, other

sources will also contribute to OA.

3.4 Summary and conclusions

The literature survey indicated that few similar studies, i.e. to quantify aerosol water-soluble
contents, have been conducted for southern and South Africa, and indeed Africa in general
(section 3.1.4). The total PM,s water-soluble ionic concentrations at VT, AF and SK
(Table A-1, Appendix A) exceeded the guideline set by the WHO (2014), which indicates that
the ionic content of PM, 5 in South Africa requires attention in terms of possible air quality

impacts.

The results suggested that the highest concentration of water-soluble ions occurred in the
PM, size fraction (Figures 3-1, 3-2 and 3-5), and in this size fraction, SO,* had the highest
concentrations, followed by OA. The high fractional contribution of SO,* at all four sites

considered (Figures 3-3 and 3-4) indicated the regional influence of anthropogenic
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emissions. SO, that mainly occurred in PM, 5 size fraction indicated substitution of NO3™ in
NH4NO;3; to form ammonium sulphate ((NH,).SO,), but ((NH4).SO,) will also form without
NO; if there is SO, present in the particle phase (Seinfeld and Pandis, 2006). The
significant fraction of NO5 that occurred in the PM, 5.1 Size fraction suggested the influence
of aged marine air masses wherein HNO; reacts with some NaCl to form NaNO; and HCI
(Turner and Colbeck, 2008). Spatial assessment (Figures 3-1 and 3-2) revealed that the VT
had the highest SO,* and NH," concentrations, followed by AF, SK and LT, while the NO3’
concentrations were the highest at VT, followed by SK, AF and LT. The higher NOj levels at
SK instead of AF (as expected) were explained by the high-stack emissions in the vicinity of
AF and the atmospheric lifetime of NO, that is generally longer than that of SO, (Seinfeld
and Pandis, 2016). However, NO3 concentrations depends on various factors other than
only NO, concentrations, therefore it is possible that other sources could be responsible for
the differences between the sites, since the air mass histories of the sites differ significantly.

Temporal variations for the most prominent species, i.e. SO,%, NOs, OA and NH,", were
considered. However, no clear seasonal patterns could be identified (Figures 3-7 and 3-8).
The sampling procedure applied, i.e. taking one 24hr sample per site per month, could have
attributed to this observation, since a specific 24hr sample will not represent an entire month.
However, previous authors who have conducted highly temporarily resolved aerosol
chemical measurements also could not identify clear seasonal patterns (Tiitta et al., 2014).
Regardless of sampling limitations, it was found that air mass histories (Figures 3-6, 3-9 to 3-
12) are very important in understanding the chemical compositions at regionally

representative sites, as considered in this study.

The acidity and neutralisation calculations suggested that the main acid forming species (i.e.
S0,%, NO3 and OA) both in the PM, 5 and the PM, 5.1, Size fractions were in essence nearly
fully neutralised (by NH,*, Mg** and Ca*") over the entire sampling period (Figure 3-13) as
well as during summer and winter (Figure 3-14). These results indicate that PM, s and PM, 5.
10 compositions do not seem to further exacerbate the regional acid deposition problem over
the South African interior (Conradie et al., 2016). Calculated neutralisation factors (Tables 3-
4a and 3-5a) indicated that NH," is probably the most important cation to neutralise the
acidic ions in the PM, 5 size fraction at all the sites, while Ca" is likely to be the second most
important neutralising cation. These results also proposed the likely neutralisation
contribution of Mg?* and Ca?, relative to NH," increases in the PM,s.,o size fraction, which
are likely due to wind-blown dust and marine aerosol

(https://web.stanford.edu/group/Urchin/mineral.html) contributions.
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The diagonal correlations graph analysis (Figure 3-15 left pane) indicated strong positive
correlations between SO, and NH," in the PM,s size fraction at VT, AF and LT, and
moderate correlation at SK, which stipulates the importance of neutralisation between these
two species to form NH4HSO, and/or (NH,4),SO,. Much weaker correlations were found
between NH," and NOj3, which indicates that NH,NO; formation is less significant in the fine
fraction. Strong correlations between K* with CI" at VT only indicated the likely impact of
fresh biomass (as suggested by Aurela et al., 2016) from household combustion (e.g. wood
burning) and possible contributions from open biomass burning. Ca®* and Mg* were
strongly correlated at all sites, which could indicate terrigenous sources (Huang et al., 2008;
Satsangi et al., 2013; Mishra and Kulshrestha, 2017), fly ash (Mahlaba et al., 2011) and/or
marine aerosols (https://web.stanford.edu/group/Urchin/mineral.html) are meaningful

