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ABSTRACT
Gravimetric, reflectometric and elemental analyses have been carried out on airborne
particulate matter sampled in a semi-rural area of Kwabenya, near Accra-Ghana. The
PM 1w aerosols were sampled using a Gent sampler, size segregating the aerosol into
coarse (PM10.2.5) and fine (PM2.5) fractions. The data and derived information were
generated from 216 days of sampling spanning a period of about 14 months, 28th
December 2005 to 12th February 2007. The particulate matter (PM) at Kwabenya was
dominated by the coarse particulates and showed low levels during the Rainy season and
high levels during the Harmattan period. The levels measured during the 2006/07
Harmattan were very high. The mass concentration for the measuring period were in the
following ranges; coarse (PMuo=s) fraction (0.16 - 1794.01 ~ig/m3); PM2.s(fme) fraction
(0.50 - 430.23 ng/m3) and PM1o (0.87 ng/m3to 2064.89 |ig/m3). Additional information
about the ambient air was obtained through the subsequent determination of elemental
concentration using energy dispersive x-ray fluorescence (EDXRF) analygia™and black
carbon (BC) concentration through the “black smoke method”. The/*pfnents iafe/ti|led
and quantified with the Quantitative X-ray Analysis System (QXAS” package software
were: Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr an”®i*itL~i*coarse
fraction. The following elements were identified and quantified in the fine fraction: Al, Si,
S, K, Ca, Ti, Mn, Fe, Cu, Zn, Br, Rb, Sr and Pb. Validation of the quantitative methods
with the standard reference filter SRM2783 gave very good agreement (within £15%) for
most elements analysed except for Ni (£43%)which was very close to the detection limit.
The elemental concentrations in the two fractions vary from season to season. Using

simple correlation analysis some elements correlate, the elemental correlations also vary



from season to season, for example during the Harmattan S, CI, V, Br and Sr correlated
very well but during the Rainy season S did not correlate with V and Br. This could serve
as possible source indicators. The BC concentration in the fine fraction (ranging from
0.01 to 5.97 figm"3) was generally higher than in the coarse fraction and comparable to
data from some developed countries. A receptor model using principal component and
regression analysis was used to identify sources contributing to the air particulate matter
at Kwabenya. The species used in the model were mass, BC and elemental concentrations.
The following major sources were identified in the coarse aerosol: Soil/Dust,
Biomass/LDT and Sea aerosol. In the fine aerosol the following sources were identified:
Soil/Dust, Biomass/LDT and some industrial sources. The contribution of the sources to
the PM load varied from season to season, There was very good agreement between the
experimental and model data (mass, BC and elemental concentrations). Comparing the
data with WHO limit (50 ~grrfs for 24-hour mean) and Ghana EPA guideline limit (70
Hgms for 24 hours) for PMio, a total of 185 and 130 days respectively out of 216 days
had values above these limits. For PM:zs a total of 60 days had values exceeding the
WHO limit (25 (agms for 24-hour mean). The levels of S, Ni and Pb were also
comparable to industralised countries. There is the need for some mitigation measures to

curb the emission of these elements and fine BC.
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CHAPTER 1

INTRODUCTION
11 BACKGROUND
1.1.1 OVERVIEW
Particles exist in the environment as suspensions in air and are commonly called aerosol.
Hinds' and Colbeck2define aerosol as suspension of solid or liquid particles in a gaseous
medium (air). The aerosol particles have a very wide size range from molecular clusters

0of 0.00 lrm to fog and dust particles as large as a few hundred micrometers.24

Pollution is defined in the Tenth Report of the Royal Commission on Environmental
Pollution as: “The introduction by Man into the environment of substances or energy
liable to cause hazard to human health, harm to living resources and ecological systems,
damage to structure or amenity or interference with legitimate use ofthe environment”.5
Air pollution is the emitting of solid, liquid and gaseous material into the air environment.
The emissions can originate from stationary or mobile sources and can sometimes involve
some chemical or/and physical transformations before eventually beingreturned to

surfaces such as the soil, plants, trees, monuments, buildings, etc.

It is generally perceived that air pollution is one of the most vexing problems facing
industrialized and developing countries because these microscopic particles are present
everywhere in our environment. All things, both living and non-living, are exposed in
varying degrees to air pollution. The degree of exposure depends on the location and

activities (industrial, domestic, vehicular, etc) taking place.

The ubiquitous nature of aerosol particles exerts an important influence on the

hydrological and climatic system. For example, aerosol particles are found inboththe



troposphere and the stratosphere and affect climate through scattering, transmission and
absorption of radiation.6 Studies have shown that a layer of small particles is always
located in the stratosphere at altitude centered around 25 km at the equator and 17 km at
the poles.7 Aerosol particles provide surfaces for heterogeneous chemical reactions which
can influence gas-phase chemistry in the troposphere.8 Aircraft exhaust particles in the
upper atmosphere are source of ice and cloud nuclei. Biomass burning, especially in the
tropics, leads to significant perturbations of tropospheric aerosol loading in these regions,

and could be leading to changes in cloud behaviour.

The origin of the particles could be from natural processes (e.g. sea spray, dust, etc) or
from man-made processes known as anthropogenic processes (vehicle emissions,
emission from industries, waste incineration, etc). From the definition of air pollution
above, chemicals such as sulphur dioxide from volcanoes or methane from the decay of
natural vegetation are not air pollutants, but sulphur dioxide from coal burning or
methane from rice growing are air pollutants. However, human activities disturb natural
systems hence the line distinguishing between the natural and anthropogenic processes
become increasingly blurred. For example, radon - a radioactive gas is a hazard in some
types of geographical formation and the radon exposure by mining in those formations
increases exposure levels, which is air pollution. It is estimated that anthropogenic
sources account for more than 30% of the aerosol particles measured by mass and are
mainly small size or “fine” (PM< 2.5pm) particles.9 For example the anthropogenic
component of sulphate, which is essential for cloud formation, exceeds 60% of total
sulphate particles over urban areas.l0 Natural sources are usually of the larger
aerodynamic diameter (coarse particle mode) and include dust storm, sea spray, bush and

forest burning.



Aerosol particles in the atmosphere are caused by a wide range of sources and have
diverse compositions and characteristics. As a result, the effects of aerosol particles on
the environment and humans are many and varied. Some of the effect could just be a
nuisance like dust deposited on a clean surface to serious climatic effect like
environmental degradation, acid rains, impact on climate, impact on human and animal

health.

1.1.2 HEALTH EFFECTS

For many centuries aerosol particles have been recognised for their potentially negative
impact on human health and ecosystems. Already in the Hippocratic Corpus (c. 400 B.C)
medical links between health and air quality were mentioned." The Romans complained
of foul air in ancient Rome. With the introduction of coal in London in the 13th century,
regulations were introduced to reduce smoke problems. In the 17thcentury, John Graunt,
a fellow ofthe Royal Society concluded that the high death rate in London was partly as a
result of coal burning. Awareness of the effects soot deposited on buildings had been
noticed over 200 years ago and it was speculated that it had the same effect on the
respiratory organs. In Italy, Bernardino Ramazzini catalogued many occupational risks of
air pollution in De Morbis Artificium.'2 In 1713, Linne and his colleagues described
silicosis in Swedish miners.'3However, it was not until the second half of the 20thcentury
that more typical air pollution as experienced today have forced scientists, politicians and

decision makers to take note and put in place the necessary remedial actions.

