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ABSTRACT

Ambientair pollution is the biggestenvironmentathreatto human healthAccording to the
World Health Organisationl/HO), ambientair pollution kills millions of peopleworldwide
every year. Airborne particulate matterAPM) affects more people than any otheir
pollutantand has been linked with variouadverse healtbutcomesespeciallyfine fractions
(commonlyabbreviated toPM,5). PM, 5 penetrate lung tissueto enter the cardiovascular
system where it posdbe greaestrisk. Detailed ambientAPM studiesare rare inAfrica.
Such sudies are neededto better understandthe characteristics origins and trends of
particulatepollution This study wasconductedin Cape Town(the first of its kind for the
area)as part of abigger projecton ambient PM s and soottoncentrationsn South Africa
PM, sfilter samples were collecteat a fixed samplingsite inthe suburb oKraaifonteinfrom
April 2017 to April 2018yielding121 daysof data PM, s mass concentraticamndabsorption
codficient determinations were done using gravimetric analysis and smoke stain
reflectometry 8SR. Mean PM s concentratiorfor the study periodvas 13.4 + 8.1ug.m*
(range:1.17-39.1 pg.ni®) that fell below theSouth AfricanNationd Ambient Air Quality
Standard SA NAAQS) annuallimit of 20 pg.m* but exceedethe WHOannuallimit of 10
ng.m?. Meanabsorption coefficienfor the same periogvas 1.38 + 1.23m.10° (range:
0.005.38 m™.10°) which did not exceeded any limitsSourceregion analyses were
performedusing single, 24-hour backvard trajectores and trajectory clusterderived from
the Hybrid Single Particle Lagrangian Integrated Trajectd#yf $PLIT) model Six single
trajectoriesvereidentified; the most frequent were trajectori@gantic-Ocean 88.8%) and
IndianOcean 26.4 %). Cluster analyses yielded three to four clustgrsr season.
Dominating clisters wereAtlantic-Ocean (61.8 %) anthdianOcean 29.5 %) and Inland
(8.50 %) Contributionsby local sourceqwithin 40 km of the sampling sitep PM mass in

sampledar exceededhose ofdistantsourceghroughlongrange transportiRT).



PREFACE

This thesisis the culminationof my ma s t etud§ conductedat the Uniersity of the
Western Cap€UWC) and documents the research carried out frApril 2017 until April
2018.1t presents data aambientPM, sand soot concentrations Cape TownSouth Africa
andfocusesspecificallyon the effects of meteorological paramejtensdlocal, regional and
longrange transporton ambient APM concentrationswhilst investigating correlation,
normality and significance, not only betweelata of the aforementionedparticulate
pollutants butalso between these pollutants and gaseous air poltutair pollution is an
environmental issue that impgaceveryoneand | am gratefulto have been affordethe
opportunity of making a contributioriowards the better understanding oé¢ tesuein my

home city of Cape Town.
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CHAPTER 1: INTRODUCTION

1.1 Background

We all breathen air daily, 10-20 times per minute iffact The United States Envinmental
Protection Agency.S. EPA), in the 2011 edition of itexposurefactors handbook,has
calculaedthe meanvolumesof air males and females (age®6 year$inhalein 24 hoursto

be 12 m® and 10 m® respectivelyWith such hrge quantites ofi | isfu@ por t ifling f 1 ui d
our lungsevery dayit is imperativethat wecontinuously breathelean unpollutedair to
preventadverse healtbutcomesAir pollution is a major healtproblemthe world over(UN,

2017) One reasorwhy air pollution is such a threat to human health is that there is no
alternative to the air we breathgoenig 2000) Ambient air pollution with high
concentrations ofine particulate matterof PM, ) is linked to variousshort and longterm
adversehealth outcomesThe World Health OrganisationfHO) estimatel thatair pollution

was the direct cause @&5 million deatls worldwide every year in 2012 of whichree

million deathswas attribuable to chroric exposure tcambient PMs Closer to homea

Global Burden of Diseasstudy found that exposure to ambient 2Masthe direct cause of

an estimged 1,800 deathsr South Africaeveryyearin 2012 (Altieri et al., 201¢. South
Africa is Africads second | a(lntgreagonal Mocetaryo my ,
Fund,206). Sout h Africads economy, | i ke ahisst eco
abundant reservggstimated to be 565 Gt), 75-80 % of the county Gegectricity needsare
provided by coa(Eskom, 207). The biggest disadvantage of coal combustiorefectricity
generdion activities is the excessive amounts of waste produaiduced Coal-fired power
stationsin South Africaemitted an estimatedl00-110 kt of airborne particulate matter
(APM) every year in 2014(Myllyvitra, 2014). These emissions aredepositedinto the
atmosphere where theydergo localregional and longange transport (LRT) by air masses.

Under suitable meteorological conditions, APM is capable t@velling thousands of



kilometres from its origin (Moln&r et al, 2017) Cape Townos popul ati or
pollutants emitted byoal power stationds miniscule (Myllyvitra, 2014), however,Cape

Town is the second most populous city in South Africa boasting urban population and
economic growth rates of .% and 0.3% per annum respectivelij\Vestern Cape
Government2017). As urban populations increase so do power consumption and generation
activities, as demand for electricity, transportation and other human needs incfeé&ses

2013). Increased demand ultimately leads to a risainpollution levels thadeteriorates air

guality and adversely affects human hedlits. EPA, 20D).

1.2 Problemstatement

Each year the Department of Environment al Af
which gives amnalysis ofocal and provinciakir quality in South Africgbased on data and
findings providedby the South African Ambient AiQuality Information System (SAAQI$)
Typically, ambient APM informationcontainedwithin these reports is limited to Plyland
PM, s mass concentratisnand local and regionaparticulate pollutionfi hspo t $D&EA,
2015). Particulate pollutiororiginates from variousanthropogenic (or human) and natural
sourceg§WHO, 2013). It is important to identify these sources and their overall contribution
to ambient APM concentrations so that cesffective mitigation strategies are pursued
(Molnar et al., 201Y. Studies investigating air pollutant origiasd transporaire common
internationallybut very rare inthe entireAfrica; only a few publications in peeeviewed
scientific journals(Wichmann 2017) Thereis a needfor detailedambientAPM studies in
South Africa that willyield useful information on the characteristics, origins and trends of

ambient PMs and sootn theregionso that effective mitigating strategies are implemented



1.3 Hypothesis

The generapopulationin Cape Town and the region is exposed to ambient APM every day.
Ambientair pollutantsPM, sand soot are hazardous to human hedlkie effects of PMson
human health are observed in epidemiology studies wherg, BVEels are well below the
strict limits imposed by WHO standards and European Union guiddlsees page 4 of the
Review of Evidence on Health Aspects of Air Pollutidg®EVIHAAP) report of 2013 that

are more stringent than South African National Ambient Air Quality Standard (SA NAAQS)
safdy standards There is high correlation betweenambient PM, s concentrationand
absorptioncoefficiert (proxy for soot content)As PM, s concentrationsrise so dosoot
concentrations. Meteorological parameters affect ambiRvits and sootconcentrations
differently. Air velocity (or wind speed)has the greatest effect on PM and soot
concentrations, followed by temperature, precipitatamnrainfall), relative humidityand UV
exposure in that ordelWind direction and ia mass transport from local swes have
pronounced effeston ambient PMsand soot concentrations airegion angto lesser extent,
long-range transport (LRT) from distant sourc&ontributions to ambient PM and soot
concentrations by local sourc@sithin a 40 km radius¥ar exceed thosky LRT. Correlation
between ambient PM and soot concentrations (study data) and air pollution data collected
by the City of Cape Town (CoCT) dwindles the farther ambient air quality monitoring

(AAQM) statiors arelocated from the samphg site.



14 Researclobjectives
The objectives of this studyereto:

1. Determineambient PM s massandsootconcentrationsn filter samplescollectedat a
fixed sampling site irKraaifontein,Cape Townusing gravimetric analysis arsmoke
stainreflectometry(SSR)

2. Investigate the impact of meteorologicadnditionson ambientAPM data and data
collection.

3. Determineair masses that passover Cape Town and the regioring Hybrid Single
ParticleLagrangian Integration Trajectory (HYSPLIT) backrdtrajectory analysis

4. Compare PMsconceantrationand absorption coefficientatafor Cape Town with data
for Pretoria and Thohoyandou.

5. Determinethe correlationbetweenstudy dataand air pollution data collectedby the
City of Cape Town (CoCT)

6. Evaluatecompliance to WHO an8A NAAQS safetylimits.

7. Determine the chemical compositions and palsite morphologies of composite

sanples collected during September 2017 and January 2018.



15

Researclguestions

Some of the questions this studlgldressedere:

1.

Is ambient PMs and soot (or black carbon) data, collected at a fs@hpling site,
represetative of an entire area or regibn

What are the probable sources of ambient £&hd soot in Cape Town?

Are thereassociatios betweerambientP M, s and sootoncentrationsor monthly and
seasonal data sets®hy are there differences between monthly and seasonal
associations?

Are there associatianbetween study data and air pollution data produced by the
CoCT? Why do associatios between study data and data from individual AAQM
stationsdiffer with direction and distancef these stationfom the sampling site?

Do ambient PMs and soot concentians for the study period fall below or exceed
WHO and SA NAAQS limit® Why do APM concentrations in Cape Town differ from
concentrations in Pretoria and Thohoyandou?

Is HYSPLIT an effective tool for determining air mass origins? Why was it used for
trajectory and cluster analyses?

Do meteorologtal parametersmpact ambient APM concentratioAsWhy do some
meteorological parameters affect APM concentrations more than others?

Is air quality in Cape Town impacted by LRT? Is the impact of LRT on aiufadl

levels in the city significant?



STUDY
DESIGN

EXPERIMENTA L

A 4

Sample ambient air in Cape Town (from a fixed
sampling site) for a periodf 42 months (starting 18
April 2017 until 16 April2018)

Y

Determine PM;sand soot concentrations of particulai
matter collected in samples using approved analyti¢al
methodologies

A 4

INVESTIGATIVE

A 4

Collect composite samples (during September 201
andJanuary 2018) and determine the chemical
compositions of PM collected in these samples

v

Obtain data from the South African Weather Servic
(SAWS) and investigate the impacts of meteorologiq
conditions on PM; concentrations

COMPARATIVE

A 4

Generate backward trajectories using the HYSPLI]
modeland investigate the impact of air mass transport
on PM, 5 concentrations

A 4

Determine the correlation, normality and significanc
of monthly, seasonal and annual data using appropi
statistical methodologies

A 4

Performcomparative analyses of experimental data
data collected by researchers at UP and UniVen

Perform comparative analyses of study data and &

pollution data collected by the CoCT with specific

focus on the correlation between particulate and
gaseousir pollutants

91

ubisap Apms



1.7

Researclapproach

PTFE filters received by researche
at UPand weighed. Filters
personally deliveredo Cape Town

for ambientair sampling

SAMRBLING

Calendar

Sampling time: 24 hours|_|

Interval: 3 days
Dupl. sampling: 15 days
Duration: 12 months

Calendar and
Composite samples

ANALYSES

Composite
Sampling time: 24 hours
Interval: 7 days
Dupl. sampling: N/A
Duration: 2 months

Gravimetric Analysis
Determination oPM, 5
mass concentrations

SSR
Determination of
inorganic carbon

concentration

Transmission Electron
Microscopy
Particle morphology

SSR
Determination of
absorption coefficients

lon Chromatography
Determination of selected
anionconcentrations

Scanning Electron
Microscopy
Coagulated and
agglomerate particulates

Backward Trajectory
Analysis

Determination of air mass

origins, trajectoriesand
transport

ICP-Optical Emission
Spectrometry
Determination of selected
element concentrations

DATA COLLATION AND INTERPRETATION

9 Statistical analyss

1 Correlation betweenstudydata,datacollected by the CoCT and data collected by

researchers at the Universities of Pretoria and Venda

1 Effects of meteorological conditions and air mass transport oy &dvicentrations
9 Complianceof study data to WHO and SA NAAQS requirements
1 Report & pollution levels acrosall trajectories




18 Scopeof study

This study formed part of a bigger collaborative study investigatingthe health effects
geographical originand source apportionment of ambient Riand soot in South Africa
betweerthe Environmental and NanSciences (ENS) groupf the University of the Western
Cape (UWC)the School of Health Systems and Public Health (SHS&fH)P, UniVenand
Occupational and Environmental Mediciog the University of GothenburdSwedei. The
contentsherein are limited to data and findings of research conducted in Cape Town.
Ambient PM, s sampling was perfored inthe suburb of Kraaifonteir{27 km ENE of the
city centre)for a period of 12 months frorh8 April 2017 until 16 April 2018. Sampling
times and intervalsverefixed at 24 and 72 hours respectivelyith duplicate samples taken
everyl5 dayslin all, a total of 16 ambient PMs filter samples were collected (incling 25
duplicate samplespver 121 days Ambient PM,s mass concentrationand alsorption
coefficiens were determinedssing gravimetric analysis and SSRiditionally, the chemical
compositions and particulate morphologie®f composite samplegcollected during
September2017 and January2018 were determinedusing inductively coupledplasma
optical emission spectrometry (IGPES) ion chromatography (IC)SSR and transmission
electron microscopy (TEM)HYSPLIT backvard trajectoies were used to determine air
mas®s that passed over Cape Town and the region during the study.psemsinal
variations the effecs of meteorological parameteresn ambient PMs datg and the
correlationbetweenPM, 5, soot and other air pollutan®M;o, SO,, NO, and Os) were also
investigated Lastly, study datawas evaluatedfor complianceto WHO and SA NAAQS
safetylimits. This study provides information aboainbientAPM mass concentrations and
air mass transport in Cape Town and the region that can be useful to future source

apportionment studies in the area.



1.9 Thesislayout

This papercontains six chapteis total. They are:

1. Introduction

2. Literature Review
3. Methodology

4. Results

5. Discussiorand

6. Conclusion

The next chaptelis Literature Review (chapter two).Literature Reviewelaborates orthe
current knowledge and substantive findingstle ptysical and chemical propertielsealth
effects, atmospheric lifetimes, dispersion and transpmirtambient M in Cape Town
Valuable heoretical and methodological contributions tis #tmospheric chemistrippic are
alsocitedhere Next up isMethodology(chapterthred. This chapter covey in detail, i) how
field work and laboratoryactivities were carried out,ii) which samplingequipment and
materials, and analytit techniques were used and) preciselyhow each activity was
performed indicating successes and shortcoming® that efbrts are reproducible.
Methodologyis followed byResults(chapterfour). All field work and experimental datae
capturedn this chapter Experimental dta is presenteish text numeral or graphical formats.
The penultimate chapteDiscussion (chaptefive), as the name suggests, ds in-depth
discussionof field and laboratory data and findingsnd howthe dataand findings either
suport or contradictcurrent knowledge and theories on the subject matter. Conclusion
(chaptersix) is the final chapteof this studyand culmination of the study as a whol&n
extension ofthe Discussionchapter it summarises th@bjectves of the study andraws
conclusions on the presented findinggiggestd future researchpriorities are also listed

here.



CHAPTER 2: LITERATURE REVIEW

21 Air pollution

21.1 What is air pollution?

The term air pollution does not have a single

definition. The WHO defines air pollutioasii t h e
contamination of amndoor or outdoor environment

by a biological, chemical or physical agent that

alters the natural atmospheric operties of that '

e nv i r o nhiecthe NaturalvResources Defense

Counci | defi nes ihemicaler @ a
particulate species into the atmosphere that is i - ;e
NS e
hazardous to humaishd theEarthas aw h o I Thed . _ - . .
Fig. 2.1: Air polluting emission
. " Bellville, C T | : .
atmosphere isthe planéds | ar gest sh ar ed apr)eeosw%rrbagecovgn.) |t

protectslife by absorbing harmfulltraviolet (UV) radiation(DEA, 2017) The crucial role
the atmosphere plays is under threatanyhropogenig¢or human)activities that lead to the
deposition of ptiutants into the atmosphelé&lunter et al. 2002 Air pollutants do not only
disrupt the temperaturee gul ati ng rol e of the atmosphere
threatening the welbeing of all life on Earth. Arightening fact about air poltion is that it
can be foundanywhere making indooand outdoor (or ambiengir potential sources of
exposure to hazardous substanfess. EPA 2015). In 2012, air pollution diseases were
respondble for 6.5 milliondeaths worldwide, more deaths than fraeguired immune
deficiency syndromeAIDS), tuberculosis and malaria combin@lHO, 2016). In 2015,this
death tollrose to nine millionifheanincreaseof 13% yearonyea. Air pollutionis, without

a doubt, the largest environmentalcause of disease and mortality in therld today

(Landrigan et al., 2017)

10



2.1.2 Historical perspective

Air pollution has a long history with the first ever g 30, 1948

recorded event dating back to™8entury London
when emissions from coal combustion led to severe ;
air pollution in the region(Helfand 2001).
Centuries hagbastand air pollution continued to lie
under the radar because its harmful effects were

poorly urderstood It was notuntil the mid20" _ N
Fig. 2.2: Smag in Donora,

Pennsylvanidlmage: alleghenyfront.
org/wp-content/uploads/2017/04P _
4810300.05-2-1800 px.jpg)

century when air pollutiomvas exposed as raajor
threatto humanhealth thatpeople began to aft.S
EPA, 2017).The firstepisodeof significanceoccurredin Meuse RiveValley (Belgium) in
1930 but 1 wasnot until 1948 wherthe events of Donora (Pennsylvani#d§A) showcased

the consequences of industrial and urban growth to the Wiorl EPA, 2017. In 1948, the
small Americantown was coveredin an inversion layer of sulfurous smagiginating from

an acid plantmills andsmelters Over a period of oneeek,approximately 4650 lives were

lost and thousands reported to have suffered adverse health outcAmgmllution crises,

like that ofDonoraand London (1952), led to the discovery of the link between air pollution
and health(U.S. EPA, 2017%. In 1970, the WHO and United Nations Environmental
Programme (UNEP) established regulations for air pollutiomtrob worldwide so that the
catastrophic events of Donora and others would not be repdéatetkins, 1998).
ARestrictions on tailpipe and smokestack
says Prof. M. Jacobson, Senior Fellow at the Precourt Insti e o f Hovewverjaig y .
pollution still kills thousands of people each y@éar h e  adatlay.erany institutions

recognise air pollution asgreat risk toenvironmental and human health

11
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2.1.3 UN SustainableDevelopment @als

Air pollutionis recognised as a major threat to the health and-bestig of all at all ageby
many institutions across the worldsomuchso that the United Nations (UN) hhsted it as

a contributingfactor under sustainable development goaln32015, more than 150 world
leaders gathered fan annual UNSustainableDevelopment summit. During this summit,
SustainableDevelopmeniGoals were adopted withne goal in mind - achieving sustainable
development for all people, in all countries of the wdndthe year 2030T hese goal¢Fig.

2.3) were designed to primarily combaéxtreme povertyZnjustice and inequality and
%ixing climate changéUN, 2017) Air pollution is listed under sustainable development goal
3 (Good health andvell-being subcategory 3)9 Indoor and ambient air pollutiors the
greatest environmental risk to human health. In 2012, ambient autipolifrom vehicles
industry and fossil fuel and waste combustion led to the premature deaths d§.Somiéon
people 20 % of which were from respiratory illnesses and cancers related to exposure to
PM, s, the most harmful air pollutant to human healorld leaders have vowed to enforce
measures that would drastically reduce air pollution by the year 2030 and improvelthe hea

andweltbei ng of al |l ofUNt20l1&) wor |l dés citi zens

Fig. 2.3: UN Sustainable Development Goals. There are a total of 17 goals. Air pollutior
listed as a contributing factor under sustainable development g@al&ye: UN)
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2.1.4  Sources of air pollution

Air pollution emanate from various sources. Mosdir pollutantsare the undesirety-
products ofpowergeneration and consumpti@etivities Sources of i pollution (including
precursorsare divided into foumaingroups: area, mobile, stationary and nat(ichE. EPA,
2017). Major sourcesncludebiomass and fuel combustidor cooking and heating purposes
(area) coal power stations industrial facilities, factoriesrefineries (stationery), and
inefficient modes of transpofmobile) (WHO, 20T7). Although the largest sources of air
pollution are anthropogenic, not all air pollutants stem from human activities. Natural sources
like sandstorms, volcanoes and wildfires can alsecafiir quality(WHO, 2017). Thethree
largest sources of ambient giollution globallyare electricity generatiotransportation and
industial processe§WHO, 2017%. The most abundant air pollutanttheir sourcesand

percentagalerivedfrom powergeneration and consumption activities are shown in Table 2.1.

Table 2.1:Most abundant air pollutants in the atmosphégsurce: WHO).

Pollutant Principal sources Percentage from power activities
Sulfur dioxide (SGQ) Power and industry > 99
Nitrogen oxides (NQ) Transport and industry > 99
Carbon monoxide (CO) Residential and transport >90
Fine particulatesRM; 5) Industry and residential >80
Secondary organic aerosols Industry andransport > 50

2.1.5 Classification of air pollutants

Air pollutants are chemically and physically diver8&HO, 2017). The majority of air
pollutants inthe atmosphere are oxides of carbon, nitrogen and suli@,(NO, and SQ).

Theseare what are called gaseous aipollutants one of twomainair pollutantgroups The

second group isirbornesuspensions thancludes, but is not limited toyery small liquid
dropletsand solid particles called partiate matteror PM (e.g. aerosols, fly asdnd soot)
(Encyclopedia Britannica2017) Collectively, these are callegrimary air pollutants.

Primary air pollutants are deposited diredtijo the atmasphere from a source where they

13



undergochemical transformations, in the presence of an energy source (typically UV), to
form new secondary air pollutan{e.g. ozone (Qs), peroxyacyl nitrates(PAN), sulfate
(SO?)] (Duanet al., 208). Photochemicalsmog Fig. 2.4) is a noxious mixture of primary
and secondary air pollutants tHatms whenindustrial and vehiculaemissions concentrate

in the atmosphere and undergo photochemical reactions with sun{Emtyclopedia
Britannica,2017) Photochemical smog, a common phenomenon near niegeways and
urbanindustrialareasjs sdurated with NQ, O andvolatile organic compoundsvOC) that

give it a browniskgrey colour(Hallquist et al., 2016

Fig. 2.4: Photochemicabmog in @pe Town. Photochemical smog photograpfrech
the Nlfreeway | ef t) and Si r [Inhages: rownde®) ano &estgiight)]r. i

Moreover, air pollutants are categorised into three classes: air toxics, biological pollutants
and criteria air pollutantéAustralian Department of the Environment and Ener@g52 Air

toxics (or hazardous air pollutants)e gaseous or particulate pollutants that are present in air

in low concentrations with toxicity levels so as to be a hazard to humans, plants @atsani
Biological pollutants are livingnaterials that can become airborne angdat air quality

(eg.pol I en) . 60Criteria air pollutantsd coll ect
as indicators of aiguality (Australian Department of the Environment and Ener@@5p

Criteria air pollutants can injure human health, harm the environmentauskproperty

damage and thuare strictly regulated(U.S. EPA, 2017. The six criteria pollutants are:

14



1 Carbon monoxidgCO) 1 Ozone(Oy)
1 Lead(Pb) 1 Particulate matte(PM)
1 Nitrogen dioxideg(NO,) 1 Sulfur dioxide(SQ,)

2.1.6  Air quality monitoring inSouth Africa
South Africa is one of 13 African countries with
knownambient air quality monitoringhAAQM)
stations but more importantly it is the only
country on the continent to actively contribute i i m"I""]

to the WAQI in reaitime (World Air Quality, (] il

SRR {111 TTTTETes

2017). The National Environmental
Management: Air Quality Act NEMAQA S '
9 Quality A QA) Fig. 2.5: SAWSAAQM station at

stipulates that authorities must monitor and Hantam NationaBotanical Garden,
Northern Cap€glmage: sanbi.org/sites/

manage South Africads Od%fatultgiIgs@?ges/gsi;oggz% ual i ty. T
achieve this, the AOutdoor Air Quality Moni
Quality Information System (SAAQIS) network] was develogedA, 2017. The @A Out do.
Air Quality Monitoring Modul ed is an-tenline
date air quality data from various AAQM stations that report to SAAQIS. As at August 2017,

there were more than 50 fully operational AAQM statiomppdying realtime data to

SAAQIS across the count($sAAQIS, 2017. The South AfricatWeather Service (SAWS) is

also actively involved in AAQM in the country. A member of the World Meteorological
Organisation (WMO), the SAWS is the authority for weatledasting in South Africa but

also participates in research initiatives with local and foreign academic and research
institutes. SAWS AAQM stations, like the one installed at Hantam National Botanical
Garden (Fig.2.5), continuously monitor for CO, N SO,, PMy, PM,sand black carbon

(DEA, 2017). The extent of research activities atSBeNS was evident during a viga the
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Global Atmosphere Watch (GAW) station at Cape Point, CBpen. Headed by Dr. S.
Labuschagne, it is one of 31 stations in the GA&Wvork that monitor several atmospheric
pollutants including CQ NO,, SQ,, Os, PM,o, PM;, xenon (Xe) and radioactive isotopes of
radon (Rd), generating data for both the SAWS andWhO. South Africahas a capable
AAQM network and is ahead of its African counterparts, contributing to both domestic and

internationaldatabases.