sources. K" and NO; correlated moderately at all sites, which could indicate the use of
fertiliser across the region, wherein KNOj3 is often used as a source of soluble NO; and K*
that is free of CI (https://www.cropnutrition.com/potassium-nitrate). K* and SO, also

correlated moderately at all sites, which along with the moderate K* and NO3™ correlation
could indicate the contribution from aged biomass burning plumes (Li et al., 2003). In
general, strong correlations between species in the PM, 5.1 size fraction (Figure 3-15 left

pane) were not as common as in the PM, 5 size fraction.

PCA vyielded three meaningful PM, s (Figure 3-15 right pane) and three meaningful PM, .19
(Figure 3-16 right pane) factors for all sites, except for LT, for which only two meaningful
factors were obtained in the PM, s size fraction. All factors represented single or multiple
combinations of emissions associated with marine, terrigenous, biomass burning, fossil fuel
use and agricultural emissions. These factors explained 61.0 to 70.2% and 57.2 to 68.8% of

the total variances for the analysed ions in the PM,s and PM,s.1¢ Size fractions, respectively.

By plotting SSF vs. nSSF (Figures 3-17 to 3-20), it was evident for both size fractions that CI
was predominantly from marine origin. SO, in both size fractions was predominantly from
non-marine origin at all sites, although fractionally more samples were associated with
marine origin in the PM, 510 size fraction, if compared to the PM, 5 size fraction. For Mg?* at
the VT (Figure 3-17), it is apparent that it is mostly from non-marine origin in both size
fractions, which could indicate the influence of fly ash (industry and/or household combustion
origin). Ca?" in both size fractions at all sites (Figures 3-17 to 3-20) was predominantly from

non-marine origin, which is likely due to wind-blown dust.

Additional processing of the SSF and nSSF data led to the deduction of estimated source
contributions to the determined chemical analysed ion content of the PM, s (Figure 3-21a)

and PM;s.10 (Figure 3-21b) size fractions for all sites. Marine, terrigenous together with
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biomass burning, fossil fuel use, NH, -associated and OA-associated contributions were
quantified. Fossil fuel use, NH,"-associated, terrigenous and biomass burning source
contributions were most significant at all sites in the PM,5s size fraction (Figure 3-21a).
However, the marine contribution was comparatively stronger at SK and LT, than at the
other sites, which made sense considering the air mass histories (Figure 3-6). As expected,
the contributions associated with marine, terrigenous and biomass burning sources
increased in the PM, 519 size faction (Figure 3-21b), if compared to the PM, s size faction
(Figure 3-21a). OA-associated sources made consistent contributions in both size fractions,
ranging from 3.0 to 13.0%.
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CHAPTER 4

MASS CLOSURE ASSESSMENT

In this chapter... A brief introduction is presented (section 4.1), before the results and
discussions relating to mass closure of all the species studied in Chapters 2 and 3 are
presented (section 4.2). Thereafter, section 4.3 presents the conclusions. This chapter is
linked to Objective 1 and 2, as stated in section 1.3.

4.1 Introduction

Particulate matter is studied because of its possible environmental and human health
impacts (section 3.1.2). As indicated in the previous chapter, various deductions can be
made from the chemical compositions of aerosols and numerous methods can be applied to
identify possible sources and/or source contributions. However, aerosol composition also
needs to be considered within the context of mass closure, in order to understand the
contribution of individual species to the overall aerosol mass concentration (Sillanp&a et al.,
2006; Yang et al., 2011; Gu et al.,, 2014). Without this understanding, specific sources
cannot be targeted to reduce the overall aerosol mass, which is particularly problematic
within the context of the South African interior (SAAQIS, 2018). As was previously indicated
(section 3.1.4) very limited aerosol chemical composition data have been reported for South
Africa (Tiitta et al., 2014; Maritz et al., 2015; Aurela et al., 2016; Venter et al., 2018a). Of

these, even fewer considered mass closure.

