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Abstract

Several sources have been identified as contributing to the concentration of ambient fine particulate matter,
which has been associated to a variety of health issues. The chemical characteristics and sources of trace
elements in PM2s, as well as the air quality index, were investigated in this study. 24-h fine aerosol particles
were collected in an urban area in Pretoria, South Africa, from April 2017 - April 2018. Eighteen trace elements
were determined using an XEPOS 5 energy-dispersive X-ray fluorescence (EDXRF) spectrometer, while black
and organic carbon were estimated using an optical transmissometer from the samples collected. The HYPLIT
model (version 4.9) was used to estimate air mass trajectories. Health risk was calculated by comparing it to the
World Health Organization's air quality index (AQI). The overall mean PM2s concentration of the collected
sample equals 21ug/m3.  Majority of PM. s exceedances were reported during mid-autumn and winter seasons,
as compared to daily WHO guidelines and South African standards. S had the highest concentrations, greater
than 1pg/m®.  Ni, Se, Br and Sbh showed they were extremely enriched, (EF>10) and suggestive of
anthropogenic or non crustal origin The 24-h PM, soot, BC and OC were significantly different by the
geographical origin of air masses (p<0.05). The AQI showed that 70% of the samples showed levels above the
AQI range of good and healthy air. The findings include details on the concentration, composition, and potential
sources of fine PM2s, which is essential for policy formulation and mitigation strategies in South Africa’s fight
against air pollution.
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Introduction

Air pollution, whether outdoor (ambient) or indoor (household), continues to be a significant environmental
health concern in both developed and developing countries around the world. The origin of particulate matter
(PM) in the atmosphere has been traced to natural or anthropogenic sources, and it is considered a leading factor
in declining ambient air quality (Parmar et al. 2001). According to WHO estimates, the combined effects of
ambient and household air pollution cause approximately 7 million deaths, primarily from non-communicable
diseases (WHO, 2018). According to recent estimates by Burnett et al (2018), airborne particulate matter

smaller than 2.5 m causes 8.9 million deaths per year. In another global assessment, it was reported that ambient
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air pollution alone contributed to about 4 to 9 million deaths per year, as well as hundreds of millions of lost
years of health life, with the greatest attributable disease burden seen in low- and middle-income countries
(WHO, 2018; Vohra et al. 2021). Furthermore, the unprecedented rate of increase in air pollution has a
detrimental effect on the economy and quality of life, rendering it a public health emergency (WHO, 2014). The
analysis of PM has grown in popularity over the last two decades due to its potential to affect local and regional
air quality (Paraskevopoulou et al. 2015). It has a negative effect on visibility (Kanakidou et al. 2005), the
climate system (Steinfeld, 1998), and overall humans health. Several authors have identified connections
between ambient fine PM concentrations and adverse health effects in epidemiological and human exposure
studies. PM exposure, both long and short term, has been related to increased cardiovascular and respiratory
morbidity and mortality (Anderson et al. 2012; Brook et al. 2010; Gehring et al. 2010; Martinelli et al. 2013;
Pope and Dockery, 2006).

It is therefore pertinent to study the chemical composition of atmospheric aerosol because of the health
implications on human, and the impact on climate change. Investigating the contribution of natural and
anthropogenic sources to PM levels and their spatial gradient, particularly in inhabited areas, as well as the
information about their origin and source of emission revealed by their composition is key to this study. Many
of these particles originate from anthropogenic sources either directly from a point source or by secondary
formation which occurs in the atmosphere from gases such as SO2, NOx, and volatile organic compounds. As
these particles travel from one site to another over time, the origin of air masses can be local, regional, or global.
PM is known to contain heavy elements (such as Cd, As, Pb and Sb) that are harmful to human health at very
low concentrations when exposed to them. Thus, the presence of definite elements or the ratio of one element's
concentration to that of another may be used as signatures for emission from particular sources, which can emit

both metals and other dangerous species that are less stable and harder to measure. (Boman et al. 2013).

South Africa, as a middle-income country, is confronted with poverty and deprivation, which predisposes its
citizens to indoor and outdoor air pollution as a result of biomass burning, or coal for cooking and heating.
People living near industrial, mining, and major roads are also affected (Albers et al. 2015; Norman et al. 2007).
South Africa’s air pollution has received more attention as a result of the country's strong dependence on coal
mining as a main source of energy and combustion (DEAT, 2005). Despite global campaigns to shift away from
high-carbon-emitting fossil fuels, South Africa's emissions increased from 2018 to 2019. South Africa leads
Africa’'s major carbon emitters, emitting 471.6 million metric tons of carbon (MtC) in 2019, up from 464.4
million MtC in 2018 (DEAT 2019). Aside from coal mining, industrial areas like the South Durban Industrial
Basin and the Vaal Triangle lead to South Africa's high emission rate (Terblanche, 1994). South Africa's
National Environmental Management: Air Quality Act (AQA Act No.39 of 2004) went into effect in 2005 as a
means of managing the country's air quality. Despite the passage of this act, the country currently has no
ambient metal standard in place, with the exception of lead, making it impossible to protect the general public
from the negative effects of pollution. WHO reported that only six countries in Sub-Saharan Africa can provide
long-term data on airborne particulate matter (PM), spanning a total of 16 cities, due to a severe lack of air
pollution monitoring (WHO, 2014) According to a study conducted by Tefera et al (2020) in Ethiopia, urban air
quality monitoring of PM2s and other pollutants is lacking, resulting in a lack of data on fine particulate matter.

According to their findings, there are few studies on PMao, but no studies on ambient PM2s, which contributes



to the lack of studies on the health effects of pollution. In addition, the annual average of PM2s was three and
five times higher than the Ethiopian air quality standard (15 pg/m3) and the WHO air quality guideline,
respectively. Wambebe and Duan (2020), revealed that PM pollution assessments in Abuja city of Nigeria were
above WHO limits, particularly in the business area, resulting in a large gap between PM concentration
assessment results and WHO set standards. In another study conducted in Ghana by Sarpong et al (2021), high
concentrations of PM and total suspended particles were observed during the study period, informing the
general public of what they are exposed to and the consequences for their health. Further research into the
impact of environmental and other human behavioural factors on air quality is recommended by this study. On
the Africa continent, only a few studies have looked at PM:s levels (Gaita et al. 2014; Tshehla and Djolov 2018,
Kalisa et al. 2019) and elemental composition in an urban context region with a high population density, such as
Pretoria and Cape town (Novela et al. 2020; Williams et al. 2020; Adeyemi et al. 2021). As a result, the aim of
this study was to determine the level of PM2s in the Pretoria region, as well as its elemental composition, during
four different seasons: autumn, winter, spring, and summer. Using the enrichment element, a systematic
clarification of the source apportionment of present PM.s aerosols' inorganic content is also possible while

backward trajectory cluster was carried out using the HYSPLIT model.

Materials and Methods
Study area

Pretoria is a city in South Africa's Gauteng province, in the northern part of the country. With a population of
3.3 million people and a moderate dry subtropical climate, it is situated 50 kilometres north of Johannesburg in
South Africa’s northeast. Summers are hot and wet for long stretches of time, whereas winters are cool and dry
for only a short period. Pretoria’'s average annual temperature is about 18.7°C, which is a little high considering
its high elevation (1350m), and precipitation is 733mm. Because of its sheltered valley location, which acts as a
heat trap and prevents the movement of cool southerly and northern-easterly air masses throughout the year, it
has a warm duration. In the summer, the temperature hovers about 30°C and remains warm during the day.
There are cold waves in July and August, with daytime temperatures around 20°C and night time low
temperatures in recent years ranging from 2 to -5 °C (36 to 23 °F) (Mathee and Von Schirnding, 2003). South
Africa has four distinct seasons: winter (June-August), summer (December-February), autumn (March-May),

and spring (September-November).

PM2s sampling

The sampling campaign took place on the fifth floor of the HW Snyman South building at the University of
Pretoria’s School of Health Systems and Public Health (SHSPH). The University Health campus is located in an
urban area (Fig 1) and within 2km from a nearby major road. The sampling site was a typical urban background
site (-25.73 S, 28.20 E). Urban background sites are commonly used to depict the typical exposure to the
population without a dominating influence of nearby point sources. Particulate matter samples were taken every
third day from April 18, 2017 to April 17, 2018, spanning four seasons, with a start and stop time of 9:00 a.m. to
9:00 a.m. the next day (due to the inability to stop the pumps at midnight, which necessitated the option of
sampling time), as done in other studies (Novela et al. 2020; Williams et al. 2020; Adeyemi et al. 2021). A total
of 122 PMys samples and 25 duplicates were collected on 2.0 um PFTE (Zefon International, Inc ocala,

FL34474 USA)., PTFE supports (Zefluor) 37 mm filters for 24 hours, during the sampling campaign. Important



to mention is that one duplicate sample was discarded as a result of faulty pump. A sampling pump (GilAir-5) is
linked to a critical orifice that limits air flow to 4.01/min was utilised (Novela et al. 2020; Williams et al. 2020;
Adeyemi et al. 2021). Meteorological data was obtained from the South African Weather Services monitoring
station located near the sampling site. It is also important to mention that rainfall data for the full study period
was discarded (due to poor data quality) among the parameters collected. However, rainfall data from another

nearby monitoring station was obtained, analysed and reported accordingly.