2.2 Airborne particulate matter
Airborne particulate mattePM) is a general term used to describe liquid droplets and solid
particlessuspended in aifU.S. EPA, 202). APM is characterisetdy bothphysical attributes

and chemical propertié®ockery et al., 1993

2.2.1 Physicalattributes

2.2.1.1 Sizeandmorpholoy

The physicalsize of APM variegyreatly Some ' PM2s
J less than 2.5 microns
are large enougto be seemwith the naked eye
while others are sosmall that they can only be ® PMyo
.’4 less than 10 microns
seen witha powerful electron microscoge).S. .0
8

EPA, 202). Two size ranges are widely

monitored, PM, and PM s Fig. 2.6 gives an

S _ ) fine beach sand human hair
indication of just how small PM (aerodynamic 90 microns 50-70 microns

Fig. 2.6. Particulate diameters compared

to a human haiflmage:blf.org.uk
supportfor-youiir-pollution/types.

diameter O 10 um) and PMs (aerodynamic
di amet @m arén r@atidn to a strandf
human hair APM in bothranges act diffengtly in air. Coarse particulatgsubset of Py,
larger than2.5 um do not remain airborne for long and are deposited downwind of their

emission sourcewithin hours The lighter finely-divided PM s can remain suspended in air
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for much longerperiods of time and travel
Solid Sphere

several hundreds, even thousands of kilometres

Hollow Sphere
from its emission sourcefJ.S. EPA, 20D).
o Solid Iregular

Like physical size, the morphology (or shape)

. Flake
of APM also vary. According to the

_ _ Fib
Environmental Protection AgencyJ(S. EPA), % P

e ne 'y, Condensation Floc

there are seven prominentparticulate

morphologies(Fig. 2.7) Becauseparticulates %@' SV

Fig. 2.7 Particulate shape$Source: epa.
gov/eogaptil/module3/diametdrameter.
htm).

are not all sphericallyshaped, particulate
diametersarebestdescribeds equivalent
diameter. Theequivalent diameter ithe diameter of a sphere with the same value for a
specific physical property as a nspherical particulate being measur@dilleke et al.,

1993) The type of equi val ent di ameter used d
processod the parti c prlocedserfine(dubse@OBgns and [Brgemi nat i
particulatesare diffusion and gravitational settling respectiveljWilleke et al., 1993)

Particulate diameter® 0.3 pm are bestdescribed by Stokes diameter JJDwhile larger

diameters dreater thar0.3 pm) are best described by aerodynamic diametg). @, is a
standardisedneasure foiirregular particulates(Berubéet al.,1999 and is the diameter of
unit-densitysphere witlsame gravitational settling velity as the particulate beingeasured

(Willeke et al., 1993)The relationship betweens@nd 0 is shown in equation 1:

$ $ — )

Whered is particle density an@, and C, are Cunninghamorrectionfactors forDs andD,.
The Cunninghantorrectionfactor is the ratio between particulate diameter and mean free

path length of air mecules. Forsmaller particulates, @alues argyreater tharl. Forlarger
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particulatesthe diametersare greater than the mean free pahgth of air molecule¢ &)
meaning all particulates collideith air moleculegWilleke et al., 1993)In this case,it is
estimated thaCs = C, = 1, hence he D, of particulateswhere Ds > > awmd Dg << &-is

represented by equat®@ and 3

$ $ m (2
$ $8n )

ObservedD, valuesfor threeexamples oflifferently-shaped particulates amkreedifferent

particulatedensities arshownin Table 2.2

Table 2.2:D, for differentlyshaped particulates and different particulate densittesirce:U.S.
EPA).

Aerodynamic diameters for differently-shaped particulates

Solid sphere } = g.em? Ds=1.4 pm
Hollow sphere }  05g.cm® Ds=2.8um D, = 2.0um
Irregular shape }  2d4g.cm® Ds=1.3pum
Aerodynamic diameters for different particulate densities
3 —
Low density } 130gcnm’, Ds=1.4 pum D,=2.0ym
3 —
Medium density }  20g.cm’, Ds=2.8um D.=2.8um
High density } 30g.cn® Ds=13um D.= 3.5um

Inhalable coarse particulatéke those found in emissions near roadways and industry are

found within theequivalent diametesubset2.5 um O x O 10 um. Fine particulates such as

those found in smoke and smbgave equi val enpgm(d$. BRAe30B)r s O 2
Equivalent diametergare important parameters aerosolphysics and chemistrgnd are

useful for:

1 Calculating deposition rates and atmospheric lifetimesrbbrne particulates
1 Determinng thecharacteristicsoriginsand trends of APMand
1 Determining the mechanism®f interaction and systemic effects &M on living

organisms(U.S. EPA, 20D2)
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2.2.1.2 Formation processes anesmodes

APM aredivided into threefundamentalsize modes:nucleation accumulatiorand coarse
mode (Kittelson et al., 2014) The smallestmode isnucleation (diametersO 0.05 pum).
Nucleated particulates (or nuclefre formed by condensation in the atmosphere or by
nucleation processesvithin emissios from hightemperature sourcesNuclei-mode
particulatesare solids withvery low-vapour pressuee The @mospheric lifetimes of nuclei
mode particulatesre short(1-2 hourg because thegpontaneouslyoagulateinto larger
particles or settlout onto surfaces due to their diffusive natuesulting fromvery low
particulate mass andheir susceptibility to Brownianmotion (Aerosol Science and
Engineeringprogram 2017. The next mode isaccumulation(diameters betwee.05 and
2.5 um). Nuclei grow to larger sizes bycondensation orcoagulation procgses to form
accumulatiormode (or fine) particulates Accumulationmode particulates include
combustion, smog arebmenuclermode particulatesT heseparticulatesare extremelyight
and do not readily settleut neitherdo they coagulate quickly enough into larger particulates
andthus have long atmospheric lifetimg¢ap toa month (Aerosol Science and Engineering
program 2017. Particulates in thisize modeare hazardous to human healtHO, 2017)
The largesimode isagglomeration(diametersgreater thar2.5 um). The® particulates are
created through mechanical proces@eg. farming and mining)Gravitational settlingates
are appreciable within this size rang€oarsemode particulatesnclude ash, dust, mold,
pollen, sand andsalt (sea sprayand some anthropogenic particulates. Because of their
physical size (2800 un), these particulates have short atmospheric lifegirDeposition
(or sedimentation) occurs withia couple ofhours (Aerosol Science and Engineering
program,2017). Fig 2.8 (page20) shows the formation processestbé three APM size

modes.
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NUCLEATION ACCUMULATION AGGLOMERATION

Gases &
Vapors

Photochemical Dust

Ash
Smog Particels Sedimentation

¢

SeaSpray  ,°

Fig. 2.8 Formation processes of APM. From left to right are nucleation (rmetele), accumulation (accumulatiomode) and agglomeration (coarse
mode)(Images Aerosol Science and Engineering progjam
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2.2.1.3 Particulatesize distribution

Particulatesize distribution is an important paramefiar investigating APM behaviouFor
monodispersive aerosol@articulates of equivalent sizesproduced inthe laboratay),
particulate diameter is sufficiefdr describing particulate sizélowever, forparticulate sizes

in polydispersiveaerosolslike those found in the environmepirticulatesize distribution is
needed. Particulateize distributiondefinesthe amourg of particulats in polydispersive
aerosolsand sorts thenaccording to size/diametéHinds 1999. A common approach to
particulate size distribution is the spliting of the entire size range into intervals and
calculating the amount of particulates in each interval. The number of particulates in each
size interval can be plotted in a histogram, with the area of leaalepresentinghte amount

of particulates in that specific size randeor normalisation purposes, the number of
particulates in each size range isidad by the width of that range, tlaeea of each bar is
now proportionate to number of particulates in size range iesgotg Hinds, 1999. When

the width of the bar approaches zero €@jation 4applies:
AQ "QABPBAAD (4)

Wheredpis the particulate diametedf is the fraction of particulates with diametefisetween
dp anddp + d(dp)) and f(dp) is the frequency functionHinds, 1999) The area below the

frequencycurve between sizesandy is the total fraction of particulates in that size range:
Q. QABPRQAD (5)

Normal distribution does nalescribe particulatsize distribution because of the skewness of
the long tail of larger particulatg$iinds, 1999) A widely-used lognormal distribution for

particulate number frequency is preferred:

£Q ATQAD ©6)

8
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Where ( is the standard deviation of the size distribution #pdis the mearparticulate

diameter (Hinds, 1999) Sizebased multimodal particulate distributions have been
recognised sincéhe late 1970sWhitby (1978) hypothesised that fine and coarse modes are
physically and chemically different, that dynamics in fine particulate growth would have
prevented it from growing larger thdnOpm and that the distinction between fine and coarse

modes was fundamentally imgant to any discussion on aerosol physics and chemistry.
Particulates display consistentulti-modal distribution [ig. 2.9) over several metrics

including mass and volume, specific distributions may differ over area, conditions and time
because of the number of sources, meteorological conditions and topo@féfiyon et al.,

2014) Combustion and atmospheric chemical teacons of gases t hat «cr e
vapour pressured are the maj or,sfaccuwmnulatien f or 1
mode)(U.S. EPA, 2012). Particulates in the accumulation mode do not grow into the coarse
mode ( Whitbydés highponidhiyecendisohsd loyug r cesouroufation

particulateggrow, that bridgesaccumulation and coarse modésS. EPA, 20.2).

Nucleation Accumulation Coarse Particles
4 High T °C Chemical route to low Mechanical Processes
Vapor Volatility compound H J/
l —
Condensation E A;e:;]ln: ?:St
Primary growth H Volcanliac a\;h
wv "
- Particles '
S \ / :
'1—-_' Coagulation '
g :
a. '
s b ‘
b Aggregates '
S | N e e L
£
=
C I . VL (- A
Coagulation
Precipitation-
Washout
1 1 l/ 1
0.001 0.01 0.1 1.0 10 100
TPS Particle Diameter (um)
_____________________________________________________________________ >
Mo e s S
PM; 5

Fig. 2.9 Particulatesize distribution, formation processes and maoitdal distribution of
APM at ambient conditiondmage: Guarieiro et al., 2015
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Fig. 2.9 is acceptable for typicgbarticulatesize
distributiors but size distributionis dependent
on whether it is expressed as particulate
number, surface area or volurtéinds 1999.

In a sample ofambient aiy £+ 75 % of
particulates are ultrafin€’articulag¢s in this size
range areabundant buthey have small surface
areas and arevery light compared to larger
particulatesthus plots of distribution of surface
area and volume according to particle size look
quite different from the distribution of
particulate numbers against particle gizends
1999. This is illustratedin Fig. 2.10. When
particulate densitichanges ar@egligible with
size, theparticulatesize distribution of mass is

identicalto the volume(Hinds, 1999. The
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Fig. 2.10:Log-normal particulate
distribution curves. From top to bottom
are number vs. diameter, surface area vs.
diameter and volume vs. diamefenage:
Hinds, 1999.

changes irrelative numberof particulatesand surface area when &0 pm particulate is

dividedinto three sizes: 0.01, 0.1 and ju® are shown in Table 2.3

Table 2.3:Effects of particulate size on number of particulates and surface area for a given

of a single spherical particulat&ource: Hinds, 1999.

Diameter Relative number of Relative
(um) particulates surface area
10 1 10
1.0 10° 107
0.1 10° 10
0.01 10° 10
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2.2.2 Chemical properties

APM has diverse chemical compositionthe maest commonconstituentsof APM are
biological matter, inorganic and organic species, minerals, stable radicals of carbon and
transition metals(Valavanidis et al, 2008) Chemical constituerd are divided into two
groups- major and minorMajor constituens make up, at least,faw percentages of the total

particulate masand typicallyincludethe following:

i.  Ammonium (NH,")
Mainly presenammonium nitrateNH,NOs) or ammonium sulfate(NH,),SOy], NH," forms
when ammonia NHs3) neutralises gaseousitric acid (HNO;) and gaseoussulfuric acid

(H2SQOy) in the atmosphere.

ii. Chloride(CI)

Major component o$ea spray.

lii. Inorganic carbon and organic compounds
Inorganic (or &menta) carbon is formed during the incomplete combustion of fossil fuels.
Organic carbon is mainly present as organic composundk adhenzengdCgHg) and toluene
(CHg), emittedfrom various primary sourcascludingindustryand vehiclesor asVOCs

such a$?AN and polycyclic aromatic hydrocarbons (PAH).

iv. Minerals
Crustal materials (rocksoil, etc) contain elements such atuminium @l), iron (Fe) and
several earth metaldinerals (mainly coarsenode particulates) amgenerated mechanically

(constructionworks, erosion farming andmining) or by highly turbulent wind

v. Nitrate (NOz3)
Mainly present as NFNO3; or sodium nitrate laNGO;) [displacement ohydrochloric acid

(HCI) from sodium chloride laCl) by gaseous HNg).
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vi. Sodium (N3)

Like chloride,Na" is mainly presernin sea spray.

vii. Sulfate(SO?)
Largely pesent as secondary pollutants formed by the atmospheric oxidatisnlfaf
dioxide (SO,). Small amounts of sulfate also arise from atmospheric gypsu@gSQ) and

sea spray.

viil. Water

Water often accounts for a large proportion of particulate fassAIR, 2005).

In addition tothe major chemicaktonstituers, thereare minor chemicalconstituens. Minor
constituend include metals andorganic compoundsMany metals are used in a variety of
industrial processes. Some metals are found as additives or impurities in fuels while others
are used inconsumer products. Emissioffilom these processes adepositedinto the
atmospherefFortunatelythese metals #t includechromium Cr), lead @b), nickel (Ni) and

zinc (Zn) are emitted irextremely low quantitiesAPM can alsoconsistof severalorganic
compounds These compounds include aliphaffstraightchain) and aromatic(cyclic)
hydrocarbons, ketones and carboxylic acids. A large percentage of organic particulates are
generated by power generati@amd consumption activities. h&se compounds are also

emitted in very low quantitie§UK-AIR, 2005).

2.2.3 Soot

Soot (Fig. 2.11, page 26)s the most abundant particulate pollutant in the atmosphere
accounting for 25 % of the total hazardous pollution if@midvarborna et al., 2015500t

(or black carboncommonlyabbreviatedo BC) is mostly found in high concetrations near
urbanindustrial areas and busy transport routes. Soot consists mainly of -fiheted

amorphous carbon produced the incomplete combustionf biomass, coal or other fuels
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(Omidvarborna et al.2015 but can also contain
acids, metals, organicand toxic chemicalkpecies

such asPAHSs, that areknown mutagens and human
carcinogengSpengle et al., 2001) In fact, research

has shown that soalerivedfrom wood burningcan

smoke (WHO, 2017) Soot is a hazardous air

pollutant andfor good reason. Soqiarticulates are

tiny ( Q.5 um) when inhaledfravels deep intdhe

Fig. 2.11:Photomicrographs of
soot( | mages: R6 Mi

lungs wherghe chemicaktonstituerd cando damage
Once soot hasntered thdlood itcancauseserioushealth issues from bronchitis and asthma
to cancer, stroke and even de@t¥HO, 2017) Not onlyis sootdangerous to human health
but it can be coated with HN{or H,SO, which acidifies water forming acid rain that can
damage aps and soil affect water quality and mpact the nutrient balance of ecosystems
(Cashins & Associates Inc., 2013y nature, soot existas either accumulatieror coarse

mode particulates. Fi@.12 shows theformationof soot agglomerateBom monomers.
Gas
Chemical conversion %
of gases to low

0 Carbon Soot volatility vapor

Gas (Condesation products) Brownian motion
O Turbulance

\/ Sedimentation

High temperature o
emissions
Vapor condensation O
— r——ee ) —_—

Coagulation Coagulation Coagulation
Nucleation Condensation Agglomeration
4————
0.001-0.1pm 0.1-2.5pm 2.5-100pum
Ultrafine fine Coarse

Fig. 2.12. Soot coagulation processésnage C FalconRodriquez et al., 2016).
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2.2.4 APM deposition and health effects

A vast maj ority of t &reas with exéessidesair pobupon lewvels.iino n | i
2016, the WHO estimated that-92 % of all people live in areas within countries that
exceeded WHO safety | imits. A A nobmiddl@inricoma i r p o
countries, continues to rise at anpreedented rate, impactinguman healtlseverelp s ay s

Dr. F. Bustreo (WHO Assistaidirector General of Family, Women and Children Health).

AFor people to |Iive healthy I ives they must
affects more peopl than any other air pollutanit is the combination of chemical
composition and particle size that mak&iBM sucha serious health concefiHO, 2016)

Research has shown that there is a direct relationship betw®eosure to high
concentrations of amént PM s andincreased mortality and morbidi§yVHO, 2016) PM, 5

can deeply penetrate lung tissue to enter the cardiovascular system where they pose the
greatest risk.Once it has entered the bodPM,s has both shorterm (mortality and

infections) andlong-term or accumulative (cardiopulmonary diseases, lung camdtey
effects(Valavanidiset al, 2008) Concentration, particuta size, residence tin@nd toxicity

all determine the impacAPM hason health(WHO, 2016) T h eReview of Evidence of

Health Aspects ofAir Pol | ut i ono ( @rojectR Endertakek oY the WHO and
published in 2013, showed the adverse effects of air pollution on human health in Europe.

Information in the REVIHAAP report would later be used to establish air qualitylmede

2.24.1 Depositionmechanismgn the lungs

The human respiratory system is responsible for the exchange of gases b#tereen
circulatory system and the air waeathe.O, and CO, enterand exitour blood stream
through theprocess of gaseous diffusiofhe respiratory system is an important system of
the human body and plays a fgepporting role but, unforturely, it also provides a pathway

for APM to enter into the body. The respiratory system is divided into threensegio
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1) nasopharyngeal, 2) tracheobronchial and 3) alveolar regions (se&1Bjgpage 9). As

APM enter the airways they are retained. Retention is dependent on the physiochemical
propertiesdeposition locatiomnd clearance mechanisiierosol Scienceand Engineering
program 2017) Cranial and lungirways are lined witmucous that traps APM biggénan

10 um in diameter.Once tapped APM is transported tahe stomachby mucociliary
transportIn a similar fashion, particulates with diameters -df3jum indiameterare trapped,

only this timeby the mucous linirgjof airways and forced back to the oravitg by billions

of microscopic hairs. Particulates smaller thamum in diameter bypass natural removal
systems and enter the alvepherosolScience and Engineering progra2017. Thealveolar
airways are not mucotged and thus camwtexpel APM by mucociliary transport. Instead,
foreign materials are sent to the lymph nodes where it can take months or even years for them
to be expelled. Théour importantdeposition mechanisms in alveolar and bronchial regions
are:impaction (i), settling (ii), diffusion (iii) and interception (iympactionand settling are

of primary concerrnto the bronchial airwayslmpactionoccurs whennertia causedarge
particulatesto deviate fromhigh velocityair streamlinegat curves) and continue along the
original linear trajectorySettlingoccurs whenarge particulates in slowelocity streamlines

within narrow, horizontallyorientated bronchial passagestie-out under gravityDiffusion

Is an important mechanism for the deposition of very small particulkes thar0.5 pmin
diamete) in small airways where residence time is long and distance is short. Particulates are
driven out of the air streamlines Brownian movemento the walk of the airways.The
effectiveness of this mechanism is adversely proportional to particulatelrgizzeeption
occurs wherong fibrescontinue in the direction of the air streamlines (without deviation)
but becausef their size depads onto the surfaces of airwaysbstructing thenjfAerosol

Science and Engineeringrogram 2017)
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i. IMPACTION ii. SETTLING

‘A

. iii. DIFFUSION
iv. INTERCEPTION

Fig. 2.13: Mechanisms oPM depositionin the lungs Deposition mechanisms arelpckwisefrom topleft, impaction, setthg, diffusion and interception

(Image Aerosol Science and Engineering progdam
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2.24.2 Health effectsof APM

Since the 1980s, many papers have been published correlating APM to adverse health
outcomes such as decreased lung function in children, increased cases of respiratory
infections and elevated mortality rate&/HO, 2017. APM is hazardous to human health.

section 2.1.1it was discussethat nine million people dié prematurely every yedrom air
pollutionin 2015 three million from exposure to high levelsaohbientAPM. APM hasonly

one entry routénto the body and that is viahalation This makes theespiratory systema

central point for investigating all aspects of ARM humanhealth(U.S. EPA, 201Y.

I. Respiratory effects
According to theU.S. EPA, we breathe in, on average, 11.4 af air every daylf it is
consideed that for 2016the lowest recordeanean annuaambient PM s concentratiorwas
2.0 pg.m* (Powell River, Canadadnd the highestecordedmean annuatoncentration was
217 pg.m (Zabol, Iran, the average personhales roughly1,200ug of PM, s every dayin
the section2.2.4.], the four mechanisms of APM deposition in the lumgss discussed
Damage caused ldepositedAPM can either be immediate or prolongexdd may also lead
to respiratory disease®bstructive lung diseases occur when particulates block arway
preventing air from reaching the alveolar region. Examples of obstructive lung disease are
asthma and bronchitiU.S. EPA, 20T). Restrictive lung diseases result from harmful
activity within the gasexchange tissue of the alveoli and ammmon in cases of chronic
exposure to APMAsthma, chronic bronchitis and lung inflammation are three ailments
commonlyassociated with exposure &PM. Several studies have also linked lung cancer
amongst adts to APM. According to the WHOAPM accoungd for 3-5 % of new lung
cancer casesvery yeain 2014 The respiratory effects of APM, especially PMon human
health can be devastating but ARBlated cardiac effects may be severe as oeven more

severe than those attributerrespiratory caused).S. EPA, 207).

30



ii. Cardiovascular effects
In 2004, the inaugural American Heart Association meeting concluded that APM exposure
contributes to mortality andmorbidity. In recent years,evidence from several
epidemiological and experimentstiudieshaslinked APM, especially the finest fractionsy
increa®s in cardiovascular diseases anddeaths (U.S. EPA, 207T). Arrhythmias,
arteriosclerosis, heart failure, pulmonary and systemic imflation and strokeare just some
of the adverse health effects associated with ambientsPRbpe et al., 2002nd Martinelli
et al., 2013. Expectedly, it is the most vulnerable of populatiorthe elderly, diabetics and
those with coronary artery disgawho are particularly susceptible to health effects triggered
by APM exposurgMartinelli et al., 201R Cardiovascular mortality and morbidity effects
are observed for both acute and chraposure(U.S. EPA, 201Y. In 2010, the American
Heart Association concluded that PMcan trigger cardiovascular mortality and rfatal
events. Longerm exposure to PM increases the risk of cardiovascular mortality to a
greater extent and reduces life expectancy amongst highlgsedp members of the

population. Mechanisms for cardiovascular effects AdlyM are shown in Fig. 2.14.

