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Abstract

Recent studies have linked air pollution in cities to chronic health problems like cardiovascular and cardio-respiratory
deaths in the population. Pollution of the atmosphere in Harare, the capital of Zimbabwe, is a source of concern. In this
study four pollutants (SO,, NO,, Pb, and total suspended particulate matter (TSPM)) were monitored at eight different
sites scattered throughout the city for three months (July, August and September). SO, was determined by bubbling
the air into a solution of H,0,, followed by titration. The highest SO, pollution of 820.0 ug/m* was in an industrial area
and the lowest pollution of 5.0 ug/m*® was in the Central Business District (CBD). SO, pollution was generally above
the World Health Organization (WHO) 24-hour guideline value of 125 pg/m3. NO, was sampled from the air by passive
samplers followed by spectrophotometric determination. The highest NO, pollution was 46.14 ug/m? at a site with a
busy road nearby and the lowest was 11.09 ug/m®in a high population residential area. NO, pollution was generally
lower than the WHO guideline value of 40.0 ug/m® (annual mean). The total suspended particulate matter (TSPM)
was determined as “black smoke” using the Soiling Index method. The highest total suspended particulate matter was
154.31 pg/mdfound in a high population density suburb located near some industries and lowest was 9.54 ug/m?in
a low density residential area which is far from pollution sources. Lead was determined by Graphite Furnace Atomic
Absorption Spectrometry (GFAAS) for each month for every site and ranged from 0.01 to 0.72 ug/m®. The level of Pb
pollution was highest in July and lowest in September at all sampling sites. A positive correlation was found between

the levels of Pb and TSPM.
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Introduction

Zimbabwe has experienced a rapid expansion in the national
vehicle population and also high energy demands, especially in cities
like Harare. Harare is the capital of Zimbabwe and had a population of
2.5 million people in 2002 [1]. It also has a large expanding industrial
base and has an estimated vehicle population of 1.2 million, which are
approximately two thirds of all of vehicles in Zimbabwe. Vehicles in
Harare are often not roadworthy due to lack of proper maintenance
and many do not have catalytic converters [1,2].

Another contribution to air pollution in Harare comes from the use
of old technology and equipment by the industries. Companies cannot
replace old technologies due to the economic down-turn or do not have
abatement equipment to control emissions into the atmosphere [2].

Data on air pollution in third world cities such as Harare is scanty
or lacking [3-6]. A few isolated studies [6,7] on air pollution have been
done in the past and there is a need for fresh data to gauge the pollution
trends for the whole city of Harare. Currently, air pollution studies
and measurements by local and national governments have been
abandoned in Zimbabwe.

Past isolated studies [2,4,7] have found the pollutants studied in
the current investigation to be far above the WHO guidelines [8]. For
example the level of SO, at Mt. Hampden, a residential area in Harare,
was found to be 289 pg/m’ in 1989, which is 5.4 times higher than the
WHO guidelines. During the same study period, dust particles were
found to be 60-90 pug/m’, which is 7-9 times higher than the WHO
guidelines [6,7].

The health impact of toxic pollutants (metals like Pb and gases like
SO,and NO,) emitted into the atmosphere has gained attention from
governments and the scientific community over the last two decades.
Knowledge of the identity, ambient concentrations and fate of these

pollutants is of prime concern as it is well known that high pollution
levels in the air may have negative effects on plants, animals and the
exposed human population [9-12].

NO_ in the environment also increases substances such as ozone
[13,14] and some toxic nitrosamines [15]. NO,, in combination with
SO, has been known to reduce the growth of plants [13,14,16,17]. The
effects of SO,, one of the most common air pollutants, on vegetation
have been extensively studied [16,17]. It has been shown to reduce root
dry weight significantly and degrade photosynthetic protein content
in plants [16]. Sources of Pb and SO, in the air come from burning oil,
coal and other fuels and industrial processes. SO, is a water-soluble gas
that is absorbed in the upper respiratory system where acidic oxides
irritate the respiratory system and react with water to form acidic
sulphates. Long exposure to high doses of SO, and particulate matter
has been shown to result in a higher frequency of respiratory infection
among children. Studies have shown a link between air pollution
and health effects like eye and respiratory irritation, asthma, chronic
bronchitis and higher death rates [18-20]. Studies done in London in
1954, showed a strong link between mortalities caused by respiratory
ailments and levels of smoke pollution and SO, [21].

