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ABSTRACT.  The effects of dilution on photochemical reactions of trace gases released from spontaneous combustion processes near 
open cast coalmines in winter have been examined with a view to assessing the impact of meteorology on atmospheric chemical reac-
tions. Daytime observed gas concentrations vary significantly due to dilution and transformation at average relative humidity of 48.9 ± 
4.3 % and temperature of 14.4 ± 0.6 oC. Dilution occurred during the day with rise in wind speed. This yielded dilution rate constants 
of 1.0 × 10-3 min-1 for CO, 2.5 × 10-3 min-1 for NO, 1.9 × 10-3 min-1 for NO2, 8.4 × 10-4 min-1 for H2S, 9.8 × 10-4 min-1 for SO2 and 1.6 
× 10-3 min-1 for O3. H2S and SO2 were observed to exhibit very close resemblance in diurnal variations. The average daytime and night 
time concentrations of the observed H2S were 31.5 ± 13.4 ppb and 171.7 ± 15.9 ppb and 31.6 ± 13.2 ppb and 128.5 ± 18.1 ppb for SO2. 
Chemical reaction rates were evaluated over a temperature range between 0 and 20 oC and mean surface pressure of 850.4 ± 2.7 mbar 
for the trace inorganic gases. Over this temperature range and surface pressure, transformation rates of SO2 and H2S are 0.023 %·h-1 

and 0.008 % h-1 respectively. The pre-exponential rate constants of the gaseous species are kH2S = 6.65 × 10-3 L µg–1·min –1, kSO2 = 1.67 
× 10-3 L·µg–1·min–1, kNO2 = 4.7 × 10-3 min –1, kNO = 1.27 × 10-2 min–1and kO3 = 5.49 × 10-1 L·µg–1·min–1. The energy of activation of the 
gaseous species are EA / R was approximately 317 K for H2S, 696 K for SO2, 258 K for NO2, 292 K for NO and 1,684 K for O3. 
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1. Introduction  

Several air pollutants that prevail in the cities and town-
ships of developing communities consist of the trace gaseous 
compounds. In the atmosphere these compounds undergo a 
transformation from gas to particles resulting in smog forma-
tion (Terblanche et al., 1993; Blanchet, 1994; Andrews et al., 
2004). On the South Africa Highveld, anthropogenic gases 
released from spontaneous combustion in coalmines have sig- 
nificantly increased the tropospheric air pollutant load (Held 
et al., 1996). 

Within southern Africa, coal and its products are the ma-
jor energy source for heating, electricity generation and indus-
trial applications. The Witbank area of the Highveld (Figure 1) 
is a major coal-producing area in South Africa. Of significant 
interest is that Witbank coalfields contain low-grade bitumi-
nous coal suitable for syngas fuel and electric power produc-
tion (Edna, 1957; Barker and Associates, 1985; Gayer and 
Harris, 1996; Snyman et al., 1990). Several studies of atmos-
pheric pollutant released from coal-fired processes have been 
undertaken (Dittenhoefer and De Pena, 1978; Rodhe, 1978; 
Fugas and Gentillizza, 1978; Santos et al., 2004; McGonigle 
et al., 2004). 

Air mass transport is controlled by the variability of me- 
teorological parameters. These parameters also alter the state 
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of atmosphere that result in dilution and chemical transfor-
mation. Dilution in the atmosphere refers to the introduction 
of cleaner air (inert of the reacting species) as a result of rise 
in wind speed into a reaction mixture which reduces the con- 
centrations of the reacting species. Several factors may affect 
the dilution process of concentrated surface emissions. These 
include the diluents source type and emission strength, the 
physical and chemical nature of the emissions, rate of inflow 
and outflow of the air-mass and to a significant extent the me- 
teorological variables in the location. On the other hand che- 
mical transformation involves the change in chemical form, 
structure and energy content of reactive species when sub- 
jected to specific temperatures and pressures. In the atom- 
sphere chemical transformations are influenced by meteorolo- 
gical parameters such as ambient temperature, solar radiation 
(Calvert et al., 1978; Pienaar and Helas, 1996; Warneck, 1999) 
and relative humidity (Moller, 1980). 