Airborne PM Potential role for
Ox.S oxidative stress

—=%"Inhaled into Ox.S
alveolae ®

@ ) Inflammation?

Tissue- and particle-delivered —~—
free radicals K

Ox.S \ Stimulation of alveolar
% . sensory receptors?
Ox. S Ox. S \
Inflammation
e Neurohumoral
( lnflammatlon Ox. S — ( Translocation ) mechanism

Recrunment of

Inflammation
| Cytokine and macrophages an o
Ox. S free radical hagoc 10515 g
foloase phagocy! Increased alveolar
of particles permeability
f Sp|I| over Movement of activated | oL ‘' Altered autonomic |
of cytokines __inflammatory cells y function/reflexes |
Ox.S
Ox.S /
Ox. S Ox. S
Nitric oxide Stimulation of
Altered scavenging APOPIOSIS | 1soconstrictor pathways
enzyme/protein/lipid N
function e Oxidation of LDL Promote plaque
Potentiation of ruptiire
inflammation Cytotoxicity P

Depletion of antioxidants

Fig. 2.14 Possible mechanisnfsr cardiovascular effects l§M (Image: U.S. EPA
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iii. Mutagenic effects
APM originating from traffic and incompletsombustion of fuels contains large numbers of
mutagenic chemical constituerd (Valavanidis et al, 2008) In fact, emissions from
combustion activities are associated with most of the mutagenicity and carcinogenicity of
urban APM(Gabelova et al., 2004In decades past, epidemiological studies used various
shortterm assays to provided evidence for the mutagenic properties of APM. Studies found
that the mutagenicity of APM was due to at least 500 different organic compounds from
varying classes includingitroaromatics (or polycyclic aromatic hydrocarbons), aromatic
amines and aromatic ketong€laxton et al., 2004) These compounds, especially
nitroaromatics, havéeen found to causdeoxyribonucleic acid (DNA) damage (including
oxidative DNA damage), micronuclei sister chromatid exchange, sstigied breaks and
promote malignant neoplasrfidealey et al., 2005 Populations with frequent cases of lung
cancer have been linked to th@ro@romatic component of coal smold.S. EPA, 207T7).
Watersoluble species (mainly transition metals) have been found to induce oxidative DNA
damage more readily than organic compounds. When inhaled, these species are deposited
into the lungs which leadtthe formation of reactive oxygen spegisgecies likehydroxyl
radicals fOH) and superoxides @,), that play an important role in the destruction of cell

lipid membranes, enzymes and DNButiérrezCastillo et al., 2006)

2.25  Atmospheric dispersioof APM

The dispersion (concentratipand atmospheric lifetirsgresidence time) gparticulatesare
largely affected by meteorologicphrametersMeteorological parameters play an important
role in the extenbf human exposure to particulate pollutiod.S. EPA, 205). Elevated
temperature and low relative humidies (Rh) provide ideal conditionsfor long residence
times. As Rh increasesambient APM concentratios (particularly fine and ultrafine

fractions) decreasdue tothe highly diffusive nature of these pollutantsr velocity (or
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wind speed)impacts dispersion. Particulate dispersions indirectly proportional toair
velocity. Whenair velocity ishigh thenparticulate pollution levelshould below and vice

versa This is not always trueResearchhas showrthat particulatepollution levels do not
decrease as quickly as expectedS. EPA, 205). Surfacetopography(or roughnessjs a
physical characteristic of APM thaan impacttoncentration. The roughness coefficient is
defined as thextentof surface roughness i.e. the distributionn@troscopic projections on

the surfaceof particulatesMondy et al., 1987)As air molecules pass over the surfaces of
particulates they collie with these prejctions (like the sail on a yacht) causing the
particulates to move about. Pollutant dispersion is directly proportional to the roughness
coefficients of pollutants. In addition to air velocity, wind direction and vertical mixing of air

masses can also impacambient APM

concentrationsVertical mixing isimpactedby

atmospheric stability whichis, in turn, is Cool air

controlled by thermal buoyancy. Thermal Warm e

buoyancy occurs when air heatewkar the

Eart hdés srapidfy.aAs the air riseseits

Normal pattern
cools and expandbecause air pressure drops
with elevation Air ascension ate affects Cool ae
vertical mixing and the extent thereof Warm inverslon lryer ai

(Stephens, 1965 Ground level thermal

inversion and aloft inversion are two

e -

phenomena that inhibit ambient APM

dispersion. Ground level inversioffi¢. 2.15) Thermalbwetiion
_ Fig. 2.15: Groundlevel temperature
occurs when the layer of ainearestto the inversion(Image: bumc.bu.edu/otlt/

MPH-Modules/PH/RespiratoryHealth/
ground, is cooled by the grod overnight. This Temperaturenversion.jpg.
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cooler layer cannot ascend past the warm 4 A
inversion layer above it as it is warmed by the

o S
sun and beconsestagnant,concentrating the 2 g

=g <
pollutants within it (Stephens, 1965 Aloft

Inversion

. . . . . . . Surface aloft
inversion is entirely different. Aloft inversion BTSN
occurs when air of a high pressure system Temperature Temperature

descends fromthe centre of the inversion  Fig. 2.16: Atmospheric elapse rates for
surface level and aloft inversiofisnage:

system anavarmsas it passes through the pataga.net/WhetherToFly.htn|

warmer layer. Warm air mixes with the coollyer nearthe ground and dispersethe
particulatesn that layer to armltitudewhere the inversion layer begins. FRj16 shows the
changesn air temperaturavith altitudefor groundlevel and aloft inveron eventsEpisodes
of air pollution areworse for ground level inversiorGeograpit and topography can also
affect air polluion dispersion. Urban settlementsoastal and valleysare susceptible to
higherair pollution levelsesuting from groundevel inversion(Fig. 2.17). For valleys, cool
air movesin at nightand & the coast, cool sea breeZslowacross the land forcing it below

warm terrestrial aimcreasingdispersion below the inversion laygramsch et al., 2014

Descending warm air

i Ve
Inversion layer
kS = po— = T
s s P
= ea “ ¥ !
u—IJ breeze™ 1 & g : =
__ A
—
Temperature

Relatively warm air (inversion layer)

air

——Elevation—

S
Temperature

Fig. 2.17 Groundlevel inversion for urban areas at the coast and in valle
(Image: ksuweb.kennesaw.edu/~jdirnber/sciencell/Outline®iutline Air
Notes.html
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Hartbeespoort, a small resort town situatedhe NorthWest Province of South Africa, is a
perfect example of &owl athePAHP édtinhatethat the tswnit mi g r ¢
had a mearmnna ambientPM, s concentration 060 pg.m? (six times higher tharthe
recommendedimit of 10 pg.m?), strange considering thahere are no major industrial

activities to speak of in the area. The only plausible explandborsuch high PMs
concentrationss thatambientAPM was transportetthe aredrom neighbouringprovinces

Gauteng(economic huband Mpumalangd12 coatfired power stationspy wind adveton.

2.3 Dispersiontransport and originef particulate pollution

Air pollution studies haveocketedn the last two decades, especially in highly industrialised
countries in the Americas, Asia and Eurogp@HO, 2016) Awareness of the risks of air

pol l ution, or #@Ainvi si blsemniktérestineghe matter soart As he WH O
risks of air pollution to human health and climate change intensify, concerted efforts are
being made to better understand air pollution tref@$1O, 2016) Detailed air quality

studies are required to better understand air pollutant characteristics and trends. Such studies
provide researchers who seek to advance their understanding of the causes and remedies of
air pollutionwith important informatioriNatioral Research Council, 20D.2Detailedambient

APM studies are uncommon in Africa but the tools do exist for those wanting to investigate

the dispersion, transport and source distributiommmbientAP M i n-spé& da&tda r egi on
Hybrid Single ParticleLagrangian Integrated TrajectoryHYSPLIT) backvard trajectory

analysis is a techniqueidely usedin the air quality andatmospheriachemistry communities

23.1 HYSPLT
The HYSPLIT model, developed by the National Oceanic andA@ mi ni str ati onos
Air Resources Laboratory (ARL), is a tool that helps describe how air pollutants and harmful

substances are transported, dispersed and deposited. It was designed to be used for both
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single particle and complex dispersion and dejmssimulationgDraxler et al., 1998 The
foundati on for HYSPLITG6s trajectoryUntalpabi | i
States (US)weather bureau was tasked with determining the source of radionuclides
originating from the first Soviet nuclear tests. Over the past 67 ,y#@smodel has
undergone several upgrades and is widely used throughout the scientific community. Some of

the examples of its applications include tracking and forecasting the release of radioactive
substances, dust andngke from natural sources, apollutants from various mobile and

stationary source®raxler et al., 1998

23.1.1 Calculation method

The calculation method HYSPLIT uses is a combination of the Lagrangian approach (moving
frame of reference for calculating advection and diffusion as air parcels move from their
origins) and the Eulerian approafdixed threedimensional(3D) grid for frame of reference

for calculating air pollutant concentrationd)raxler et al., 1998 Equation 7 is the basi
calculation of particlgarcel trajectories. The position of a particle at tfme  + wvesd ) by

advection is determinelly the trajectory of the particle and is computed as follows:

AV AN VoA U oA

D) O YO b O -0bp & Ob &YOno YO YO (7)

WherepneaniS change in position vector with tineendv is 3D velocity vectors. Dispersion
equations are formulated in terms of turbulent velocity. Particle dispersion is computed by
adding a turbulent factor to the mean velocity obtained from meteorological data as follows:
g OY0 @ O YO 5& YOYO (8)

U 60 U O Y0 7 YOYO (9)
WhereXinal, Zina are the final particle positions in the 3D gri¢lean Znean@re mean particle

positions andJ Wéar e t ur bul ent velocity factors. Fac
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the modified discretdime Langevian equation expressed as a function of velocity variance

(derived from meteorological data and Langevian time s¢Riexler et al., 1998

2.3.1.2 Backwvardtrajectory analysis

Backwvardtrajectory analysis is the most commonly used feature of HYSPLIT. It depicts air
flow patterns and allows for the interpretation of pollutant transport over spatial and temporal
ranges(Fleming et al., 2012)Backvard trajectory analysiss a surrogate meare(or proxy)

for longrange transported air pollution and distant sources, and is particularly useful in air
pollution studies where air mass origin and trajectory predictions are redhoéchr et al,
2017).Althoughuseful for sourceeceptor relabnship, a single bagkardtrajectorydoes not
represent mixing during transport and must be coupled to a Lagrangian dispersion component
to give an accurate representation of particle concentration at the receptor and the sources
influencing it (Lin et al., 203). For backwardin-time calculations, equations 8 and 9 are
assumed to be reversible when integrated flom +  &egues$ positons) tto t (initial
position). With this approach, the wider distribution of Lagrangian particles released from a
receptor undergoing backward transport represents the geographical influence and extent of
possible pollution sources affecting the location of interest (or recefiorket al., 2003.

From a computational perspective, backward calculation from a few receptor locations is
more effective than forward calculation from more potential source locations to find the best
match with receptor datd.in et al., 2003. Fig. 2.18 (page 8) shows 24hour and72-hour
backvardtrajectories for theoastaltown of Atlantis Cape Townfor April 2017. HYSPLIT

usesthe Global Data Assimilation System (GDAShe same system used by the National
Centre for Environmental Prediction Global Forecast System, toaplohassdataon a 2D

map (i), showing the origin, trajectory (at usspecified intervals) and end position air
massesThe third plane (&axis)is located below the map (ii). Heratitude (calculated with

the vertical motion method} plotted agaist time
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Fig. 2.18:Examples of baekard trajectoriesderived from the HYSPLIT model. Above areh@dr (left) and 7zhour (right) backward trajectories
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2.4 Study site description

24.1  South Africa

South Africa(Fig. 2.19) is the southernmost country
in Africa. It is home to 57 million inhabitants
making it the sixthmost populous country on the
continent and 28in the world(worldometers.con
South Africa is a developing nation boasting

population and urbapopulation growth rates of 1.6

% (1.3% in 2007) and24 % (2.2% in 2007) per

Fig. 2.19: Map of South Africa

annum respectivelytradingecomonics.comp4 % (Image: municipalities.co.za/img/
fronterd/provincial_map.gif150366

8364).

oft he ¢ opopulatioryi$usbaifworldometers.

con). If the urban population continues to grawthe current rate of 2% per annum, the

urban populatiowill surpass the 806 mark by20232024.Coal isSouth Africd s | ar ge st

primary energy source. The countryds over whe

in Fig. 2.20. Coal accountedor 72 % of the total fuel consumed in 20140 % higher than
the mean global coalependencé€30 %) over the same perid@P StatisticaReview of
World Energy 2013) Eskom, South
Africad sonly power utility and biggest
consumer of coalrecently announced that

due to thdack of suitableeplacementand

natural gas
3%

nuclear

\3 o
— renewables
<1%

the costs of renewable energy technologies
it is highly unlikely thatthe countrg s
dependence on coalfor electricity

generdéion will change in the next 10 years. Fig. 2.20: Total primary energy ausumption

_ o ) in South Africa for 2012image BP
Coal combustiorfor electricity generation Statistical Review of World Energy, 2013
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activities accountedor 83 % of the 0%

total coal consumed nationwide in fool
2015(Eskom 2017). Fig. 2.21 shows i Natural gas
Af r i ¢ a ddemaads ®ROGLyIn ‘
2001, electricity generatioactivities 601

accounted for 25 %

nnnnnnnnn

NI

total coal consumption. Thisfigure

rose to 83 % in 2018@n increase of e '''''''' oo
more than230 %. The quantities of CE\Q£};§ : m Pelroleum fuels
nitrogen oxides (NG, SO, and PMq \\\\\\.\ 0 e |
Northern Afrca SouhAfica  sub-Saharan Africa
emitted by coal power stations in excluding South Afrca

Fig. 2.21: Percentage energy demand imiéd for
2001 (Image: scielo.org.za/imggvistas/sajs/v105r5
6/a09fig01.gif)

South Africa during 2014 were
enormous inthe order ofL.1 Mt, 2.3
Mt and 108 ktrespectively(Myllyvitra, 2014). Thesepollutantsare deposited directly into

the atmosphere, deteriorating air quality in the region. Speaking at the National
EnvironmentalManagement Air Quality Act (NEMAQA) colloquium, held at the Parliament

of South Africain Cape Town on 13 Jul3017,Mr. T. Govender (Eskom Groupxecutive

for Transmissions an&ustainability) stated that Eskom had begun retrofitting the biggest

emi tters in its coal stati onmol folgeyet tvhiatt h wtolud
emissions by50 %. fiRetrofitting activities should concludesometime during2023¢9 he

added. Irrecent times Eskom has had many o set npeonappsotied, exempting thatility

from laws setting minimum emissiorstandards (MES) for power stations. These
postponements entail higher than acceptablgaliution emissions in the regioAmbient

APM emissions are expected to cause approximately 20,000 deaths over the remaining life of

coal power plantgMyllyvitra, 2014). In a recentupdate of its Global Urban Ambient Air
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Pollution Databasehe WHO released a mapf the world(Fg. 2.22) with shadeof yellow,
orange, red and purpléndicating regions wiose air quality levels exceed WHO
recommended safety limitsSouth Africaranked amongsthe top 200 most aipolluted

regions in the world

Fig. 2.22: Air quality in South Africdlmage WHO).

It must be saidhat South Africa has recogniset$ air pollution problens and has invested
substatially in improving air quality(United States Department of Commer2616). Coal
stationupgrades GaiGreen f u,mpdlicyragendmentgeviews of ambient air pollution
limits and proactive lanning by authorities arsome of the initiatives takerbespite all
efforts, ambient PMslevels continue to exceed both daily and annual health safety limits (as

much as 4@% of the days in the yeaflDEA, 2017).

24.2 Cape Town, Western Cape

Cape Town(Fig. 2., page 2) is situated-33.9250°,18.4240°and occupies the south
westernmost point of the Western Cape Province. It is the legislative caypitaé@onemost
populous city inSouth Africa behind Johannesbuiyestern Cap&overnment2017). The

city is home to some four milliorresidents, the majority of vetm dwell in urban
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environments  (worldpopulatiomeview.com
2017). Cape Towm has aMediterranean climate
with  warm summers and wet winters. W

Temperatures in the regiorary from7.1 °C et <y

(July) to 27 °C (February) with most of the N\ =7 Y <

Bmwg Kraarronlem i , 4

infal ing during the wi hs of i U

. y A

rainfall occurring during the winter months o Cape ok w PWKMW s, Aggh

June through Augus®Averageprecipitation for ; Y 'él
ns A

%m Phigpe Kha
y Park Mitchells
~Plain

the region is515 mm per annumSAWS
2017) Cape Town startedexperiencing its

worst drought in 100 years from 200 Dam,

2017 which has seerainfall dwindle inrecent

Fig. 2.23: Map ofCape Towr(lmage:
westerncape.gov.za/imagei2/10/cape
town_metro_map.jpg)

times.Rhis 5070 % (worldweatheronlinecom,
2017) Air velocity in the region average
between 128 km.h* (roughly3.3-7.8 m.§") with south-easterly (21% of the days ir2016

and northwesterly (13 % of the days in2016§ wind directions predominating
(windfindercom 2019. The HfACape Doctor o i s a name given
originates in False Bay and channels through to Cape Town and Blouberg, clearing the
peninsula of air pollutionTopographically Cape Town is situated 46D m above sea level

and hasmany peaksexceeding300 m within its limits, the most weknown being Table
Mountain(1,000-1,100m above sea leve[(topographiemap.com, 2017)in 2016, the WHO

ranked Cape Town the $3most polluted city inSouth Africa with a meaambient PM s
concentration ofl6 pgm?® (national mean28 ug.m™). Unlike its northerly counterparts

Cape Town benefits from its geographical posiiilorihat the impact odir pollution from

coal power station emissiors very low.Fig. 2.24 (page 8) showsthe distributionof APM

emitted by coapower stations in South Africa.
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Fig. 2.24 Ambient PMscont ri but i on -fired polwes ktations. sSAmiieatalyl
contributions are based on Baker & Foldgf() and Zhou et al. (rightregression models of 201
and 2014(Image Myllyvitra, 2014.

24.3 Emission sourcem Cape Town

Air pollution in Cape Townoriginates mainly from mobile and stationary sources
Automobile emissionare helargest source of air pollution ithe city Rdadfaring vehicles

top the list of air polluters i€ape Town 6 says Mr . S. Ma mk e | i ( mayc
for healthat the city .Traffic makes up twahirds of the visibleportion of air pollution in

thec i t gadded. Nehidlar emissionsleteriorateCapeT o w raid gualitysignificantly. In

urban areas, vehiculamissions can account f&0-95 % of CO, 60-70 % of NO, and a
significant amountof soot in the atmospheréSchwela, 2004)As Ca p es uanw n 6
populationcontinues to growso does the need for businessd privatetransportation.n
December2016, a total of1.28 million vehicleswere registeredy the City of CapeBy
December 2017this numbergrew to 1.31 million - anincrease 0f2.34 % yearonyear
(eNarls, 2017) Aviationalsoimpacs air quality in Cape Townparticularly areas withit

10 km of the suburb of Matroosfontein (17 S8E of the city centre}he location of Cape
Town InternationalAirport (CTIA). CTIA is the thirdlargest airport in Africaln 2017 it
serviced 10 million passengansth some 65,000 flight§CTIA, 2017) Stationary sources of

air pollution in Cape Town are subdivided into three categodesiestic, commercial and
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industrial. Domestic emission&combustion ofbiomassand fossil fuels for cooking and
heating arethe largest stationary source of air pollution in tigy. Natural sourcesof air
pollutionlike open area burnweld andwildfires, common occurrensan the region during
the blisterip summer monthsalsoaffectair quality. Daily temperatures in the mido high

20s, strong northwesterlyand soutkeasterlywinds combined with human carelessness and
the continuation of the worst drought in over a century fesulted inmanyfires in Cape
Townduring 2017 According tothe Volunteer Wildfire Services250+ open areaveld and

wildfires occurred irthe cityand regiorduring 2017

25 Air quality management legislation in South Africa

2.5.1 Atmospheric Pollution Prevention Act

In 1970, the WHO and UNEP implemented regulations for air quality controhdrthe

world. Five years earlier, in South Africa, the APPA was drafted. The APPA (Act 45 of
1965) wagmplementedo regulate and managent ambient air quality in the countitom

the mid1950s South Africa experienced rapid growth in industrial development. Industrial
growth led to increased air pollutidavels, particularly in urbasindustrial areagSAAQIS,

2014) The APPA was lardg based on the British Alkali Act (drafted in the late 1800s)

which primarily focused on industrial emissions and controlled significant polluters with the
traditional i ¢ o mma(8AAQI&, r2@14) n the ¢aryd 990s, tmeefficaay d

of APPA & protecting ambient air quality was argued. It had become clear that a modern
appro& h , one that was ali gned waoneeHau toteffectivelyr i c a 6
regulate ambient air qualitthus protecting the human right to an environment ithatot

harmful to health and webeing(Constitution of SouthAfrican, 1996) The Gover nme
Integrated Pollution and Waste Management committee initiated the development of an Air
Quality Bill in late 2001(DEA, 2000)with one desired outcome: national air quality that was

not harmful to health and welleing(DEA, 2001]). After a threeyear developmental process



(that included discussions and debate), the NEMAQA (Act 39 of 2004)meale law in

February 2005 and broughto effect in September 20Q5AAQIS, 2014)

2.5.2 National Environmental Management: Air Quality Act

The APPA was replaced by the National Environmental Management: Air Quality Act
(NEMAQA). The main objective of thelIEMAQA is to regulate air qualitgnd protect the
environment. NEMAQA (Act 39 of 2004) provides measures to prevent pollution and
ecological degradation for securing ecologically sustainable developwmkite promoting
economic and social developmerand standards to regulate air qualityonitoring,

management and control at gflheres ofjovernment(SAAQIS, 2014)

2.5.2.1 National Ambient Air Quality Standards

National Ambient Air Quality Standards (NAAQS) were authorised by the NEMAQA to
protect public health in South Africa. TREMAQA currently enforces NAAQS for P}
PM, s NO,, SO, CO, G, lead (all criteria pollutants) and benzene. Table(@ohtinues on

page 4) shows the NAAQS currently enforced in South Aftica

Table 2.4 NAAQS for ambient air in South Afri¢@ource:DEA). Concentrationsare in pg.m?