Gravimetric and Elemental Analysis Method

For gravimetric mass concentrations, all filters were weighed before and after exposure using a 1ug sensitivity
ultra-microbalance (Mettler Toledo, XP6) in the SHSPH Air Quality Laboratory under climate-controlled
conditions (temperature and relative humidity of 21 + 0.5°C and 50 + 5%, respectively) as described by
Adeyemi et al. (2021). The Teflon filters were weighed before and after sampling to determine the mass
concentration of the collected PM. The modified version of the ULTRA research SOP was used for the
weighing procedure (Pekkanen et al. 2000). Weighing batches of blank filters according to 1ISO/CD 15767 (1SO,
1998) was used to determine the limit of detection (LoD). The pre and post-weighed filters were kept at 4°C in

the fridge.
Soot measurements

Using an M43D EEL smoke stain reflectometer (Diffusion Systems Ltd., London UK), the PM2s collected on
the filters were analyzed for black soot in batches of 20 filters. The procedure used also follow a SOP similar to
the ULTRA study (Pekkanen et al. 2000; Gotschi et al. 2002). The average reflectance resulting from the five
measurements was used in the calculations. Each filter was calculated for reflectance five times on different
locations according to the five-point rule (i.e., in the middle and in each quadrant). After each set of 25 filters,
three filters were chosen and measured a second time to ensure that the two measurements differed by no more
than 3%. By measuring the blank filter, the correction due filter was modified. According to ISO 9835 (1SO,

1993), the absorption coefficient, a, was used to express the reflectance as follows:
a = (A/2V) x In (Ro/Rs)

Where; A is the loaded filter area (m?), Vis the sampled air volume (m3), Ro is the average reflectance of field
blank filters (%), Rs is the average reflectance of the sampled filter (%), The absorption coefficient (a) is

expressed in 105 m!

Black carbon and UPVM

A Model OT21 Optical Transmissometer was used to test black carbon (BC) and UV-PM (a proxy for organic
carbonaceous (UV-PM) particulate matter absorbing UV light at 370nm) (Magee Scientific Corp., Berkeley, CA
USA). The presence of biomass burning is indicated by the additional absorption of UV light at 370 nm due to
organics (Samet, 2000; Sandradewi, 2008; Pope et al. 2002; Teich et al. 2017). UV-PM is a mass concentration-

based analog for organic carbon species.



Elemental analysis

An XEPOS 5 energy-dispersive X-ray fluorescence (EDXRF) spectrometer (Spectro analytical instruments
GmbH, Germany) was used at the Department of Chemistry and Molecular biology, Atmospheric Science
Division, University of Gothenburg to determine the elemental composition of the aerosol particles on all filters.
To maximize the identification of trace quantities of elements in the analytical spectrum, the analysis was
performed under four different operating conditions, two of which used a He atmosphere. The EDXRF spectra
were processed and quantified using the Spectro XRF Analyzer Pro application. All samples were analyzed for a
total of 3000 seconds, which was divided automatically among the four analytical setup conditions. The
manufacturer calibrated the EDXRF spectrometer, and the calibration was tested using the NIST SRM2783
standard reference filter. The elements Si, S, Cl, K, Ca, Ti, V, Fe, Ni, Cu, Zn, As, Se, Br, Sh, Ba, Pb, and U
were quantitatively analyzed in the current PMs aerosols. According to repeated analysis (N = 5) of two
randomly chosen filters, one with a low mass loading and the other with a high mass loading, the mean
analytical precision was 5% (Molnar et al. 2014). Field blanks were analysed in the same way as the samples
and concentrations detected above the limit of detection (LoD) were subtracted from the concentrations of the
same elements in the samples. Quantitative analysis results of nineteen elements, including black carbon, were

determined and converted into ng /m®,

Transport Clusters

Daily backward trajectories from April 18, 2017 to April 17, 2018 were generated using the Hybrid Single
Particle Lagrangian Integrated Trajectory software. (Draxler and Rolph, 2010; Molnar et al. 2017). 72 hours
daily backward trajectories were used in the cluster analysis. The method used has been presented in detail
elsewhere (Adeyemi 2020; Adeyemi et al. 2021).

Potential health risk

To determine the potential health risks that exposure to PM could pose to Pretoria residents, the potential risk
analysis was conducted by comparing the calculated mean of PM; s with the old and new WHO guideline of 10
and 5pg/m? (annual) and 25 and 15 pg/m?® (daily), respectively. The daily and seasonal mean for PM.s were
used in the computation of the air quality index (AQI) using the equation below as described by Wambebe and
Duan, X. (2020) and USEPA (2014).

AQI pollutant = Pollutant concentration ~ x 100
WHO Standard

According to the United States Environmental Protection Agency, the (AQI) is reported as the daily air quality
index. This index indicates how clean or unhealthy the air we breathe is, as well as the level of concern and
potential health consequences resulting from the air inhaled. The AQI also explains the experience an individual
may face during the first few hours or days of exposure to unhealthy or polluted air. According to USEPA

(2014), lower AQI values equals better air quality. Table S1 has been used to depict the air quality index rating.



The AQI table (Table S1) divides each pollutant into ranges (zero to above 300) which are then numbered and
assigned with color codes, and each color indicating the level of health concern and its meaning. The daily
AQI's colors correspond to the level of pollution and health concern. For example, level 1 indicates green color,
implying good and healthy air quality with little or no risk of health effect, whereas level 6 indicates maroon
color and a hazardous level of health concern. At this level, an emergency health warning will be activated

because the population exposed to this hazardous air may be adversely harmed.
Statistical analysis

Concentrations above the limit of detection (LoD) were addressed during calculation of summary statistics. SAS
System for Windows version 9.3 (SAS, 2003) was used to conduct statistical analyses. Seasons were defined as:
autumn (18-April 2017 to 31-May2017 and 1-March 2018 to 16-April 2018), winter (1-June 2017 to 31-August
2017), spring (1-September 2017 to 30-November 2017) and summer (1-December 2017 to 28- February 2018).
Descriptive statistics for PMas, soot, BC, OC and the trace elements were reported. Since the PM.5s levels and
meteorological variables did not have normal Gaussian distributions, non-parametric tests were used. The
association between PM. s, BC, and trace elements were investigated using Spearman rank correlation analyses.
To see whether PM2s median levels varied significantly across seasons and trajectories, the Kruskal-Wallis test
was used. The Wilcoxon rank-sum test was used to see whether there was a significant difference in PM2s levels
between weekdays and weekends.

RESULT AND DISCUSSION
Overview of PM2s concentration

Table 1 shows the summary of annual and seasonal concentrations of PM;s, soot, BC, and OC, while Fig. 2
shows time-series graphs of PM.s, soot, and meteorological conditions. PM2s levels ranged from 0.7 to 66.8
ug/m® on a daily basis, with an annual average (standard deviation) of 21.1 + 15.0 ug/m3. The overall average
was higher than the old WHO annual air quality guideline (10 pg/m®) (WHO, 2005) and the South African
National Ambient Air Quality Standard (SA NAAQS) (20 pg/m?) (DEA, 2005). This study's annual average
was four times higher than the new WHO annual air quality guideline (5 pg/m®) (WHO, 2021), implying that
people living in Pretoria are more likely to experience health problems associated with PM exposure. During
winter, the highest daily mean of 66.8 pg/m?® was reported (2 June 2017), while the winter's median value (35.0
ug/md) was significantly higher than autumn's (15.4 pg/m?3), spring's (13.5 pg/mé), and summer's (9.3 pg/md)
values (p<0.05). Similar to the observed increased PMys concentration in winter months in our study, other
studies (Shaltout et al. 2020; Safar and Labib, 2010) have also documented increased PM. s concentration during
the winter months as a result of higher frequency of inversions and reduced wind speed, which lowers
particulate matter dispersion in the air, since the cold months have the lowest temperature and windspeed (Table
S2). Aside from meteorological factors, biomass burning, fossil fuel burning, and agricultural activities all
contribute to the increased concentration during the winter. Dust, industrial secondary sulphate and secondary
organics have been reported to contribute significantly to the amount of particulate matter measured at ground
level of South Africa ((Maenhaut et al. 1996; Tiitta et al. 2014), also with recent attention to the impact of

regional biomass burning which also occurs from June to October (Cooke and Wilson, 1996), which originates



from the neighbouring countries mostly from Zimbabwe and Mozambique (Magi et al. 2009) and transported in
stratified layers aloft (Campbell et al., 2003; Chand et al.2009).

Table 2 presents the number of days the 24h daily PM2s levels exceeded the daily WHO guidelines and SA
standard. No exceedances were recorded during summer when PM_s concentrations were compared with the old
daily WHO guideline. During other seasons, exceedances were recorded when the PM2s concentrations were
compared with both old and new daily WHO guideline, thus indicating that the population of Pretoria are more
likely to experience health problems associated with air pollutionThe PM..s median concentrations for weekdays
(88days; 16.0 pg/md) and weekends (34days; 15.3 ug/m?®) did not differ significantly from each other (p > 0.05)

(Table 1). This suggests that there is no variation in pollution sources between weekdays and weekends.