Since the famous smog incident in 1952 in London, resulting in about 4000 excess
deaths, it has been recognised that the negative influence on human health caused by
aerosol particles had been grossly under-estimated. These negative effects of airborne

particles have also been observed in the work environment. Epidemiological studies in



several countries have shown conclusively that there is a direct link between particulate
air pollution and adverse health effects. Both indoor and outdoor particulate air pollution
are responsible for these adverse health effects. The physical properties of aerosols affect
the transport and deposition of the particles in the human respiratory system, whilst the
chemical composition and the physical properties determine their impact on health. For
two to three decades environmental authorities in developed countries have been active in
sampling and analysing particles with (aerodynamic) diameters smaller than 10
micrometers, PMio. Studies during the last ten years indicate, however that the very
smallest particles are even more hazardous to health, and smaller particles pPm2.5, PMU
and even nanoparticles have been more extensively studied.}4'9 Fine carbon or fly ash
particles have been suspected to increase the respiratory toxicity of coexisting acidic air
pollutants, by concentrating acid on their surfaces and so delivering it efficiently to the
lower respiratory tract.2 The number of death from air pollution is estimated to be more
than 3 million/year, with about 1 million/year in cities and 2 million/year in rural settings.
The largest contributor to the rural death toll is biomass fuel burning, as a source of
domestic energy, from indoor pollution.92l The causes of death are not only related to
lung injuries but also to cancers and cardiovascular diseases. The increased awareness has
lead to regulatory legislation regarding emissions and concentration levels of particulate
matter (PM) in many countries all over the world. In general, the “finer" or smaller the
aerosol particle the more hazardous it is due to the size and morphology. Thus small
particles:

« can easily be transported over long distances far away from their sources

¢ can easily be inhaled and deposited in the lower part of the human respiratory

tract



« have larger surface area per unit mass and hence higher ability to absorb gas
molecules and transport them to any part of the respiratory system to catalyze
chemical and biochemical reactions

« consist ofa large soluble fraction.9

In fact, the American Academy of Pediatrics in a statement issued before the Clean Air
Scientific Advisory Committee of the United States Environmental Agency (USEPA) on
April 7th 2005 stated "Research has firmly established that exposure to high levels of
particulate matter impacts the ability ofchildren's lungs to grow. The adverse effects of
air pollution on the development of lungfunction is seen in boys and girls, regardless of
history of asthma, suggesting that most children are susceptible to chronic effect of
breathing particulate air pollutants. When this damage occurs, it is irreversible, and
reduced lungfunction is a strong riskfactorfor future health consequences as an adult.
Particulate matter air pollution is also linked to other adverse respiratory health effects
in infants and children, such as asthma exacerbations, chronic cough, and bronchitis
symptoms ".2 Other researchers had confirmed these assertions and had gone on to show
that low-birth weight, preterm births and infant mortality are increased in communities

with high levels of particulate air pollutions.Z%5

Ingestion of aerosol particles that have initially deposited on crop or soil and inhalation of
air are the two main ways in which aerosol particles enter the human body. It has been
shown that aerosol particles with diameter less that 2.5 |jm have more serious influence
on the occurrence of respiratory diseases.82 Lead in aerosol has been implicated in the
impairment of the development of children.3 Some of the aerosol inhaled may contain

radioactive nuclides, attached to very small particles, which are quickly transported to the



lower lung where the attached radionuclides could cause cancer.3 Increased morbidity

and mortality due to chronic diseases have also been attributed to aerosol particles. 234

1.1.3 EFFECT ON CLIMATE

Aerosol particles can affect the atmospheric radiation budget by either absorbing and/or
scattering of solar radiation. For example, soot particles are known to have a high
absorption for solar radiation. This absorption of solar radiation by aerosol particles leads
to heating of the atmosphere while scattering of solar radiation results in cooling of the
atmosphere. The main processes that determine the overall state of the climate system are
heating by incoming solar radiation and cooling by outgoing long-wave (infrared)
terrestrial radiation.3337 This heating or cooling of the atmosphere can result in
perturbation of the radiation balance of the troposphere known as radiative forcing.333®
Radiative forcing is the change in the balance between radiation coming into the
atmosphere and radiation going out. A positive radiative forcing tends on average to
warm the surface of the Earth, and negative forcing tends on average to cool the surface.
Acerosol particles contribute significantly to radiative forcing of climate.34043 Black
particles are most effective in absorbing solar radiation, hence black carbon (BC) in
aerosol particles has been suggested to be the second most important component of global
warming.4 The 1997-1998 severe El Nino induced droughts in Indonesia, Mexico and

Central America have been linked to high biomass burning around the world.%6

1.1.4 EFFECT ON FORESTS AND VEGETATION

It is a well known fact that forests and vegetation play an important role in the
environment. For example, through photosynthesis forest and vegetation are sources of
oxygen, help in preventing soil erosion, and provide food and shelter for animals.

Therefore, any damage to the forest and vegetation could pose serious problems to human



beings, animals and the whole environment. Heavy metals in aerosol particles have been
suspected to cause damage, since the beginning of the twentieth century, to the forest and
vegetation. In 1912 Hedgecock documented that heavy metal aerosol particles from a
nearby copper smelter were partially responsible for devastation of a large area
(approximately 47,000 acres) in Tennessee.%6 The partial destruction of forest and
vegetation in other parts of the world by particle emission has also been reported by other
researchers.47 This damage ranges from damage to leaves and other parts of the tree to

the more catastrophic destruction of the whole vegetation.

1.1.5 MEASURES FOR ADDRESSING AIR POLLUTION IN GHANA

Most developed countries have recognized the adverse effects posed by aerosol particles,
especially on human health, and this has resulted in increased routine monitoring of
atmospheric particles.® In contrast however, there is almost no routine monitoring of
aerosols in developing countries, especially in Africa (except for South Africa). Hence
data on concentrations as well as characteristics of particulate matter are almost non-
existent in developing countries most of which are in the Southern hemisphere.51% To
understand fully how aerosol particles behave under different climatic conditions there is
the need to characterize aerosol particles in many different places including the
developing countries, especially those near the equator. Such characterization would not
only assist the developing countries to comply with international conventions and
standards but would form an informed-basis for setting appropriate standards for the

developing countries themselves as pertains in the developed countries.



1.2 CURRENT AIR POLLUTION STATUS IN GHANA

1.21 SOME ACTIVITIES CONTRIBUTING TO AIR POLLUTION

1.2.1.1 INTRODUCTION

In 1980°s Ghana undertook major economic reforms with the assistance of the World
Bank and the International Monetary Fund (IMF) which resulted in the expansion and
growth of the economy. Following the economic recovery programme there has been an
increase in industrial activities in the country. The activities that have seen growth are in
the areas of mining, road and housing Construction, plastic manufacturing, transport,
metallurgical (steel and aluminium) reprocessing and fabrication, agricultural and other
industrial concerns that depend mainly on chemicals (fertilizers, insecticides, pesticides,
pharmaceutical, textiles, etc). The main industrial activities in the country are mining,

agriculture, and manufacturing listed in order of capacity.