The aim of this study was to update the data on levels of SO,, NO,
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and TSPM and determine Pb which has not been measured before
in the ambient air of Harare, Zimbabwe. These pollutants were also
determined on a more sites scattered throughout the city of Harare,
unlike the previous studies which were single site studies.

Experimental
Sampling

Sampling was done from eight sites in Harare at a frequency of 3
times a week. Some of the sites were located in high pollution areas
with high industrial activities, while others were located in areas far
away from pollution sources. These sites are identified and described in
Table 1 and Figure 1 below.

All the sampling sites in Harare were located at the City Health
Department Clinics for security reasons (Figure 1).

Analytical procedure for determination of NO, The
concentration of NO, was determined using a passive sampling
method. Badge-type samplers by Krochmal and Gorski [22] (Centrum
- Wdrozeniowe “Polycomp”, Cracow, Poland), were used. They had
an internal diameter of 25 mm and depth of 10 mm. All parts of the
passive sampler are re-usable with the exception of the filter paper.

Filter papers (Whatman 42) were impregnated with 0.1 ml of 20%
(m/m) triethanolamine (TEA) solution to absorb the NO, Saltzman
Solution was then used to wash the filter paper and absorbance
measured at 540 nm with UV-Vis (Pharmacia Biotech, Ultraspec,
(Cambridge, UK)).

The reagents used were analytical grade (purchased from Saarchem,
Gauteng, South Africa) and Millipore water was used for preparation
of all solutions.

Samplers were marked with a water-proof marker indicating the
sites identified in Table 1. At least 5 samplers were left as blanks and
were kept in air- tight containers.

At the sampling site the samplers were attached to holders, the caps
removed and the samplers hung 1.5-2 m above the ground. At least 3
samplers were placed at each sampling site several meters from each
other. The times of exposure of the samplers were recorded in a log
book. During exposure the average temperatures of ambient air were
also recorded.

After the samplers had been exposed at the sampling sites for
determined periods, the samples were collected and taken to the

laboratory for NO, determination. Analyses for NO, absorbed as nitrite
were done spectrophotometrically after reaction with Saltzman [23].

The sampling periods varied from 24 hours to 7 days and the
samplers were placed in open areas to obtain maximum exposure to
ambient air flow.

Calculation of the final result, after spectrophotometric
determination, was done using the following formula [24,25]:

X = (mx144000)/ (Pxt) (1)

Where: X is the concentration of NO,; m is the mass of nitrite in ug
which was determined in the sampler; t is the period of exposure and
P is an empirical coefficient given by the manufacturer of the samplers.
P is the mass of nitrite determined in the sampler after exposure at the
concentration of NO, of100 pg/m’.

The dimension of P is: (ug NO,")/ (1440 min x 100 ug/m* (NO,)) (2)

For the samplers used in this study the value of the coefficient P at
temperature 10°C was 2.23 units. For temperatures different from
10°C, a correction of the coefficient P should be done [24]:

P =1.96 + 0.027xT (3)

where T is the temperature in °C. The final result for the determination
of NO, at each sampling site was the mean of the three results obtained
from simultaneously exposed samplers.

Determination of SO, in ambient air: The Bubbler Method
[24,26] was used for the determination of SO, The method is based on
the reaction:

SOZ () + HZOZ (aq) - HZSO4(aq) (4)

The apparatus used was designed by the National Physical Research
Laboratory of UK. It was assembled and installed at each of the sites in
Table 1.

H,0, solution and filter papers were changed in the mornings on
Mondays, Wednesdays and Fridays, these being sampling periods of
48, 48 and 72 hours respectively. The air volumes which were drawn
during the 48 hour period were 1.4 to 1.7 m® and for 72 hours were 2.2
to 2.5m’.

The SO, concentrations were expressed in ug/m’ of air sampled.
When using sodium borate or sulphuric acid, the quantity of SO, in
the sample was determined by formula (128 M pg, where M is the net
volume of the titrant in milliliters) [24].