The monthly average mass concentration of PMas vary substantially from month to month, ranging from
10pug/m? in December 2017 to 41 pg/m® in July 2017 (Fig. 3). During June and July 2017, average monthly
PM_s concentrations (Fig. 3) marginally exceeded the South African air quality standard limit for PM2s
(40pg/md for 24 hours) (DEAT, 2005). However, all months' average monthly PM,s concentrations (excluding
May—August 2017) exceed the World Health Organization's (WHO, 2006) and European Commission's yearly
air quality standards (European commission, 2017). As done in the study of Shaltout et al. (2020), The PM;s
samples were divided into five particle mass ranges based on the new WHO interim objectives for daily ambient
PM_ concentrations (WHO 2021): <25 pg/md, 25-37.5 pg/m?, 37.5-50 pg/m?, 50-75 pg/md, and > 75 pg/m?®
(Fig. 4). The air quality guideline (AQG) for PM2s for 24 hours (WHO, 2006) were met by 72% of the PMys
mass concentrations (Fig. 4), however 28% of the PM25s mass concentrations were higher, with none of the
PM_s mass concentrations above WHO's interim level I: 75 pg/m?. In a study conducted by Feig et al. (2016) in
Waterberg Limpopo, South Africa, the mean annual PM2s values from three monitoring stations were found to
be below the South African air quality standard. The mean PM.s level in this study were higher than those in
rural parts such as Thohoyandou (Novela et al. 2020) and Greater Tubatse of Limpopo (Tshehla and Djolov
2018), Tembisa town (Olutola et al. 2019) and major cities of South Africa which include Cape town (Williams
et al. 2020) and Pretoria (Morakinyo et al. 2019). On the other hand, the overall average PM;s level in an
Egyptian study (Shaltout et al. 2020) was found to be three times higher than the level reported in this study.
The annual average of PM_s levels for all the 21 AAQM stations in South Africa has been reported to range
from 4.9 — 43.3 pg/m? for with annual average of 24.1 pg/m? in the year 2012 which is slightly higher than the

average annual in this study (Altieri and Keen, 2019).

The annual mean soot level for this study is 2.3 x 10° m (Table 1). Comparing the soot level across seasons,
the median soot levels in winter (4.2 x 10> m?) and autumn (2.4 x 10" m) were significantly higher (p < 0.05)
than summer (1.1 x 10° m) and spring (1.0 x 10° m), a similar observation was reported in the study of
Williams et al. (2020) i.e. a consistent decline observation in the soot level was observed from July 2017 to
December 2017 was observed in this study (Fig. S1). Autumn and winter had the largest variations in soot
levels. This observation can be attributed to the positive correlation that exist between PM2s and soot, i.e. as
PM_5 increases, soot level also increases and vice versa. Median soot levels on weekdays (1.7 x 105 m) and
weekends (1.3 x 10° m™) (p > 0.05) did not differ significantly. In South Africa, no soot level standard has been
set, likewise no WHO guideline is known. However, the mean level of soot in this study is higher compared to

similar studies conducted as part of the bigger project in other provinces of South Africa during the same period



(April 2017 to April 2018), Cape town (1.4 x 10> m™) and Thohoyandou (0.7 x 105 m?). In comparison with
the study of Gotchi et al (2002), the indoor and outdoor black smoke (BS) recorded in Athens and Prague was
higher than our mean average for soot but lower than what was recorded in Basel and Helsinki, while the mean
average for BC in this study was higher than the BS in all the four locations, noting that number of samples in

our study is higher than the locations reported.

The annual mean for BC and OC were 3.9 pg/m®and 3.3 pg/m?®, respectively whereas Table 1 also summarizes
the seasonal mean concentrations of BC and OC. BC and OC concentrations followed the same pattern as PMas
concentrations, with the highest concentrations in winter and autumn and the lowest concentrations in spring
and summer (p<0.05). No significant difference was also observed during weekdays and weekends for both BC
and OC (p>0.05). A consistent decline pattern for BC and OC were observed from July 2017 to Jan 2018 (Fig.
S2). The seasonality pattern identified in this study for BC and OC is consistent with Zhang et al. 2008, which
employed the same sampling technique (sampling collected every 3 day for a period of one year) and similar
sampling locations e.g. urban area as our study. The higher concentrations of BC and OC in the spring
compared to the summer can be due to open biomass burning, which has been associated to higher K
concentrations in the spring in our study. Our findings are further corroborated by Cao et al. (2007), who found

that aerosols from open biomass burning have higher BC and OC.
Risk analysis by air quality index

The daily AQI was calculated for the entire study period and seasons using the old and current WHO PM35
concentration guidelines as shown in Fig S3. When the old WHO guideline was used for the AQI calculation,
the lowest and highest AQI were 3 and 5, respectively, while AQI was significant when the new guideline was

used, with the lowest and highest AQI being 267 and 445, respectively.

According to the old WHO annual PM2s guideline, 36 days (30%) of the total number of sampling days fall
within the AQI range of 0-50, indicating good and healthy air quality. According to Table S1, fifty-three (53)
days (43%) of the sampling days are in the moderate range (50-100). This indicates that the population exposed
to the air may face low to moderate health risks. In the instance of the new annual WHO guideline, 16 days
(13%) of the sampling period were in the range of good and healthy air quality, while 40 days (33%) fell in the
range of moderate air quality. Also, to be noted is that the days where good and moderate air quality were
observed happen to be spring and summer days. This observation shows that the new WHO guideline is more
protective than the old one as a result of the decline in the number of days of exceedances. Despite this, studies
have shown that exposure at lower concentrations below the WHO guidelines can have a significant negative
impact on human health (Brook et al. 2012; Burnett et al. 2018). Seasonally, using the mean values and the
annual WHO guidelines (old and new) for PMzs, the AQI for the different seasons ranged from 107- 355 and
214 - 710 for the old and new WHO limits, respectively. Most AQI exceedances occurred during late autumn
and winter, which indicates that the exposed population may be seriously affected by hazardous pollutants,
thereby resulting in an emergency health condition. According to the review by the WHO, it was stated that
“recent long-term studies show associations between PM and mortality at levels well below the current annual
WHO air quality guideline level for PM25s” (WHO, 2013). Despite South Africa's progressive air quality

legislation, the breath of potential health impacts associated with air quality has not been thoroughly researched



in local epidemiological studies, creating a significant research gap. Various studies have also found that
inhaling particulate matter can cause immune suppression, nausea, cardiovascular infection, lung cancer, and
asthma, as well as premature death (ATS, 2000; Martinelli et al. 2013; Pope et al. 2020).

Correlation coefficient between air pollution and weather variables

The spearman correlation between the air pollution and weather variables are shown in Table S3. PM2sand soot
had a significant positive correlation (r> = 0.96) and a significant negative correlation with temperature (r> = -
0.32; -0.49) and relative humidity (r? = -0.22; -0.03) (p<0.05) Table S3. Also, BC and OC had a significant
negative correlation with temperature, and a significant negative correlation with relative humidity. Wind speed
had a weak positive significant correlation with PM.s and OC, but a significant negative correlation with
temperature. This showed that temperature, RH and wind speed had significant impact on the ambient PM. In
winter, lower mean temperatures were associated with higher PM2 s levels, and vice versa in summer. According
to studies by Cavanagh et al. (2009). and Ryu et al. (2012) air pollutants tend to increase with calm winds and
stable atmospheric conditions, while air pollutant concentrations fall with increasing wind speeds and unstable

atmospheric circumstances.
Elemental concentration in PMzs

Table S4 shows the seasonal elemental analysis data for the air particulate filter samples collected at Pretoria.
The concentrations are given in ng/m3. The variability of the monthly concentration averages of eighteen
elements (Si, S, Cl, K, Ca, Ti, V, Fe, Ni, Cu, Zn, As, Se, Br, Sbh, Ba, Pb, and U) and black carbon (BC) in the
PM_5 are presented in Table 3. S recorded the highest monthly concentration of 2220 ng.m in June 2017. The
overall averages of the elemental concentrations showed the following pattern: S> Si> Fe> K> Ca> Ni> Cl>
Zn> Ti> Br> Ba> Sb> Pb> Cu> As> V> U> Se. The high concentrations of S, Si, Fe, and K found in this study
are consistent with the findings of Kilbo Edlund et al. (2021), who also found high concentrations of these
elements. Except for Ca, which had the highest monthly mean concentration in August 2017, the highest
monthly mean concentration for Zn and crustal elements (i.e. Si, K, Ti, and Fe) were reported in June 2017. All
of these elements had their lowest monthly mean concentrations at different times of the year, and their monthly
averages followed the same pattern as PM2s, which could have been influenced by seasonal weather conditions.
The crustal elements Si, K, Ca, Ti, and Fe accounted for 45.2% of the total element concentration in PMgs,
while S alone contributed 44.8%. Most of these elements were also highly correlated with total PM.s implying
that crustal elements are vital important source of PM2s in Pretoria, which is also consistent with the findings of
the studies conducted in Vaal Triangle and Thohoyandou (Muyemeki et al 2020; Kilbo Edlund’s et al. 2021).
Seasonally, except for V, Ni and Sb, all other elements recorded the highest concentrations during winter (Table
S4). Across all the seasons, the presence of S in PM2 s was significantly high (Fig. 5), which also agrees with the
study of Muyemeki et al. (2020) conducted in the same province of South Africa. This S can be attributed to
coal combustion in the province as a result of power generation. A significant amount of K and a low level of
Zn in PM2swere recorded during winter and spring when compared to other seasons. The same observation was
reported in the study by Muyemeki et al. (2020), which suggests that these elements are emitted as a result of

wood and biomass burning. The significant amount of Fe and Ni observed during winter and summer is also



consistent with the finding of Muyemeki et al. (2020) conducted in the same province, thus suggestive of

metallurgical industries around the province (Adeyemi et al. 2021).

The monthly difference in the sum of the of elemental concentrations, as well as BC present in PM2s which
corresponds to the PM,s mass concentrations reveals an average concentration ranging from 2050 ng m= in
November 2017 to 5970 ng.m™ in June 2017 with an average value of 3300 ng.m™ (Table 3). The overall
average of the ratio between sum elemental concentrations and PM2 s concentration was 17%, while the monthly
ratio varies between 12% in April and July 2017 and 29% in June 2017. Except for Pb, which is specified in the
ambient air quality criteria in South Africa, none of the elements are currently regulated. As a result, an annual
average target of 500 ng.m has yet to be promulgated. The amount of Pb identified in this study is much below
the level set by the European Commission for ambient Pb annual mean levels (500 ng.m3). The low Pb
concentrations found could be attributable to the phasing out of leaded gasoline in South Africa and other

African countries since 2006.