Tiitta et al. (2014) correlated the total non-refractive PM; chemical compaosition (NR-PM,)
measured with an Aerosol Chemical Speciation Monitor (ASCM) and PM; black carbon
(BC), with aerosol mass calculated from differential mobility particle sizer (DMPS)
measurements to attempt mass closure. Although the correlation coefficient (r) between the
afore-mentioned species was 0.94, the slope of the linear line was 0.84, which indicated that
a significant fraction of aerosol mass was not accounted for. Maritz et al. (2015) published
limited mass fractions for OC and EC, but did not consider any other species. Similar to Tiitta
et al. (2014), Aurela et al. (2016) used PM; aerosol mass calculated from DMPS
measurements to indicate that water-soluble ions, organic matter (OM) and EC comprised
most of the PM; mass, but could not make further mass closure deductions based on the
very small dataset considered. Although these authors (Aurela et al., 2016) also measured

PMi.,5s and PM,s 19, NO Mass closure results relating to these size fractions were presented.
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In addition to these limited literature results, OC and EC mass fractions (section 2.3.1), as
well as inorganic water-soluble ion and organic acid (OA) mass fractions (section 3.3.2) were
presented in this study. In the current chapter, the afore-mentioned organic mass (i.e. OM,
calculated from OC) and EC mass fractions, as well as the inorganic water-soluble mass

fractions are presented within the context of the overall aerosol mass.

4.2 Results and discussion

Figures 4-1 and 4-2 present the mass fraction percentages of all the species considered in
Chapters 2 (i.e. OC and EC) and 3 (i.e. SO4*, NOg, CI', F, Na*, NH,", K*, Mg®* and Ca*"), as
well as the mass fraction that could not be attributed to any of these species, in both size
fractions at all the INDAAF sites. Some ions contributed very little to the mass fractions that
were grouped together, as indicated by the legend in each figure. As mentioned in
Chapter 3, the OC concentrations were converted to OM concentrations by multiplying it with
a factor of 1.71 (Hegg et al., 1997; Turpin and Lim, 2001).

97



VT - PM, s Mass closure

24% g0y

4.8%
1.0%
13%

5.3%

(a)
SK - PM, 5 Mass closure

18%
24%
24%

(c)

Figure 4-1:
SK (c) and LT (d), respectively

AF - PM, 5 Mass closure

2.7% 1.2%

52%

16%
12%

34%

(b)

LT - PM, s Mass closure

23%

1.8%
24%
26%

(d) 24 0%

B NO,

@ S0Z

B NH}

oK'

mCa®*

EEC

[mRe ]

B Undefined

® Other (CI] F, Na" Mg?*)

Average PM;s mass fraction contribution percentages (%) of the aerosol species present in the total aerosol load at the INDAAF sites, i.e. VT (a), AF (b),



VT - PM, s 1o Mass closure

07% 15%_ 09% pown
1.0%
0.9%

18%

8.6%

(a)

SK - PM, ¢ 4, Mass closure

2%

(c)

Figure 4-2: Average PMs.10 mass fraction contribution percentages (%) of the aerosol species present in the total aerosol load of the INDAAF sites, i.e. VT (a), AF (b),

SK (c) and LT (d), respectively

AF - PM, s ;o Mass closure

10%  44% 434

12%

0.4%
0.4%

0.6%

5.2%

B NO,
@S0
(b) B NH;
LT - PM, < ,o Mass closure 9K
mCa?*
e L7® 1% BEC
ooMm
B Undefined
B Other (CI] F, Na®*, Mg?*)

(d)



It is evident from the results that the quantified chemical mass contributions accounted for
more than half (56.1 to 67.2%) of the PM, 5 size fraction for all the sites, while the undefined
fraction (i.e. that was not quantified chemically) accounted for the majority (70.1 to 85.6%) of
the mass in the PM, .50 Size fraction. The undefined fractions in both size fractions at all
sites are likely to primarily comprise of wind-blown dust (i.e. mineral dust) from crustal
sources (Piketh et al., 1999; Van Zyl et al., 2014), since South Africa is a semi-arid country
(Mphepya et al., 2004; Maritz et al., 2015). Receptor modelling results, based on
measurements conducted at several regional background sites in South Africa, indicated
that wind-blown dust contributed between 29.0 and 69.0% to the total inorganic aerosol PMyg
load, depending on location and season (Piketh et al., 1999). Mineral dust contains various
phases that are insoluble, such as alumina silicates. Fly ash from large point sources
(Mahlaba et al., 2011) could also contribute to the insoluble mineral matter reporting to the
undefined mass in the PM,s size fraction. Since South African industries employ bag filter
and/or electrostatic precipitator technologies to limit fly ash emissions (Pretorius et al.,
2015), ambient fly ash from such sources is expected to be fine (i.e. passing through bag
filters and/or electrostatic precipitators). However, insoluble mineral matter present in
household combustion emissions are unfiltered and could contribute to the undefined mass
in both the PM, s and PM, 5.1 size fractions, especially at VT where various large semi- and

informal settlements are nearby.