All these industrial activities contribute towards atmospheric pollution in the form of
gaseous pollutants, coarse and fine airborne particulate matter and solid waste. In addition
there are the annual bush fires, sea spray, automobile exhaust gases, etc. These pollutants
have their effect on human health, physical materials, the ecosystem and climate but

unfortunately no known data is available in terms of their social and economic cost.

The Government has made it a general requirement by law, for new businesses to provide
an environmental impact assessment (EIA) and for the existing ones to provide
environmental management plan (EMP). National environmental standards to serve as a
guideline for compliance have also been introduced. For some specific sources however,

additional legislation have been put in place to control to some extent their emissions.



1.2.1.2 ENERGY AND INDUSTRIALIZATION

Ghana Poverty Reduction Strategy (GPRS) document is the country's developmental plan
aimed at the attainment of middle-income level (GDP > US$1000) by the year 2015.
This vision envisages the almost tripling of the current GDP, which currently is US$420
(2004), in ten years. To achieve this will require the establishment of more industries with
electrical power consumption expected to increase as much as six to nine times the
current installed capacity of 1600 MW. The Power crisis of 1998 has also shifted power
generation from hydro to thermal power, which involves the combustion of high volumes
of crude oil. Hence to be able to meet this enormous anticipated increase, more thermal
plants would have to be built. Ghana has at present two thermal plants supporting the

hydroelectric-generation, at Aboadze near Takoradi.

Except for mining all other industries are located in the urban areas and lack of proper
zoning procedures give rise to the situation whereby industries are inter-mixed with
residential areas. With the growth of industries, one can envisage high pollution levels
beyond the already existing levels of which little efforts are being made towards its
mitigation. A great number of the manufacturing industries are located at Tema near
Accra and more than 90% of the country’s industries are in the Southern part of the

country.

Most of the energy for everyday domestic use in Ghana and the rest of sub-Saharan
Africa are derived from biomass burning (fuel wood and charcoal) and in places in the
urban areas some people go to the extreme of using worn-out vehicle tires as fuel.
Biomass burning accounts for about 70% of total energy consumption in Africa.53% The

annual bush fires that occur during the dry season, when temperatures are low, also



coincide with high demand of fuel wood and charcoal period contributing large amounts

of soot and ash particles into the atmosphere.%

The industrial processes, the energy processes and the bush fires all release toxic
elements and gases, some of which interacts with rain water to cause acid precipitation

which has its far reaching ecological effects.

1.2.1.3 MINING

Arsenopyrite gold ore deposits are the predominant gold deposits in the country.% The
extraction processes require high temperature roasting releasing arsenic, antimony and
other heavy metals into the atmosphere. Since these activities occur in the forest zones
the pollutants, carried down by rainwater affect the forest and hence crop cultivation.
Vast areas have been affected by acid rain. The acid rains also pollute waters that flow

into rivers, which are used for human consumption.

1.21.4 VEHICULAR EMISSION

Ghana, it is currently estimated, has vehicular population growth rate of more than 70,000
vehicles per annum with more than 65% concentrated in the Accra-Tema Metropolitan
Area. Like most African countries, the vehicles are concentrated on only a small fraction
of the road network.57 Most of the vehicles are second-hand without catalytic converters.
Automobile emission is becoming a serious problem, especially in the cities and is the

main focus of the country’s environmental authorities.

The Government of Ghana has approved a Legislation Instrument L.l. 1732 [Petroleum
(amendment) Regulation 2003] banning the production, importation, storage, sale and use
of leaded gasoline in the country with effect from 1s January 2004. Consequently,

Methylcyclopentadienyl Manganese Tricarbonyl (MMT) - a manganese-based gasoline
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anti-knock additive, has been in use in Ghana since January 2004 in unleaded Gasoline
production. MMT is used in some countries including the United States, Canada and
China. But there is a serious controversy about MMT use in some other countries
especially in the European Union. The addition of MMT to gasoline supply has raised
concern about public health risks associated with the inevitable increase in the
environmental levels of manganese. In fact, several studies have reported that manganese

causes significant health hazard in heavily air polluted areas.38@

Combustion of unleaded gasoline in internal combustion engines causes the emission of
various compounds such as carbon monoxide, carbon dioxide, hydrocarbons and other
organic compounds. When MMT-containing fuel is combusted, small quantities of
manganese compounds are emitted in the automotive exhaust along with carbon
monoxide, carbon dioxide and other gaseous compounds. The amount of manganese
emitted, the manufacturer’s claim, is very small because only a few parts per million of

manganese are added to the unleaded fuel and only a small percentage of this is emitted.

Manganese is an element that is essential to maintaining good health. It is also a natural
component of the soil and is found in food, water and air. Adverse health effects of
manganese have been associated with organic Manganese compounds (pesticides) and
inorganic manganese.6l&8 However, exposure to high concentrations of airborne
manganese for prolonged periods of time can produce adverse health effects affecting
primarily the nervous system leading to slower visual reaction time, poorer hand
steadiness, and impaired eye-hand coordination.®48 Some researchers have long

recognized a relationship between manganese intoxication and Parkinsonism.6'8



1.2.1.5 STREET DUST, SOIL AND DESERT SAND

A lot of dust, about 900 - 1500 million tons, enters the atmosphere each year from natural
soil dust. Dust is easily blown away by the wind and can travel over thousands
kilometers. For example, Sahara dust has been found by satellite images to reach the
Western Hermisphere and even the Arctic. The Sahara desert is regarded as the largest
dust source in the world.® Also dusts originating from China have caused haze in
California in the USA. When dust passes over polluted areas they can be coated with
sulphur due to chemical process on their surfaces.? These particles can then serve as
giant cloud condensation nuclei (CCN), which may enhance the collision and coalescence
of droplets and therefore increase warm precipitation formation and decrease the clouds
albedo.7l This in effect means enhanced rainfall but this has been disproved by some
researchers showing that it rather reduces rainfall.2 For a country like Ghana, which is
under threat from the downward movement of the Sahara, this could pose a lot of

problem for rainfall patterns which have been decreasing over the years.

In the urban areas of Ghana, a large quantity of construction sand and gravel is needed to
support the rapid expansion of the towns and construction of roads and other
infrastructure. These are brought in from the surrounding rural areas in haulage trucks
moving on unpaved roads trapping a lot of mud which are then deposited on the paved
roads. In addition, the status of the road network whereby several roads are unpaved
plays a significant role in the entrainment of dust; particles, which are suspended by
vehicular movement on paved and unpaved roads. This is a major contributor to fugitive
dust emissions.3 Most of the “sand winning” as it is termed is done in unplanned and
illegal manner with serious damage to the environment and the surrounding air quality.

There is also a lot of construction sand and gravel processing plants whose processes
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involve gravel transportation, crushing, screening, storage and hauling. The operations of

these plants also generate high concentration of dust into the atmosphere.

The harmattan, a dry desert wind from the Sahara, blows from the northeast from
December to March, lowering the humidity and creating hot days and cool nights in the
north. In the southern part of the country, the effects of the harmattan are felt in January
and February. It has been shown by Baumbach et al83 that in Lagos-Nigeria the particle
concentration more than doubled during the dry season when the northly harmattan wind

from the Sahara are prevalent.