Frequencyof

Averaging Concentration  exceedances Reference

Pollutant period (max. limit) (max. limit) Compliance date method(s)
24 hours 75 4 2015/01/01

PMuo 1 year 40 0 2015/01/01 EN 12341
24 hours 40 4 2016/01/01

PM, s 1 year 20 0 2016/01/01 to  EN 14907
1 year 15 0 2030/01/01
1 hour 200 88 2005/09/11

NG, 1 year 40 0 2005/09/11 SO 7996
10 mins 500 526 2005/09/11

SO, 1 hour 350 88 2005/09/11 1SO 6767
24 hours 125 4 2005/09/11
1 year 50 0 2005/09/11
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Frequencyof

Averaging Concentration exceedances Reference
Pollutant period (max. limit) (max. limit) Compliance date method(s)
Ground 8 hours 120 11 2005/09/11  SANS 13964
level O,

1 hour 30 88 2005/09/11

cS 8 hours 10 11 2005/09/11 SOIerZe
Lead(Pb) 1 year 0.5 0 2005/09/11 ISO 9855
Benzene 1 year 5 0 2015/01/01 ISO 9487

2.5.2.2 Atmospheric emissions licensing

The inception of NEMAQA (Act 39 of 2004) in February 2005 placed additional obligations
and responsibilities on all three spheres of government in terms of air quality management in
South Africa (DEA, 2016)Before the APPA (Act 65 of 1965) was annullelak issuing of
Registration certificategas listed in Schedule 2 of APPfgmained the responsibility of the
Chief Air Pollution Control Officer (CAPCO) at the DEPPA, 1965) Schedule 2 of the
APPA listed 70+ processes that emitted air pollutants imtoatmosphere. Any individual,
company, corporation or organisation that operated any one of these processes should have
been in possession of a valid APRAgistrationcertificate that specified the operating
parameters (as per set of guidelin@&PPA, 1965). Schedule 2 was replaced entirely by
Section 21 of NEMAQA. Section 21 lists the 70+ processes (originally listed in APPA) into
groups with each group having its own unique set of emission standanagjor difference
between NEMAQA, as opposed to ARPis that the NEMAQA requires Atmospheric
Emission Licences (AEL) be issued by the Licensing Officer as opposed to the registration
processes undertaken by the CAPCO under APPRA, 2005) The responsibilities of the
issuing AEL is vested in Metropolitaand District municipalities. The Act provides
information for occasions when the municipality is an applicant stating th&rdwence (in

which the municipality is located) becomes the licensing authority. Management of APPA
registration processes wagffective. There were many instanagbere emissions exceeded

limits as scheduled processes were being operated outsigeiddiine limits. The DEA
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investigated various industrial sectors, in this regard, to review and, if necessary, align
registration certificates with new AELs and specific NAAQS requirements as per the

NEMAQA (DEA, 2005)

2.6 Air quality monitoring

2.6.1 Global air quality monitoring

Many countries struggle with rapidly deteriorating air quality. Exposure to air pollution has
becomean inescapable part of urban living. The first efforts to monitor air pollution date
back to 1970 when a partnership beém the WHO and UNEP was forméskee section
2.1.2) This partnership coordinateall operations of the Global Air Quality Monitoring
(AQM) Program with a view to total global AQNICalking 1998). By the mid90s, the
program oversaw the operations of more than AB@QM stations across 50 countrieg
2007, the UN sought a different approach and after consultations with sensditaitions
(including the WHO) the World Air Quality Index (WAQI) project was bofworld Air
Quality, 2017). The WAQI is an open (frem-all) data framework that supplies accurate air
quality data to thecitizens of the world The WAQI team is made upf professionals
working in the areas of air quality, health and epidemiology studies and visual design. As at
December 201,7air quality data from 9,000 stations in over 600 cities across morethan
countrieswaspublished to thaVAQI in reaktime (World Air Quality, 2017). The effects of

air pollutantson human health aneot published on the WAQI welie, however yvisitors to

the welsiteareprovided with an Air Quality Index (AQI) scale. The AQI scale is easy to use
and providesthe userwith important information such akealth implications rfultiple
pollutants) and cautionary statements ¢RMNly) based on theollution levelsin their
geographicaarea Fig. 2.25 (page48) shows the locations &AQM stations that supply data

to the WAQI retwork. It shouldbe noted that South Africes the only African nation to

actively contributeto the WAQI in reattime (e section 2.1)6

47



%9
LY

Fig. 2.25 Locations of knowAAQM stations that report to the WAQmMmage World Air
Quiality).

26.2  Air quality monitoring in Cape Town

CapeTown boastsa network of 13 AQM stations(Fig. 2.8, page49) scattered across the
regionthat continuously supplgir quality informationto SAAQIS in realtime. The city

monitors CO, NQ, SO, PMy and PM s and compares daily readings to international
guidelines(Western Cape Government, 201%) 2017, he accuracy and validity of data

obtained from thee stations were scrutinised after it was discovered that station maintenance
regimes werallegedlyin contraventiorof procedural guidelinesSpeakingat the NEMAQA

colloquium, Mr. I. Gildenhuy§Head of Specialised Environmentdkalth Services at the

City of Cape Town (CoCT)pddressed these concerns by reiterating that all stations were
compl i ant and that data was ADMcequpmdnkeis and I
i mported, there is an inevitable | oAAGM of dat
network is the most comprehensive of all local authorifié&stern Cape Government,

2017) i Ca p e committed to beidter air qualitgnd continues to set the standard for

AAQM, bothregionallla nd nati onal ly, 06 says MMembekfor Smi t h
Safety, Security and Social Service at the city). In addition to AAQM equipment, Scientific

Services has installed an antenna camera on Tygerberg Hill for remote monitoring of air
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pollution and our Diesel Emission Testing Progranirad tested oer 7,500 vehiles in the
last financial year tie explainedin an articlewritten by Mari Macnamara (publishe@1

November 2017).

O Potsdam

- 0O

% Somerset West

Fig. 2.26 of AAQM network in Cape Towfimage Citf Cape Town |
26.3 Ambient APM monitoring

Ambient APM monitoringis necessary to determine the ambient air quality of a region
provide data to regulatory bodies to determine whether a region has attairgdtitheal
Ambient Air Quality StandardNAAQS) and to assess the progredsmitigation strategies
toward achieving ambient air quality goals.S. EPA, 2017. Since regulation requires
information, continuous and reliable methods ashbient APM monitoring are essential
(WHO, 2017. Cape Town has an adequa#dQM programme.AAQM stations monitor
PMyoand PM s using tapere@lement oscillating microbalance (TEOM) technolo§iEOM

measureambientAPM in reattime by measuring the mass concentrations. This technique,
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approved by the U.SEPA for environmental
'_
P

-
-

AQM, uses a vibrating glass tube. As APM is

deposited oo its surface it changes the F

T

oscillationfrequencyof the tubeThe reduction

in oscillation frequency is proportional t8M

_ AQM65
mass(Queensland Department of Environment

and Heritage Protection,2017). TEOM '
¢ ii
technology was first used introduced by i

Rupprechtand PatashnickKo. in 1981 and was N

Fig. 2.27: Aeroqual AQM 65 station. The
three decade¢Mischler etal., 2017. Modern  Station can be outfitted with a laser
nephelometer particle sensor (i) or particle

' - ter (in(l A [
AQMst ati ons, AQM6SStalianr o qual (iN(image: Aeroqug

the preferred choice foAPM monitoring for

(Fig. 2.27), useparticle sensors or optical particle counters to determine particulate mass and
size. These devices are capable of detecting a wide range gfdBlPM,o concentrations
(0-2,000 pgni®) with accuracy and detectable limits of +ug.m* and less thanl pg.m?
respectively. The AQM 65 is a popular choice because it can continuousiyomaO
pollutants simultaneously, falow detectable limits ands remotely accessible from

anywhere on the planéteroqual, 207).

2.6.3.1 Alternative methodologiesof ambientAPM monitoring
I. Light scatteringand optical scintillation
Light scattering occurs when light is reflected or refracted from the surfaces of particulates.
The amount of light scattered is dependent on the propertiparo€ulates(concentration,
size and shapen the path of the light bearflJ.S. EPA, 20L7). An exampé ofaninstrument
that use light scattering isLiDAR (Light Detection andRanging). Thislaser sensing

instrument uses a solstate Nd: YAG (Neodymiurdoped yttrium aluminium garnet) laser
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to detecttiny particulates in the atmosphere
(Gaudio et al., 2015)In 2002, the Desert
Researchnstitute experimentedith one ofthe
very first LIDAR instrumentin Las Vegas,
Nevada The LORAX (LDAR OnRoad
Aerosol eXperiment) (Fig. 2.28) was designed

to measureparticulate emissiongdiametes of

0.1-0.2 um) emitted bydiesetfuelled vehicles Fig. 2.28 LORAX instrumentimage:

. Desert Research Instityte
in the state The goal of the study was testthe Y

instrument and iron oul t e e tphoblemg dut ultimatelyo determine the feasibility of
LIDAR compared to conventional sampling techniques at the(flmeert Research Institute,
2002) In 2010, collaboration between Notttlest University(NWU) and the University of
Helsinki led to the establishment of an air pollution and climate change mogigiationin
the city of Potchefstroom (NorWest Province)According to Prof. P. Beukean
atmosphericchemistry researcher at NWU, the
station uses LiDARtechnology to monitor
ambientAPM pollutionin the arealn 2014, he
RomanianNational Institute forResearch and
Development in Optoelectroniceaded the
developmentoE ur o p e 6 s wavelength
high spectral resolutiorLiDAR system. The
instrument,that took two years to build, scans

the atmospher&om an aeroplane (Fi@.29) to

Fig. 2.29 LiDAR scanning and detectiot

detect and map aerosols containing minute
by aeroplangSource: ROSA

particulates(ROSA, 2014) One limitation of
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LIDAR is that APMdetectionis almostexclusive for elemental and organic carlidesert
Researchnstitute, 2002) Another method of APM monitorinig optical scintillationUnlike

light scattering that usefocused laser beams for APM detection, scintillation uses a wide
beam of light. Whemparticulates pass through the ligldamthey momentarilydisruptit,
causing fluctuations in amplitude bght signal received. Particulate concentration is directly

proportional tathe variation of lighteceived U.S. EPA, 2QL7).

ii. Beta(b) attenuation
The principle of b-attenuation in particulate
sampling instruments is that energy is absorbed
from beta radiation as the rays pass throtingh
PM sample collected on a filtanedium. The
attenuation (or weakening) of beta radiation

intensity is proportional to the amount of

material presenfrhermo Scientific, 207). The

Fig. 2.30: Thermo Scientific model 5028i
continuous particulate monitdfmage:
Thermo Scientific

Thermo Scientific model 5028F(g. 2.30) uses
beta attenuationThe main components of any
b-atte nuation measurirgystem are thb-source and detector. The preferred source is carbon
14 because of its abundandagh energylevel and long haffife. The gauge works by
measuring beta counts before (clean filter) and after (exposed filter) sampling to provide a
PM mass concentratiob-attenuations especially usefulo those monitoring airborne toxic
metals(beta attenuation is identical for most mégks, except hydrogen and toxic metals)
(Thermo Scientific, 207). Light scatteing, optical oscillatiorard betaattenuation arenly

three examples of methodologies used by the air qualiy atmospheric chemistry
communitiedoday. Fig 2.31 (page53) showsthe various APM measurement and monitoring

methodologies availabte researchers
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2.63.2 Prospectivanethodologiesof ambientAPM monitoring

The U.S. EPA is responsible for air monitoring, measuring and emissiesearch ithe

USA. The agency is the leader in the development of instruments and techniques to monitor
air quality and continually conductesearch for improving monitoringapabilitiesnot only

in the USA, but worldwide too. Listed kelow are U.S. EPA technologiescurrently in

development or undergoing field testing.

i. Black carbon samplers (status:in development)- low cost, low power, highime
resolution samplers that provide continuous monitoringolalck carbonin various

environments.

il. Fence samplers(status:field testing)- low cost, solapoweredair sampling device
(called S-pod) that is mounted to a fence or perimeter boundangprovides reatime
data on VOCs (such as benzenBecause the device is solpowered ittan be utilised

in areas that have limited or complatesencef electrical infrastructure.

iii. Mobile air measurements (status:field testing) - geospatialmeasurement of air
pollution using mobile sensor technology to quantify source emissions and trends near
harbours, industrial facilities, railways and roadways@gsboogle street view vehicles

that will provide insight into air quality at ground level

iv. Wildfire system (status:field testing)- quantification of emissionsom wildfires and
open area burngsing an instrument (called Aerostat). A heliitted balloon is used
to lift the Aerogat into the smoke plumes where it is capable of quantifying many
gaseous and particulate pollutantgluding CO, CQ, black carbon, elemental and

organic carbon and VOCs to name only a feéhs. EPA, 207T7).
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CHAPTER 3: METHODOLOGY

This chapter is divided into two main sections, seciidnandsection3.2. Section 3.tovers
field work (how ambient APM was sampled)and section 3.2describes the analytical

methodologies usefhow filter samples were analysed)

3.1 Field work
This section provides an overview of the field work &ampling phase of tis study.
Sampling #e, times and intervalsprocedures, equipment and materials, aaanpling

methodologes usedarepresentedn this se&tion.

3.11 Sampling site

Ambient PM s filter sampés werecollectedin the residentialsuburb ofKraaifontein Cape
Town (27 km ENE of the city centrg The samplingsite (coordinates -33.8429, 18.7026
waslocatedin the westen outskirtsof Kraaifontein Kraaifonteinhad an urban background.
The N1 freeway (a major traffic route in the araall BuhRein Estate constructicite were
0.6 and 2 kmfrom the samplingsite respectively The campus of theUniversity of the
Western CapgUWC), situated12 km SSW of the samplingsite, could notserve agshe
sampling sitebecaus of its close proximity taCape Town International AirportC(TIA),
ConsolGlass andndustria, all largemittersof PM in the areaFig. 3.1 (pageb7) is a map of
the greateilCape Townrarea Markershave beeradded to identifyarge sources ofambient
APM within 40 km of the samplingsite. Admittedly, there were thousands aibientAPM
sources scattered across Cape Town but only large sources, those with a high likelihood of
impacting ambient P mass concentrationsvere identified An aerial photograph of the

sampling site is shown in Fig. 3.2 (page 58)
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Fig. 3.2: Location of the sampling site. The sampling site (yellow arrow) was on the roof of a dwelling in Kraaifontein, 3 m abdviexggblAn aerial
photograph of the western parts of Kraaifontein {teft) shows the proximity of the sampling site to therdway (pink markerjlmages Google Maps).
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3.12 Sampling period

Ambient PM s filter samples were collecteéor a period ofl2 monthsfrom 18 April 2017
until 16 April 2018 Filters were exposed for Zdburs 09:00a.m.to 09:00a.m.,UTC + 2
hourg. Sampling and duplicate sampling intervals were tfBg¢and 15 days respectively. In
all, sampling was performed over L2ays. Minordeviations from the initially proposed
sampling dates wer@curredbecausef human error (see Appendid). In addition to the
calendar samplesptdir composite(two weekdaysand two weekendlays) sampleswere
collectedover four consecutive weekK99:00 a.m. to 09:00 a.m. aevenday interval}
during SeptembeR017 and Januar018 Composites samples weemalysedto determine

the chemicakompositiors of PM collected

3.1.3 Training and pocedures

Air sampling training was provided by Dr. N. Claassens at the Air Quality Lab of the School
of Health Systems and Public Health (SHSRi)Pretoriaon 11 April 2017. GilAir -5 Air
Sampling SystemsOperation Manual and AmbientAPM Sampling Instructionswerethe two
guides usedfor air sampling The Operation Manual contaired information onGilAir -5
maintenanceoperationand troubleshootingand would have served as a usetference
documentin the event of sampler failurer inoperability Fortunately no technical issues
were encountered for the duration oistetudy. AmbientAPM Sampling Instructionsvas a
stepby-stepprocedurecontainng informationrequiredto performambientAPM sampling in

a sde and cosistent mannerlt was used regularly during the field work phase of this study.

3.1.4 Sampling equipmenand materials
No fewer than 13 individual items were usedin this study. To assure accuratePM; s
measurementsequipment was thoroughlinspected for defects before field deployment.

Only equipmentand materialsfrom reputable manufacturemsere used Equipment and
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materialsshown listedn Table 3.1

Table 3.1:Sampling guipmentand materials

Item Type Manufacturer Part number
Air sampling cassette Polystyreng(37 mm) Casella P101026
Cassette tubing adapter Polystyrene §.4 mm) Zefon International ZA0005
Connecting tube Tygon SKC Ltd. 2251346
Cyclone Aluminium Sensidyne GK 2.69
Filters (with PP supports) PTFE Zefon International FPTPT 237
Insulation tape Light duty Nitto Denko Corp. No.21 series
Personal air samplers GilAir -5 Sensidyne 800883171
Petri slide Polystyrene(51 mm) Merck Millipore 2355445
Primary calibrator Gilibrator-2 Sensidyne 8501901
Sampling station Polystyrene - -
Screwdriver Flat - -
Secondary calibrator Air flow meter Brooks Instrument 2500series

Surgical gloves
Tweezers

Latex (powder free)
Flatnosed

Supermax Healthcare
Limited

Battery
charger

Secgn\dary (field)
calibﬁzﬁn\*

Cyclone Insulation tape

e
==

GilAir-5 air sampler
Tweezers

A
3 ¥ ) \
A 4
(1( ,9 Air sampling cassette / \
- ‘ = ))

?

Fig. 3.3: Sampling equipment and materiglsiages own).

Screwdriver Filter paper + support pad

in petri slide
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3.1.4.1 Sampling station

Before samplingactivities could commence, a suitable container weguiredto serve as a
sampling station. The container had todaueable(protection from the elements), lightweight
(easy to handle) and waterproof but still allow for sufficient air flow itganterior to cool
the air samplers and chargessthin. A repurposed polystyreneontainer(Fig. 3.4) was

chosenas it met all the requirements

' = e ’;\‘ “

’10111441195 -

To assure equipment protection and uninterrupted samglingg field deployment, minor
modifications were made. Firstir holes were punched into its walls that allowed
sufficient air flow into the container Air holes meant that the station was no longer
completely waterproof. To prevent the little water that had entered from causing any damage,
electrical equipmetnwas placed on and wrapped in plastic bags. This intervention was
successful. Then, two lids (salvaged from disposedieam containers) were fastened to the

top cover. These lids prevented rain water from entetineg cyclonesduring sampling,
mitigating filter and pump damage. Finallinstead of anchoring it to theoof of the
dwelling the station wasveighted down wittoricks as fall protection from th@otoriously

strong gustan Cape Town. Unlike fixed monitoring stations, this statveas mobile and

could be orientated and positioned as per user requirements.
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3.1.4.2 Collection melium

Zefon International 37 mm (2 um pore sizePTFE membranefilters (part number:
FPTPT237, lot: 45849nvereused agollection median this study Thesefilters weredurable
and chemicalesistantmaking them a good choice fambientAPM sampling PTFE filters
werethe preferredchoice for severahmbientAPM studies|Vallius etal. (2000} Davy et al.

(2017);Molnéar et al.(2017].

3.1.4.3 Air sampékrs

Two GilAir-5 personal air samplevgere usedn this study Manufactured by Sensidyne, the

GilAir -5 (part number800883171) had a flow range d.1-5 L.min* and was powered by a

built-in nickelcadmiumbattery or DC inputStudies conducted by. Roosbroeck et al

(20069 and Molna et al. @017, used pumps similar to the GilAF for ambientair
monitoring. The samplers were given primary and s&tary (duplicate) designations that
werechanged continually (once every sewegeks) to reduce mechanical weendtear thus

prolonging pump life A feature of the GilAi¥t5 air sampl er was MfAautom
that assured air flow was maintained within% of a set pointMaximum discrepancy

between the initial set point apstsampling air flows wag 0.1 L.min™ (deviation of 2.5

%). Greatcare was takeduring the handling and storagef these samplers

3.1.4.4 Air flow calibrators

Primary air flow calibrators are NISTertified devicesused to check thaccuracy and
performanceof air sampling equipmentNIOSH, 1973. The deviceusedin this studywas

the Gilian Glibrator-2. The Gilibrator2 (part number8501961) was Sensi dyneds
primary air flow calibratowith an air flow range of -B0,000mL.mir*. Secondary (or field)

calibratos are devices whose calibrations are traceable pganaary calibrator Secondary

calibratorscan maintain their accuracy fextended periods of time (up dme yeay with safe
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handling and caréNIOSH, 1973. The device used (Brooks Instrument, 2500 series), was
calibrated on 11 ApriR017 A discrepancybetweenthe measurednd true air flowswas
observedduring induction Measuredair flow was 5 % lower than true air flow. This
discrepancy wasliminated withnormalisatiorduring final sample volume calculatior{see

sectior4.1).

3.1.4.5 Miscellaneous items

Other equipmentused for samplingvas

Air samplingcassettes GilAir -5 battery charger

Cassette tubing adapters Insulation tape
Connectingtubes Multi-plug (optional)
Cyclones Permanent marker
Flatnosed tweezers Petri slides

Flat <rewdriver

—a —a _—a _—a _a _a
—a —a _a& _a _a =9

Power cord (optional)

3.1.5 Samplingtechnique

The techniquechosenfor ambient PM s measurements/as well documentedand easy to
setup v. Roosbroeck et al200§ and Molnar et al.(2017) usedsimilar approachksin their
respective studiesAmbient air amplingwas performedin accordance witthmbientAPM
Sampling InstructiongAppendix 2) The procesdegan withchecls of overall equipment
condition operability and performanceln addition, hitial set point air flow ratesand
meteorological parametergere captured To assureuninterrupted samplind)C input was
preferred tobatteryoperation.Sampler operatiogreatedsuction thatdrew in air from the
environmentAs ambient air entered the cyclone assemblyermeated the filteParticulate
sizes> 2 umin diameter were unable to permetite filter and were caughtarger, heavier
particulategaerodynamic diameters > 2.5 pamd debris ended up in the griap preventing

unwanted sample contaminatidtig. 3.5 (page64) shows thanner workingsof the cyclone
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assembly duringampling Filters were exposed for 24 hows40 L.min*. When24 hours
had elapsediilter samples were retrieveaihd postsamplingair flow ratescaptured Filter
samples wereeturned to theipetri slidesandrefrigerated to preverdany unwanted loss of
PM. The ar sampling cassettes, connecting tubes and cyclmegs all thoroughly cleaned
with a fine-bristled brush and ansitatic cloth(this process was performed before and after
sampling activities Onefilter sample(C40, collectedon July 23, 201)/was discarded due to
equipment failurgloss of vacuum due to crackéitting). In all, 146 samples(including 25

duplicate samplgswere collected

SAMPLING STATION

n?- " Ambientairwith PM

Charger Pump

r= Pump OFF p Pump ON
Flow
""" | Air E———
sampling KR
cassette Siga et
t | [ t |
|
Cyclone
I E ' l mmms
—— $owa <
) i, e
= = TR Ambient air
” oy 2 with PM
Grit trap AT
l:‘..’ : ...

Fig. 3.5: Schematic representations of the sampling staaimsh cyclone assembly with
filters before (i) and after (ii) exposure to ambient@mages; own).
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3.2 Analysis offilter samples

This section provides an overview of tiheboratory (or analysi3 phase of this study.
Chronology ofanalyses, methodand techniquesised and analytical methodologgre
presentedn this sectionNote: Powder fredatex surgical gloves were used at all tirfeasall

sampling and laboratory activities.

3.21  Chronological information
Analyseswereperformedover a period o6 months from April 2017 until Juy 2018. The

chronology ofanalysess shown inAppendix 3

3.2.2 Methodsand techniques

Pre and postsampling filters were collected by-supervisor or lab assistant (in batches of

20 filters) for gravimetric and smoke stain reflectometry (SSR) analySesvimeric and
SSRanalysesvere mostly conducted by a trained lab assistatt the SHSPHnductively
coupled plasmaptical emission spectrometry (IGPES), ion chromatography (IC),
scanning and transmission electron microscopy (SEM/TEM), selected area electron
diffraction (SAED) and electron dispersiveray spectroscopy (EDS) were conducted at the

University of the Western Cape (UWC) by myself and trained operators and lab assistants.

3.2.2.1 Gravimetric analysis
Gravimetic analysisis an analyticaltechnique used tdetermime analytemassby measuring

achange in mas®nalyte mass(m) is expressed as

m=ms-m;-m; (10)

Wherem is the meampre-samplingfilter mass(ug), m is the meansamplefilter mass(ug)
andm, is themean mass changgg) of the referencgor control)filters at the start and end

of eachmeasuremensession.
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3.2.2.1.1 Equipment and materials

Filter samples were weighed withMettler-Toledo XP6UItra-microbalance(Fig. 3.6). The
XP6 has readbility and repeatability of and 0.6 pg (at 0.2 gland was calibratetdy an
authorised technician on a smonthly basisAn ioniser(c) was usedo eliminate tle effects
of electrostaticchargeson mass measurements. In addition to the balandégt-aosed

tweezerslatex surgical gloveand data logbook were also used.

Fig. 3.6: Mettler-Toledo XP@Jltra-Microbalance. The XP6 (leff)as three main componentthe

control unit (a), weighinghamber (b) and AC adaptor (d). Prend postsamplingdfilters were
conditioned for 24 hours before being weighed (rightjages: own).