Considering the significance of the quantified chemical mass contributions in the PM, 5 size
fraction at all the sites (accounting for 56.1 to 67.2% of total aerosol mass), this size fraction
(Figure 4.1) is considered further. From Figure 4-1, it is evident that OM, SO,*, NH," and EC
combined accounted for the majority of the chemically quantified PM, s aerosol mass. The
total aerosol mass percentage contributions of these four species were 49.5, 49.9, 48.1 and
54.1%, at VT, AF, SK and LT, respectively. Of these four species, OM made the largest
overall PM, s aerosol mass percentage contributions at all sites (24.0 to 25.6%), with S0~
making the second largest contribution at all sites (13.8 to 20.6%). The overall PM, s aerosol
mass percentage contributions of NH," (4.8 to 6.9%) and EC (2.4 to 5.3%) were substantially
less than that of OM and SO,%, but significantly higher than other quantified species.

In Chapter 3 (section 3.3.3), it was stated that no obvious seasonal patterns were observed
for the water-soluble ionic species concentrations, due to air mass histories being such a
dominant determining factor. To explore possible seasonal variations in the aerosols mass
contributions, Figure 4-3 (PM,s) and Figure 4-4 (PM,s10) present the mass fraction

percentages for the individual seasons at every site and in both size fractions. The months
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for each season included September till November for spring, December till February for

summer, March tilll May for autumn and June till August for winter.
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It was earlier hypothesised that most of the mass in the undefined fractions in both size
fractions, at all sites, is likely to primarily comprise of wind-blown dust and fly ash. If wind-blown
dust was the main source, one would intuitively have expected the undefined mass fraction to
be lower in summer (due to lower dust generation of wetter surfaces and wet scavenging of
aerosols) than in winter (due to dryer surfaces and almost no wet scavenging). However, this
was not consistently the case at all sites, in both size fractions. In the PM, 5 size fraction only at
AF in summer there was a significantly lower undefined mass fraction observed than in winter,

while this was only observed at SK in the PM, 5 1 Size fraction.

In addition to the temporal mass closure aspects considered in Figures 4.3 and 4.4, stacked bar
plots of the PM,s and PM, 510 mass fractions (%) at all the sites, i.e. VT (a), AF (b), SK (c) and
LT (d), for individual samples collected over the entire sampling period are presented in shown
in Figures A-2 and A-3 (Appendix A).

4.3 Summary and conclusions

The quantified chemical mass contributions accounted for more than half of the PM,s size
fraction for all the sites, while the undefined fraction (i.e. that was not quantified chemically)
accounted for the majority of the mass in the PM, .1 size fraction. The undefined fractions in
both size fractions at all sites are likely to primarily comprise of wind-blown dust, as well as fly
ash from large point sources and household combustion. As was indicated in section 2.3.2,
even SK that is considered as a regional background site, is likely to be impacted by household
combustion. OM, SO,*, NH,* and EC combined accounted for the majority of the chemically
guantified PM,s aerosol mass. OM made the largest overall PM,s aerosol mass percentage

contributions at all sites, with SO,* making the second largest contribution at all sites.

As was the case with water-soluble ionic species seasonal patterns (section 3.3.3), no obvious
seasonal pattern could be identified for the aerosol mass contributions in both size ranges. This
uncertainty in explaining the results and the large contribution of the undefined fraction clearly
indicates that chemical/mineralogical identification and quantification of the species in this

fraction need to receive more research attention in future.
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CHAPTER 5

FINAL CONCLUSIONS, PROJECT EVALUATION AND
FUTURE PERSPECTIVES

In this chapter... Section 5.1 presents the final conclusions, while section 5.2 considers the
project evaluation within the context of the objectives set in section 1.2. Section 5.3 provides

future perspectives and recommendations.