1.2.1.6 SEA SPRAY

Ghana has 537-kilometer (334-mi.) coastline which is mostly a low, sandy shore backed
by plains and scrub and intersected by several rivers and streams. Common salt is
produced in commercial quantities along the coast of Ghana near Accra (at Ada). Half of
the country lies less than 152 meters (500 ft.) above sea level, and the highest point is 883
meters (2,900 ft.). The general wind direction is North-East in the Southern part of the
country and depth of penetration of the coastal wind is high, sometimes covering more

than two-thirds of the country.

The marine aerosol comprises two distinct aerosol types:

The first, being the primary sea-salt aerosol produced by mechanical disruption of the
ocean surface. The sea-salt aerosol is produced at the ocean surface by the bursting of air
bubbles resulting from entrapment of air induced by wind stress that are subsequently
dechlorinated by acidic materials, when the CI' is replaced by the S04 or N O03. This
process is especially evident in the coastal atmosphere and has been regarded as the major

global source for gaseous chlorine in the atmosphere.747 This dechlorination process is
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highly corrosive and has had a major impact on the materials used in Ghana for
infrastructure development. Metallic materials such as vehicles, electronic appliances,
and telephone and streetlight poles have not been spared by this corrosive nature of the

sea spray.

The second is the formation of secondary aerosol, primary in the form of non-sea salt

sulphate and organic species formed by gas-to-particle conversion processes.

1.2.2. ISSUES

1.2.21 URBANISATION

The world's urban population is growing very rapidly and by the United Nations
estimations the total population growth between 2000 and 2030 will take place in the
cities of the less developed countries.®In Ghana, from the 2000 Housing and Population
Census more than 20% (about 4 million people) of the countries population live in the

Accra-Tema Metropolitan area and its environs.

The urban areas are the commercial hub of the country, more and more young people are
drawn to the cities looking for new jobs and new opportunities. The physical properties of
the urban areas in Ghana, like in the rest of the world, are divided between highly
developed affluent areas and less developed slump areas.77,8 The city limits/boundary are
continuously being moved as a result of the creation of satellite settlements, without the
most basic of infrastructure, that are being absorbed. The economic crises of the African
region have also fueled the migration of people to the urban areas since the 1970s. This
demographic change has confronted city authorities with the task of providing the urban
population with the necessary infrastructure such as housing, portable water, efficient

solid and liquid waste disposal systems, etc.®
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The increasing urbanization of developing countries, like Ghana, has in it attendant
problems that lead to poor health and the degeneration of the urban environment.8
Construction boom and other drastic changes to both land use and the atmosphere above
compared to the surrounding rural areas are brought about by urbanisation.8 This
inadvertently modifies both the climate and air quality as the urban area grows. Cities by
nature are concentrations of human activity; hence they are subjected to the highest levels

of pollution and pollution impact.

Though most developed countries have long placed the improvement of air quality on
their development agenda, the opposite is the case in sub-Saharan Africa where most city
authorities are unable to keep pace with development and urbanization, and therefore lack
pollution control measures. The lack of capacity, both capital and human, in sub-Saharan
Africa together with expected population growth means that the situation can only get

worse.8

1.2.2.2 CLIMATE

The climate of a place influences the type of activities that take place and hence have an
impact on the levels of particulate pollution. The climate of Ghana is tropical and humid
(relative humidity 55% - 85%), but temperatures vary with season and elevation. There
are two main raining seasons in Ghana (April to July and from September to November)
except in the north of the country where there is only one (starts April and lasts until
September). Annual rainfall ranges from about 1,100 mm in the north to about 2,500 mm

in the southwest.

During the harmattan period, there is an increase in particulate matter levels which are

closely linked to the increased atmospheric stability that usually coincide with the dry
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season and the absence of precipitation and effective ventilation.84& This is also enhanced
by the absence of leaves and vegetation which acts as filters during the rainy seasons,
coupled with the miniinal washout effect of rains during this period. These seasonal
variations have been shown to be more visible in tropical climate than temperate

regions.g

In most areas the highest temperatures occur in March (average high about 32 "C) and the
lowest in August (average low about 21 "C). The variation in both annually and daily
temperature are quite small. It is comparatively dry along southeast coast, hot and humid

in southwest, and hot and dry in the north.

1.2.2.3 INCREASED PUBLIC ENVIRONMENTAL AWARENESS

Environmental awareness is on the increase in the country and leading to frequent social
agitations on environmental issues. In 1999 the Accra Metropolitan Authority with the
assistance of the British Government started the construction of an ultra modern landfill
site for domestic and industrial waste at Kwabenya, near Accra after a thorough
environmental impact assessment. This landfill project has been brought to a standstill
because of environmental pollution concerns raised by residents around the area.
Recently, residents of Juapong and Aflao in the Volta Region took to the streets in
demonstrations against the Juapong Textile Company and the West African Cement
Company respectively for polluting their air environment. The people living in the
Mining areas have had series of demonstrations against surface mining as a result of the
"perceived” environmental (including air) pollution. On June 15, 2005 a demonstration
by the Chiefs and people of Prestea, a mining town in the Western Region, against
surface mining in the area, resulted in the Police firing live bullets into the crowd injuring

eight seriously including an eleven year old boy who had his lip blown off.8 These
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agitations do not augur well for Ghana’s vision of accelerated industrial growth and a
prime destination for foreign investments. The best way these agitations can be stemmed
is to do systematic and continuous air quality monitoring and generate the necessary

scientific data to allay the concerns of the public.

1.23 TRENDS IN MONITORING

Not much air pollution studies have been done in Ghana in particular and Africa in
general .52 The following modest activities have however been carried out in the country
in the field of air pollution:

¢ Air Quality Management in Takoradi Thermal Power Station

« Biomonitoring of Air Pollution using lichens

¢ Air pollution monitoring of Kpone and Tema Oil Refinery

In addition to these projects the Environmental Protection Agency (EPA) has a number of
mobile stations, which they use to measure NOx, SOx and TSP but not on regular and
sustained basis. The Fig. 1-1 shows PMio concentration in roadside ambient air monitored

by the EPA.

1231 AIR QUALITY MONITORING AND MANAGEMENT AT THE

TAKORADI THERMAL POWER STATION

The Volta River Authority (VRA) is in charge of the generation, transmission,
distribution of power for industrial and domestic use in Ghana and selling of electricity to
Togo and Benin. Until 1997 power generation was 95% hydro from the Akosombo dam
built in 1961. Increased demand coupled with the decreasing water level in the lake has
compelled VRA to produce only 45% of Ghana's power requirement from hydro and 55%

from the Takoradi Thermal Plant.
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The thermal plant is 330 MW combined cycle plant, consisting of two 100 MW
combustion turbine generator with associated heat recovery steam generators. Currently,
the plant is using light crude oil. The combustion of this fuel results in the emission of
various air pollutants, such as:

« Oxides of Nitrogen (NOXx)

¢ Sulphur Dioxide (S02

« Carbon Dioxide (C02)

¢« Carbon Monoxide (CO)

e Particulate Matter (PMio and PM25)
CO:. CO, and the particulate matter are the direct products of the combustion whereas
NOXx, and S02are dependent on the nitrogen and sulphur contents of the oil. To mitigate
the harmful effect of these atmospheric emissions the plant design incorporated a
modelled stack height that improves the dilution and dispersion of the flue gas. This help
to distribute the impact of the emitted pollutant over a wide ground surface area and

reduces the average ground level concentration and the impact on vegetation.