Intra-relationship between PMzs, BC and other elements

The intra-element interaction, according to Manta et al. (2002), might provide crucial information regarding the
likely origins and pathways for the elements detected. To explore the intra-relationship between the elements,
Pearson's correlation coefficient (Table 4) was applied to the elements analyzed in PM.s samples. Shaltout et al.
(2011), for example, reported a high positive association when the correlation coefficients approach 1. In this
study, we used Shaltout et al. (2020) definition of high positive correlation coefficients as values ranging from
0.75 to 0.99 (highlighted in bold), and moderately high correlation coefficients as values ranging from 0.50 to
0.74 in this investigation (highlighted in italic). The following elemental relationship was identified according to
Table 4. PM_ s concentrations demonstrate a strong positive correlation with BC, CI, Zn, As, Se, Br, and Pb, and
a moderate correlation with Ca, Fe, and Si. This points to the presence of a partially mixed aerosol at the
sampling site, as well as the seasonality of these elements. Secondly, CI has a strong positive correlation with K,
Zn, Pb, As, Se, and Br, but moderate to low correlation with the rest of the elements. This indicates that the
source is either biomass or coal burning. Thirdly, the high correlation between the crustal elements (K, Ca, Si,
Ti, and Fe) indicates that mineral dust and resuspended road dust from neighbouring roadways contribute to the
source (Shaltout et al. 2020). As previously stated, sulphur had the highest concentration, indicating a potential
source from coal combustion. The low correlation between S and other key elements (such as ClI and Br)
associated with coal combustion suggests that coal combustion is the primary source of S in these areas.
Finally, Pb had a strong correlation with CI, Ca, As, and Br and a weak correlation with K, Fe, Zn, Si, and Ti,
indicating that Pb-containing particles are complex. Except for the second source, these sources agree with
Shaltout et al.'s (2020) findings, i.e PM.s source composition from a similar study in residential -industrial

from the Mediterranean area having similar industries around our study area, and also close to a major busy road

Enrichment Factors of Measured Elements.

PM, particularly PM. s have been known to comprise mineral and elements which could originate from natural

and anthropogenic sources. Enrichment factors (EFs) were therefore calculated to differentiate the sources
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between natural and anthropogenic. The degree of anthropogenic contribution was determined according to the
study of Yongming et al. (2006), thus assisting in the determination of the degree of contamination. The EF for
an element is therefore calculated as follow. For an element X and reference crustal element Y, the EF for the

element X equals:

EFRc= (XX )air 1)
(X/Y )crust

Where (X/Y) refers to the concentration ratio of X and Y elements in the PM.5s aerosols or in the earth crust,
respectively. Elements such as Al, Fe, Mn and Rb and also total organic carbon and grain size have been used in
many studies, but in our study, Fe was used as the reference element Y. The choice of this elements was
attributed to its stability in the soil and its origin is mainly by natural sources. (Barbieri, 2016). The upper
continental crust chemical composition used in this study was extracted from the study by Wedepohl (1995).
Our estimation of EFs was performed with the assumption that the contribution of anthropogenic sources of Fe
is insignificant in Pretoria compared with the contribution from natural sources. A significant crustal source is
characterised with EF values less than 10 (EF<10) while non-crustal origin i.e. anthropogenic sources were
categorised as having EF greater than 10 (EF>10) (Nayebare et al. 2018). As shown in Fig 6, Si, Ca, Ti, K, Ba,
V and CI are of crustal origin (EF<10; i.e. soil and re-suspended dust), with anthropogenic having lesser
influence (Hao et al. 2007). Elements such as Cu, Zn, As, , Pb, and U are moderately enriched while Ni, Se, Br
and Sb are extremely enriched, (EF>10) and suggestive of anthropogenic or non crustal origin. (Xu et al. 2012;
Yongming et al. 2006). The high EF values imply that these elements are present in atmospheric aerosols at
levels that are too high to be explained by normal crustal weathering processes. The studies by Hsu et al. (2010)
and Alghamdi et al. (2015), confirms that the sources of moderately and extremely enriched elements are
suggestive emissions of combustion from mobile sources (i.e vehichle-exhaust), tire wear, fossile fuel,
combustion, incinerator emmission and industrial activities. The combustion of heavy fuel oil or diesel have
been known to contain S (Asaoka et al. 2019) while the presence of high EF for Cu can be attributed to
anthropogenic sources which include nonferrous metal industries ,chromium plating and wear of abestos-free
brake linings (Shaltout et al 2020). Since Pretoria is an inland city, studies from Duan et al. (2006) and Zheng et
al. (2005) have shown from chemical analysis of PM2s samples and source profiles from laboratory that Cl is

an elemental tracer for coal combustion.

Seasonal Transport clusters and potential source areas

The seasonal mean of PMys and transport cluster were summarized in Table S5. Seasonally, five transport
cluster with different pathways were identified based on the change in total spatial variance (TSV) output (Fig
7). The pathways in which the air masses originate can be categorized into Atlantic Ocean, Indian Ocean,
Regional, National and Transboundary while the dominance of the air masses across the seasons differs from
each other. During the entire study, air masses originating from cluster 2 dominated, but on distinct pathways.
Air masses coming from cluster 1 dominated in winter (51.6%) and autumn (51.6%), while cluster 2 dominated

in spring (60%) and summer (66.6%). The two main pathways that appeared seasonally and throughout the
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investigation were North of Limpopo (NLP) and Long Indian Ocean (LIO). The 24-h PM, soot, BC and OC
were significantly different by the geographical origin of air masses (p<0.05) (Table S6). On the other hand, the
median temperature and relative humidity levels did not differ significantly by the geographical origin of air
masses (p>0.05), however, the maximum temperature (25.3°C) and minimum relative humidity (21.5%) were

observed when the air masses originated from cluster associated Eastern inland (i.e. cluster 2).

Comparison of PMa2s, BC level and other metals with other studies in Africa.

The results of this analysis were compared to those of other related African studies. This study's PMzs, trace
elements, and BC concentrations were used in the comparison (Table 5). Based on the length of research, this
study is comparable to Gaita et al. (2014) and Boman et al. (2009) studies in Nairobi and Cairo, respectively.
The geographical positions of these countries in comparison to our study position are noteworthy. The results of
the studies can also be influenced by weather conditions. Another related element in Gaita et al. (2014) analysis

is the sampling location, which is an urban background.

Our annual PM_s concentration was comparable to Gaita et al. (2014) PM2s concentration in an urban
background site in Nairobi between May 2008 and April 2010. Furthermore, the mean BC concentration in this
study matches that of Gaita et al. (2014). The agreement in PMgzs concentrations between the two studies
demonstrates the impact of the severe drought that was experienced during Gaita et al. (2014) study.'s and the
low rainfall recorded during ours. The abundance of PM in the air can be seen in the study by Gaita et al.
(2014), which found higher concentrations of many elements than the average concentrations in this study. In
contrast, the S concentration in our study is twice that of a similar study by Gaita et al (2014).The study's high S
concentration may be due to increased energy production from the power generation plants using coal during the
cold season, which releases a significant amount of SO, into the atmosphere. The Pb concentration in our study
is twice as low as that recorded by Gaita et al. (2014). This result demonstrates the impact of South Africa's

2006 ban on lead in gasoline.

This study also supports the findings by Gaita et al. (2014) who reported that air quality from other studies listed
in Table 5 were largely influenced by mineral dust, combustion processes and vehicular emissions, by the
presence of key elements (such as Fe, Ca, K, Ti, BC, S, Zn, Pb) that has been associated with these sources in
our study. The levels of PM2s, BC, Pb, and K were higher in the study of Gatari et al. (2009) conducted at an
industrial background when compared to the levels of the same elements in our study. Although, the S level was
similar while the concentration of K in our study was 50% of what was reported in the study of Gatari et al
(2009), which might have been influenced by the industrial activities. Noteworthy to mention is the high PMzs,
BC and other elements that were reported at the city center of Ouagadougou (Boman et al. 2009) which has
been influenced by largely by mineral dust, combustion activities and vehicular emissions when compared to the
semirural area of Accra (Aboh et al. 2009) and urban background in our study. High PM seen in the semirural
area of the city of Accra have been reported to have been influenced by dust filled Harmattan winds blowing
from the Sahara Desert to the area. Lastly, Niand S were not reported in the study of Boman et al. (2009) and

Mn in our study.

Also, Zn, Br and Pb concentrations were found to be higher in our study when compared to other two locations.

The probable reasons for these differences at the locations might be partly influenced by the sampling methods
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and sampling campaign period. Another source of variation can be attributed to the compositions of the PM2s
sampled. In comparison to Cairo urban centre, Egypt and low-income area of Accra, the concentration of PMzs
in our study and low-income area of Accra was 50% more of what is reported at the Cairo urban centre (Boman
et al. 2013), as a result of the close proximity to the desert area. Other elements were also higher in the urban

centre, with the exception of Ni, which was about 23% higher in our study compared to the urban centre.

Gaita et al. (2014) reported in their study that air quality in Egypt's desert region is partly influenced by the
mineral dust originating from the desert, thus the probable reason for the increase observed for some elements
such as Ca, Cl and S. The location may also be responsible for the high S and CI concentration as Egypt is
closer to the Mediterranean Sea unlike our study area which is partly influence by the emission from the

surrounding power plants and industries.

Conclusion

Daily PMjs samples were collected between 18/04/2017 and 17/04/2018 every third day in the urban
background in Pretoria, South Africa. The annual mean for PM, s (21pg/m?®) was found to breach the new WHO
air quality guideline (5 pg/mq). Seasonality was evident, with median PM_ s levels significantly higher in winter
and autumn than in spring and summer. Autumn and winter median soot levels were significantly higher than
spring and summer median soot levels. In addition, most aerosol species, such as UV-PM, BC, Pb, and ClI, had
distinct seasonality, with the highest concentrations recorded during the winter season and the lowest
concentrations observed during the spring and summer seasons. The daily exceedances observed indicate that

the Pretoria population may suffer from a variety of health effects as a result of outdoor PM. 5 exposure.