5.1 Final conclusions

This thesis (specifically Chapter 2) presented the first long-term (several years) OC and EC
dataset for the South African interior that covers multiple measurement sites, i.e. two regional
background sites (SK and LT), an industrially influenced site (AF) and an urban/industrial site
(VT). OC and EC mass fractions at all the sites were lower than what is typical within a
developed world context. This was not due to lower OC and EC levels at the South African
sites, but rather due to larger fractional contributions from other species, with specifically SO,*
making a significant contribution (as mentioned in Chapters 3 and 4). OC and EC levels were
significantly higher at VT than at the other sites. OC/EC ratios implied that sources in close
proximately to this site (VT) were likely the main contributors, while more distant sources
impacted AF, SK and LT more substantially. Seasonal assessment indicated that household
combustion for space heating in semi- and informal settlements was likely to be the most
dominant OC and EC source at VT. This was substantiated by correlating OC and EC
concentrations to ambient temperature. Additionally, overlay back trajectory maps compiled for
the sampling periods indicated that air masses that had passed over the Johannesburg-Pretoria
(Jhb-Pta) megacity, which is also a relatively polluted area, made a contribution to OC and EC
levels measured at VT. Open biomass burning made a contribution at all sites, but its impact at

VT was obscured by the influence of household combustion for space heating.

Seasonal OC and EC patterns also indicated that elevated levels of OC and EC at LT were
likely to be due to regional open biomass burning. This was confirmed by overlay back
trajectory analysis, within the context of open biomass burning fire locations. Open biomass
burning and household combustion both contributed to elevated levels of OC and EC in the
seasonal patterns of SK and AF, which were confirmed with considering back trajectory

analysis, population densities and open biomass burning fire locations.
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Overall, the OC- and EC-related results (Chapter 2) indicated that open biomass burning
contributed to elevated OC and EC levels on a regional scale in the South African interior.
Household combustion for space heating in semi- and informal settlements makes a substantial
local (e.g. at VT) and noticeable regional (e.g. at AF and SK) OC and EC contribution, which
has not previously been indicated. Additionally, industrial and/or vehicle emissions contributed
to the baseline OC and EC levels year-round, while oxidation of VOCs during the wet season
will also contribute to OC levels. The low OC/EC levels at VT supports the notion of emitting
sources being close to this measurement site, while the higher OC/EC ratios at the other sites

indicates emitting sources to be further away from the measurement site.

Chapter 3 presented the first long-term (several years) PM,s and PM,s., inorganic water-
soluble and organic acid (OA) dataset for the South African interior, again for the same
measurement sites introduced in Chapter 2. The highest concentration of water-soluble ions
occurred in the PM, s size fraction, wherein SO,* had the highest concentrations, followed by
OA. VT had the highest S0,% and NH,* concentrations, followed by AF, SK and LT, while NO3
concentrations were the highest at VT, followed by SK, AF and LT. Higher NOj3 levels at SK,
instead of at AF (as expected), were explained by the high-stack emissions at AF and the
atmospheric lifetime of NO, that is normally longer than that of SO,. However, NOj
concentrations depends on various factors other than only NO, concentrations, therefore it is
possible that other sources could be responsible for the differences between the sites, since the

air mass histories differ significantly.

No clear seasonal patterns could be identified for the most prominent species, i.e. SO,%, NOg,
OA and NH,". Instead, it was found that air mass histories have a significant impact on the

chemical compositions.

Acidity and neutralisation calculations demonstrated that the main acid forming species (i.e.,
S0,%, NO3 and OA) in both size fractions were, in principle, completely neutralised by NH,",
Mg** and Ca*. This is a very important result, since it indicates that aerosol composition does
not further aggravate the regional acid deposition problem over the South African interior
(Conradie et al., 2016). Calculated neutralisation factors indicated that NH," is probably the
most important cation to neutralise the acidic ions in the PM, 5 size fraction, while Ca®is likely
to be the second most important. The results further suggested that the likely neutralisation

contribution of Mg®* and Ca*", relative to NH," increased in the PM, 5.1, size fraction.

Diagonal correlation graph analysis indicated strong positive correlations between SO,* and
NH," in the PM,5s size fraction at VT, AF and LT, and a moderate correlation at SK, which
demonstrated the significance of neutralisation between these two species to form NH4HSO,

and/or (NH,),SO,. Much weaker correlations were found between NH," and NO; in the fine
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fraction, indicating that NH,NO; formation is less significant. Strong correlation between K* and
CI only at VT demonstrated the probable impact of fresh biomass from household combustion
(e.g. wood burning) at this site. Ca** and Mg®* were strongly correlated at all sites, which
indicated that terrigenous sources, fly ash and/or marine aerosols could make meaningful
contributions. K* and NO5 correlated moderately at all sites, indicating the use of fertiliser
across the region, wherein CI'-free KNOs is often used as a source of soluble NO; and K*. K*
and SO,” also correlated moderately at all sites, which along with the moderate K* and NO3’
correlation could indicate the contribution of aged biomass burning plumes (Li et al., 2003).