The concentration of fuel bound nitrogen content for the light crude oil imported is
limited to 120mg/l to minimize NOx emission. S02is controlled by limiting the fuel total
sulphur content to 0.2% by weight to ensure that S02emissions fall within acceptable
guidelines set by Ghana EPA.
Ambient air is monitored at three locations:

« Aboadze, the nearest community in the prevalent wind direction

¢ Beposo, the point of maximum out fall of airborne plant emissions

e« The Western fence of the plant as control or background monitoring station

Results of some of the monitoring work done is given in Figures 1-2 and 1-3.
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1.2.3.2 BIOMONITORING OF AIR POLLUTION USING LICHENS

Two species of Lichens (Paramedia and Lecanora) in the Crutose family were identified
and used in the arseno-pyrites gold mining area of Ghana (Obuasi and Prestea) and the
Tema/Doryim area, which is the hub of Ghana's industries to monitor the deposition of
heavy metals from air pollution. Akim Oda and Sameraboi, two rural farming
communities where the same lichens were identified were also used as the control. The
results of this work, as shown in Table 1-1, showed that the mining and the industrial
areas had higher elemental concentration values than the farming communities suggesting

clearly that these two places were polluted. 39

1233 AIR POLLUTION MONITORING OF KPONE AND TEMA OIL
REFINERY

The Tema Oil Refinery in 2003, as a result of persistent accusations by the citizens of
Kpone, a fishing community east of the refinery and the Tema industrial area, requested
the Ghana Atomic Energy Commission to undertake air monitoring at both Kpone and its
plants. Fig. 1-4 shows the spectra of selected aerosol filters from Kpone and the Tema Oil
Refinery. The result is shown in Table 1-2. The elemental concentrations of most
elements in the PM]0 samples were consistently higher for Kpone than at the Tema Oil
Refinery. However, the values for PM2.5 showed consistently lower values for Kpone than
the Refinery. Since most of the elements identified were not precursors from fuel
combustion it was concluded that the operations of the refinery were not responsible for

the air pollution complains of Kpone, but other sources.
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FIGURE 1-1: PMio CONCENTRATION IN AMBIENT AIR AT SOME ROADSIDES IN ACCRA

PARTICULATE MATTER (PM 10) CONCENTRATION IN ROADSIDE AMBIENT AIR (2002-03)
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FIGURE 1-3: AMBIENT S02CONCENTRATION (PPM)
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TABLE 1-1: MEAN CONCENTRATIONS OF ELEMENTS IN THE TWO

Element
Al
As
Ba
Br
Ca
Ce
Co
Cr
Cl
Dy
Fe
Ga
Hf
Hg

|

K
La
Mg
Mn
Na
Rb
Sh
Sc
Sm
Th
Ti

LICHEN SPECIES

Mean Value (ng/g)

Obuasi Prestea Tema/Doryim Samreboi Akim Tafo
17260 7510 8010 1350 2070
110 73.2 0.8 1.84 0.8
650 110 156 204 190
8.2 5.7 10.4 5.6 5.2
6860 14380 17190 26090 21640
9.6 3.2 10.4 0.5 2.6
4.6 35 4.4 3.9 5.0
68.9 19.7 28.6 6.3 4.3
390 461 592 390 303
1.2 0.8 0.8 0.7 -
18730 4410 7530 1340 1150
66.6 45.0
2.0 0.8 2.4 0.3 11
15 6.1 - 0.9 2.2
305 13.2 19.0 45 8.6
3926 4750 3840 2800 3740
5.5 2.3 5.8 2.0 15
5750 6000 4780 5230 6025
106 198 275 440 635
1960 1248 765 360 170
15.1 13.7 13.7 8.1 113
4.5 1.9 0.7 0.1 0.4
3.4 15 18 0.8 0.4
11 0.4 11 0.1 0.2
1.6 0.6 12 0.2 0.4
2270 715 1187 235 222
0.8 0.2
42.3 12.6 185 1.9 1.9
3.9 19
157 118 115 112 62
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TABLE 1-2: AVERAGE CONCENTRATION OF
ELEMENTS IN AIR PARTICULATE MATTER AT KPONE
AND TEMA OIL REFINERY IN GHANA

KPONE Tema Oil Refinery
PM10 PM2.5 PM10 PM2.5
Element (ng/cm?2 (ng/cm?2)
Al 1541 464 434 2171
Si 2913 512 977 5669
P 111 351 88 107
S 416 466 313 470
Cl 2482 231 1384 3242
K 323 171 488 541
Ca 974 54 351 1424
Ti 121 - 51 168
Cr 6 5 8
Mn 24 6 14 28
Fe 1919 58 696 2239
Ni . - 8 -
Cu 205 2 46 :
Zn 84 47 124 16
Br - 18

1.24 CHALLENGES

A great deal of research and studies have been carried out on soil, water and
vegetation pollution studies in Ghana. Air pollution however has had little attention
and is only now being looked at as a result of the shift from hydro power generation
(95% in 1997 to 45% in 2003). As the country begins to industrialize on a large scale,
it is in a unique position to implement regulations and thus avoid many of the

problems that have occurred in the northern hemisphere.

Current activities are mostly based on gravimetric analysis for TSP, very little of
elemental characterization, and virtually no post data evaluation (source identification

or source apportionment). Very little data available on background levels due
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particularly to lack of access to mains supply for powering the samplers in rural
“unpolluted” areas. Use of petrol-driven generators introduces additional on-site
pollution that is sometimes picked up when wind direction changes. This has also

contributed to data generated so far not put to optimum use.

The current national capacity to monitor and enforce environmental standards,
particularly in air quality standard, is rather weak. This is due essentially to
inadequate number of well-trained personnel in atmospheric sciences, and lack of

appropriate equipment for monitoring and assessment.

It will be more appropriate for proper studies to be carried out at this time when
Ghana has switched from leaded petrol to unleaded petrol (from January 2004).
Currently, non-vehicular air pollution levels are low in most parts of the country,
except in the mining areas, and much can be done to control the situation. With the
expected growth of industries and human population in the future, the conditions will
be so critical that a substantial portion of the national budget will be required to fight

and control air pollution effects.

1.3 OBJECTIVE OF THE THESIS

Despite the measures taken to address these serious environmental challenges, there
exist gaps regarding adequate baseline data upon which impact can be assessed. These
gaps which are very pronounced due to lack of scientific data in air quality in the
country can only be filled by field measurements, laboratory analysis and air pollution
modelling. Secondly, the datu generated would also assist the industries and the
regulatory authorities to take the necessary action, to repair or forestall any pollution

threat by their operations.
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1.3.1 GENERAL OBJECTIVE

The overall objective of the thesis is to carry out research and monitor the relevant
variables used to describe air quality, with a view to establishing a baseline data upon
which impact may occur. It also seeks to establish the origin and characteristics of
size-segregated aerosols for PM2s (fine) and PM 1025 (coarse) over Kwabenya, near
Accra with special emphasis placed on the influence of major sources like traffic
emissions, bush fires and biomass burning, soil, sea spray and major industrial
emissions. This will be assessed by a combination of field measurements,
chemical/physical analysis using mainly nuclear analytical techniques, and receptor

modelling.