The origin of air masses was investigated using the transport cluster based on the HYSPLIT backward trajectory
model, which revealed that the majority of pollutants reaching the study site are from local sources, particularly
areas where coal is used for power generation and heating processes. High S concentration observed in the
study follows the pattern of PM2s which is indicative of heating and power generation source during the cold
season. The low concentration of Pb recorded in this study could result from the banning of lead from gasoline
in South Africa since 2006. This study found differences in the sources of elemental-containing particles
ranging from soil and resuspended dust, anthropogenic activities, mobile sources and industrial activities. The
assessment results revealed that PM.s concentrations were above the WHO's AQI limits. The majority of AQI
exceedances occurred in late autumn and winter, indicating that the exposed population may be seriously
harmed by hazardous pollutants, resulting in an emergency health condition. Moreover, the findings of the
study can be of help to the government in the formulation of air pollution guidelines as a measure to mitigate the
effect of air pollution on the environment. In addition to this, if there is strict compliance with the already
formulated regulation on the identified sources, this will further significantly reduce the effect of air pollution in

our cities.
Acknowledgment

The authors would like to thank the South African Weather Services for the air pollution and meteorological

data, also gratefully acknowledge the NOAA Air Resources Laboratory for providing the HYSPLIT model and

13



the NOAA/ OAR/ESRL PSD, Boulder, Colorado, USA, for providing the NCEP Reanalysis datasets. University

of Pretoria and the National Research Foundation for the doctoral scholarship of A.A.A.

Funding

JW received funding from the South African National Research Foundation for a 3—year NRF Collaborative
Postgraduate Training Programme grant (CPT160424162937).

Conflict of interest. The authors declare that they have no competing interest.

Compliance with ethical standards. The Research Ethics Committee, Faculty of Health Sciences, University
of Pretoria, approved ethics approval (reference 469/2017) in 2017.

Availability of data and materials. The datasets generated and/or analysed during the current study are not
publicly available due to university’s intellectual property right but are available from the corresponding author

on reasonable request

Authors’ contributions. JW conceptualize the research. The research design, methodology, analysis of
findings, and writing of the manuscript were all the responsibility of all authors. The statistical analyses were

carried out by AA and PM. JB was responsible for the chemical analysis.

14



References

Aboh IJK, Henriksson D, Laursen J et al. (2009). Identification of aerosol particle sources in semi- rural area of
Kwabenya, near Accra, Ghana, by EDXRF techniques. X- Ray Spectrometry: An International
Journal, 38(4), pp.348-353. https://doi.org/10.1002/xrs.1172

Adeyemi A, Molnar P, Boman J, Wichmann J. (2021). Source apportionment of fine atmospheric particles using
positive matrix factorization in Pretoria, South Africa. Environmental Monitoring and
Assessment, 193(11), 1-21. https://doi.org/10.1007/s10661-021-09483-3

Adeyemi AA. (2020). PM2.5 chemical composition, source apportionment and geographical origin of air
masses in Pretoria, South Africa. PhD (Environmental Health) thesis. University of Pretoria, South

Africa.

Albers PN, Wright CY, Voyi KV, Mathee A (2015). Household fuel use and child respiratory ill health in two
towns in Mpumalanga, South Africa. South African Medical Journal, 105(7), pp.573-577.
https://doi.org/10.7196/SAMJnew.7934

Alghamdi MA, Almazroui M, Shamy M et al. (2015). Characterization and elemental composition of
atmospheric aerosol loads during springtime dust storm in western Saudi Arabia. Aerosol and Air
Quality Research, 15(2), pp.440-453. https://doi.org/10.4209/aaqr.2014.06.0110

Altieri KE, Keen SL (2019). Public health benefits of reducing exposure to ambient fine particulate matter in
South Africa. Science of the Total Environment, 684, pp.610-620.
https://doi.org/10.1016/j.scitotenv.2019.05.355

American Thoracic Society (2000). What Constitutes an Adverse Health Effect of Air Pollution? American

Journal of Respiratory Critical Care Medicine 161:665-673. https://doi.org/10.1164/ajrccm.161.2.ats4-

00

Anderson GB, Krall JR., Peng RD et al. (2012). Is the relation between ozone and mortality confounded by
chemical components of particulate matter? Analysis of 7 components in 57 US
communities. American journal of epidemiology, 176(8), 726-732. https://doi.org/10.1093/aje/kws188

Asaoka S, Dan T, Asano |, et al. (2019). Identifying sulfur species adsorbed on particulate matters in exhaust
gas emitted from various vessels. Chemosphere, 223, pp.399-405.
https://doi.org/10.1016/j.chemosphere.2019.02.096

Barbieri MJJGG (2016). The importance of enrichment factor (EF) and geoaccumulation index (Igeo) to
evaluate the soil contamination.J Geol Geophys, 5(1), pp.1-4. http://dx.doi.org/10.4172/2381-
8719.1000237

15


https://doi.org/10.1002/xrs.1172
https://doi.org/10.1007/s10661-021-09483-3
https://doi.org/10.7196/SAMJnew.7934
https://doi.org/10.4209/aaqr.2014.06.0110
https://doi.org/10.1016/j.scitotenv.2019.05.355
https://doi.org/10.1164/ajrccm.161.2.ats4-00
https://doi.org/10.1164/ajrccm.161.2.ats4-00
https://doi.org/10.1093/aje/kws188
https://doi.org/10.1016/j.chemosphere.2019.02.096
http://dx.doi.org/10.4172/2381-8719.1000237
http://dx.doi.org/10.4172/2381-8719.1000237

Boman J, Lindén J, Thorsson S. et al (2009). A tentative study of urban and suburban fine particles (PM2.5)
collected in Ouagadougou, Burkina Faso. X- Ray Spectrometry: An International Journal, 38(4),
pp.354-362. https://doi.org/10.1002/xrs.1173

Boman J, Shaltout AA, Abozied AM, Hassan SK (2013). On the elemental composition of PM2.5 in central
Cairo, Egypt. X- Ray Spectrometry, 42(4), pp.276-283. https://doi.org/10.1002/xrs.2464

Boman J, Shaltout, AA, Abozied, AM, Hassan, SK (2013). On the elemental composition of PM2.5 in central
Cairo, Egypt. X- Ray Spectrometry, 42(4), pp.276-283. https://doi.org/10.1002/xrs.2464

Brook RD, Rajagopalan S, Pope Il CA et al. (2010). Particulate matter air pollution and cardiovascular disease:
an update to the scientific statement from the American Heart Association. Circulation, 121(21),
pp.2331-2378. https://doi.org/10.1161/CIR.0b013e3181dbecel

Burnett R, Chen H, Szyszkowicz M, (2018). Global estimates of mortality associated with long-term exposure
to outdoor fine particulate matter. Proceedings of the National Academy of Sciences. 115(38):9592-
9597.

Burnett R. Chen H, Szyszkowicz, M. et al (2018). Global estimates of mortality associated with long-term
exposure to outdoor fine particulate matter. Proceedings of the National Academy of Sciences, 115(38),
pp.9592-9597. https://doi.org/10.1073/pnas.1803222115

Campbell JR, Welton EJ, Spinhirne JD. et al (2003). Micropulse lidar observations of tropospheric aerosols over
northeastern South Africa during the ARREX and SAFARI 2000 dry season experiments. Journal of

Geophysical Research: Atmospheres, 108. https://doi.org/10.1029/2002JD002563

Cao JJ, Lee SC, Chow JC et al (2007). Spatial and seasonal distributions of carbonaceous aerosols over
China. Journal of geophysical research: atmospheres, 112(D22).
https://doi.org/10.1029/2006JD008205

Cavanagh JAE, Zawar-Reza P, Wilson JG. (2009). Spatial attenuation of ambient particulate matter air pollution
within an urbanised native forest patch. Urban Forestry & Urban Greening, 8(1), pp.21-30.
https://doi.org/10.1016/j.ufug.2008.10.002

Chand D, Wood R, Anderson TL et al. (2009). Satellite-derived direct radiative effect of aerosols dependent on

cloud cover. Nature Geoscience, 2(3), pp.181-184. https://doi.org/10.1038/nge0437

Cooke WF, Wilson JJ (1996). A global black carbon aerosol model. Journal of Geophysical Research:

Atmospheres, 101(D14), pp.19395-19409. https:/doi.org/10.1029/96JD00671

DEAT (2005) Department of Environmental Affairs and Tourism. Sustainable Development: South Africa
Country Report of the Fourteenth Session of the United Nations Commission. Pretoria: Department of

Environmental Affairs.

16


https://doi.org/10.1002/xrs.1173
https://doi.org/10.1002/xrs.2464
https://doi.org/10.1002/xrs.2464
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://doi.org/10.1073/pnas.1803222115
https://doi.org/10.1029/2002JD002563
https://doi.org/10.1029/2006JD008205
https://doi.org/10.1016/j.ufug.2008.10.002
https://doi.org/10.1038/ngeo437
https://doi.org/10.1029/96JD00671

DEAT (2019). Department of Environmental Affairs and Tourism GHG National Inventory Report South
Africa2000-2015. Awvailable at: https://www.environment.gov.za/sites/default/files/reports/GHG-
Nationallnventory-Report-SouthAfrica-2000-2015.pdf.