3.2.2.1.2 Conditioning of filters

Before filters were weighed thaynderwentconditioning(or normalisation) A cleancarton
box with spinebasewas used for this purpos&he box wagarefullysealed angllaced in a
clean, climatecontrolled laboratory Temperature20.1-22.0 °C, Rh 43-54 %, barometric
pressure101-103 kPa) wherefilters (in batches of 2(80) were allowed to conditiofor a

period of24 hours beforeand after exposure to ambient.air
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3.2.2.1.3 Laboratory conditions

Gravimetric analyss were performedin a climatecontroled laboratoryusing working
procedure Mettler-Toledo ultramicrobalance weighing procedur¢Appendix 4) and
Weighing of Teflon Filters taletermine Particle Mass ConcentratiofSOP 3.0 2009].
According to theformer, laboratorytemperature of 21 +.@ °C andRh of 50 + 5 %were

recommended fothe weighing of filters Laboratory conditions are shown in Fgj7.

——Temperature ——Rh —— Atmospheric pressure
30 4 - 120
Mean: 102 kPagRange: 104103 kPaR.S.D.: 0.60 % =
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Mean: 50 % Range: 454 % R.S.D.: 6.39 %
10 T : T 40
N N o o
o o 2 o
,LQ\(\\ ,LQ\'\\ ,LQ\,\\ ,LQ\%\

Fig. 3.7: Laboratory conditions (R.S.D. is relative standard deviation).

3.2.2.1.4 Weighing of filters

A flat-nosed tweezers was used at all times when handling filtetheAtart and end of each

weighing session, quality control checks were performed. If the checks were unsatisfactory,

action wasrequired before continuing. Additiolyg control filters were checked at intervals

of 10 consecutive filter measurements and at the end of each session. If thenassanf
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control filters had deviated by +15 g, or the
percentage difference between minimum/
maximum filter mass and mean mass was
0.001 %, the masses of the 10 filters that
preceded that check was nullified and

measurements repeateflilters wereweighed

individually with measurements performed in ‘:
S

=
—=
Fig. 3.8 Handling of filters. Samples

were handled at the unexposed outer
ring (Image: own)

triplicate (repeated three timespampleswere
handled at the unexposediterring (Fig. 3.8)
while avoidirg contact with the exposed area.
The final step was to recheck the control filters. The mean mass chaggedsndeducted
from sample filteranasses measured during thatrespondingession. Meaand standard
deviation valuesvere calculated. Istandarddeviation wasO |8y, readings were nullified

and the mdividual filters reweighed. I standardieviation ofO |y persisted, the entire

processstarting with the control filter checkvasrepeated

3.2.2.2 Smokestain reflectometry
Smokestain reflectometry§SR) is an analyticatechnique used to determine the absorption
coefficient (proxy for soot concentratiorgf a sample by measuring the intensity of light

reflected fromits surface Reflectance (Ris expressed as:
2 11— (11)

WhereR, is the amount of light reflected from the surface of a blank filter (%)Rarglthe
amount of light reflected from the surface of the sample filter (%). Absorption coefficient (a)

is expressed as:
A — @2 (12)

68



Where A is the area of exposed filter YV is the volume of air sampled randR is

reflectance

3.2.2.2.1 Equipmentand materials

A Diffusion Systems LtdEEL model43D Smoke Stain Reflectometer(Fig. 3.9) was used to
determine the reflectance of filter sampl@d$e model43 D is a reference instrument
indicated by theEuropeanDirective 80/799/EEC for the measurement of smoke stain
reflectanceln addition to the reflectometerleaning equipment flat-nosedtweezes, latex

surgical glovesgrey andwhite standard platend amaskwere also used.

Fig. 3.9: DiffusionSystems Ltd. EEL model 43in&ke
Sain Reflectometer. The modéBD has two main

component§ a measuring head (a) and control u(b)
(Image: own)

> R iy
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3.2.2.2.2 Reflection measurements

Reflectometric analys were performed using

Reflectrometer

Determination of AbsorptioCoefficiens using

ReflectometricMethod (Appendix 5. SOP 4.0 R,
(2002) was compiled under the guidelines of

international standard 1SO 9835 of 1993. The  lnRoRs=<BC

first stepwas to prepare the reflectometdor

analysis. The measuring head, mask and

Filter loaded with PM

Fig. 3.10:Principle of reflectrometry.

grey/white standard plate were cleaned and the

instrument adjustedor maximum sensitivity Reflectance is indirectlyroportional
to soot content on the filteusgface
with the standard platéd seleniumdisc, at the (Source: Davy et al., 2017)

base of the measuring head, was highly photo
sensitive so extra carewas taken when
manoeuvring thiscomponent. The effects of
light were eliminated by working inow-light
conditions. Filters were handledith a flat-
nosed tweezers at all timesvhile avoiding

contact with the exposed are® prevent

contaminationor PM loss. Measurementsvere _ _
Fig. 3.11: Areas (15) where the light

beam should approximately strike during

reflectance measurementSource: SOP
4.0, 2009.

performed in quintuplicatérepeated five times)
using a fivepoint configuration Fig. 3.11).
Before filters wereanalysed a primargontrolfilter wasselectedrom threeunexposed blank
filters (thisfilter would be used as the control filter for all subsequent sessions that followed).
With this filter, fine adjustments were mad that thereading was as close to 100.0 as

possible Sample measurements followdtdwas aninstruction of theprocedure to recheck
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the control filter after 20 consecutiveample measurements and again at the endhef
sessionlf the controlfilter deviatedby 3 % or morefromits original value results of the0
filters that preceded thatheck werenullified and measurementsepeated.If standard
deviation wasO 3 %, resultswerenullified andthe individual filtersrecheckedIf a standard
deviation of O 3 % persisted,the entire analysis processstarting with reflectometer
adjustmentswas repeatedt was a requirement to check 10 % of samples analysed during
the ses®n as a secondary check. The same acceptance criteria applectii@econtrol filter

had appliedSoot concentration (eBC) was calculatsthg equation 19Davy et al., 2017)
A" # @ ——ad 1—@p EJ I— (13)

Where A is the area of exposed filteB.6510* m?), V is volume of ambient air sampled
(m°), Gatnis black carbon extinction coefficient (19.5.ot for PTFEfilters), k is the loading

correction factor (0.3 for PTFE filterandR is reflectance.

3.2.2.3 Inductively coupled plasm@ptical emission spectrometry
Inductively coupled plasmaptical emission spectrometrflCP-OES) is an analytical
techniqueusedto determine the concentration$ elementsin samplesby measuring light

emittedby analyteatomswhen returmig to a lower energy stafelitachi Tech, 2017).

3.2.2.3.1 Equipment and materials

A Varian 710ES inductively coupled plasr@ptical emission spectrometéfig. 3.12, page
72) was used to determine the contrations of selecélementsn composite sample§he
710-ES has a wavelength range of 17785 nmand low detection limits { pg.L™?). In
addition to the speaimeter, beakers (100 mLyolumetric flasks {00 and 250 m),
micropipettes 1,000 and %00 L), centrifuge tubes(15 mL), a flat-nosed tweezers,

hotplae, latex surgical gloves scalpelnd various reagentgerealsoused.
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Fig. 3.12: Varian 7108ESInductivelyCoupledPlasmaOptical Emission Spectrometer (left) and

schematic representation of the sample analysis process (figtpes: own (left) and
slideshare.netfirdousasma/ipg€63237938466407594 (right)]

3.2.2.3.2 Cleaning of glassware

Standardand controlsolutions were prepared 190 mLvolumetric flasksVolumetric flasks

were cleanedby rinsingthreetimeswith Milli -Q water Elemental extractiowas performed

in 100 mLbeakersFive keakerswerecleaned with a dilute solution mitric acid HNOs, 5

wt. %). 250 mL of the HN@solution was prepared by transferring 800 mL of Milli-Q

water to a clean 250 mL volumetric flask then adding 14 mL of 69% ENKerck
Millipore, part number: 1018322500, lot: 1041704) before making up to the mark witk Milli

Q water. 4050 mL of the acid solution was added tioe beakersand boiled for 10 minutes

on a hotplate. After 10 minutes, the beakers were removed and allowed to cool to ambient
temperature. Once cooled, ttesidualacid ®lutions were discarded abegakes rinsed three

times with Milli-Q water.

3.2.2.3.3 Working gandard andcontrol preparation
Three working standards and a control (or check standard) were prepared using Custom
multi-element standard solution 1586 (part numBérG-ZLGC-1586500), 1000 mg.L*

sodium (a") standard (part number: VH®IAW1K-500) and 1000 mg:tcalcium Ca*)
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standard (pamumber:VHG-ICAW1K-500) manufactured by VHG Lab$tandard solution
1586 contained £elements in a wwt. % HNOy0.2 wt. % hydrofluoric acid HF) matrix.

Metal concentrations in the standard solutma shown in Table 3.

Table 3.2 Composition of VHG Labs mulélement standard solution 1586

Concentration Concentration Concentration
Element (mg.L™?) Element (mg.L™?) Element (mg.L™?)

Al 100 Cu 100 P 100

As 100 Fe 100 K 1000

Ba 100 Pb 100 Si 100

Be 100 Li 100 Sr 100

B 100 Mg 100 Ti 100

Cd 100 Mn 100 \Y 100

Cr 100 Mo 100 Zn 100

Co 100 Ni 100

Working standard were prepared by pipetti, 5.0 and 10 rh of standard solution 1586
(lot: 100596331), 1.0, 2.5and5.0 mL of 1000 mg.L* C&*(lot: 73924 and1.0, 2.5and5.0
mL of Na’ (lot: 30701264 standards into three00 ni volumetric flasks, and making up
the mark with Mill-Q water.A control solutionwas prepared by pipettir&j0 mL of siandard
solution 1586 (lot: 10059633) and1.0 mL of the 1000 mg.l* Ca** (lot: 73929 andNa"
(lot: 30701269 into a fourth 100 o volumetric flaskand making up to the mark with Mili
Q water Solution preservationwas not performed becauseanalysis wascarried out

immediately

3.2.2.3.4 Samplepreparation

Hot acid extraction using mixture ofdilute nitric acid and hydrochloric acid (or aqua regia)
(3 wt. % HNQ/8 wt. % HCI) as peEPA Compendium Method 1€3.1 (1999 was used to
extractmetals fromsamples. 100 mbf aqua regia was prepared by transferringg®0mL of

Milli -Q water to a clean 100 miolumetric flask then adding 3.5 mL of 69% Hjé&nd 22
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mL of 32 % HCI (Kimix, partnumber: n/a, 1otNO624498() before making up to the mark
with Milli -Q water. Foucomposite samples and blank filter were cut into hatveswith a
scalpel.One half of each samplavas placed exposed side fadewn into four separate
beakers containing5 mL of aqua regiablank was placedn a fifth beakey. The leakes
werecovered with wath glasesandacid solutios refluxed for 15 minutes(at 126130 °C)
usinga hotplate After 15 minutesthe beakers were removed and alloweddol to ambient
temperture Once cooled10 mL of eachsdution wasdecanted into fivel5 mL centrifuge

tubes Samplepreservationvas notperformedbecaise samples were analysed immediately

3.2.2.3.5 Pre-analysischecks
Preanalysischecksner e done on specific components to
forrus e 6 pr i o rMheseaheckn aelepartansbecauseof the number of samples

analysed on a weekly basis and sensivity of thieument. Componerd inspectedvere:

1 Nebuliser- converts liquid sample into an aerosol (or spray).

9 Peristaltic pump pumps liquid sample from the sampentainerto the nebuliser and
waste from the spray chamber to the waster container.

1 Radio frequencyRF) coil - transmits radidrequenciesRF generatoy to ignite the
plasma.

I Sample cone directs ion beam from torch to the orifice of skimmer caovialst
deflecting larger liquid droplets amtkbris

1 Skimmer cone directs ion bam to thephotomultiplierand any droplets or debrilkat
has entered through the orifice of the sample cone.

1 Torch- usesaplasma to desolvatnd ionise analyte atoms.

1 Spray chamber condenses large liquid droplets (sent to waste container) andsallow

only fine spray to enter the torch.
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1 Tygon tubing- flexible tubing usedo carryliquid samples and wastéroughout the
systemEnsure thatubing is properly connected the pump before proceediny flow
is reversedwastewill enter the spray chambercausing it to fill. If filling continues

liquidwill flow into the torch anextinguish the plasma.

Nebuliser I I =
i @Peristaltic
P“mP

Spra\ ( \z
chamber

Fig. 3.13: Components inspected duripge-analysis checks of the 7HB Additionally, Ar
pressure, connectors, fittings and waste container level were also chgclagks: own).

3.2.2.3.6 Analysis

Instrument operatianwere performedn accordance wittprocedureElemental analysis
using the Varian 7MES Inductively CoupledPlasma Optical Emission Spectrometer
(compiled bythe ENS group usingICP Expert Il softwareThree optimisatiorsteps were
carried outduring instrument setugorch aligment, drift andelectwavelength § intensity
calibratiors. Torch alignmentvas doneusing a5.0 mg.L™* Mn solution. The intensitywas >
300,000 counts(expectedl Instrument drift was checked with M water and was
acceptableif the drift fluctuates check the torch). ilRally, selecive a-intensity calibration
was done using the.® mg.L' working standard solution f(iintensities are too low,
calibration will abort. Check gas supply ancepeat). When setupvas complete, the
instrument was standardisetihe operating condition®of the spectrometeare shown in

Table 33 (page B).
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Table 33: 710-ES operating conditions

Condition Unit Value
Ar pressure kPa 550 (£ 50)
RF power kw 1.2
Nebuliser pressure kPa 200
Plasmagasflow rate L.min* 15
Auxillary gas flowrate L.min* 1.2
Pump speed rpm 6
Replicate read time S 5
Sample delay time S 45
Stabilisation time S 15
Rinse time S 30

Working standards, contraind samples were analysed in triplicatghout background
correction The samplentroduction needle was rinsed withude HNO; (2 wt. %) and Milli-
Q waterbetweenacquisitiors to preventcrosscontaminatiorbetween sampledinear and
guadraticstandardisation equatiomgere usedwhen the concentration of theigheststandard
wasO10 mg.L* and> 10 mg.L* respectivelyseeTable 34). Standard deviatior 3 % was

considered acceptabld (03 %, results were nullified ansamplegecheckell

Table 34: Elements, emission wavelengths and standardisation equations

Emi s s i Standardisation Emi s s i Standardisation
Element (nm) equation Element (nm) equation
Al 394.4 Linear Mg 280.3 Linear
As 193.7 Linear Mn 257.6 Linear
Be 313.0 Linear Mo 202.0 Linear
Cd 214.4 Linear Ni 221.6 Linear
Ca 315.9 Quadratic P 213.6 Linear
Cr 267.7 Linear K 769.9 Quadratic
Co 238.9 Linear Si 250.7 Linear
Cu 327.4 Linear Na 568.3 Quadratic
Fe 238.2 Linear Sr 407.8 Linear
Pb 220.4 Linear Ti 336.1 Linear
Li 670.8 Linear Zn 213.9 Linear
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If the concentration of an element in t@ntrol (first checR deviatedby 30 % or more from

the expectedvalug sample analysisvas aborted and standardisation repeated. If the problem
persisted, the instrument was shut down and further actions thkb@.concentration of an
element in the controlsécond cheqgkdeviatedby 30 % or more the resul (of that particular
element)wasnullified and sequenceepeatedThe @ntrol values of alelemens tested were

within acceptable limits.

3.2.2.4 lon chromatography

High-performance liquid chromatography (HPLC) is an analytical technique used to
determinethe concentrationsf ions in samples Also known as ion chromatography (IC),
this technigueseparate ions and polar moleculeés sample (injected into an eluenf)ased

on their affinities for polymeric ion-exchangeresinin the separator columnThermo

Scientific, 2017.

3.2.2.4.1 Equipment and materials

A Dionex ICS1600 ion chromatgraph €ig. 3.14, page78) was used to determine the
concentrations of select anionsdompositesamplesThe ICS1600is designed for solid IC
performance and easd-use with electrolytic suppression and front panel contnchdditon

to the chromatograpteakers (100 mL)yolumetric flasks(100 and 2,000mL), watch
glasses, micropipette4@00 and 5000 p,. centrifuge tubeg15 mL), a flat-nosedtweezers,
hotplate latex surgical glovesa scalpel and various reagewtsre also usedequipment used
for preparatoryactivities were rinsed thoroughly with MiliQ water to eliminate any

possibility of chemical crossontamination.
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Fig. 3.14: Dionex IC$1600 HighPerformance Liquid Chromatograph (left) and schematic
representation of the anion analysis proc@issages: own (left) and Thermo Scientific (right)]

3.2.2.4.2 Cleaning of glassware

Working standards,control and eluentsolutiors were prepared in volumetric flasks.
Volumetric flasks were cleaned by rinsitigee timeswith Milli -Q water Extraction of
anions fromsamples was performed 190 mLbeakersLike the volumetric flasks, beakers
were cleanedy rinsing with Milli -Q water three timesMilli-Q rinsing was preferred to
chemical cleaningo preventunwanted contaminatiorDedicated glassware was used so

there was no need for a chemical cleaning regime.

3.2.2.4.3 Working gandard andcontrol preparation

Three working standards and a control were prepas@ayanion calibration standar89
(part number: IV-STOCK-59) manufatured by Inorganic Ventures Incorporatetihe
calibration standard contained seven anion species in a water.mgiiox concentrations in

the calibration standard are shown in Tabke(Bage79).
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Table 35: Composition of Inorganic Ventures anion calibration standaéd

Concentration Concentration
Anion (mg.L™h Anion (mg.L™?
Br 1000 NO, 1000
cr 1000 PO 1000
F 1000 SO% 1000
NO;s 1000

2, 5 and 10mg.L* working standards were prepared by pipettthg 0.5 and 1 mL of
calibration standardlot: H2-MEB537139 into three dedicated 100 mkolumetric flasks,
and making up to the mawkith Milli -Q water A 5mg.L" control was prepared by pipetting
0.5 mL of calibration standar@ot: H2-MEB537139)into a fourth 100 mL volumetric flask,
and making up to the mark with MHIQ water Because standards and control solutivese

prepared 10 minutekefore analysispreservation was not required.

3.2.2.4.4 Sample preparation

Warm water extraction aproposedby D. Jenke (1983Wwas used to extracnionsfrom
samples.1 cm? subsamples were cut from the remaining Ve of the four composite
samples andblank filter (see sectior8.2.2.3.4 with a scalpel. WitHlat-nosedtweezersthe
subsampleswere placedinto five separatel00 mL beakerscontainingl5 mL of Milli -Q
water pre-heated to50-60 °CQ). Each beaker was covered with a watch glags. Jenke
(1983)indicated that 15 minutes of sonicating was sufficiBetause of the unavailability of
an ultrasonic bath, the heated solutions were agitated (by swirlind)5foninuteswhilst
maintainng temperatures between &D °C After 15 minutes, e beakers were allowed to
cool to ambient temperatur@nce cooled10 mL of eachsolutionwas transferred to five
separatel5 mL centrifuge tubesChemical preservation was not performed prevent

contaminant ingresnstead sampleswere refrigeratea@vernightat 4-6 °C.
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3.2.2.4.5 Eluent preparation

2.0 L of sodium carbonate/sodium bicarbonateent 4.5 mM NgCOy/1.4 mM NaHCQ)
was prepareddy pipetting 20 mL of Na,CO; (0.45 M)NaHCG, (0.14 M) AS22 eluent
concentrat€ Thermo Scientifi¢c part number063965 lot: 170512) into/00-800 mL of Milli-

Q waterand stirring welbefore making up to the mark a 20 L volumetric flask

3.2.2.4.6 Pre-analysischecks

Tubingandconnectorsvere checked foleaks beforestartup. Oncechecks wereompleted
theinstrumentwasprimed. Priming is a proces$ manuallyexpeling trapped gasethat can
alter the conductivity of an eluent thus impacting retention time3nce priming was
completed the priming valvewas shu andthe instrument stagd-up. It took approximately

30-45 minutesfor the instrumentto stabilisswith a baselineconductivity of < 0.1pS.cnf.

H. ‘.\‘
=
—
—
B eLUENT ?

Priming valve Lﬁ ‘ .

Fig. 3.15: Components inspected during gealysis checks of the
ICS-1600. Tubing, connectors (left) and eluent reservoir level (right)
were checkedimages: own).

\
y

'7 ﬁ‘ Connectors
’ /

3.2.2.4.7 Analysis
Instrument operatiawere performed in accordee with procedurénion analysis using the
Dionex ICS1600 lon Chromatograph(compiled by the ENS group using Chromeleon

software.The operating conditionsf the chromatograplre shown in Table 8(page 8).
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Table 36: ICS 1600 operating conditions

Condition Unit Value
Pump pressure kPa 13,700(= 500
Suppressor current mA 50
Column heater temperature °C 35
Eluent flow rate mL.min* 1.2
Sample volume pl 25
Sample run time S 900
Rinse time S 60

Samples were injectethto the chromatograpby an aitosampler(Dionex AS-DV). An
Dionex AS22 sparator columrnwas installed A Milli -Q water rinsestep of the sample
introduction betweenacquisitiors, prevened crosscontaminationbetween sampled.inear
standardisation equations were us@de Table J). Standard deviatior< 3 % was

considered accégble (f O3 %, results wee nullified and samples rechesa.

Table 37: Anions, retention times and standardisation equations

Retention time  Standardisation Retention time  Standardisation
Anion (minutes) equation Anion (minutes) equation
F 2.38 Linear NOs 5.09 Linear
cr 3.30 Linear PO 6.93 Linear
NO, 3.91 Linear SO% 7.88 Linear
Br 4.57 Linear

The sameacceptance criteriéapplicableto ICP-OES appliedto IC. If the concentration of

an anion in the controlfi(cst chech deviatedby 30 % or more from the expectedalue

sample analysis was aborted and standardisation repeated. If the problem persisted, the
instrument was shuown and further actions taken. If the concentration of an element in the
control (®cond checkdeviatedby 30 % or more, the resulfof that particularanion) was

nullified and sequenceepeated.The control alues of all anionstested were within

acceptable Hits.
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3.2.25 Scanningelectronmicroscopy
Scanning electron microscopy (SEM) is a magnification technique that uses focused beams of
electrons to obtain compositional, topographical and mdogiwal information of samples

(ZeisslInternational 2017.

3.2.2.5.1 Equipment and materials
A Zeiss Auriga 452 field emisson scanning electron microscopgdd. 3.16) was used for
microscopic and spectroscopianalyses The Auriga 4527 use Gemini objective,
electrostatic and magnetic lendgesprovide excellenhigh resolutionmagesand arange
20-500000x normal magnification(Zeiss International 2017. In addition to the electron
microscope, a micropipeted00 ub), adhesive carbotabs(9 mm) centrifuge tubes (1&nd
50 mL), flat-nosedand pointedweezerssputte coater, latex surgical glovedirasonic bath
a scalpe&nd alcoholic reagentsere also used.

Specimen Optical

chamber column (with
electron gun)

Focused ion beam
observation
equipment

¥

'
'v
!