1.3.2 SPECIFIC OBJECTIVES

The Specific objectives are:

¢ To establish mass concentrations of PM25PM IH.5and PM ,0over Kswabenya, near
Accra.

¢ To analyse heavy metals and other elements in the particulate matter using
EDXRF and other methods for chemical characterisation of the aerosol, e.g. black
carbon.

« To establish source signatures and relate variations in particle concentrations to
the influence of strong sources

¢ To determine anthropogenic (man made) and natural contributions to air quality
over Kwabenya

« To relate particle concentrations to available climatic parameters (temperature,
wind direction and speed, hamidity/rainfall and air pressure)

« To model atmospheric pollution (receptor model) using data generated.
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CHAPTER 2
AEROSOL PARTICLES AND SAMPLING INSTRUMENTS

2.1. PARTICLE FORMATION

One of the most important physical parameters in the analysis of aerosol particles is
the particle size. The others are particle shape and density. Many aerosol particle
properties depend on the size, since it influences the transportation, deposition and
migration of the aerosol through the environment. Whereas coarse particles result
mainly from mechanical processes, fine particles are formed mainly by chemical
reactions and by the coagulation of even smaller species including molecules in the

vapour state.

While small liquid particles and some solid particles formed by condensation are
almost always spherical, most solid aerosol particles usually have complex shapes.1
For example, soil particles may be flaky and metallurgical fume may be aggregate
chains formed from condensed droplets. They have varying densities, hence for
comparison to be made between air particulates in aerosol studies the concept of an
“equivalent diameter” is used. This is the diameter of the sphere that would have the
same value of a particular property as that of an irregular shaped particle. The most
commonly used equivalent diameter is the aerodynamic diameter, defined as the
diameter of a sphere of unit density (lg/cm3) which has the same terminal settling

velocity in air as the particle under consideration.19

For this work, unless otherwise stated, the diameter refers to the aerodynamic
diameter. Airborne particles cover a wide size range (Fig. 2-1). Hence atmospheric
aerosol particles size distribution varies from place to place depending on the sources

emitting them and the meteorological parameters prevailing at that place. However,
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the most important aerosol particles which have serious health, climatic and

environmental effects are those smaller than 10]im in diameter.'1®

Aerosol particles once in the atmosphere can have their size, number and chemical
composition changed by several mechanisms until they are ultimately removed from
the atmosphere. The atmospheric aerosol size distribution is normally multi-modal in
shape reflecting the different formation mechanisms of primary and secondary
(formed through gas-to-particle conversion processes) aerosol and have a wide size
range. % There are three different types of particle size distributions, namely - number,
diameter and mass. Normally, fresh particle size distribution shows at least three
groups of particles. These are nucleation mode, accumulation mode and coarse mode
(Fig. 2-2). Their respective mass median aerodynamic diameter (MMAD) size
distributions are: <0.1 |im, 0.1-2 pm and >2 |rm. In general, the nucleation and
accumulation mode particles constitute the fine particles and there is comparatively
little mass exchange between the fine and coarse particle modes, hence they exist
together in the atmosphere as two chemically distinct aerosols. They have different

chemical compositions, sources and lifetime in the atmosphere.

211 NUCLEATION MODE PARTICLES

Nuclei mode (also known as Aitken mode) particles, are particles with a mass median
aerodynamic diameter less than 0.1 micrometer (MMAD <0.1 |im). These are formed
by the condensation of hot vapours from combustion processes and by nucleation
processes in the atmosphere.106 Studies of atmospheric Aitken particles suggest that
carbon (C ) and sulphur (S) are the main components, with a mass ratio of C/S of
approximately 3:1. This links the formation of this mode of particles mainly to the

cycles of S and hydrocarbons.9% When a vapour becomes increasingly supersaturated.
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molecules accumulate into clusters (embryo); formed due to the attractive Van der
Waals’ forces without the assistance of condensation nuclei or ions.®8 This type of

nucleation is known as homogeneous nucleation or self-nucleation.

The formation of new particles via homogeneous nucleation, though rare, is
commonly believed to happen in relatively clean environment, where the
condensation of nucleating species onto pre-existing aerosol particles is highly
inefficient.9® But this is not a limiting factor, since significant production of H2SOj-
H2 particles is also possible in more polluted air, but it requires both cool and humid
conditions combined with relatively high concentration of sulfuric acid vapour. When
a vapour becomes increasingly supersaturated, leading to continuous formation of
molecular clusters, these clusters are unstable and continuously disintegrate. In super
saturated vapour, the cluster concentration increases to the point where they collide
with one another frequently in a process similar to coagulation except that here the

"agglomerates" disintegrate immediately they are formed.

In photochemical smog, certain gas phase reactions are promoted by ultraviolet light
and form low-vapour-pressure reaction products. These products exist at high super-
saturation, because of their low vapour pressure, and can form particles by
homogeneous nucleation. Th*. homogeneous nucleation rate increases with the
following:

i. decreasing ambient temperature

ii. higher relative humidity

iii. decreasing surface tension, and

iv. lower equilibrium vapour pressure ofthe nucleating species (or gases).
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FIGURE 2-1: SIZE RANGE OF AEROSOL PARTICLES (FROM COLBECK?2
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FIGURE 2-2: IDEALISED TRIMODAL SIZE DISTRIBUTION OF
FRESH PARTICLES, SHOWING GENERAL RELATIONSHIPS
BETWEEN THE THREE COMMON SIZE RANGES AND THEIR
FORMATION MECHANISMS IN THE ATMOSPHERE. (FROM
COLLS®BWITH SLIGHT MODIFICATIONS)
In contrast, heterogeneous nucleation occurs in areas where other nuclei, particles or
ions from pre-existing aerosol, are present. Here the process of particle formation
(nucleation) is complemented by heterogeneous condensation on other nuclei
(particles or ions) present in the condensable vapour system. The best known example
of this is the formation of cloud droplets by water condensation onto hygroscopic
aerosol particles (Cloud Condensation Nuclei (CCN)). In the atmosphere the
following are the major components of fine particles: sulphates, nitrates and
carbonaceous compounds, indicating that the fine particle material is mainly derived
from atmospheric chemical reactions. The precursors which aid the formation of these

components of the fine particles are S02and other S-containing gases, NO* and other

N-containing gases and organic vapours. The fine particles formed by gas-to-particle
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conversion (GPC) are known as secondary aerosols.810 In the presence of solar
radiation GPC is highly enhanced. Although some directly emitted particles are found
in the fine particle mode, secondary particles formed from gases dominate the fine

particle mass.