Draxler RR, Rolph GD. (2010) HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) model
access via NOAA ARL READY website (http://ready. arl. noaa. gov/HYSPLIT. php). NOAA Air
Resources Laboratory. Silver Spring, MD. Mar;25.

Duan FK, He KB, Ma YL et al. (2006). Concentration and chemical characteristics of PM2. 5 in Beijing, China:
2001-2002. Science of the Total Environment, 355(1-3), pp.264-275.
https://doi.org/10.1016/j.scitotenv.2005.03.001

Edlund KK, Killman F, Molnar P et al. (2021). Health Risk Assessment of PM2.5 and PM2.5-Bound Trace
Elements in Thohoyandou, South Africa. International journal of environmental research and public
health, 18(3), p.1359. https://doi.org/10.3390/ijerph18031359

European Commission (EC) (2017) Air quality standards. http://
ec.europa.eu/environment/air/quality/standards.html. Accessed Dec 2021

Feig GT, Naidoo S. Ncgukana N (2016). Assessment of ambient air pollution in the Waterberg Priority Area
2012-2015. http://dx.doi.org/10.17159/2410-972X/2016/v26n1a9

Gaita, S, Boman, J, Gatari M et al. (2014) Source apportionment and seasonal variation of PM 2.5 in a Sub-
Saharan  African city:  Nairobi, Kenya. Atmos. Chem. Phys, 14, 9977-9991.
https://doi.org/10.5194/acp-14-9977-2014

Gatari MJ, Boman J. Wagner A (2009). Characterization of aerosol particles at an industrial background site in
Nairobi,  Kenya. X- Ray  Spectrometry: ~ An  International  Journal, 38(1), pp.37-44.
https://doi.org/10.1002/xrs.1097

Gehring U, Wijga AH, Brauer M et al. (2010). Traffic-related air pollution and the development of asthma and
allergies during the first 8 years of life. American journal of respiratory and critical care
medicine, 181(6), pp.596-603. https://doi.org/10.1164/rccm.200906-08580C

Gotschi T, Oglesby L, Mathys P et al. (2002). Comparison of black smoke and PM2. 5 levels in indoor and
outdoor environments of four European cities. Environmental science & technology, 36(6), pp.1191-
1197. https://doi.org/10.1021/es010079n

Hao Y, Guo Z., Yang Z.et al. (2007). Seasonal Variations and Sources of Various Elements in the Atmospheric
Aerosols in Qingdao, China. Atmos. Res. 85: 27-37 https://doi.org/10.1016/j.atmosres.2006.11.001

Hsu SC, Liu SC, Tsai F. et al (2010). High wintertime particulate matter pollution over an offshore island
(Kinmen) off southeastern China: An overview. Journal of Geophysical Research:
Atmospheres, 115(D17). https://doi.org/10.1029/2009JD013641

International Organization for Standardization. Ambient Air — Determination of a Black Smoke Index (ISO

9835). International Organization for Standardization, 1993: www.iso.0rg

17


https://doi.org/10.1016/j.scitotenv.2005.03.001
https://doi.org/10.3390/ijerph18031359
http://dx.doi.org/10.17159/2410-972X/2016/v26n1a9
https://doi.org/10.5194/acp-14-9977-2014
https://doi.org/10.1002/xrs.1097
https://doi.org/10.1164/rccm.200906-0858OC
https://doi.org/10.1021/es010079n
https://doi.org/10.1016/j.atmosres.2006.11.001
https://doi.org/10.1029/2009JD013641

International Organization for Standardization. Workplace Atmospheres — Controlling and Characterizing Errors
in Weighing Collected Aerosols (ISO/CD15767). International Organization for Standardization, 1998:

WWW.is0.0rg.

Kalisa E, Archer S, Nagato E et al (2019) Chemical and biological components of urban aerosols in Africa:
current status and knowledge gaps. International Journal of environmental research and public health.
Jan;16(6):941. https://doi.org/10.3390/ijerph16060941

Kanakidou M, Seinfeld JH, Pandis SN et al (2005). Organic aerosol and global climate modelling: a
review. Atmospheric Chemistry and Physics, 5(4), pp.1053-1123. https://doi.org/10.5194/acp-5-1053-2005

Maenhaut W, Salma I, Cafmeyer J. (1996). Regional atmospheric aerosol composition and sources in the eastern
Transvaal, South Africa, and impact of biomass burning. Journal of Geophysical Research:

Atmospheres, 101(D19), 23631-23650. https://doi.org/10.1029/95JD02930

Magi BI, Ginoux P, Ming Y, Ramaswamy V (2009). Evaluation of tropical and extratropical Southern
Hemisphere African aerosol properties simulated by a climate model, J. Geophys. Res., 114, D14204,

https://doi.org/10.1029/2008JD011128

Magi BI, Hobbs PV, Schmid B et al (2003). Vertical profiles of light scattering, light absorption, and single
scattering albedo during the dry, biomass burning season in southern Africa and comparisons of in situ
and remote sensing measurements of aerosol optical depths. Journal of Geophysical Research:

Atmospheres, 108(D13). https://doi.org/10.1029/2002JD002361

Manta DS, Angelone M, Bellanca A et al. (2002). Heavy metals in urban soils: a case study from the city of
Palermo  (Sicily), Italy. Science  of the total environment, 300(1-3), pp.229-243.
https://doi.org/10.1016/S0048-9697(02)00273-5

Martinelli N, Olivieri O, Girelli D (2013). Air particulate matter and cardiovascular disease: a narrative
review. European journal of internal medicine, 24(4), pp.295-302.
https://doi.org/10.1016/j.ejim.2013.04.001

Mathee, A. von Schirnding, Y. (2003). Air quality and health in Greater Johannesburg. Air pollution and health
in developing countries. Earthscan Publications, London:206-219.
https://doi.org/10.4324/9781849770460

Molnér P, Johannesson S, Quass U. (2014). Source apportionment of PM2. 5 using positive matrix factorization
(PMF) and PMF with factor selection. Aerosol and Air Quality Research, 14(3), 725-733.
https://doi.org/10.4209/aaqr.2013.11.0335

Molnér P, Tang L, Sjoberg K, Wichmann J (2017). Long-range transport clusters and positive matrix
factorization source apportionment for investigating transboundary PM 2.5 in Gothenburg,
Sweden. Environmental Science: Processes & Impacts, 19(10), pp.1270-1277.
https://doi.org/10.1039/C7EM00122C

18


https://doi.org/10.3390/ijerph16060941
https://doi.org/10.5194/acp-5-1053-2005
https://doi.org/10.1029/95JD02930
https://doi.org/10.1029/2008JD011128
https://doi.org/10.1029/2002JD002361
https://doi.org/10.1016/S0048-9697(02)00273-5
https://doi.org/10.1016/j.ejim.2013.04.001
https://doi.org/10.4324/9781849770460
https://doi.org/10.4209/aaqr.2013.11.0335
https://doi.org/10.1039/C7EM00122C

Morakinyo O, Mokgobu M, Mukhola S (2019) Health risk analysis of elemental component of respirable
particulate matter in an urban area in South Africa. Environmental Epidemiology 3:274
https://d0i:10.1097/01.EE9.0000608924.54937.70

Muyemeki L, Burger R, Piketh SJ, Beukes JP, Van Zyl PG (2021) Source apportionment of ambient PM10-25
and PM2. 5 for the Vaal Triangle, South Africa. South African Journal of Science. Jun;117(5-6):1-1.
http://dx.doi.org/10.17159/sajs.2021/8617

Nayebare SR, Aburizaiza OS, Siddique A. et al. (2018). Ambient air quality in the holy city of Makkah: A
source apportionment with elemental enrichment factors (EFs) and factor analysis
(PMF). Environmental Pollution, 243, pp.1791-1801. https://doi.org/10.1016/j.envpol.2018.09.086

Norman R, Cairncross E, Witi Jet al (2007). Estimating the burden of disease attributable to urban outdoor air
pollution in South Africa in 2000. South African Medical Journal, 97(8), 782-790.

Novela RJ, Gitari WM, Chikoore H et al. (2020). Chemical characterization of fine particulate matter, source
apportionment and long-range transport clusters in Thohoyandou, South Africa. Clean Air
Journal, 30(2), 1-12. http://dx.doi.org/10.17159/caj/2020/30/2.8735

Olutola B, Claassen N, Voyi K, Wichmann J (2019). Apparent temperature as a modifier of the effects of air
pollution on respiratory disease hospital admissions in Secunda, South Africa. Environmental
Epidemiology, 3, p.439. https://doi:10.1097/01.EE9.0000610944.80871.4a

Paraskevopoulou D, Liakakou, E, Gerasopoulos, E et al (2015). Sources of atmospheric aerosol from long-term
measurements (5 years) of chemical composition in Athens, Greece. Science of the Total
Environment, 527, pp.165-178. https://doi.org/10.1016/j.scitotenv.2015.04.022

Parmar RS., Satsangi GS, Kumari M., (2001). Study of size distribution of atmospheric aerosol at
Agra. Atmospheric Environment, 35(4), pp.693-702. https://doi.org/10.1016/S1352-2310(00)00317-4

Pekkanen, J, Timonen KL, Tiittanen P et.al. (2000) ULTRA Study Manual and Data Book, ULTRA. Kuopio
University Printing Office, Kuopio.