Airlock (with Control panel
sample holdel)

Fig. 3.16: Zeiss Auriga 4527 canning
Electron Microscope(lmage: own)
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3.2.2.5.2 Sample preparation

Methanol(CHsOH) extractionproposedoy Roper et al. Z015)wasused to extradPM from
filter samples The extractionsolvent usedwas nine parts99.9 % CH;OH (SigmaAldrich,
partnumber: 34860, lot: SZBD315BV) and one part MQiwater(9:1, v/v). 50 mL of the
solution wasprepared bytransferring 45 mL of CEDH to a 50 mL centrifuge tube and
making up to themark with Milli-Q water.0.2-0.3 cn? subsampleswere cutfrom the four
composite samples and blank filtesing theremaininghalves of each filterWith a flat
nosedtweezers, thesulbsampleswere transferred to fivd5 mL centrifuge tubegpre-rinsed
with Milli -Q water) containing 5 mL of extraction solvent and labelfoper etal. (2015)
indicated that two minutes of sonication was sufficieBecause of @a appointment
postponement bihe Electron Microscopy Unit (EMU)extraction solutionstoodfor 10days

atambient conditionbefore beemmaged

3.2.2.5.3 Stub preparation

Before sampleswere photomicrographedthey

Carbon N N N NN

were prepared on stub$Fig. 3.17). Prior to i OO O

& OO o

assembly, extraction solutions were sonicated &

) Stub Base
for two minutes and the stub surfaces cleaned \

with absolute ethanol @EsOH) (Merck

Millipore, part number: 107017) to remove == L 7 2
surface contaminant# stub assemblyonsists > /

of three parts an adhesive carbon taAgar
. L Extract a
Scientific, part number: AGG3357Ny stuband pipetted onto
carbon tab
a base.Each part was carefully handled wigh a

pointed tweezers during preparatiamith extra

Fig. 3.17: Stub preparation for SEM
caution takennot to touch thesurface ofthe photomicrography(Images: own)
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carbon tabCarbon tabs werased to holdpecimens firmly in place and any contact to this
area would have affected adhesion and also left impressions on the tab Sirtaoe. of
eachextraction solutiorwas dropped orto four differentcarbon tab. Stubs were theput

under a heat lampp dry. The final step of sample preparation was sputter coating. Sputter
coating is a process used to coat specimens with a thin layer of conducting material (Au/Pd
alloy was used). Electrons are negativeharged hence the more negativebnducting (i.e.

posiively-charged) the sample, the greater the image resolui®as International2017).

3.2.2.5.4 Photomicrography

SEM photomicrographywas performedin a climate-controlled laboratory é@mpeature 22-

23 °C, Rh 47-48 %) usingZeissAtlas-5 software Photomicrographsf the stubgevealeda

layer of PM depositedon the surfacegi.e. solutions were saturatedith particulatey

Unfortunately, morphologiesof fine particulatescould not bestudied so solutions were
diluted with Milli -Q waterand senfor TEM (see section 3.2.2.60.1-0.2 cn? subsamples
were cut from the remaining halves of each composite sample and blank viilieh

provided an opportunity to capturphotomicrographsof coagulated andagglomerate
particulates These prticulateswere large (2.5-100 um) and becauseof their physical size
they were easy to identify Subsampleswere micrographedat various magnifications.The

operating conditions of the microscoges shown in Table 8.

Table 38: Auriga 4527 operating conditions

Parameter Unit Value
Electron high tensionEHT) kv 5.00
Signal - InLens
Working distance WD) mm 4.7
Magnification - 10k-10k
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3.2.2.6 Transmissiorelectronmicroscopy

Transmission electron microscopy (TEM) is a magnification technitipa¢ transmitsa
focused bearof electronsthrough a specimen to form an ima@eéermo Scientific, 201)7
Unlike SEMthat produces highesolution 3D imagesf specimensTEM only generats 2D
images TEM has a greater magnification range than SEM and is capable of producing

photomicrographglown tothe 2 nm range.

3.2.2.61 Equipment and materials

An FEI Tecnai G F20 field emissionScanningTransmissiorElectron Microscope (Fig.
3.18) was used foparticulate morphology analysishe G> F20 usesa 200 kV field emission
gunand X-TWIN objectivelensto provide excellenpoint and latticeresolutiors (025 and

0.10 nm respectively and a range of 2930000« normal magnificationFEI Company,
2007). In addition to the electron microscope, a micropipet@(uL), coppermeshgrids (3

mm), a pointediweezrs latex surgical glove andultrasonic batlwere also used.

Hectron : Optical
gun - column

Right hand = > ,
. control panel \m
Fig. 3.18 FEI Tecnai G F20 Scanning

Transmission Ectron Microscope
(Image: own)
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3.2.2.6.2 Sample preparation
Oneextraction solutionWeekenddaycomposite samplfor January 2018wassent forTEM

photomicrography(see section 3.2.2.5f@r preparatory activitigs

3.2.2.6.3 Mesh gridpreparation

The extraction solution was sonicated for two
minutes prior to mesh grid preparatidiwo copper
mesh gridqSPI supplies, part number: 3540@B)
wereused(Fig. 319). A drop of extraction solution
was droppedonto meshgrid (1). The solution was
diluted 1:10 (1 partextraction solution: 9 parts

Milli -Q water)and a drop dropped ontgrid (2).

Mesh grids werghen putunder a heat lamp for 10

Fig. 3.19: Mesh grid preparation for
minutesto dry. A pointedtweezerswas usedht all TEM photomicrographylmages: own).

timesto prevent unwanted contamination

3.2.26.4 Photomicrography

TEM photomicrography was performea a climatecontrolled laboratory (temperatur4-
25 °C, Rh: 4546 %) using Tecnai G software(version 4.4) Mesh grids (1) and (2jere
micrographed at various magnifications. The operating conditions of the miceoszep
shown in Table ®. In addition to TEM energy dispersive-kay spectroscopy (EDS) and

selected area electron diffraction (SAED) anedyserealso performed.

Table 39: Tecnai G F20 operating conditions

Parameter Unit Value
High tension (HT) kv 200
Magnification - 40k-400k
Resolution nm 0.16
EDS: solid angle sr 0.30
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3.2.27 HYSPLIT modelling

The HYSPLIT modelis an open computer model used for atmospheric trajectory and
dispersion calculationsStein et al. 2015 Backvard (or archive) trajectory analysis was used
for air mass origins ankbngrange transport cluster determinatiofte detailedinformation

onthe HYSPLIT model how it works and its applicatiosge section 2.3)1

3.2.2.7.1 Equipment and materials

Backward trajectory analyss were performed usinghe HYSPLIT-WEB model (internet
based) version 4.9 in accordancewith the HYSPLIT user guide (available at
www.arl.noaa.govbocuments/reports/hysplit_user_guide)pdihe model was driven by the
NCEP/NCAR (National Cents for Environmental Prediction/National Centre for
Atmospheric Research) Global Reanalydlsteorological Data at the web server of the

National Oceanic and Atmospheric Administration Air Resources Laboratory (NOAA.ARL)

3.2.2.7.2 Backwvardtrajectoly analysis
A total of 121backvardtrajectoriesvere generated for the study period (oneefach sample
collected).Trajectories were categorised into six primary transport routes (see2bjgpdge

118). Userspecific settingsusedfor single backvardtrajectoresare shown in Table BO.

Table 310 HYSPLIT user settings for single backward trajectory plots

Parameter Setting
Meteorology datamodel GDAS-1
Vertical motion Model vertical velocity
Level 1 teight (elevation) 500 m

Total run time 24 hours
Trajectory intervals 1 hour

Plot projection Default

Zoom factor 50-70 %
Latitude -33.842900
Longitude 18.702600

Since a single backward trajectory has a large uncertainty and is of limiteficsigoe, an

assembly ofrajectories (or clusters) with 500 m starting height and a fixed offset grid factor
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of 250 m was used in this study (i.e. 250 m and 750 m also used) as done in other studies
(Molnar et al., 2017)The daily average trajectories were calculated backwards2thours

and used for cluster analysis. The clustering algorithm coupled in HYSPLIT was based on the
distance between a trajectory endpoint and the corresponding clustee nagenmnt. Quster
analygs were performed seasonally(autumn, winter, spring ral summer)due to the
limitation of using very large sample sizes in the clustering function of the HYSPLIT
software, as performed in other stud{®®lnar et al, 2017) Autumn included the following
days:18 April T 31 May 2017 and1 Marchi 16 April 2018, winter (1 Jurei 31 August

2017), spring (1 Septembér 30 November 2017)and summer I December201771 28
February 2018)Betweenthree and foutransport clusters were categorised according to their
mean pathways in the four seasons (see&2@, pagel14). Userspecific settingsusedfor

cluster plots are shown in Table 3.1%ee Appendix12 for trajectory clusters and

corresponding sampling dates.

Table 311 HYSPLIT user settingsr backward trajectory cluster plots

Parameter Setting
Meteorology datamodel CDC-1

Vertical motion Model vertical velocity
Level 1, 2, 3height (elevation) 250,500 750m
Total run time 72 hours
Trajectory intervals 6 hours

Plot projection Default

Zoom factor 30 %

Latitude -33.842900
Longitude 18.702600

Seasonal trajectory frequency pldteeFig. 4.23 andFig. 4.24 pagesl15 and 116) were

also generated with swathes of red (> 90 %), orange, yellow, green, blue and paRs)<
representing the number of times trajectories passed through each square grid as a percentage
of total trajectories for the specified time peric&basonal trajectory frequengyots were
generated usinthe sameparameter settingased to generate single tajories (see Table

3.10, pages7).
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3.3 Air pollution data collected by the City of Cape Town

Daily air pollution data from six AAQM stations was requested from the City of Cape Town
(CoCT) fa the study peod (see Appendix )3 The stations were chosen based on their
locations (Fig. 3.20) (distance from sampling site373 km, distribution: NNWESE,

coverage: 18210°). Stations chosen were:

1 Atlantis ( 37 km NNW of site) 1 SomerseWest (29 km SSE of site)
1 City Hall (27 km WSW of site) 1 Tableview (18 km WNW of site)
1 Goodwood (14 km WSW of site) 1 Wallacedene (3 km S&f site)

Fig. 3.20 Locations of the six AAQM stations whose data was used
correlation purposes

Study data was compared with air pollution data collected by the CoCT and correlation
analyses performed, not only to determine the extent of air mass transpapganr@wn and

the region, but also to cheelr pollution levels at different locations thughout Cape Town

and if air pollution data from any onAAQM stations could be used to determine air

pollution levelsat another locatian
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3.4 Air pollution data for Pretoria and Thohoyandou
Ambient air sampling was performedmetoria (sample site coordinate®5.7317, 28.2003)
and Thohoyandou (sample site coordinate.9761, 30.4443) by researchers from the

University of Pretoria (UP) and the University of Venda (UniVen). The location of each

sampling site is shown in Fi§.21.

9 Cape Town
9 Pretoria
9 Thohoyandou

200km L——1

Distance (km) Cape Town Pretoria Thohoyandou
Cape Town - 1,285 1,675
Pretoria 1,285 - 390
Thohoyandou 1,675 390 -

Fig. 3.21 Locations of the Cape Town, Pretoria andohoyandou

sampling sites
This study formed part of a larger project investigating the health effects, air mass transport
and concentrations of ambieAPM in South Africa. Study data was compared to air
pollution data for Pretoria and Thohoyandou tdedmine the effects of meteorological

conditions and geographical location on air pollution levels for each region.
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3.5 Statistical analysis
This section provides an overview of the statistical methodologies used for this study.
Statistical analyses were performed usiigrosoft Excel (Office 201Q)Essential Statiste

(Rees, 2000handbook and other literature.

3.5.1 Study data

For calendar samples (section 4.fjaphical plots are of single data points despdee
samplingdays (25 intotal) having duplicate samples. Data points were selected based on the
following criteria:

9 Difference between primary and duplicate Moncentrations or absorption coefficient
values > 2 % (highest value used)
9 Difference between primary drduplicate PMs concentrations or absorption coefficient

values O 2 % (mean value used)

3.51.1 Data management

PM, s concentratios and absorption coefficiesfor calendar samples wessrted into two
groups- seasonal and weekday/weekend data sets. These data sets were tested for linear
normality, correlation and significanc&€omposite samples (section 4.8)ere collected
during September2017 and January2018 and the significance of certain chemical

constituers for weekday and correspding weekend day samples tested.

3.5.1.2 Determination of outliergn data sets
Outliers are observations in data sets that differ from the majority. Robust scores were
calculated with univariate location estimation equafidriRousseeuw et al., 2011hat were

used to detect outliers (robust score > 2.5).
21 ADGD® O& | AAEAT- ! $ (14)
WhereMAD is the median of the absolute deviatiorxofrom the median.
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3.51.3 Normality analysis
ShapireWi | ks & Nor ma |perforyned Toedstermine wa mabty and symmetry of
dat a. When p < U, reject nul | hypot hesi s. V

hypothesis = data has normal distribution).

3.51.4 Correlation and significance anaégs
Correlation coefficient is a measure of the strength of a relationship between two variables
(Samuels et al., 20)4Pearson Produdloment CorrelationRPMC, parametric) was used

for normally distributed data sets. Pearson coefficignwés calculated ith equationl5.

O

(19

B B B B
Wheren is sample sizeSpearman Ran®rder CorrelationQROC, norparametri¢ was used
for nonnormally distributed data sets. Because all-normaly distributed data sets did not

have tied (or equal) values, Spearman coeffigigntvas calculategvith equationl6.

(16)

Whered is difference in paired ranks amdis number of pairsKruskaltWallis H-Test (or
Significance Test) was conducted to determine whether the medians otelataere
different (null hypothesis = medians are equ@ihe test statistic used in the test was the H

statistic and was calculated with equatiah

( —B — ol p 17

Wheren is the sum of sample sizes for all data sets,the number of sample§;,is the sum
of ranks in ' sample and; is size of f"sample For compositestessampl e:
was used to check ta similarity between composite samplies September2017 and

January2018 The tstatistc was calculated with equation 18 (page: 93)
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O

(18)

WhereD is the difference between data points of data setdNaschumber of data pairs.

3.5.2  Air pollution data collected by the CoCT
3.5.2.1 Normality analyses
ShapireWilks Normality Test was used to determine whether air pollution datéeCted by

the CoCT) had normality.

3.5.2.2 Correlation and significancanalyses
Spearman RanBrder Correlation was used to determine the correlation (strength of
association) between study data (RMoncentrationsind absorption coefficients) and data

collectedby the CoCT.
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CHAPTER 4: RESULTS

This chapter is divided intfive main sections, sectisd.1-4.5. Sections 4.4.4 presentata

and informationfor calendar samplesndsection 45 presentslata for compositsamples.

4.1 Calendarsamples
Data obtained from analgal methodology andtatistical informatiorpertaining toPM, 5
concentratiosmand absorption coefficienfor calendarsamplesare presented irthis section

Meteorological and air mass transport information is also presented.

4.11 PM,5 mass concentrations

Over 1,000 massmeasurementw/ere performedacross1l4 measurement sessioyimary
control filter checks wereperformedduring each sessidihat had b comply with specific
requirements of thevorking procedureand SOP 3.0Quality controlinformationis shown in

Table 4.1(see Appendix 6B and 6C)

Table 4.1:Quality control information for gravimetric analyses

Working procedure requirement Actual (%) Limit (%) Compliance
Percentage differendeaetweerminimum/maximum 5.4%10°- 3
massandmean mass 757104 = 1.0040 ves
SOP 3.0requirements Actual (ug) Limit (ug) Compliance
Absolute nass differencef replicates 0-5 5 Yes

Mean mass changen,) of control filter (before and

after measurement sessipn -10.4 10 14 £15 Yes

PM, s concentrationvascalculated as the dividend of B¥mass and/olume of airsampled.

Total volume of air sampled over 24 howas calculateavith equations25 and :

1, dE (19)
61 —— pg1l (20)

Daily PM, s concentrationgor the study periocre shown in Figd.1 (page95) andFig. 4.2

(page96). See Appendix A for daily PM, s concentrations
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Fig. 4.1: PM, s concentrations for period 2017/04/18 to 2017/10/18. Broken black lines indicate the start of a new season.
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Fig. 4.2: PM, s concentrations for period 2017/10/21 to 2018/04Bken black linesndicate the start of a new season.
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Mean PM s concentration for the study period was 13.8.1ug.m* which was below the
WHO and SANAAQS (2015) daily PM5 limits of 25 pg.m® and 40pg.m° respectively
The WHO daily limit was exceedet¥ timesduring the study period. Spring (September
November) had the most nuetof exceedances with eightighest(39.1pg.m®) and lowest
(1.17 pg.m° PM, s concentratios were recordedon 23 June2017and6 Septembe017,
respectively Mean nonthly PM, s concemntationsare shown in Fig4.3. April 2017 (n=5)
and April 2018 (n = 6) wre omitted because sample size (n) wasufficient to be

consideredepresentativén mustbed .7 )

PM2.5 - ---WHO daily PM2.5 limit SA NAAQS daily PM2.5 limit
100
= 40 pg.nv’
2 25 pg.ni®
O e e Rt g TTTTTTTTmmemmoeee
o
J<i [ \ T
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@{ﬁ@ P,\)oﬂ o Q\eﬂﬂ\ OQ\ & e,(‘\ 0@066\ \{A‘\\)‘b‘ﬁq’ < e\o‘ﬁ\}’ §I\‘bz

Fig. 4.3: Monthly PM, 5 concentrations

Octoberand Januaryhad the highest and lowespncentrations with 21.6 + 6)9g.m* and
7.74 + 4.04ug.m°respectivelyDat a f or Jpgmd had themestvdriabilit9 and
February ( piy.m®=the llea®! Ihere were similarities between seasonal
concentratioa Concentratios for winter (16.1+ 10.2ug.m?) andspring(17.4+ 8.5 ug.mi)
weresimilar as were theoncentratiosfor autumn (1.3 + 5.2ug.m°) and summer (9.11 +
3.66 pg.m). Mean seasonal PM; concentrations are shown in Fig. 4.4 (pa@®. See

Appendix 1B for seasonal samplinigy information (useful for interpreting seasonal data
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from this pointforth).
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Fig. 4.4: Seasonal PM; concentations (*includes data for April 2017/18

4.1.2 Absorption coefficient values and soot concentrations

900 reflectancemeasurements were performadrosssix measurement sessions. Quality
control checks wergerformedat various stages during each sesgtmt had to comply with
the specific requin@ents ofSOP 4.0 Quality controlinformation isshown in Table £ (see

Appendix 7B and 7C)

Table 42: Quality control information for reflectometric analyses
Actual (%) Limit (%) Compliance
Primary controffiter absorbance 99-1014 98-102 Yes

Percentage difference (primary control filter, befc
and after measurement session) -1.38100.70 3 Yes

Percentagdifference (original and duplicatdRy) -2.51t0 0.88 +3 Yes

Absorption coefficient wascalculated using equation 13 (section 3.2.2.22). Absorption
coefficientvaluesfor the study periodare shown in Fig4.5 (page99) and Fig. 4.6 (page

100). See Appendix & for daily absorption coefficientalues
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Fig. 4.5: Absorption coefficients for period 2017/04/18 to 2017/10/18. Broken black lines indicate the start of a new season.
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Fig. 4.6: Absorption coefficients for period 2017/10/212@18/04/16. Broken black lines indicate the start of a new season.
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Mean absorption coefficiemalue for the study period wa$.38 +1.23 m*.10° with the
largest(5.38 m™.10°) and smallest (0.0en™") valuesrecorded on 26 Jun2017 andon 11
June 2017, respectively Soot concentration(eBC) was calculatedwith equation 2

(simplification ofequationl3, page71).
eBC igmd)= — @2 p T 2 (21

WhereR is reflectance an is volume of air sampledVonthly absorption coefficienand

equivalent black carboreBC) valuesare shown in Figd.7. April 2017 (n=5) and April

2018 (n = 6) were omitted because sample size (n) was insufficient to be considered

representative (must bed 7 ) .

Absorption coefficient = eBC
6 - 6
R
=)
—
E
I= 4 - 4
]
9O €
5 e
O )
52 29
=1
HEEY j | I
(2]
g, podp 1o dp e B
A\ < X s 5 5 23 X
oV RS o N N2 o? o° Y° o o5 5O
ﬁ\%ﬂq’ 3 3 poP %QQ»@(“ o & o \){bdq' ng‘\) AU
S

Fig. 4.7: Monthly absorption coefficient and eBC values

June andlanuary hadhe largest and smableabsorption coefficientalueswith 2.83 + 1.89

m*10° and 0.53 + 0.32m.10° respectivelyDat a f or June th¢ fost=

variabilityandF e b r uar y the leastAbsOrptidnfogfficient values hada consstent
downwardtrend over a sixmonth period(JuneDecember) Winter and summer hadthe
highest and lowesBC valueswith 1.34 + 0.88ug.m" and 0.32 + 0.19ig.mi°> respectively

MeaneBC (0.281.70 ug.m?) for the studyperiod waswell below the WHOIimit of 20
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ng.m*. Mean seasonal absorption coefficient and eBC values are shown in Fig. 4.8.

Absorption coefficient = eBC

N
-
eBC (ug.m?®)

N
1
T
N

Absorption coefficient (m.10°%)
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Fig. 4.8: Seasonahbsorption coefficient and eBC valu@sncludes data for April 2017/18)

4.1.3 Statistical analysis

4.1.3.1 Descriptive statistics and normalignalyss

PM, s concentratiosand dsorption coefficienvaluesfor the study periodieldednegative
trend linesand coefficients of determinatiofR?) values 0f0.10 (negligible)and 0.® (weak)
respectively PM, s concentrationsand absorptioroefficientsvaluesare shown in Fig4.9

(pagel(s).
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Fig. 4.9: PM, s concentrations and absorption coefficiefuisthe studyperiod Black broken lines indicate the start of a new season.
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Therewerenine (7.44 %) and 12 (9.2 %) outliers in thalata sets oM, s concentratiomnd
absorption coefficienvaluesrespectively(see Appendix8). Outliers omitted,R? for both
parameterslid notimprove thusall data pointsvere consideredor statistical calculations
The descriptive statistics faseasonaPM, 5 concentratiorand absorption coefficietataare
shown in Table 8 (see Appendices9 and 10 for monthly and weekday/weekerdhy

descriptivestatisticy.

Table 43: Descriptive statistics of seasonal PMconcentration and absorption coefficient data
(concentrations ipg.m® and coefficient values infriL0®)

Samplesize (n) 31 30 30 30 121
Weekdayq%) 22(71) 23(77) 21(70) 19(63) 85(70)
Weekend+ public holidays (%) 9(29) 7(23) 9(30) 11(37) 36 (30)
Full
PM, s concentration Autumn Winter Spring Summer study
Mean 11.3 16.1 17.4 9.11 13.4
Median 10.7 13.2 18.0 9.29 11.1
Variance 26.7 104 75.3 13.4 66.1
Standard deviation 5.17 10.2 8.68 3.66 8.13
R.S.D (%) 45.6 63.4 49.9 40.2 60.7
Standard error 0.93 1.86 1.58 0.67 0.74
95 % confidence limit (lower) 9.48 12.5 14.3 7.80 11.9
95 % confidence limit(upper) 13.1 19.7 20.5 10.4 14.9
Range 1.9321.7 3.1939.1 1.17/32.1 1.9917.3 1.1739.1
WHO exceedances 0 6 8 0 14
SA NAAQS exceedances 0 0 0 0 0
Absorption coefficient
Mean 1.76 2.29 0.94 0.60 1.38
Median 1.50 2.00 0.84 0.52 0.96
Variance 1.25 2.22 0.53 0.12 1.51
Standard deviation 1.12 1.49 0.73 0.35 1.23
R.S.D (%) 63.6 65.1 77.7 58.5 89.1
Standard error 0.20 0.27 0.13 0.06 0.11
95 % confidence limit (lower) 1.37 1.76 0.69 0.48 1.16
95 % confidence limit (upper) 2.15 2.82 1.19 0.72 1.60
Range 0.124.28 0.005.38 0.123.97 0.121.70 0.005.38
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Box and whisker(BW) plots show data distribution, median values awdriability. The

distribution of ®asonaPM, 5 concentratiordatais shown in Fig4.10
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Fig. 4.10:BW plots of seasonal PMconcentration data

Autumn (p = 0.566), spring(p = 0.28) and summer(p = 0.8®) had normal Gaussian

distribution while winter (p = 0.0L5) had noanormaldistribution( U = . Dita @s&ihution

for autumnwas the most symmetrical afl seasongwinter, spring, summer and full study

wereall unsymmetricgl. Da t a

for

wihadteemo ¢ 1@ wandniDaB)l ity

3.66) theleast Winter and @l study (p = 4.21810°) showed significanteparture from

normality. Outliers omitted, distribution for autumn, summer and full studyremained

unchangedvhile winter (p = 0.320 previously0.015 becamenormal Symmeties of winter

and full studyimprovedbut springdeteriorateddistribution beame non-normal (p = 0045,

previously 0.243) The distribution of sasonal PMs concentratiordata(outliers omitted is

shown in Fig4.11 (pagel06).