Overall, strong correlations between species in the PM, 515 Size fraction were not common.

Meaningful factors obtained from principal component analysis (PCA) indicated that marine,
terrigenous, biomass burning, fossil fuel use and agricultural emissions make contributions at all
sites. By plotting sea-salt fractions (SSFs) vs. non-sea-salt fractions (nSSFs), it was obvious
that CI" was predominantly from marine origin in both size fractions. At all sites, SO,* in both
size fractions was predominantly from non-marine origin. Mg?* and Ca?" in both size fractions, at

all sites, were strongly correlated, which indicate similar source(s).

Estimated source contributions for marine, terrigenous together with biomass burning, fossil fuel
use, NH,"-associated and OA-associated sources were calculated. Fossil fuel use, terrigenous,
biomass burning and NH,"-associated sources made the most significant contributions to
analysed ions at all sites in the PM,5s size faction. However, marine contributions were
comparatively stronger at SK and LT, than at the other sites. The contributions associated with
marine, terrigenous and biomass burning sources also increased in the PM, .19 Size faction, if
compared to the fine fraction. The OA-associated sources made relatively small, but consistent
contributions in both size fractions at all sites. OA is likely to be from biomass burning (Conradie

et al., 2016), however, other sources could also contribute to OA.

In Chapter 4, the overall mass balances for both size fractions at all sites were presented. The
guantified chemical mass contributions, i.e. organic mass (OM, calculated from OC), EC and
water-soluble ions, accounted for more than half of the PM, 5 size fraction for all the sites, while
the undefined fraction accounted for the majority of the coarse fraction. The undefined portions
in both size fractions are likely to comprise primarily wind-blown dust, as well as industrial fly
ash and household combustion fly ash. Combined, OM, S0,%, NH,* and EC accounted for the
majority of the chemically quantified PM,s aerosol mass. OM made the largest overall PM,s
aerosol mass percentage contributions at all sites, with SO, making the second largest

contribution.
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5.2 Project evaluation

In order to evaluate the project, the outcomes were compared with the objectives set in
Chapter 1, section 1.2. Therefore, each objective is again repeated here, followed by a short
discussion on how this objective was achieved.

Objective 1:

“Perform long-term assessment of OC and EC aerosol concentrations in the South
African interior. This assessment should include evaluating spatial and temporal

patterns, mass fractions of the total aerosol mass and possible source contributions.”

Long-term measurements of OC and EC aerosol concentrations were conducted at two regional
background sites (i.e. SK and LT), as well as two sites that are more directly impacted by
nearby emissions (i.e. VT and AF). Specifically, it was decided to collect filter samples, which
were analysed off-line to yield OC and EC contents, since continuous online measurements at
the relatively remote regional background sites were not possible. Samples were collected for a
period of 6.5 years. From this dataset, spatial and temporal patterns, mass fraction
contributions, and possible source contributions were deduced. A summary of the main findings
was presented in section 5.1. These findings included several important deductions, which
significantly improved the level of scientific understanding of OC and EC in the South African

interior.

Objective 2:

“Conduct similar (to Objective 1) assessment of aerosol water-soluble inorganic ions and

organic acids at the same sampling sites.”

Concurrently to the OC and EC sample collection (associated with Objective 1), samples were
collected over 6.5 years at the same sites (i.e. VT, AF, SK and LT) that were used to quantify
aerosol water-soluble inorganic ions and organic acids concentrations. These samples were
also analysed off-line, since online analyses of all the species at all the sites were not feasible.
Spatial and temporal patterns, mass fraction contributions, and possible source contributions
were derived from this dataset. A summary of the main findings related to the water-soluble ions
and OA was presented in section 5.1. These findings included several important deductions,
which significantly improved the current level of scientific understanding of these species in the
South African interior. One drawback of the sampling methodology employed was identified
during data analysis, i.e. a 24-hour sample per month does not necessarily represent the
average monthly concentrations, which possibly contributed no clear seasonal patterns being
observed for the main ions. However, from a previous study at a regional South African
background site, during which highly temporally resolved measurements of ionic species were

conducted (Tiitta et al., 2014), only vague seasonal patterns could be deduced.
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5.3 Future perspectives

If highly temporally resolved measurements are not possible, a recommendation would be to
collect composite monthly samples rather than a single 24-hour sample per month, as in this
study. Such composite monthly samples might be better suited to assess seasonal cycles.
However, it will be more complicated to assess the air mass histories of monthly composite
samples, than 24-hour samples.