Pope Il CA, Burnett RT, Thun MJ et al (2002). Lung cancer, cardiopulmonary mortality, and long-term
exposure to fine particulate air pollution. Jama, 287(9), pp.1132-1141.
https://doi:10.1001/jama.287.9.1132

Pope 11l CA, Coleman N, Pond ZA et al (2020). Fine particulate air pollution and human mortality: 25+ years of
cohort studies. Environmental research, 183, 108924. https://doi.org/10.1016/j.envres.2019.108924

Pope 11l CA, Dockery DW (2006). Health effects of fine particulate air pollution: lines that connect. Journal of
the air & waste management association, 56(6), pp.709-742.
https://doi.org/10.1080/10473289.2006.10464485

Ryu YH, Ryu YH, Baik JJ et al. (2012). Impacts of urban land-surface forcing on air quality in the Seoul
metropolitan area. Atmospheric Chemistry & Physics Discussions, 12(9). https://doi:10.5194/acpd-12-
25791-2012

19


https://doi:10.1097/01.EE9.0000608924.54937.70
https://doi.org/10.1016/j.envpol.2018.09.086
http://dx.doi.org/10.17159/caj/2020/30/2.8735
https://doi:10.1097/01.EE9.0000610944.80871.4a
https://doi.org/10.1016/j.scitotenv.2015.04.022
https://doi.org/10.1016/S1352-2310(00)00317-4
https://doi:10.1001/jama.287.9.1132
https://doi.org/10.1016/j.envres.2019.108924
https://doi.org/10.1080/10473289.2006.10464485
https://doi:10.5194/acpd-12-25791-2012
https://doi:10.5194/acpd-12-25791-2012

Safar ZS, Labib MW (2010). Assessment of particulate matter and lead levels in the Greater Cairo area for the
period 1998-2007. Journal of advanced research, 1(1), pp.53-63.
https://doi.org/10.1016/j.jare.2010.02.004

Samet JM, Dominici F, Curriero FC et al. (2000). Fine particulate air pollution and mortality in 20 US cities,
1987-1994. New England journal of medicine, 343(24), 1742-1749.
https://DOI:10.1056/NEJM200012143432401

Sandradewi J, Prévdt AS, Szidat S et al (2008). Using aerosol light absorption measurements for the quantitative
determination of wood burning and traffic emission contributions to particulate matter. Environmental
science & technology, 42(9), pp.3316-3323. https://doi.org/10.1021/es702253m

Sarpong SA, Donkoh RF, Konnuba JKS et al. (2021). Analysis of PM2. 5, PM10, and total suspended particle
exposure in  the tema  metropolitan area of  Ghana. Atmosphere, 12(6), p.700.
https://doi.org/10.3390/atmos12060700

SAS, SAS Statistical software version 9.3, SAS Institute Inc., Cary,NC, 2003

Shaltout AA, Boman J, Hassan SK, (2020). Elemental Composition of PM 2.5 Aerosol in a Residential—
Industrial Area of a Mediterranean Megacity. Archives of environmental contamination and
toxicology, 78(1), pp.68-78. https://doi.org/10.1007/s00244-019-00688-9

Shaltout AA, Welz B, Ibrahim MA (2011). Influence of the grain size on the quality of standard less WDXRF
analysis of river Nile sediments. Microchemical journal, 99(2), pp.356-363.
https://doi.org/10.1016/j.microc.2011.06.006

Steinfeld JI, (1998). Atmospheric chemistry and physics: from air pollution to climate change. Environment:
Science and Policy for Sustainable Development, 40(7), pp.26-26.
https://doi.org/10.1080/00139157.1999.10544295

Tefera W, Kumie A, Berhane K. et al. (2020). Chemical characterization and seasonality of ambient particles
(PM2.5) in the City Centre of Addis Ababa. International journal of environmental research and public
health, 17(19), p.6998. https://doi.org/10.3390/ijerph17196998

Teich M, Pinxteren DV, Wang M et al (2017). Contributions of nitrated aromatic compounds to the light
absorption of water-soluble and particulate brown carbon in different atmospheric environments in
Germany  and China. Atmospheric Chemistry and Physics, 17(3), pp.1653-1672.
http://dx.doi.org/10.5194/acp—647

Terblanche P, Nel R, Golding T. (1994). Household energy sources in South Africa: an overview of the impact

of air pollution on human health. CSIR Environmental Services.

Tiitta P, Vakkari V, Croteau P. et al (2014). Chemical composition, main sources and temporal variability of
PM 1 aerosols in southern African grassland. Atmospheric Chemistry and Physics, 14(4), pp.1909-

1927. https://doi.org/10.5194/acp-14-1909-2014

20


https://doi.org/10.1016/j.jare.2010.02.004
https://DOI:10.1056/NEJM200012143432401
https://doi.org/10.1021/es702253m
https://doi.org/10.3390/atmos12060700
https://doi.org/10.1007/s00244-019-00688-9
https://doi.org/10.1016/j.microc.2011.06.006
https://doi.org/10.1080/00139157.1999.10544295
https://doi.org/10.3390/ijerph17196998
http://dx.doi.org/10.5194/acp––647
https://doi.org/10.5194/acp-14-1909-2014

Tshehla C, Djolov G. (2018) Source profiling, source apportionment and cluster transport analysis to identify
the sources of PM and the origin of air masses to an industrialised rural area in Limpopo. Clean Air
Journal. 28(2):54-66. http://dx.doi.org/10.17159/2410-972x/2018/v28n2al8

U.S. EPA. (2014) Air Quality Index (AQI). A Guide to Air Quality and Your Health; EPA-456/F-14-002; U.S.
Environmental Protection Agency Office of Air Quality Planning and Standards Outreach and

Information Division Research: Triangle Park, NC, USA, pp. 1-12.

Vohra K, Vodonos A, Schwartz J et al. (2021). Global mortality from outdoor fine particle pollution generated
by fossil fuel combustion: results from GEOS Chem. Environ Res. 195:110754.
https://doi.org/10.1016/j.envres.2021.110754

Wambebe NM, Duan X (2020). Air quality levels and health risk assessment of particulate matters in Abuja
municipal area, Nigeria. Atmosphere, 11(8), p.817. https://doi.org/10.3390/atmos11080817

Wedepohl KH. (1995) The composition of the continental crust. Geochim Cosmochim Acta 59(7):1217-1232
https://doi.org/10.1016/0016-7037(95)00038-2

WHO (2005) Air quality guidelines - global update 2005. Available at:
https://www.who.int/airpollution/publications/ agg2005/en/. Accessed 20 December 2021

WHO (2006) Air quality guidelines for particulate matter, ozone, nitrogen dioxide and sulfur dioxide. Global

Update, Summary of Risk Assessment. World Bank; 2018.
https://data.worldbank.org/indicator/EN.ATM.PM25.MC.M3?end=2016&locations=EG&start=1990&
view=chart

WHO (2013) Review of Evidence on Health Aspects of Air Pollution—REVIHAAP Project: Technical Report;
World Health Organisation: Copenhagen, Denmark, 2013; VVolume 49, pp. 35-42

WHO (2014). Burden of disease from ambient and household air pollution. Available

at:http://www.who.int/phe/health_topics/outdoorair/databases/en. Date accessed: 14 January,2020

WHO (2018) Regional Office for Europe Multisectoral and intersectoral action for improved health and well-
being for all: mapping of the WHO European Region. Governance for a sustainable future: improving
health and well-being for all. Final report. Copenhagen: WHO Regional Office for Europe
(https://apps.who.int/iris/handle/10665/341715), accessed 10 March 2022

WHO (2021) New WHO Global Air Quality Guidelines aim to save millions of lives from air pollution.
Available at:  https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-
health. Accessed 20 December 2021

Williams J, Petrik L, Wichmann J. (2021). PM 2.5 chemical composition and geographical origin of air masses
in Cape Town, South Africa. Air Quality, Atmosphere & Health, 14(3), 431-442.
https://doi.org/10.1007/s11869-020-00947-y

21


http://dx.doi.org/10.17159/2410-972x/2018/v28n2a18
https://doi.org/10.1016/j.envres.2021.110754
https://doi.org/10.3390/atmos11080817
https://doi.org/10.1016/0016-7037(95)00038-2
http://www.who.int/phe/health_topics/outdoorair/databases/en
https://doi.org/10.1007/s11869-020-00947-y

Xu L, Chen X, Chen J. et al. (2012). Seasonal variations and chemical compositions of PM2. 5 aerosols in the
urban area of Fuzhou, China. Atmospheric Research, 104, pp.264-272.
https://doi.org/10.1016/j.atmosres.2011.10.017

Yongming H, Peixuan D, Junji C. Posmentier ES (2006). Multivariate analysis of heavy metal contamination in
urban dusts of Xi'an, Central China. Science of the total environment, 355(1-3), pp.176-186.
https://doi.org/10.1016/j.scitotenv.2005.02.026

Zhang XY, Wang YQ, Zhang XC et al. (2008). Carbonaceous aerosol composition over various regions of
China  during 2006. Journal of  Geophysical Research: Atmospheres, 113(D14).
https://doi.org/10.1029/2007JD009525

Zheng M, Salmon LG, Schauer JJ. et al (2005). Seasonal trends in PM2. 5 source contributions in Beijing,
China. Atmospheric Environment, 39(22), pp.3967-3976.
https://doi.org/10.1016/j.atmosenv.2005.03.036

22


https://doi.org/10.1016/j.atmosres.2011.10.017
https://doi.org/10.1016/j.scitotenv.2005.02.026
https://doi.org/10.1029/2007JD009525
https://doi.org/10.1016/j.atmosenv.2005.03.036

Sampling site

City of Tshwa:j]e

apmne

8
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during April 18, 2017, to April 16, 2018, in Pretoria, South Africa.
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Table 1 Summary of PM,s, BC, OC concentration and soot levels for full year, seasons, weekdays and

weekends in Pretoria during 18 April 2017 and 17 April 2018

Variables N Mean SD Median Range
Full year

PM 5 (ug/m?) 122 21.1 15.0 15.6 0.7-66.8
BC (ug/m?) 122 3.9 3.0 2.9 04-114
OC (ug/md) 122 33 1.9 2.8 05-76
Soot (10° m™?) 122 2.3 2.0 1.0 0.1-8.6
Autumn