105

and



e Outlier x Mean

N
&

w
o
L

[EnY

(&)
L
X

PM, sconcentration (ug.r#)

b&“‘&\ ¥ i %\w“‘é

&
O
N S
<

Fig. 4.11:BW plots okeasonalPM, s concentrationdata (outliers omittedl

ShapireWi | testsdwere conducted asorption coefficiendata Autumn (p = 0.055) was

the only seasowith normaldistribution( U = . Winted § = 0.026), spring (p = 0.010)

summer (p = 0.042and full study(p = 8.78%10"% showedsignificant departurs from

normality. Absorption coefficient data for autumn wdge mostsymmetricalwhile winter

wasthe leastsymmetrical Wi nt e r1.49( had themostvariabilityandsummer( & = 0. 35)

the leastThe distribution of sasonabbsorptiorcoefficientdatais shown in kg. 4.12
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Fig. 4.12: BW plots okeasonabbsorption coefficientata
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Outliers omitted, summeremained unchangedith the pvalue ofthe full study changing
only slightly. Winter and spring that previously had nomormal distributios now had
normal distributios with p = 0.522 (previously 0.026) and p = 0.25#€e{iously 0.010)
respectively Autumn that previously had normal distributionrnow had nonnormal
distribution (p = 0.025 previously 0055. Symmetres of winter, spring and full studgll
improvedwhile autumn deterioratedeasonal bsorption coefficientlata(outliers omitted

isshown in Fig4.13.
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Fig. 4.13: BW plots okeasonal absorption coefficient data (outliers omitted)

Finally, ShapireWi | k ssbweré¢ aordticted orabsorption coefficieiPM, 5 ratios (A/P
ratios). A/P ratiosfor autumn (p= 0.367) and winter (p = 0.05@1ad normal distribution of
data Distribution for autumnwas the most symmetricalwhile summer was the least
symmetrical (highest variabilityspring (p = 0.016)summer (p = 0.010and full study (p =
1.9210°) all showed significant departures from normaliyP ratios areshown inFig.

4.14 (pagel08).
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Fig. 4.14: BW plots of A/P ratios

4.1.3.2 Correlation linear regressioand significancenalyss

Linear regression analysis &M, s concentratios against absorption coefficient valuis
the study periodFig. 4.15, pagel09) yielded apositive trend lingR* = 0.36) andstrong data
association(

0=61). Seasonalplots areshown in Fig4.16 (pagell0), and weekday and

weekend day plots in Fig. 4.17 (page 11N9Qte: Weekenddaydata includes data for public
holidays.
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Fig. 4.15 PM, 5 concentrations v. absorption coefficients for the study period. Weekdays are represented by purple diamonds and weleketehdayamonds
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Fig. 4.17 PM, 5 concentrations v. absorption coefficients for, from top to bottom, weekday ar
weekend day data

Correlation between Pj concentratiorand absorption coefficient valuelecreased winter
through summebut increased sharply in autumn (omission of outlienty affected the
strengtls of association minimally Correlation coefficients foweekday and weekerdhy
datawere near identical espite PM s concentratiorand absorption coefficierttata having
nonnormal and normaldistribution respectively. Correlation coefficients, strengths of

association and linear relationships are shawhable 4.4 (pagél2).
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Table 4.4:Correlation information

Normality Strength of Strength of linear

Test passed? r | R? Association relationship
Autumn Yes 0.76 - 0.58 Large Very strong
Winter No - 0.81 0.64 Large Very strong
Spring No - 0.54 0.19 Large Moderate
Summer No - 0.40 0.18 Medium Moderate
Full study No - 0.61 0.36 Large Strong
Weekday No - 0.58 0.32 Large Strong
Weekendday Yes 0.56 - 0.32 Large Strong

In section 4.1.1 it washownthat mean PMs concentrationgor autumnand summerwere

similar and so were the concentratiorisr winter and spring Mean absorptioroefficient

values however,varied from seaseto-seasonno similarities) Data for autumn/summer,
winter/spring, and weekday/weekend day samples were tested for significance using the

KruskalWallis Test.H-statisticsare shown in Table 4.5.

Table 4.5: Significance information

H-statistic
PM, 5 Absorption
n concentration coefficient
Autumn/Summer 61 613 673
Winter/Spring 60 655 701
Full study 121 14.4 29.0
Weekday/Weekend day 121 0.17 4.94

H-statistic values for autumn/summer and winter/spring were greater than the critical chi
square value (43. 7,>30thus th® nulDhypotheti®was ejectag (l.ee s i 2
medians were unequal). Despite autumn/summer and winter/spring hgmécantly

different, Hstatistic values for full study data showed significance betweern sPM
concentration (14.4) and absorption coefficient values (29.0). Like the full studyHiata,

statistic values for weekdays/weekend days wer8.7 thus the nulhypothesiswas not
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rejected i(e. medianswere equal)There wasalsonot enogh evidence to suggest that mean
values were unequal thus there was no significant differeredetween filter samples

collected on weekdays and weekend days

4.2 Meteorologicalconditionsfor Cape Town

Cape Town has #&raditionally Mediterranean climatésee section 2.4.2) Meteorological
conditions forthe study periodlid not deviate far frorhistorical trendslespite the oigoing
drought Meteorological datg supplied by the SAWS station ahe South African

Astronomical Observatory5AAO, 23 km SE of the sampling site3 shown in Fig. 4.18
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45

r 100

- 10

TemperaturelC)

Air velocity (m.s?), precipitation (mm) and Rh (%)

> > > > )
,\\le\\ S '\\\ AN Q\\ o0 oY %\Qb(\\
fLQ\ '),Q\ fLQ\ f),Q\ fLQ\

Fig. 4.18 Meteorological data for Cape Town for the study period. Broken black lines indica
the start of a newgeason.
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Three meteorological parameters are considered to have the greatest i nguabiemAP M
dispersion and atmospheric residence times: Rh, temperature andMead. e mperature
andair velocitywere highest for summer with 21.7 °C and 3.2 mespectively. Wihter had
the lowestmean temperature arar velocity with 14.0 °C and 1.7 misrespectively As
expected, winter had th@ost number ofdays with rainfall(12) while autumn, surprisingly,
had the ¢éastnumber ofdays withrainfall (4). Meteorologicalinformation for the study

periodis shown in Table 4.6.

Table 4.6:Mean temperature, air velocity, Rh and precipitation for the study period

Autumn Winter Spring Summea  Full study

Mean emperature (°C) 19.1 14.0 17.9 21.7 18.2
Mean min. temperature (°C) 15.0 10.9 14.4 18.5 14.7
Mean max. temperature (°C) 25.7 18.6 23.0 27.1 23.6

Meanair velocity (m.s?) 1.8 1.7 2.6 3.2 2.4
Mean max.air velocity (m.s™) 9.5 8.9 12.2 13.6 11.0

MeanRh (%) 69 72 67 66 69
Mean min. Rh (%) 47 53 47 48 49
Mean max. Rh (%) 86 89 84 80 85

Precipitation (mm) 9.4 45.0 43.0 22.2 120

Number of days with rainfall 4 12 9 5 30

Of the aforementioned parametemnahad a greater effect oair pollution than wind. While
wind can reduc@ollution levels agood exampldeingthe southeasterly wind(nicknamed
i Cape Dtiatbtowsin@apeTownharmful air pollutants from the areaind can also
contribute to pollution levels, moving pollutants from one d@ceanotherin section 2.4.2t
was shownthat southeasterly and nortivesterly wind directionglominated the region in
2016, with 21 % and 13 % respectivelyor the study period,htee wind directions
dominated:northerly (N, 17.5 %), soutbouth easterly (SSE, 16.5 %) and newibsterly
(NW, 15 %). The frequenciedor southerly and northerly directions/ere near identicaivith
44.0% and43.9% respectively ¢ombined easterly and westerly directionstalled 12.1 %).
Monthly and seasonal wirdirectioninformationfor the study periods shownin Table 4.7

(page 15) and seasonal frequencies in Fidl9Ypage 116and Fig. 420 (page 117)
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Table 4.7:Monthly and seasonal wind direction information

MONTHLY DATA

Wind direction
%
Total ~ Northerly Southerly %other  Sample % Weekend  Weekend

Monthhk N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW occurences directions directions %N %S  directions days  Weekdays weekdays +PH +PH
Apil2007 3 0 0 o0 0 0O 3 5 0 0 O 0 0 0 2 1 14 6 8 429 511 0.0 5 3 60 2 40
May O O D e N [ O g s g s Ly) 18 10 563 313 125 10 1) 70 3 30
June 9 w w 1 1 1 2 3 3 3 1 1 1 2 T +4 39 20 12 513 308 179 10 8 80 2 20
Tuly 8 0 0 0 1 0 4 3 1 0 0 0 O 5 6 7 35 21 8 60.0 29 171 9 6 67 3 33
Avust 4 O 0 0 O 2 4 5 5 0 1 1 0 1 5 5 33 14 15 424 455 121 11 9 82 2 18
September 6 0 0 0 1 4 2 7 5 0 0 0 0 0 6 2 33 14 14 424 424 152 10 6 60 4 40
October 6 0 0 0 0 2 5 5 2 o0 0 1 1 3 7 4 36 17 12 472 333 194 10 8 80 2 20
November 5 0 0 o0 1 1 7 5 2 0 0 o0 0 5 3 1 30 9 14 30.0 46.7 233 10 7 70 3 30
December 1 0 o0 1 O 2 9 9 0 0 O 0 0 2 3 3 30 7 18 233 60.0 16.7 10 6 60 4 40
Javary2018 5 0 0 O 0 4 5 4 4 6 2 0 0 1 1 2 34 8 2 235 618 147 11 7 64 4 36
Feboay 3 0 0 O 0 o0 5 5 3 3 1 0 0 2 3 2 27 8 17 296 63.0 74 9 6 67 3 33
Mach 8 0 O O O o0 6 6 3 1 0 0 0 1 5 3 33 16 16 485 485 30 10 8 80 2 20
April 5 0 0 0 0 1 5 5 0 0 0 0 0 0 4 3 23 12 10 522 435 43 6 4 67 2 33
Mean 54 00 00 02 03 14 45 51 23 11 05 02 02 19 46 31 307 13.1 135 423 4.1 126 93 6.5 69.7 28 303

SEASONAL DATA

Wind direction
%
Total ~ Northerly Southerly Y% other ~ Sample % Weekend Weekend

Month N NNE NE ENE E ESE SE SSE § SSW SW WSW W WNW NW NNW occurences directions directions %N %S§  directions days  Weekdays weekdays  +PH +PH
Avtomn2017 20 O O O O 1 5 9 2 1 1 O 0 3 10 4 46 24 18 522 39.1 87 15 10 67 5 33
Winer 22 0 0 1 2 3 10 11 9 3 2 2 1 & 18 16 107 55 35 514 327 159 30 23 7 7 23
Spring. 17 0 0 o0 2 7 4 17 9 0 0 1 1 8 1 7 99 40 40 404 404 192 30 21 70 9 30
Summer 9 O 0 1 0 6 19 B 7 9 3 0 0 5 7 7 91 23 56 253 615 132 30 19 63 11 37
Avtomn2018 13 0 0O 0O O 1 11 11 3 1 0 O 0 1 9 6 56 28 26 50.0 464 3.6 16 12 75 4 25
Mean 140 00 00 04 08 36 118 132 60 28 12 06 04 50 120 80 798 340 350 $9 4.0 121 242 170 703 12 29.7
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Fig. 4.20 Seasonal wind direction frequencies (continued). Percentage frequency of the four primary wind directions (North, Easig S@esh) for,
clockwise from togeft, autumn, winter, summer and sprifdpte: Wind directions indicate which direction wind wialwing from and black markers

show the location of the sampling site.
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Seasonal frequenador northerly and southerly wind directions were remarkably similar.
Radar plots of seasonal widitections(Fig. 4.19 page 11pbshowed that northerly directions
dominated inautumn (51.0 %) and winter (51.4 %) while southerly directions doetnat
summer (61.5 %)-requencieor northerly and southerly directions weadentical for spring
(40.4 %) Wind information for the study periodhowed thatsoutheasterly(SE, SSE)
frequeny increasd from 21 % (in 2016})0 31.3 % (an increase 48 % yearonyear)and
northrwesterly(NNW, NW) frequency increaskfrom 13 % (in 2016) to 25.1 % (an increase
of 93 % yearonyear). Changes in PMs concentrations and absorption coefficients with
temperature are shown in Table 4.8 which is immediately followedhbyges irseasonal

PM, 5 concentrations and absorption coefficients showrign4.21.

Table 4.8 Mean PM s concentration and absorption coefficient values for three temperature
ranges. Concentrations aia pg.m?* and absorption coefficients inhl0°.

Tempeature (°C) <16 16-20 > 20
PM, s concentration 15.9 13.1 11.5
Absorption coefficient 1.94 1.08 1.25
Number of samples 36 47 38

30 - PM2.5 Absorption coefficient —— Mean temperature (°C)

— ]

20 A

-. |

= o o

PM, sconcentraion (pg.rf) and
absorption coefficient (rh10%)

Fig. 4.21 Seasonal ambient APM concentrations v. temperature

Changes in ambient APM concentrations with temperature are discussed in Secoh
Changes in PMs concentrations and absorption coefficients with and precipitatiorare
shown in Table 4 (page 19) which is immediately followed by changesseasonaPM; s

concentrations and absorption coefficients are shown in Fig. 4.22.
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Table 4.9 Mean PM 5 concentration and absorption coefficient values for three Rh and
precipitation ranges. Concentrations arepg.m- and absorption coefficients infri0°.

Rh (%) < 65 6575 > 75
P M, s concentration 14.4 14.1 10.3
Absorption coefficient 1.64 1.44 0.97
Number of samples 41 50 30
Precipitation (mm) 0 0.1-3 >3
P M, s concentration 13.9 115 12.6
Absorption coefficient 1.57 0.96 0.73
Number of samples 91 13 17
30 - PM2.5 Absorption coefficient —— Mean Rh (%)

: [ [

20 +

PM, sconcentraion (ug.rf) and
absorption coefficient (th10%)
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Fig. 4.22 Seasonal ambient APM concentrations v. Rh and precipitation

Changes in ambient APM concentrations with Rh and precipitation are discussed in section
5.1.2.3 Changes in Pl concentrations and absorption coefficientdh air velocity are
shown inTable 4.10 (page 120) which is immediately followed by changeseasonal

PM,concentrations and absorption coefficients shown in Fig. 4.23.
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Table 4.10 Mean PM s concentration and absorption coefficient values for three air velocity
ranges. Concentrations aia pg.m?* and absorption coefficients inhi0°.

Air velocity (m.s?) <15 1.52.5 >25

PM, s concentration 16.9 12.5 11.8

Absorption coefficient 2.26 1.17 0.94

Number of samples 34 41 46
30 - PM2.5 Absorption coefficient —e— Mean air velocity (m.s-1)
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PM, sconcentraion (pg.rf) and
absorption coefficient (rh10%)

10 + ]
0 I I I =
e . xet ) s
?»&&0 «\0\ %Q’ﬂ\‘\ %\),6\'6\

Fig. 4.23 Seasonal ambient APM concentrations v. air velocity

Changes in ambient APM concentrations with air velocity are discussed in sgdtiprl

Changes in PMsconcentrations and absorptiometficients with wind directiomre shown in

Fig. 4.24
PM2.5 Absorption coefficient —e— Northerly direction
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Fig. 4.24 Seasonal ambient APM concentrations v. wind direction

120



Changes in ambient APM concentrations witind directionare discussed in secti@nl.3
Changes in Pl concentrations and absorption coefficients with percentage clear skies (UV

exposure) are shown in Fig. 4.25

30 PM2.5 Absorption coefficient —— Clear skies (%)
- /

20

| |

s s " o

PM, sconcentraion (pg.r§) and
absorption coefficient (rh10%)

Fig. 4.25 Seasonal ambient APM concentrations v. percentage clear skies. Maximum UV
exposure was had when skies were clear

Changes in ambient APM concentrations wit¥f exposureare discussed in secti@nl.2.4

The effects of meteorological conditions on ambient APM concentrations varied
considerably. In some instances there were significant differences in seasonal coonsntrat
while meteorological conditions were similar while in others, seasonal concentrations were
similar when meteorological conditions varied considerably. Some meteorological
parameters had greater impact on ambient APM concentrations than etigeas (/elocity)

but ultimately changes in ambient APM concentrations cannot solely be explained by
changes inmeteorological conditionsThe impacts of meteorological parameters ,RM

concentrations and absorption coefficients are discussed in section 5.2.
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43 Origins and tajectoriewf air masses in Cape Town

43.1 Trajectories

Trajectories are visual representations alir mass transport routes for a particular
geographicabrea overa specifictime period A total of 121,24-hour backvard trajectories
(09:00a.m.to 09:00a.m) were generatedor the sample periodsing the HYSPLITWEB

model Six trajectorespredominatedFig. 426, page 23). These were:

 Atlantic-Ocean  Saldanha
Y IndianOcean  National
1 Regional 1 Transboundary

The trajectory Atlantic-Oceanwas characterised bgir massesmanating from the most
southerly and soutkeasterly parts of the AtlanticOcean; Indian-Ocean by air masses
emanatingrom the mossouthwesterlyparts of the Indian Ocedfrom False Bay to Mossel
Bay), Regionalby air massesmanatingfrom within the WesternCape;Saldanhaby air
massesemanating from the Atlantic Oceg@assingover the town of SaldanhaNational by
air masseemanating from the Eastern aNdrthern CapdProvincesand Transboundaryby

air massegmanating frormeighbouring countrieBotswanaand Namibia
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Fig. 4.26 Dominating trajectories deriveflom the HYSPLIT model. Trajectories plot the movement of air masses from their origins to the sampling

(star) over a period of 24 hours with one hour markers (triangles). Single 24 hour trajectories, like above, have arB6rfér of
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4.3.2 Trajectory frequencies

Annual frequencies of the sipredominating trajectoriesvere Atlantic-Ocean (38.8 %),

Indian-Ocean (26.4 %), Regional (16.5 %), Saldanha (12.4 %), National (4.96 %) and
Transboundary(0.83 %).Seasonality otrajectoriesshowed thatrajectory Atlantic-Ocean
was the most frequeim autumn, winter and sprin@2.346.7 %). Trajectorylndian-Ocean
was most frequent isummerwith 13 occurrence (43.3 %) Autumn had the highest
occurrences of clustedRegional (10, 29.0 %) while the highesibccurrencesf Saldanhg

Nationaland Transboundaryrajectoriesnvere in winter {, 23.3%), summer 8, 10.0%), and

autumn (1 3.23 % respectivelySeasonatrajectoryfrequencies are shown in Fig24.

Atlantic-Ocean = Indian-Ocean * Regional * Saldanha = National = Transboundary

60 -
S
& 45 -
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>
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s NE & o o

Fig. 4.27 Single trajectory frequencies

TrajectoriesAtlantic-Oceanand Regionalpredominatedn autumnwith frequencies 082.3
% and29.0 % respectivelyln winter, threetrajectoriespredominatedAtlantic-Oceanwith
36.7 % followed by Saldanhaand Regional both with 23.3 % AtlanticOceanwas most
frequentin spring(46.7 %) with Indian-Ocean(26.7 %) andSaldanha(13.3 %) in second
and third place TrajectoryIindian-Ocean(43.3 %) was most frequent in spring followed
closely by clusteAtlantic-Oceanwith 40.0 % Seasonal trajectory clusters are shown in Fig

4.28 (page B5) and plots of trajectory frequencies in Fig. 9@®agel26) and Fig. 430
(pagel2?).
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Fig. 4.28 Seasonal cluster plots. Clusters d@rene a n 0
autumn, winter, summer and spring are shown above.
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Fig. 4.29 Seasonal trajectory frequency plots (with the segresenting the sampling sit@e origins of air masses differed considerably sedsagason.

A commonality amongst frequency, cluster and single plots was that a large percentage of trajectories originated frantithendéitindian oceans.
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Fig. 4.30 Seasonal trajectory frequency plots (Zoom factor: 2)
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Seasonal air mass clusters (Fig.84.@age 18) were plots ofmean transport routes of air
masses for each season during the study period. Three clusters dominated: clusters Atlantic

Ocean, IndiartDcean and Inland. Mean clusfeequenciesare shown in Tablé.11.

Table 411: Cluster frequencies (%) for each seasnd full study period

Full study
Autumn Winter Spring Summer (mean)
Atlantic-Ocean 53 87 46 61 61.8
Indian-Ocean 26 - 54 38 29.5
Inland 22 12 - - 8.50
Total 101 99 100 99 99.8

Air masses emanating from Atlantic Ocean dominated for autumn, winter, summer and the
full study period. Mean frequency for cluster Atlan@cean was 61.8 % (nearly twiairds

of all trajectories passing over Cape Town emanated from the Atlantic Ocaamjagses
emanating from the Indian Ocean dominated for spring. Mean frequency for cluster Indian
Ocean was 29.5 % (nearly otl@rd of all trajectories passing over Cape Town emanated
from the Indian Ocean)Combined, air mass clusters emanating from oDiceareas
accounted for 91.3 % of all trajectories passing over Cape Town. Chemical compositions of
PM in composite samples (see section 4.5.4), particularly chlorid81(2wt. %), was
evidence of thisAir masses emanating from inland and regiaraaswvere the least frequent

with a mean frequency of 8.50 %.

4.4 Correlationbetweenrstudy data andir pollution datecollected bythe CoCT

4.4.1 Seasonal air pollution data

Availability of AAQM stations was a major issasall stations experiemsa periods ofdown
time (rangingfrom an hour to several monthduring whichno datawas recordedoverall
stationavailability index: 4187 %).Table4.12 (page 29) showsseasonal air pollution data
Mean ®asonalconcentrationswere calculated from mean monthlgoncentrations(see

Appendix ¥). Representative sample sizes were calculated d&ngane (1967formula.
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Table 412: Mean seasonal concentrations for six AAQM stations in Cape Town (concentrath®s ®6/Oy/PM;, in pg.m?, CO in mg.r)

Atlantis City Hall Goodwood SomersetWest Tableview Wallacedene
Coordinateg(latitude/longitude) -33.5623, 18.480¢t -33.9251, 18.4237 -33.9024, 18.5651 -34.0774, 18.831¢ -33.8196, 18.514% -33.8570, 18.725¢
Distance from sampling site (km) 37 27 14 29 18 3
Station aailability (%6) 73 63 41 81 87 74
Number of mrameters monitored 2 3 4 1 2 4
AUTUMN (Yamane sample siz€n) = 14days e = 0.0%
Carbon monoxide (CO) - 2.14 * - - -
Nitrogen dioxide (NQ) - 22.5 * - 11.9 20.5
Ozone (Q) 45.4 - 24.1 - - 27.8
Sulfur dioxide (SQ) 2.61 6.52 6.96 2.74 7.49 5.11
Particulate matter (P - - - - - 33.2
WINTER (Yamane sample siz€n) = 14 days e = 0.0
Carbon monoxide (CO) - 264 1.06 - - -
Nitrogen dioxide(NO,) - 31.3 27.1 - 13.7 *
Ozone (Q) 50.6 - 28.9 - - 27.5
Sulfur dioxide (SQ) 3.66 1.81 12.5 3.14 5.43 5.09
Particulate matter (P - - - - - 39.2
SPRING (Yamane sample sizén) = 14 days e = 0.0%
Carbon monoxide (CO) - 0.24 * - - -
Nitrogen dioxide (NG) - 27.1 25.2 - 10.4 *
Ozone (Q) 53.8 - * - - 37.3
Sulfur dioxide (SQ) 3.17 2.37 * 2.48 7.62 6.80
Particulate matter (P - - - - - 33.4
SUMMER (Yamane sample siz€n) = 14days, e = 0.0%
Carbon monoxide (CO) - * * - - -
Nitrogen dioxide (NG) - 24.5 21.9 - 6.97 *
Ozone (Q) 47.8 - 25.3 - - 35.0
Sulfur dioxide (SQ) 2.89 4.26 * 2.86 5.89 6.43
Particulate matter (P\) - - - - - 37.3

* No data fumber of data points 9,n Parameter not monitored
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4.4.2 Statistical analyses

4.4.2.1 Normality analyses

A total of 90 data sets were tested no ne

0.05).