The total PM,s water-soluble ionic concentrations at VT, AF and SK (Table A-1, Appendix A)
exceeded the guideline set by the WHO (2014), which indicated that the ionic content of PM,s
in South Africa requires attention in terms of possible air quality impacts. This should be brought
to the attention of the Department of Environmental Affairs (DEA) and similar studies at more

sites should be encouraged to verify the extent of the problem.

The uncertainty related to the chemical/mineralogical composition of the very significant
undefined mass fractions should be addressed in future studies. Furthermore, if possible,
differentiation should be made between wind-blown dust, industrial fly ash and household
combustion fly ash source contributions. No published works were found by the candidate to aid
in measurements that might distinguishing between these source contributions and currently no
known experimental studies are on-going to differentiate between the above mentioned

contributions.

As far as the candidate could assess, aerosol dry deposition, based on actual measurements,
has not yet been presented for South Africa. If deposition velocities for the two size fractions
considered can be calculated or modelled, the concentration-based results presented in this
study could be used to calculate such deposition. Experimental studies are planned to start

soon on the assessment of aerosol dry deposition.
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APPENDIX A

Table A-1: Average PM;s and PM2s.10 water-soluble ion concentrations (pg/m3), as well as the calculated total
nitrogen (N) (determined from NO3z and NH4") and total sulphur (S) (determined from SO42") concentrations
(uglms) for the four South African INDAAF sites, for the entire sampling period

Average concentration (ug/m?)

. Vaal Triangle (VT) Amersfoort (AF) Skukuza (SK) Louis Trichardt (LT)

Species PM, 5 PM; 510 PM,5 PM; 510 PM, 5 PM; 510 PM, s PM; .10
Nitrate (NO3) 0.884 0.667 0.353 0.348 0.875 0.419 0.375 0.486
Chloride (CI) 0.537 0.225 0.455 0.278 1.833 0.644 0.449 0.465
Sulphate (5042') 3.795 0.892 2.878 0.746 2.250 0.612 2.101 1.277
Fluoride (F) 0.394 0.067 0.412 0.078 0.390 0.063 0.309 0.083
Organic acids (OA) 2.122 0.943 2.029 0.630 1.537 0.351 1.573 0.655
Sodium (Na‘) 0.373 0.260 0.737 0.248 0.634 0.586 0.346 0.515
Ammonium (NH,") 1.684 0.310 1.001 0.228 0.798 0.149 0.692 0.413
Potassium (K’) 0.531 0.090 0.592 0.103 0.447 0.177 0.419 0.126
Magnesium (Mgz+) 0.468 0.184 0.471 0.218 0.591 0.176 0.423 0.306
Calcium (Caz+) 0.521 0.306 1.092 0.230 0.705 0.283 0.537 0.987
Total concentration 11.309 3.944 10.02 3.107 10.06 3.46 7.224 5.313

T““":&Tj and 15.253 13.127 1352 12537

Total Nitrogen (N) 1.507 0.391 0.857 0.255 0.817 0.211 0.622 0.430
Total Sulphur (S) 1.267 0.298 0.961 0.249 0.751 0.204 0.701 0.426
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Figure A-1:

Figure 2-4, the blue dots indicate mean values and the red lines median values
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PM2s monthly temporal distribution of OC (a) and EC (b) and OC/EC ratios (c) for each site over the entire monitoring period. Similar to Figure 2-3 and
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Figure A-2: Monthly stacked bar plots of the PM,s mass fractions (%) at all the sites, i.e. VT (a), AF (b), SK
(c) and LT (d), of individual samples collected over the entire sampling period. Note that concentrations of

water-soluble ions were not available from September 2011 to December 2012
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Figure A-3: Monthly stacked bar plots of the PM,s.10 mass fractions (%) at all the sites, i.e. VT (@), AF (b), SK
(c) and LT (d), of individual samples collected over the entire sampling period. Note that concentrations of
water-soluble ions were not available from September 2011 to December 2012
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