21.2. ACCUMULATION MODE PARTICLES

Accumulation mode particles, with an MMAD in the range 0.1 —1 |im, are formed
from coagulation of nuclei mode particles, because of their small size and high
concentration especially near the source. Hence nuclei mode particles have relatively
short lifetime. As the name suggests, particles accumulate in this mode because the
removal mechanisms for the nuclei mode particles are weak. The particles in the
accumulation mode also coagulate too slowly to reach the coarse-particle mode where
they can be removed by sedimentation. They can however be removed by rainout or
washout. It has been found that carbonaceous particles exist mainly in the
accumulation mode.10l Accumulation mode particles typically (though not generally
true in all cases) have longer atmospheric life time (i.e. days to weeks) than coarse
mode particles, and tend to be rather uniformly dispersed across an urban area or large
geographical regions. The size range of the accumulation mode includes the
wavelengths of visible light, and these particles account for most of the visibility

effects of atmospheric aerosol.

Fog and cloud droplets play an important role in the accumulation mode formation
processes and under conditions of high humidity, there exist two sub-modes: a
condensation mode with MMAD of 0.2 - 0.3]iin and a droplet mode with MMAD of
0.5 - 0.8]im. The droplets are formed by the growth of hygroscopic condensation-

mode particles. This process may be facilitated by chemical reactions in the droplet.
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2.1.3 COARSE MODE PARTICLES

Coarse mode aerosol particles originate chiefly from the disintegration of larger
pieces of matter. Mineral pollutants constitute one source of coarse particulates in air
and many of the large partic'es in atmospheric dust, particularly in rural areas,
originate as soil or rock and consequently their elemental concentrations of Al, Ca, Si
and O are similar to the earth crust. Sources of large coarse particles include natural
ones such as sand storms, large salt particles from sea spray and human activities such
as from agriculture, surface mining, stone grinding and crushing in quarries. Human
activities result in particles of the topsoil and rocks being picked up by the wind. The
particles readily settle out or impact on surfaces, because of their large size. Hence
their lifetime in the atmosphere is only a few hours or days depending on the

prevailing meteorological conditions.

2.2 PARTICLE TRANSPORT

In between emission and removal, aerosol particles are transported in the atmosphere.
The source-transport-sink sequence determines the residence (life) time of the particle
in the atmosphere. This motion of particles in air is dependent on the aerodynamic

diameter of the particles.1®

2.2.1 RESIDENCE TIME

Particles at the smaller end of the size range undergo a continuous change in size and
composition and are constantly loosing their entity. Nucleation mode particles have
residence time less than one day because they undergo rapid coagulation. Particles
larger than 1Ojrin diameter are efficiently scavenged by sedimentation and washout,
Intermediate-size particles arc mainly incorporated into cloud droplet. For this type of
particles a great difference between residence time and altitude is observed. In the

lower troposphere the residence time is about a week and in the stratosphere the order
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of months to even years.®8 Due to the absence of clouds in the stratosphere the

removal by precipitation is not possible.

2.2.2 PARTICLE MOTION

In steady conditions the motion of aerosol particle is typically a result of the action of
two forces, a constant external force such as gravity and the resistance of the gas to
particle motion. For example in still air, a particle undergoing gravitational settling
can be shown to be settling with a velocity proportional to the square of the diameter.
Hence gravitational settling is very important for large or coarse particles. Due to this
rapid depletion by gravitational sedimentation, coarse particles (and particles larger

than 10[iin) are mainly present in the atmosphere close to their sources.2

One parameter that is very useful for the analysis of complex particle motion is the
particle relaxation time (x). The relaxation time is proportional to the square of the
diameter and inversely proportional to the viscosity of the gaseous medium.110 It
characterizes the time required for a particle to adjust or “relax" its velocity to new
conditions in the atmosphere. The relaxation time is analogous to the characteristic
acceleration for a car, such as the “0 to 100” (km/h) time. It depends on the mass and
mobility of the particle and is not affected by the nature and magnitude of the external

forces acting on it. Hence large particles have long (large) relaxation times.

A particle injected into a moving gas with an initial velocity Uxo relative to the gas, in
the absence of external force, would be progressively pulled by resistance force
exerted by the gas medium until the particle has the same velocity as the medium. The

distance traveled by the particle relative to the gas medium before it catches up with

the flow is known as the particle stopping distance, S or inertial range. The stopping
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distance, Sx, is related to the relaxation time,x, and the particle initial velocity relative

to the gas by

Sx= VxO: 21

On a displacement scale, the stopping distance represents a measure of a particle’s
effective initial momentum, which is diminished to zero by air friction over a distance

equal to the stopping distance.

Relaxation time t = mB, where m is the particle mass and B is the particle mobility,
hence the stopping distance can be expressed in terms of particle mobility and its

initial momentum by

sx=Bmvx) 22

The stopping distance represents the distance a particle will travel in still air if an
external force acting on the particle were turned off. It is very important when
considering how particles behave within moving air that is changing direction, e.g.
when a particle moves in an airstream that is abruptly turned 90*. Eqn. 2.1 shows that,
for the same initial velocity, a larger particle will have a larger stopping distance. The
velocity of the air and the size of the particle influences the stopping distance in
changing wind direction, and would determine whether the particle remains airborne
(follow the airstream) or not (exit the airstream trajectory). As illustrated in Fig. 2-3,
larger particles and particles with higher air velocity are not able to follow the
movement of airstream as it changes direction. Hence they are removed from the

airstream.
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FIGURE 2-3: DIAGRAM ILLUSTRATING THE CONCEPT OF

PARTICLE INERTIA (FROM MARKI2 WITH SLIGHT

MODIFICATIONS)
2.3. PARTICLE DEPOSITION MECHANISMS
Atmospheric aerosols are complex with respect to particle size, shape, chemical
composition, concentration, etc. Once the aerosol particles are emitted into the
atmosphere, their size distribution is modified by physical and chemical mechanisms.
Dry and wet removal are such physical mechanisms. Coagulation, caused by
Brownian motion of particles, or by external forces acting between particles, is
another. Condensation and evaporation processes change both the size and the
composition of the particles depending on the local temperature and relative humidity.
Heterogeneous chemical reactions on and inside aerosol particles result primarily in
changes of the chemical composition and may lead to change in particle size.
Coagulation, condensation/evaporation and heterogeneous reactions are not
considered as deposition mechanisms since they mainly remove particles from certain
size ranges to others. This could however aid the deposition mechanisms as the

particle size grows (as the partible size becomes larger).
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Aerosol particles emitted into the atmosphere are ultimately removed from the
atmosphere by deposition onto some surfaces. Surfaces like buildings, water, human
body and respiratory system, soil and vegetation are some examples. A mass flux
from the atmosphere to the earth's surface occurs by two processes: dry deposition
and wet deposition. These processes transfer pollutants to the ecosystem and are

responsible for the many negative environmental effects.

2.3.1. DRY DEPOSITION

Dry deposition is defined as the continuous transport of particulate and gaseous matter
from the atmosphere directly onto surfaces, not associated with precipitation. The
mechanisms involved are:

1 Gravitational settling (of predominantly coarse particles) - this is the process
by which the particles are transported to a surface by the force of gravity, all
particles are subjected 10 this process but in varying degree due to their mass.

2. Turbulent exchange of (predominantly) fine particles and gases to the surface.

3. Diffusion - particles are deposited on a surface after being brought in contact
with the surface by Brownian diffusion. Since Brownian diffusion increases
with decreasing size, deposition by diffusion is mainly important for gases and
sub-micron particles.18

4. Interception - this takes place when a particle, following the streamlines of a
flow around an obstacle, is of a size sufficiently large such that its surface and
that of the obstacle come into contact (geometricical effect of large particles).