SITE SITE DESCRIPTION

This is in Harare city centre. The sources of gas pollution are predominantly vehicle emissions. There are two busy roadways, L. Takawira and J.

Town House Nyerere way on either side. It is located in a triangular piece of land.
This is located in a residential area which is surrounded by industries and is about 7 km southwest of the city. Winds transport pollutants from
Southerton : . . : ]
Southerton and Mbare industrial areas to this sampling site.
Mbare It is residential area about 4 km south from the city centre. The source of pollution is Graniteside, an industrial area, and the open burning of urban
refuse that is done in the vicinity. There is a major terminus for buses to all parts of Harare and the whole of Zimbabwe near the sampling site.
Hatfield This is a residential area about 8 km south-east of the city centre and 4 km north of a major airport.
Highfields This is a residential area about 9 km south-west of city centre and south of Willowvale industries and south-west of Southerton industrial areas. It is

subject to pollution from these areas.

Beatrice Road

Beatrice Road Hospital is along a main road Simon Mazorodze that separate Southerton industries and Mbare residential area. Pollution is mainly

Hospital from Southerton industries.
Mabelreign L . . . . .
This is a low density residential 8 km northwest of the city centre. There are no nearby pollution sources.
Mufakose This is a high population density suburb located southwest of Harare, about 14 km from the city centre and 2-3 km west of Aspindale industries,

which include a major fertilizer manufacturer.

Table 1: Air Sampling Sites in Harare.
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Figure 1: Location of the Eight Sampling Sites in Harare.

The concentration of sulphur dioxide was given by [24]:
C = (128 x M/V) pg/m’ (5)
where V was the volume of the air which was sampled in m®.

Determination of total suspended particulate matter (TSPM):
The British Standard technique for monitoring fine suspended
particulate matter as “black smoke”, is well established [24], and was
used in this study. The apparatus used was that described for the
determination of SO, [24]. A measured volume of air was drawn at
a constant and measured flow rate through a paper filter whose light
transmission had been previously measured. Suspended particulate
matter was collected on the filter, forming a dark stain. A densitometer
was used to measure the darkness of the stain, and this measurement
was then used to calculate the concentration of particulate matter in the
sampled air. The difference in light transmission between a clean and
exposed paper gave the Soling Index (S/m?). Conversion tables use a
factor to convert the Soiling Index to mass m~ [24].

The densitometer was designed by the National Physical Research
Laboratory in the UK. It consisted of a barrier-layer photocell, a micro-
ammeter (with low internal resistance) and a 12 V light source. The
meter (ad a linear scale marked from 0 to 100 5A, which gave the
percentage light transmission directly. A voltage stabilizer giving 12 V
d.c. was used as the light source. A Whatman 42 filter paper with a 20
% light absorption was used as reference filter.

Determination of Pb in particulate matter: All the filter papers
from each sampling site which were used to determine TSPM for each
month were washed together with ultra pure water and the Pb in the
water was determined using GF-AAS (Shimadzu AA-6800, Kyoto,
Japan). The calibration curve was prepared by injecting aqueous Pb
standard solutions (10 pl) into the instrument. The samples were also
injected similarly. The instrument heating program for Pb was used.
The detection limit was 2 ppb.

Results and Discussion
Sulphur dioxide

For SO, the order of pollution for the monthly average is shown
in Figure 2. Southerton was the highest and Town House the lowest.

This order was generally observed for the three months of this
study. It can be observed that the month of July had the highest SO,
concentrations and September had the least (Figure 2).

The pollution for 48 h sampling periods for Southerton for August
and September showed that August pollution was higher than that
of September for most of the sampling periods (Figure 3). For Town
House which had the lowest SO, pollution relative to all sampling sites,
the pollution did not follow any particular trend (Figure 4).

SO, pollution for August was also higher than that of September for
all the other sampling periods (Table 2).