PM_ 5 (ug/m®) 31 23.4 15.7 15.4 3.4-579
BC (ug/md) 31 4.3 2.9 75 21-114
OC (pg/md) 31 3.4 1.6 5.5 23-76
Soot (10° m?) 31 2.7 1.9 2.4 05-8.2
Winter

PM 5 (ug/m®) 31 355 14.2 35.0 14.6 — 66.8
BC (ug/md) 31 6.9 2.8 3.8 0.5-10.8
OC (ug/m?®) 31 5.4 1.7 3.4 07-7.0
Soot (10° m™?) 31 4.3 2.2 4.2 09-8.6
Spring

PM2 (ng/m®) 30 14.3 8.2 135 1.3-35.4
BC (ug/md) 30 2.3 1.7 2.0 0.6-8.3
OC (pug/md) 30 2.3 1.2 2.0 0.8-5.6
Soot (10° m™?) 30 1.3 1.1 1.0 04-5.6
Summer

PM2s (ng/m®) 30 10.7 4.6 9.3 0.7-216
BC (ug/md) 30 1.8 0.9 1.7 0.4-3.9
OC (pug/m3) 30 1.9 0.8 2.0 05-34
Soot (10° m?) 30 1.0 0.5 1.1 01-17
Weekdays

PM25 (ng/m®) 88 20.7 14.3 16.0 0.7-66.8
BC (ug/md) 88 4.0 3.0 3.2 0.4-114
OC (pug/m3) 88 3.4 1.9 2.9 05-7.6
Soot (10° m™?) 88 2.4 2.1 1.7 0.2-8.6
Weekends

PM25 (ug/m®) 34 22.1 17.0 15.3 3.4-579
BC (ug/md) 34 35 3.2 2.1 0.5-10.7
OC (pug/m3) 34 3.1 2.1 2.3 07-7.6
Soot (105 m?) 34 2.2 2.1 1.3 01-6.9
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Table 2 Mean concentration of PM, s exceedance with WHO guideline and SA air quality standard

Seasons No of exceedance
Old Daily WHO guideline New Daily WHO guideline Daily SA standard for
for PM2s (25 ugm-®) for PM2s (15 ugm®) PM2s (40 pgm®).
Summer 0 6 (20%) 0
Spring 3 (10%) 14 (47%) 0
Autumn 9 (29%) 17 (55%) 7 (23%)
Winter 21 (68%) 29 (94%) 14 (45%)
Total 33 (27%) 66 (54%0) 21 (17%)
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Table 3 the monthly average and total elemental concentrations of PM2s (ng m™) at urban background site in Pretoria, South Africa

El Apr-17 May-17 Jun-17 Jul-17 Aug-17 Sept-17 Oct-17 Nov-17 Dec-17 Jan-18 Feb-18 Mar-18 Average

Si 300£270  700+420  1220+710 760470 1140640 6404560 330+340 250£150 330+130 500+390 270+£130 300260 560+340

S 1230£970 2200£200 2220+172 1790+107 1940+183 710+580  820+440 1050100 1460+57 112073 1710+£780 1520+188 1480+510

0 0 0 0 0 0 0 0

Cl 30+30 140+190  180+140 280+360 80+60 30+30 20+30 9+6 8+5 30+60 10+10 11+8 70+90

K 150+80 340+290 880+450  850+380 660+290 510+440 260+150 150480 100+40  160+140 80+40 110+80 360+300

Ca 160+110 210+150 3204190 2704170  440+230 160+160  90+100 40£20 50£40 110+40 110460 110440 170£120

Ti 21+10 4020 60£40 4020 60+30 30+£20 20£10 1349 18+7 3520 20£10 21412 3020

\Y 4+7 0.60 0.6x0 0.6x0 0.60 0.60 0.60 5+15 4+10 0.6x0 0.6x0 0.6+0 2+2

Fe 300£120 520+£140 640240 440+160 560+160 420+190 350+100 29070 260+50 310490 130460 160+80 370£160

Ni 90+£100 220£25 210£20 100£110  190+70 210+20 210£30 19050 160£15  140+50 2+1 1+0.8 14080

Cu 12+14 11+10 15+10 11+10 10+10 8+6 515 3+2 4+2 4+2 12+18 5+7 10+4

Zn 70£50 140£140  140+£130  140+90 40+30 20+30 40£40 11+14 6+4 815 16+18 40£50 60+60

As 1+1 4+6 4+4 10+10 4+10 0.7+1 0.4x0 0.4+0 0.4x0 0.4x0 0.4x0 0.5+0.1 2+3

Se 0.5+0.2 2+2 3+3 4+5 0.5+0.2 0.5+0.1 1+1 0.8+1.2 0.5+0.2 0.7£0.6 0.7x0.5 0.7+0.7 1+1

Br 15+12 55475 40120 40120 20£15 1249 8+4 5+3 5+3 4+2 4+3 8+4 20£20

Sh 11411 20£15 7+5 7+3 11+10 11+15 12+12 14+13 15+12 13+14 8+7 8+6 10+4

Ba 13+12 10£10 10+9 10+10 23+15 15+10 1010 11+12 8+6 11+10 101+11 12+11 12+4

Pb 10+20 20£35 15+10 30£40 3060 3+2 3+1 2+0.1 2+0 2+0 446 3+2 10+10

U 1+1 1+0.5 2+3 1+1 212 1+1 1+1 2+1 3+2 1+0.5 1+0 1+0.5 1+1

BC 44404220 6180+332 8130+265 8090+241 4760+248 3070245 2230+114 1600+830 1700+90 1400+70 2260+102 2420+125 3860+246
0 0 0 0 0 0 0 0 0 0 0 0

>EL 2420 4630 5970 4780 5210 2780 2180 2050 2430 2450 2390 2310 3300

PMa2s 20400 35100 20800 40200 26400 17900 14600 10300 10200 11100 10800 15000 21100

YEU/PM, 12% 13% 29% 12% 20% 16% 15% 20% 24% 22% 22% 15% 17%

.5
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Table 4 Spearman’s correlation coefficients for the concentration of detected element in PM2 s collected from the urban background area, Pretoria, South Africa

PM2 BC S cl K Ca Fe 2zn Pb Si Ti V Ni Cu As Se Br Sb Ba U
5

PMz  1.00

BC 096 1.00

S 048 049 1.00

Cl 090 087 034 1.00

K 077 073 032 078 1.00

Ca 069 070 052 054 077 1.00

Fe 072 060 030 056 076 069 1.00

Zn 090 086 029 083 045 037 048 1.00

Po 08 082 040 078 070 081 072 074 1.00

Si 064 058 054 053 084 090 083 027 070 1.00

Ti 062 056 038 056 076 089 075 032 075 093 1.00

Vv 016 -020 -020 -0.21 -033 -039 -0.04 -001 -010 -0.38 -049 1.00

Ni 022 006 005 009 035 013 075 005 015 044 026 030 1.00

Cu 043 056 -002 037 011 032 001 055 048 000 018 -021 -046 1.00

As 091 08 039 093 080 072 070 079 095 069 072 -017 016 039 1.00

Se 075 072 022 094 060 024 032 078 057 026 029 -017 -0.03 030 079 1.00

Br 092 088 045 08 059 056 068 090 08 054 056 -022 022 050 084 069 1.00

sb  -003 -016 027 -021 -016 -0.16 039 -006 -0.11 012 -0.06 047 077 -051 -0.15 -0.28 008 1.00

Ba 015 018 057 -0.08 040 060 039 -023 012 063 041 -011 031 -029 004 -030 -004 025 1.00

u 018 -019 -018 -009 007 000 012 -027 011 007 -001 046 025 -027 007 -013 -022 013 -0.04 1.00
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Table 5 PM,s, BC and trace element concentrations from this study (Pretoria) compared with concentration from other cities in Africa. Concentrations are in ng/m?®

This study Gaita et al (2014) Gatari et al Aboh et al (2009) Boman et al Arku et al (2008) Boman et al
(2009) (2009) (2013)

Site/Elements | Urban background | Urban background Industrial Semirural area City center Low income area  Urban center

Pretoria Nairobi background Accra Ouagadougou Accra Cairo

Nairobi

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
S 1480 510 660 240 1300 400 462 290 - - 909 267 1200 870
Cl 70 90 520 200 - - 123 133 960 290 706 423 2200 2200
K 360 300 34 160 730 220 377 325 670 210 694 188 470 260
Ca 170 120 370 270 70 34 144 322 1400 570 57 22 2900 3200
Ti 30 20 62 27 8.7 4.4 37.5 64.8 240 81 6 3 100 89
Mn - - 53 23 12 3.9 7.6 11.4 61 25 6 2 24 20
Fe 370 160 730 340 130 43 289 504 3000 1400 69 27 1000 1000
Ni 140 80 4 1 2.6 11 3.2 2.8 - - - - 6.8 1.7
Cu 10 4 12 7 3.5 2.2 4.1 3.9 19 6.4 9 15 16 9.8
Zn 60 60 120 120 100 69 6.5 5.7 45 35 32 13 200 180
Br 20 20 16 30 36 18 5.9 3.5 7.3 2.7 30 16 21 15
Rb - - 3 1 1.56 0.5 14 1.4 4.2 1.9 2 1 4.4 -
Pb 10 25 23 16 76 30 25 1.7 8.8 4.2 18 25 86 180
BC 3900 2500 3900 800 4800 1800 1900 1100 4900 1700 - - 3700 2100
PM2s 21100 1500 21000 950 30000 9400 40800 54400 86000 42000 22700 5700 51000 39000

Source: Gaita et al 2014
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