5. Inertial Impaction - this takes place when a particle because of its inertia, is

unable to adjust to the abruptly changing streamlines near an object.
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6. Biological mechanisms - biological cell/organism can attract and absorb onto
their surfaces some particulates and gases. For example, gases can be

transferred to surfaces of vegetation through stomata and leaf cuticles.

Though all the mechanism listed above play an important role in dry deposition, the
most important mechanisms are sedimentation, impaction, interception and diffusion.
Diffusion is an important removal mechanism for nucleation mode particles while
inertial impaction, interception, and gravitational settling are important removal
mechanisms for coarse mode particles. These removal mechanisms are least efficient
for accumulation mode particles, thus the particles are caused to accumulate in this

mode, hence the name.14

The factors that govern dry deposition are the airborne concentrations, the
atmospheric movements and the ability of the underlying surface to absorb and/or
capture the species that come in contact with it. For trace gases the uptake at the
surface is dependent on the reactivity and solubility of the species and the type of
surface. Generally, the nature of the surface does not have a strong influence on the

dry deposition flux of coarse particles but is more complex for fine particles.

Dry deposition has a strong diurnal cycle, because the mechanisms involved are
meteorological and sometimes biological. The dry deposition of fine particles (and
gases) is more significant during the daytime because it is mainly controlled by

turbulent exchange (with the surface) which is more efficient during the day.

2.3.2 WET DEPOSITION
Wet deposition is the process by which particles and gases are removed from the

atmosphere and are subsequently delivered to the earth’s surface during precipitation
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events. It involves uptake into the cloud droplets (rainout) and uptake into
precipitation elements (washout). It is important to note that only rainout leading to
subsequent precipitation is regarded as wet deposition. Most of the uptake into clouds
do not produce wet deposition, since most of the cloud never precipitate. Wet

deposition is not receptor surface dependent.

There are many mechanisms that contribute to wet deposition, among these are the
capture of small particles by cloud droplets (coalescence) and water condensation
onto particles (nucleation scavenging). If the particles contain water soluble salts,
their ability to form droplet is enhanced. In the washout process, only a fraction of the
particles in the path of a falling rain drop will collide with it. The remainder, and
particularly the fine particles, may be swept in the streamline around the rain drop.
For this reason large particles are known to be more efficiently removed than small

particles.

2.4. AEROSOL SAMPLING INSTRUMENTS

24.1. GENERAL CONSIDERATIONS

The choice of an aerosol sampling instrument depends on the substance to be
measured, the properties it haj, and the information to be gained from the measured
values. Measurements can be carried out where the particles are formed to determine
emissions or at receptor location to determine air quality (Fig. 2-4). The primary aim
of measurements is to determine concentrations of air pollutants but the mass flow

rates are also very important to determine the dilution effect of the emissions.

The main aim of all aerosol sampling is to collect representative samples for analysis.
These samples must accurately reflect the airborne particles in both concentration and

size distribution. Isokinetic sampling is a procedure to ensure that a representative
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sample of aerosol enters the inlet of a sampling tube when sampling from a moving
aerosol stream. Sampling is said to be isokenetic when the inlet axis of the sampler, is
aligned parallel to the gas streamlines and the gas velocity (U) entering the probe head
is equal to the free-stream velocity (UQapproaching the inlet (Fig. 2-5). In this type of
scenario there is no particle loss at the inlet, regardless of particle size or inertia. But
there is no guarantee that there will not be particle loss between inlet and the collector
(e.g. filter), it guarantees only the concentration and size distribution of the aerosol

entering the tube is the same as that in the flowing stream.

FIGURE 2-4: SCHEMATIC DIAGRAM OUTLINING EMISSION,
TRANSPORT, TRANSFORMATION AND SAMPLING OF AIRBORNE
POLLUTANTS

Sampling probe

Gas streamlImos

U - Ur

FIGURE 2-5- ISOKINETIC SAMPLING (FROM HINDSJ)
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Anisokinetic sampling is a failure to sample isokinetically, and may result in the
distortion of particle size distribution and a biased estimate of the concentration.
These effects arise because of particle inertia in the region of curved streamlines near
the inlet. The sample may contain excess or deficiency of large particles depending on

the conditions.

Fig. 2-6 below shows the three possible scenarios of anisokinetic sampling. In Fig. 2-
6(a) the probe is not aligned to the gas flow streamlines; here the concentration will
be underestimated because most of the heavy particles would be lost because of
inertia. In Fig. 2-6(b) the velocity in the probe exceeds the stream velocity, this is
known as superisokinetic sampling, here some particles with high inertia in the
volume sampled cannot follow the converging streamlines to enter the probe and are
lost from the sample. Thus the concentration would be underestimated. In Fig 2-6(c),
the stream velocity exceeds the velocity in the probe, subisokinetic sampling. Here
some heavy particles which were not initially in the flow will enter because of the

slow velocity in the probe hence the concentration would be over-estimated.

In aerosol sampling technology it is very important to distinguish between integrated
(discontinuous) and continuous measuring methods. The continuous sampling
instruments measure the temporal profile of the measured quantity. Integrated or
discontinuous sampling instruments provide the measured quantities as a mean value
over a sampling period. It is advisable therefore that in the use of integrated sampling
instruments to have some knowledge of the profile of the air pollutants to be

measured. This would lead to setting of sensible sampling periods.
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FIGURE 2-6 - ANISOKINETIC SAMPLING (FROM HINDSY),

(a) MISALIGNMENT

(b) SUPERISOKINETIC SAMPLING, U>U,,,

(c) SUBISOKINETIC SAMPLING, U<UO0
Aerosol sampling instruments often require the drawing of ambient air through some
type of filter material. This is achieved using a pump or a known volume of ambient
air is pulled through a filter so as to collect the particles on the filter. The filter is then
removed and taken to the laboratory to determine the gain in the filter mass due to
particle collection. Ambient PM is calculated on the basis of the gain in filter mass,
divided by the product of sampling period and sampling flowrate. Using appropriate
analytical techniques, its chemical components can also be determined. The ambient
air stream is processed on its way to the filter so that only particles of some
predetermined aerodynamic characteristics are allowed to reach the filter. This is one
of the most highly developed measurement principles that apply to the quantification

of the wide variety of chemical components in suspended particles. 216 When the

filter is impregnated with an absorbing solution, or when the filter material has

43



specific gas-absorbing properties, quantitative measures of gases as a well as particle
phases are possible.3 The filter characteristics will govern the efficiency of particle
collection. The chemical analysis to be done on the filter cannot be separated from the
filter material used and the methods used to obtain the samples. Different methods are
available to fractionate the sample stream on the basis of particle size.®2 They include

direct impaction, virtual impaction and cyclonic flow.

2.42. INTEGRATED (DISCONTINUOUS) SAMPLING INSTRUMENTS
2.4.2.1. IMPACTORS

Impaction is one of the removal modes that is extensively applied in collection and
measurement of aerosol particles. It has been thoroughly analysed, both
experimentally and theoretically.1 1t was first used in the early fifties for collecting

dust for the evaluation ofthe occupational environment.

All inertial impactors operate on basically t