For Southerton (see also Figure 3) these results were expected
because it is surrounded by many industrial sites as well as Harare
Hospital, which burns a lot of coal. Most of the factories around the
sampling site use fired coal boilers. Zimbabwean coal is known to
contain 2-3% sulphur [25]. Coupled with SO, emission from industries
are the emissions from vehicles in the area, in particular diesel vehicles.
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Figure 2: Monthly average concentration of SO, in ug/m?.
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Figure 3: SO, Levels in Southerton for August and September.
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Figures 3 and 4 shows SO, levels of Southerton which has the
highest ambient concentrations and Town House which has the lowest
concentrations, respectively. Town House is at the centre of the CBD
and there are no industries which can pollute the ambient air with SO,,
only vehicular and transported pollution.

The SO, concentrations of the other sampling sites are tabulated in
Table 2 below:

For all the sampling sites, except Hatfield, the concentration of SO,
was above the WHO 24-hour mean guideline value of 125 pg/m? (Table
2). Some of these sampling sites like Southerton, Mbare and Beatrice
Road Hospital are affected by industrial pollution. One nearby polluter
is the thermal power station supplying electricity to the city of Harare
which burns coal throughout for 24 h. Since these sampling sites were
near residential areas, the pollution may result in health problems.
Epidemiological studies indicate adverse public health effects, like
childhood respiratory disease and all-age mortality are prevalent with
excess SO, [21,27-30].

For Mufakose and Hatfield the results were not expected to be as
high, due to their long distances from industrial activity. However,
meteorological factors may explain the observed higher than normal
concentrations of SO, at these sites. The general wind direction
for Harare which is from east to west or north-westerly is shown in
Figure 1. Mufakose being in the far west is affected by transported
pollution from industries. Hatfield is affected by transported pollution
from industries in Msasa such as a fertilizer company, where coal is
used extensively for heating and burning of sulphur rocks during the
manufacture of oleum. This is also the case for areas like Mabelreign
which experiences north-westerly winds coming from industrial areas.

For Southerton, Mufakose and Highfields the levels of SO,
pollution were above the WHO guideline of 350-500 g/m’. A study
of the relationship between the levels of pollution and respiratory
disease in these areas should be undertaken, since these areas have high
population densities. In recent studies it has been shown that tens of
thousands of premature cardiovascular deaths per year are linked to air
pollution [21,27-32].

Nitrogen dioxide

The monthly average concentrations of the various sampling sites
are illustrated in Figure 5.

For all the sampling sites there was an increased NO, concentration
in September compared with July. This indicates seasonal variation of
NO, levels in the ambient of Harare. July is winter while September is
the onset of summer with temperatures averaging 19.8°C, being higher
than those of July (average of 17.3°C). Unlike SO,, where Southerton
had the highest concentrations, the highest levels of NO, in ambient
air were at Beatrice Road Hospital followed by Town House in central
Harare. These two sites are in areas where there are a high number of
vehicles and this may be the source of NO,. In Mufakose where there
are low vehicle numbers, the NO, concentration was lower than for
other sampling sites, like Town House and Beatrice Road Hospital. Low
concentrations of NO, in Mufakose also show that NO, is transported
less than SO,.

The concentrations of NO, for the various sites in Harare may be
seen in Table 3 for sampling periods during the months of August and
September.

Town House area experienced one of the highest NO, ambient air
pollution (72.7 pug/m®) at the beginning of the month of September. At

Period Mbare Highfields Mufakose Mabelreign Beatrice Hosp. Hatfield

(48hrs) August Sept August Sept August Sept August Sept August Sept August Sept
1 61.1 88.4 206 224 292 179 70.3 77.0 536.4 526 14.4 56.6

2 51.3 69.7 155 193 216 183 50.3 80.3 412.9 497 10.9 56.9

3 55.2 50.8 171 116 280 172 71.6 56.2 545.1 381.7 21.9 311

4 55.0 46.3 173 103 291 187 66.6 56.3 487.9 440.2 21.6 11.3

5 385 433 139 126 277 199 61.8 722 487.0 490.4 23.8 23.9

6 31.2 42.8 112 88.3 140 127 54.3 51.0 289.5 310.5 37.3 354

7 41.9 441 118 94.3 172 172 447 60.7 365.2 395.3 21.7 40.0

8 46.0 43.8 129 93.0 136 176 50.1 64.8 409.2 385.3 17.0 47.4

9 47.7 49.5 149 117 198 165 56.9 70.9 419.4 402.3 18.7 42.0

10 49.7 32.0 157 88.7 221 166 59.7 54.6 520.1 4311 22.4 3.20

11 51.1 33.7 196 97.2 157 179 77.6 52.3 4334 394.8 233 18.4

Table 2: SO, concentrations (ug/m?®) of various sampling sites in Harare.