4.4.2.2 Correlation and significance analyses

of

whi

ch

had

nor mal

Table 413 shows the Spearman correlation coefficiefits for each seasorCorrelation

between study data and data from AAQM stations at Atlantis and Tableviewwsakewith

the exceptions 0®; datafor Atlantis for autumny( = 0.51-0.56) andNO, datafor Tableview

for winter ( = 0.290.38) Datafor City Hall, SomersetWest and Wallacederghowed the

largest associations with study daparticularly for autumn and winteand was most useful

for discussing the relationships between study and CoCT data

Table4.13Spear man correlation

coef fi ci

ent s

(3

PM, g Absorption coefficient

AUT WIN SPR SUM AUT WIN SPR SUM
Wallacedene (3 km ESE)
NO, 0.51 * * * 0.46 * * *
0Os -0.19 -0.23 -0.13 -0.03 -0.46 -0.03 -0.28 -0.41
PMyq 047 055 009 -033 075 041 0.05 -0.33
SO, 0.12 0.28 -0.22 -0.32 0.52 0.18 -0.26 -0.28
Goodwood (14 km WSW)
NO, * 0.51 * -0.40 * 0.38 * -0.43
O3 * -0.53 * * * -0.40 * *
SO, * 0.62 * * * 0.33 * *
Tableview (18 km WNW)
NO, 0.28 0.29 0.20 -0.33 0.23 038 0.15 -0.31
SO, -0.15 0.25 0.04 -042 0.05 0.26 -0.01 -0.30
City Hall (27 km WSW)
NO, 041 0.17 -0.09 -040 0.70 0.14 -0.22 -0.36
SO, 049 072 -024 -024 071 0.74 -0.33 -0.14
SomersetWest (29 km SSE)
NO, 0.34 -0.12 048 0.17 0.60 0.09 0.54 -0.04
Atlantis (37 km NNW)
0Os 0.51 -0.27 0.02 0.13 056 -0.10 -0.09 -0.11
SO, 0.02 0.17 0.02 0.08 0.23 0.29 -0.22 -0.24

* No data (number of data points < n)
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Correlationbetween studylataand CoCT datavas strongestor autumn and winter and
weakesfor spring and summer. The ontprrelationof significance for spring was between

the study data and N@lata for SomersatVest {( = 0.480.54). Correlationbetween study

data andpollutant PM, at Wallacedenevaried from moderatéo srong for autumn ad

winter (} = 0.4%:0.75) but was negligible to weafor spring and summer (0.6009)
Correlationbetween study data and the pollut®gtvaried from strongly negative to strongly
positive KruskalWallis Test was used to determine if the medians of £(gtudy datajpnd

PMyo (for Wallacedene) concentrations were differentstattistics for autumn (27.2), winter
(23.2) and spring (23.7) were below the-shguar ed val ue of 42.6 (U
hypothesis was accepted (i.e. medians were equal)HIs$tatistic for summer (43.1) was
higher than the cksquared value thus the null hypothesis was rejected (i.e. medians were
unequal). Correlations between PMoncentrations and absorption coefficients were large
for autumn, winter ad spring and media for summer(see Table 4.4, page 112) so it was

expected that correlations between fMoncentrationsand absorption coefficients would

have exhibited similar trends. Fig. 4.8lows that this assumption was not true.

g2 97

o)

[5) 4

.% 4

873

58 2

2

<C 0 T T T T 1
0 20 40 60 80 100

PM,,concentration (jg.r#)

= 10 4

g g R°=0.21

% r=0.55

Q& 1 n=30

©E 6 L 4 - ¢ PR

5 21 W

§ * o * * ° PS *

< 0 g T * T L3 T 1
0 16 32 48 64 80

PM,,concentration (ug.r)

131



g2 5 .

g | R=000

= r=0.10 ¢

S :.E\ 3 - n=30

é mO 21 'S *

s< M * ey 7S ¢

2 | ‘0 '0 o“' * i

g O ; > -9 ; * & ,
0 16 32 48 64 80

PM,,concentration (ug.r)

= 5 9

g . R?=0.20

L= 1 r=-0.28

83 n=30

o e

é”;q 21 .

o *

=1 - *

o 23 4 *

é’ 0 ‘ T 0‘ ’ T‘ 0 ‘ T T 1
0 20 40 60 80 100

PM,oconcentration (ug.rf)

Fig. 4.31 PMq concentrations v. absorption coefficients. Seasonajofehcentrations

(Wallacedene) plotted against absorption coefficient values for, from top to bottom, autumn,
winter, spring and summer.

The correlationdetween P, concentratios and absorption coefficiesfor autumn (r =
0.78) and winter (r = 0.55) wewgrong Spring (r= 0.10) and summer (r .28), however,
exhibited negligible and weaknegative correlationsrespectively. Table 4.14 shows the
spearman correlation coefficients between study data and détated by the CoCT at
different distances from the sampling site. Td@relation between study data addta

collected by the CoCTs further discussed in sectiénl.4

Table 4.14 Spearman correlationoefficiens ( ) for pollutants N@, SQ and PM. Where
applicable, mean values were calculated based on distance and direction from sampling sit

0-10 km 11-20 km 21-30 km

NG, N E S W _ N E S W _ N E S W
PM. 5

concentration

Autumn # 0.51 # # # # # 0.28 # # 0.34 041
Winter # * # # # # # 0.40 # # -0.12 0.17
Spring # * # # # # # 020 # # 0.48 -0.09
Summer # * # # # # # 037 # # 0.17 -0.40
Absorption

coefficient

Autumn # 0.46 # # # # # 0.23 # # 0.60 0.70
Winter # * # # # # # 0.38 # # 0.09 022
Spring # * # # # # # 015 # # 054 -0.22
Summer # * # # # # # -0.37 # # -0.04 -0.36
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0-10 km 11-20 km 21-30 km

SO, N E S W N E S W N E S W
PM;s
concentration
Autumn # 0.12 # # # # # -0.15 # # * 0.49
Winter # 0.28 # # # # # 0.43 # # * 0.72
Spring # 022 # # # # # 0.04 # # * -0.24
Summer # 032 # # # # # -0.42 # # * -0.24
Absorption
coefficient
Autumn # 0.52 # # # # # 0.05 # # * 0.71
Winter # 0.18 # # # # # 0.30 # # * 0.74
Spring # 022 # # # # # -001 # # * -0.33
sSummer # -0.26 # # # # # -0.30 # # * -0.14
PMyq 0-10 km 11-20 km 21-30 km

N E S W N E S W N E S W
PM,s
concentration
Autumn # 0.47 # # # # # # # # # #
Winter # 0.55 # # # # # # # # # #
Spring # 009 # # # # # # # # # #
Summer # -033 # # # # # # # # # #
Absorption
coefficient
Autumn # 0.75 # # # # # # # # # #
Winter # 0.41 # # # # # # # # # #
Spring # 0.05 # # # # # # # # # #
Summer # -0.33 # # # # # # # # # #

# No data for correlation, * No data collected by AAQM stations

Fig. 4.32 Locations of AAQM stations. Concentric rings (10 km radii increments) we
added to show the locations of AAQM stations relative to the sampling site (black m
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Seasonal dateocrelation at equidistant intervals from the sampling site (see Table 4.14, page
134) was preferred over individual scatter plots of study data against air pollution data
supplied by the CoCT (SCand NQ) for the entire study period simply because seasonal
correlation coefficients holistically showed the effetitgt distance from sampling site,
direction from sampling site, and meteorological parameters (different for each sbkadon)

on APM concentraties in samples. See Appendices 13FA(mean daily pollutant
concentrations) and 14-& (mean daily pollutant concentrations) for data supplied by the

CoCT.

4.4.3  Air pollution data for Pretoria and Thohoyandou

In addition tosampling inCape Town, ambient PM samples were also collected in Pretoria
(1,285 km NNE) and Thohoyandou (1,675 km NN&xmpling dates were synchronised to

the sampling calendaisee Appendix A) albeit deviations for Cape Town due to human
error (sampling times andntervals were identical) Descriptive statistics for P
concentration and absorption coefficient data for Pretoria and Thohoyandou are shown in
Table 415 (page B5). The correlation, similarities and differences betweenbientAPM

concentrationdrom all three sites are discussed in sec&adhb.
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Table 415: Descriptive statistics of seasonal PMtoncentration and absorption coefficient data for Pretoria and Thohoyandou (concentratipgsrih
and coefficient values in"hil0®)

Pretoria (coordinates:-25.7317, 28.2003)

Autumn Winter Spring Summer Full study
Sample size (n) 31 31 30 30 122
Weekdays (%) 22 (71) 23 (74) 21 (70) 19 (63) 85 (70)
Weekend + public holidays (%) 9 (29) 8 (26) 9 (30) 11 (37) 37 (30)

PM, s concentration
Mean 23.4 35.5 14.3 10.7 21.1
Variance 246 202 66.9 21.5 225
Standard deviation 15.7 14.2 8.18 4.64 15.0
Range 3.4057.9 14.666.8 1.3535.4 0.6921.6 0.6966.8
Absorption coefficient

Mean 2.69 4.33 1.30 0.96 2.34
Variance 3.76 4.70 1.17 0.24 4.20
Standard deviation 1.94 2.17 1.08 0.49 2.05
Range 0.468.21 0.948.62 0.355.58 0.081.66 0.088.62
Thohoyandou (coordinates:-22.9761, 30.4443)

Autumn Winter Spring Summer Full study
Sample size (n) 31 30 30 29 120
Weekdays (%) 22(71) 22 (73 21 (70) 18 (62 83 (69)
Weekend + public holidays (%) 9 (29) 8 (27) 9 (30) 11 39 37 (31

PM, s concentration
Mean 10.4 9.83 14.7 8.64 10.9
Variance 51.4 65.6 90.8 52.1 68.7
Standard deviation 7.17 8.10 9.53 7.22 8.29
Range 1.3533.6 1.1837.5 1.0631.3 1.8334.3 1.0637.5
Absorption coefficient

Mean 0.60 0.78 0.76 0.63 0.69
Variance 0.24 0.44 0.49 0.12 0.32
Standard deviation 0.49 0.66 0.70 0.34 0.57
Range 0.031.50 0.142.40 0.052.79 0.12-1.47 0.032.79
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45 Composite samples

Data obtained from analytical methodology and statistical information pertaining to
composite samples is presented in the sectimlike calendar samples (exposure time: 24
hours compositesampleswere collectedfor four weeks(total exposure time96 hours)

during Septembef017and Januar018(see Appendix € for sampling informatiohn

451 Anion profiling

The anion concentrationsn PM were determined byon chromatographylC) (see section
3.2.2.47). A 2.00 mg.kg, multi-anioncontrol solution (Table 4.8) was analysethefore and
after sample analyse3able 416 is immediatelyfollowed bypercentage recowerfor each

anionshown in Fig. 4.38see Appendiesl17 and 18or informatior).

Table 416: Anion concentrations in control solution (concentrations in mb).kg

Target Pre-sample analysis Postsample analysis
Chloride 2.00 2.02 1.99
Nitrate 2.00 2.01 2.04
Sulfate 2.00 2.04 2.05
Bromide 2.00 1.90 1.91
Fluoride 2.00 1.85 1.94
Nitrite 2.00 1.96 2.00
Phosphate 2.00 2.06 2.03

Pre-sample analysis = Post-sample analysis

120 -
90 |
S
>
2 60
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Q
4
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& 8 S 3 8 3 8 = e =l S = =
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Fluoride Chloride Nitrite Bromide Nitrate Phosphate Sulfate

Fig. 4.33 Percentage recovery for anions in control solution

Relative standard deviatigh i mi t : O 3. 0 0(lin#t)2,00 +0.6mnsgeki)tanda t i o n

percentageecovey (limit: 100 + 30 %) metnalytical requirement&Experimental data and
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anion masses forsubsamples (DO cnf) are shown in Table 47lthatis immediately

followed by aniormassesn composite sampleshown inFig. 4.34.

Table 417: Experimental data and anion masses for ¥ sabsamples (ND = not detected)

September2017 January 2018
Concentration in sample
solution (mg.kg}) Weekday Weekend Weekday Weekend
Chloride 0.62 0.67 0.72 0.71
Nitrate 0.11 0.11 0.28 0.20
Sulfate 0.15 0.18 0.27 0.35
Bromide ND ND ND ND
Fluoride ND ND ND ND
Nitrite ND ND ND ND
Phosphate ND ND ND ND
Massin 1.00 cm? sub-sample (ug)
Chloride 9.33 9.99 10.9 10.7
Nitrate 1.71 1.67 4.19 2.98
Sulfate 2.28 2.70 4.10 5.17

Chloride © Nitrate " Sulfate
100 ~

10

Total masses in composite sample (ug)

© © 0 < ] I ()} © — o 0 o~
R I 3 8 I & S 8 8 5 & 3
1
Weekday Weekend Weekday Weekend
Septembe017 January 2018

Fig. 4.34 Total anion masses in composite samples. See Table 4.21 for wt. %

T-test results indicated that weekday and weeldayldata for Septembe2017 (t-value =

1.712, p > U = 0.05) had s daydath @rrJantay0l&8s di d w
value = 0.155, p > U = 0.dasdxta for\Sepeembenvas e k d a y
compared to the corresponding data for JanuargsT results for weekday datavilue =

6. 946, p < U = 0. 05)weskbnddeyelata (tma |l se mk|l r D0y , wl
0.05) showed similarityWeight percentage of anionic speciesn composite samples are

shown inTable 4.21 (page 142)
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452 Elementalprofiling

The elementatoncentrations i?M weredetermined bynductively coupled plasmaptical

emission spectrometrylGP-OES (see section 3.2.3.§. A multi-concentréion, multi-

elementcontrol solution(Table 4.B) was analysedbefore and aftesample analysed.able
4.18 is immediatelyfollowed by the percentage recovery for easttal shown in Fig. 4.35

(see AppendixL6 for standardisation informatipn

Table 418: Metals concentrations in control solutio@ncentrations img.kg")

Target Pre-sample analysis Postsample analysis
Zinc 2.00 1.98 2.01
Iron 2.00 1.87 1.84
Magnesium 2.00 1.89 2.05
Aluminium 2.00 1.99 2.02
Calcium 10.0 8.46 8.71
Sodium 10.0 7.46 7.75

120 Pre-sample analysis = Post-sample analysis
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Fig. 4.35 Percentage recovery for metals in control solution

Rel ative standar d d eoucengationdglimits:(2/00 4r0.60 and .03 . 0 0
3.0 mg.kg") and percentage recovery (limit; 100 + 30 %) met analytical requirements. Of the
23 elements tested for, only six had concentrations greater than the minimum detection limit
of 1.00 pg.kg. Experimental data aneetalsmasses for subamples 4.28 cm) are shown

in Table 4.9 (page 19) that is immediately followed bynetals masses incomposite

samples shown iRig. 436.
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Table 419: Experimental data and metalasses for 4.28 énsubsamples

September2017 January 2018
Concentration in sample
solution (mg.kg?) Weekday Weekend Weekday Weekend
Sodium 3.63 4.79 5.01 0.84
Iron <0.01 0.98 <0.01 0.94
Aluminium <0.01 0.09 <0.01 0.04
Magnesium <0.01 <0.01 0.19 0.08
Calcium <0.01 0.14 1.45 0.77
Zinc <0.01 0.02 0.10 0.07
Mass in4.28 cnf sub-sample (ug)
Sodium 54.5 71.9 75.2 12.6
Iron <0.02 14.7 <0.02 14.1
Aluminium <0.02 1.35 <0.02 0.60
Magnesium <0.02 <0.02 2.85 1.20
Calcium <0.02 2.10 21.8 11.6
Zinc <0.02 0.30 1.50 1.05

Zinc ®lron © Magnesium = Aluminium © Calcium = Sodium
1000 -

100 -

Concentration (mg.kd)
=
o

l -
g | 83 RR3 18 8 g5 8438
— o N < ™ Te] < A N N N « N N
0.1
Weekday Weekend Weekday Weekend
September 2017 January2018

Fig. 4.36: Total metals masses in composite samples. See Table 4.21 for wt. %

Weekday and weekenday data for SeptembeR017 and January2018 showed some
similarities Sodiumwas detected in all samples and thenanium andiron contens for
weekendday samples weresimilar. Each sample had itswn unique metallic composition.
Weight percentageof metallic speciesn composite samplegre shown in Table 4.21 (page

142).
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45.3 Inorganic carboncontent

The dsorpgion coefficient valueof samplesvere determined bgmoke stain reflectometry
(SSR (see section 3.2.2.2.2Absorption coefficierst were used to calculatesoot content
(soot accounted for aillhorganic carborontentin sampley Experimental data andorganic
carbonconcentrationgire shown in Table 20 thatis immediatelyfollowed bythe inorganic
carbonmassin PM of composite sampgeshown inFig. 4.37. Unlike calendar samples (five
replicate$, the mean othreereplicateswas usedfilter sizes were nosufficient for five

replicates.

Table 420. Experimental data and inorganic carbon concentrations in composite samples

September2017 January 2018
Weekday Weekend Weekday Weekend
Rs (%) 25.5 22.1 37.8 33.2
Ro (%) 101 101 101 101
R 1.38 152 0.98 1.11
Absorption coefficient
(.10 256 2.83 1.82 2.05
Inorg%nlc carborconcentration 1.85 211 144 1.41
(Hg.m™)
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Fig. 4.37. Total inorganic carbon mass in composs@mnples. See Table 4.21 for wt. %
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On physicalinspection, weekday and weekeady composite samplefor Septembel017
wereconsiderablydarkerthan the correspondirgampledor JanuaryMean inorganic carbon
contentin composite sampleor Septembel(45.6 pg) was51.0 % higher thanthe mean
contentfor Januarysamples(30.2 pg). The difference innorganic carbon conterfor
weekday samples for Septemi§é¢R.6g) and January27.9ug) was14.7ug, very similar to
the difference betweerorresponding weekerdhysamples 16.0ug). Weight percentage of

inorganic carbon in composite samples is shown in Table 4.21 (page 142).

454 Chemical composition of PM in composite samples

PM is a complex mixture of varioushemical constituerd. Collectively, anionic species

(chloride, nitrate andulfate)represented the larggstoportion of PM mass (384 wt. %).

Inorganic carbon was the second most abundant species in composite sampi&6.va.

%). Inorganic carbon (or sootontentfor weekday and weekerdhay sampleswere similar

but corresponding samples for SeptemB847 ard January2018 showed no correlation.

Soot contentor weekendday samples were higher than the corresponding weekday samples.
Metals content(0.67-20.6 wt. %)fluctuated from weekdayo-weekend and from monito-

month without anycorrelation The only excepdn to thiswas the iron content of PM in
weekenddaysampleghatwere near identical for Septemkd0.7 wt. %) and Janua(}0.4

wt. %).St u d d4test dvas applied to the dafé-test results indicated that weekday and
weekendday data for September-(ialue = 2.334, p>U = 0. 05) had si mi|l
weekday and weekerthydata for Januvary{¢ al ue = 2. 232, p > U = o0
and weekendlay data for September avecompared to the corresponding data for January,

T-test results for weekday datavdlue =3.334 p < U = 0.05) showed
weekenddaydata (tv al ue = 2. 843, p > UComposhiondl Ba}a fos h o we d
weelday and weekendday composite samples is shown in Tabl@14(page 142) that is

immediately followed by graphicaépresentations in Fig. 83pagel43).
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Table 421: Chemical compositions of weekday and weekend day composite samples. Mass measurements were performed wiibladdditle?04

Microbalance (readability100 g

September2017 January 2018
Weekday Weekend Weekday Weekend

Presampling filter 192,400 183,200 169,100 192,000
mass (1)
Postsampling filter 192,700 183,800 169500 192,300
mass (1g)
PM mass (ug) 300 400 400 300

Mass Mass Mass Mass

(ug) (Wt. %) (ug) (Wt. %) (ug) (Wt. %) (ug) (Wt. %)
Anions 113.9 38.0 122.8 30.7 163.8 41.0 161.2 53.7
Chloride 79.8 26.6 85.4 21.4 92.9 23.2 91.5 30.5
Nitrate 14.6 4.87 14.3 3.58 35.8 8.95 25.5 8.50
Sulfate 19.5 6.50 23.1 5.78 35.1 8.78 44.2 14.7
Metals 109 36.3 181 45.2 202 50.5 82.3 27.4
Aluminium - - 2.70 0.68 - - 1.20 0.40
Calcium = = 4.20 1.05 43.6 10.9 23.2 7.73
Iron - - 29.4 7.35 - - 28.2 9.40
Magnesium = = = = 5.70 143 2.40 0.80
Sodium 109 36.3 144 36.0 150 37.5 25.2 8.30
Zinc - - 0.60 0.15 3.00 0.75 2.10 0.70
Inorganic carbon 42.6 14.2 48.5 12.1 27.9 6.98 32.5 10.8
Unknown 34.5 11.5 47.7 11.9 6.30 1.58 24.0 8.00

Weight percentage (Wt. %) was calculated by taking the mass (experimentardbda)iding it by the total PM mass (in thisstance 300 Lig

and multiplying by 100Me an wei ght

respectively. Due to the limited sensitivity of the ML204 microbalance, veatetent could not be determined T h e

per centlddwt % dnd4iruwi BonforvbapbembeDE7 and Januar2018

funknowno

ambient PM collected in samples wasssiblywater (differences in wt. % for September and January, Januatydi®d mean temperature and

lower meanRh and precipitation than September), ammoniammégjor catiorformed when gaseous NHeutraliss gaseous $$0, and HNG

in the atmospheje andorganic carbonifcluding VOCsfrom vehicular emissionsind combustionof biomass and fossil fuels for domestic

purposes Silica (SiQ) was eliminatedas a potential constituebiecause silicon concentration was <01u@.kg" for all samples.
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SEPTEMBER (Weekday) SEPTEMBER (Weekend

© Chloride M Nifrate " Sulfate B Aluminium
u Calcium  Iron 1 Sodium mZinc
~ Chleride = Nifrate © Sulfate © Zinc ®=Inorganic cartbon * Unknown w Inorganic catbon  © Unknown
JANUARY (Weekday) JANUARY (Weekend
Inorganic carbon, Unknown, 1.58 . Unknown, 8.00

6.98
Zinc, 0.75

Magnesium, 143
 Chloride = Nitrate © Sulfate © Chloride n Nitrate I Sulfate ® Aluminium
® Calcium B Magnesium © Sodium ® Caldum = Iron m Magnesium © Sodium
m Zinc m Inorganic carbon m Unknown m Zinc ® Inorganic carbon @ Unknown

Fig. 4.38 Chemical makaip of PM in composite samples (amounts are in wt. %).
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455 Microscopic information

455.1 Coagulated and agglomergtarticulates

Coagulagd and agglomerate particulateson the surfaces otomposite sampleswere
photomicrographedat 10,000-80,000x normal magnifications by scanning electron

microscopy SEM). Photomicrographs of the surface of theekdaycomposite samplér

September 201&reshown in Fig. 439.

Aggregates

PTFE material i

Fig. 4.39: SEM photomicrographs of weekday

composite sample®er SeptembeR017 (mages:
EMU).
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