Period Town House Highfields Mufakose Mabelreign Beatrice Hosp. Southerton

(48hrs) August Sept August Sept August Sept August Sept August Sept August Sept
1 27.3 727 28.1 63.1 18.5 46.5 17.5 50.1 314 57.2 29.5 55.6
2 424 43.7 50.5 40.4 27.6 37.4 23.5 34.7 35.8 52.5 37.7 38.0
3 36.0 27.5 43.0 244 27.6 25.0 21.9 225 30.5 32.0 38.9 28.6
4 26.8 59.7 28.7 45.8 19.5 28.6 20.4 31.6 36.1 55.0 28.1 34.0
5 35.9 60.2 31.8 49.3 246 31.0 23.6 34.9 321 89.8 37.7 4.7
6 46.1 36.6 29.3 28.5 215 18.4 17.7 19.4 29.2 42.0 30.4 21.9
7 271 24.4 32.0 241 26.5 16.0 24.9 22.3 29.5 25.8 28.0 22.6
8 20.6 48.1 26.3 38.1 15.2 32.1 17.0 23.9 25.1 45.8 21.8 36.5
9 27.2 40.9 22.6 47.4 17.0 17.8 18.0 19.3 26.6 38.8 26.1 46.5
10 417 213 33.0 22.2 27.6 13.3 25.0 214 46.1 28.4 421 211

11 19.7 19.2 16.7 14.8 13.6 11.1 141 13.0 15.4 15.6 16.4 17.7

Table 3: NO, Concentrations at various sites in Harare in ug/m®.
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the end of September Mufakose experienced the lowest NO, pollution
(11.1 pg/m’) as compared to all other sampling periods during this
study.

Epidemiological studies have used NO, as a marker to indicate a
cocktail of combustion related pollutants such as ultrafine particles,
NO,, particulate matter and benzene [27]. The high NO, pollution
determined at sites like Town House and Beatrice Road Hospital could
relate a host of other pollutants in these areas which are associated with
NO,.

Total particulate suspended matter (TPSM)

The monthly average TSPM levels for all sampling sites are shown
graphically in Figure 6. The month of August had the highest TSPM
levels at all the sampling sites and September had the lowest, except for
Beatrice Hospital. The highest TSPM were recorded at the Highfields
sampling point in August and the lowest at Beatrice Road Hospital
in September. Highfields is a poor residential area with a very high
population density. Most roads and parking surfaces in Highfields
are not tarred and this makes the area susceptible to dusty winds in
August giving higher TSPM levels than other high density residential
areas like Mufakose, Mbare and Beatrice Road. Hatfield is a low density
residential area with most road surfaces being tarred and thus less dust
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Figure 4: SO, levels in August and September at Town House.
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Figure 5: Average monthly NO, concentrations.
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Figure 6: Average monthly TSPM levels in Harare.

results in this area. Here low TSPM levels were obtained. The month
of August is the windiest month in Zimbabwe and these winds raise a
variety of particulate matter from surfaces, hence the high TSPM levels
determined during this month at all sites.

Table 4 gives the results of various sampling sites in Harare.
During the period of this study the highest concentration of 154.3
pg/m® was recorded during the month of August at Highfields. The
lowest concentration of 2.50 ug/m’ was obtained at the Beatrice Road
sampling site.

The TSPM levels determined may not be an accurate indicator
of health risks as information on particulate matter of 10 um or less
(PM,,) is more useful [33,34].

Lead levels in harare

The amounts of Pb accumulated in the TSPM filter papers in the 48
h day sampling periods were below the detection limits of the GFAAS
used and as a result all the filter papers for the whole month were
combined to determine the monthly Pb average. The results are in Table
5 together with the associated TSPM monthly average concentrations.

For all the sampling sites, the month of July had the highest Pb
and TSPM and September had the lowest. This was an indication of
the seasonal variation of pollution, as July is a dry winter month while
September receives some rain and has higher temperatures. The highest
Pb level was at Highfields in July (0.72 pg/m°) followed by Southerton
(0.38 pg/m’ in July). With the exception of Highfields (0.72 ug/m?)
in July, all the values of Pb determined were lower than the WHO
guideline of 0.5 pg/m’. Higher levels at Southerton and Highfields
indicate industrial and vehicular source since there are a number of
industrial concerns like a battery company in Southerton area and a
high number of vehicles.

The Pb and TSPM levels were positively correlated statistically,
with the correlation co-efficient ranging from 0.69 in July to 0.27 in
September. This shows that the sources of pollution for both pollutants
may be the same.

At the time of this study due to economic constraints the national
and local governments had completely stopped monitoring all these
pollutants and yet they could be having adverse health effects on the
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Period Town House Highfields Mufakose Mabelreign Beatrice Hosp. Southerton
48 Hrs August Sept August Sept August Sept August Sept August Sept August Sept
1 39.3 61.2 81.6 47.7 44.0 31.7 23.6 39.1 60.8 2.45 39.5 39.9
2 62.5 96.8 56.9 85.5 66.9 68.9 26.4 33.6 10.3 124 31.0 65.3
3 43.9 60.4 52.0 35.4 62.4 39.0 34.8 26.1 61.0 61.0 59.2 53.5
4 74.6 57.4 104 6.35 41.3 9.43 31.7 9.54 81.5 83.0 441 23.7
5 46.1 38.8 82.7 15.5 43.7 26.2 26.6 19.0 60.7 45.0 24.4 322
6 37.2 29.7 33.1 14.5 21.8 12.8 13.3 217 394 54.3 12.3 19.0
7 59.6 245 80.5 25.6 57.1 27.2 29.3 29.2 99.2 37.3 50.0 38.8
8 342 79.0 74.9 42.6 347 421 247 38.4 59.5 74.9 44.6 38.4
9 89.8 48.6 154 171 102 27.9 68.7 22.0 62.6 321 244 36.0
10 49.5 26.6 64.1 241 53.6 18.6 27.3 26.3 43.6 15.4 39.0 255
11 36.2 36.6 51.2 259 38.7 20.5 33.2 20.8 30.1 254 37.8 19.9
Table 4: TPSM levels in various sites in Harare (ug/m?).
July Aug Sep
Sampling Site Pb / pg/m? TSPM/ pg/m? Pb/ ug/m? TSPM/ pug/m?® Pb/ ug/m? TSPM/ ug/m?
Mbare 0.23 81.39 0.20 69.47 0.01 49.74
Highfields 0.72 97.77 0.30 79.10 0.17 28.82
Mufakose 0.19 52.58 0.05 49.85 0.06 25.08
Mabelreign 0.22 28.82 0.03 32.97 0.06 25.55
Town House 0.28 49.27 0.18 52.45 0.01 46.56
Siton 0.38 46.38 0.10 37.77 0.03 32.81
Beatrice 0.27 38.90 0.14 56.37 0.04 42.91
Hatfield 0.25 28.11 0.14 29.91 0.01 19.74
Average 0.28 52.90 0.14 50.99 0.06 33.90

Table 5: Monthly average Pb and TSPM levels.

country’s population. There has never been any known study which
has statistically linked these pollutants to any health impacts on the
population of Zimbabwe, but this is advisable. Therefore, further
studies are recommended to ascertain the effect of SO,, NO, gases, Pb
and particulate emissions on human health and the environment in
Zimbabwean cities.

Conclusion

Air quality in Harare was compromised by the presence of SO,,
NO,, Pb and particulate matter. During the sampling period, all these
pollutants were found to be above the air quality guidelines provided by
WHO, and of much concern were levels of SO, and particulate matter.
Air pollution was found to be higher during winter in the month of
July than in the beginning of summer in the month of September.
The pollutants were transported by wind and ended up far away from
sources of pollution. This was observed mainly for SO, which ended
being a major pollutant in Mufakose, a residential area. The high
ambient air concentrations of SO, and particulate matter were mainly
due to vehicles and industrial operations near the sampling sites. NO,
pollution was found to be mainly from vehicles.
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