Within the troposphere, the oxidation rate SO2 ranges be-
tween 0.7 and 8 percent per hour (Miller, 1978; Seinfeld and 
Pandis, 1998). The variation in rates is as a result of the com- 
plexity of atmospheric reactions, variations in meteorological 
parameters and the methodology by which the reaction kine- 
tics was conducted (Gillani et al., 1978). Some techniques 
applied include passive sampling at constant time intervals of 
reacted compound obtained from adsorbent impregnated with 
a reaction quench (Gillani et al., 1978; Gillani and Wilson, 
1983). Others include atmospheric conditions simulated in la- 
boratory studies (Carmichael and Peters, 1984). The use of 
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action rates relative to dilution rate for the daytime reactions. 
Trace gases released from partial or complete combustion pro- 
cesses in open cast coalmines at Witbank were observed to 
experience dilution during photochemical oxidation. Similar 
to any chemical reaction, the rates depend on the meteorologi-
cal conditions in the planetary boundary layer and the noctur-
nal concentrations of the emitted gases. To ascertain that sour- 
ce concentration was utilised for the reaction kinetic model, 
concentration distribution as a function of the wind directional 
sectors is essential. 

On a local scale, the wind direction may influence the air 
quality at a particular monitoring site. The air transport re-
gimes are useful in determining the pathways travelled by 
pollutants from their sources thereby providing a measure for 
source-site targeting (Timko and Derrick, 1989; Davison and 
Hewitt, 1997). In this paper, the contribution of meteorology 
to concentration variations has been considered to provide an 
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understanding of ambient concentration variations of several 
photo-chemically propagated transformations with increasing 
wind speed. Consequently to establish a representation of the 
chemical transformation rates of five trace gases observed 
around Witbank open cast coalmines, CO is used as a tracer 
gas for air mass dilution determination. Studies have shown 
that CO time based trends are the most accurate indicators of 
spontaneous combustion (Timko and Derrick, 1989; Davison 
and Hewitt, 1997). 

The trace gases considered in this study were SO2, H2S, 
NO, NO2, O3 and CO. H2S is thermally oxidised to SO2 in the 
atmosphere (Eggleton and Cox, 1978). SO2 is converted into 
sulphate through several reaction mechanisms (Cox and San-
dalls, 1974; Calvert et al., 1978; Moller, 1980; Stockwell, 
1986; Walcek et al., 1986; Pienaar and Helas, 1996; Warneck, 
1999). The NO is predominantly formed during combustion 
of fossil fuels while the oxidation of NO produces NO2 in the 
atmosphere (WHO, 1979; Tang et al., 1981; Seinfeld and Pan-
dis, 1998; Warneck, 1999). When volatile hydrocarbons react 
with these oxides of nitrogen, O3 is formed (WHO, 1979; 
Pienaar and Helas, 1996; Warneck, 1999). CO is a product of 
the incomplete combustion of fossil fuels and carbonaceous 
compounds (WHO, 1979; Warneck, 1999). It may be consi- 
dered as an inert relative to the other trace gases because it 
has a characteristic lifetime of between 1 and 4 month in the 
at- mosphere (Seinfeld and Pandis, 1998). 

Chemical transformations depend on the temperature and 
pressure of the system while the rates of reaction depend on 
the temperature and the concentration of the reactant species 
(Smith et al., 1996). Photochemical oxidation is a well estab-
lished mechanistic path-way of transformations for a variety 
of atmospheric pollutants. It is different from other reaction 
mechanisms because a photon (a light energy associated with 
a particular wavelength released to initiate a reaction) is one 
of the reactants (Seinfeld and Pandis, 1998). In the atmos-
phere, several chemical reactions are initiated and propagated 
by sunlight with ray intensity expressed in terms of the for-
ward or reverse rate constant (Chisaka, 1984). Most atmos-
pheric transformations are considered irreversible since the 
equilibrium product concentration necessary for reversibility 
are trivially produced. In addition some products act as inter- 
mediate reactants for the formation of other products. The eq- 
uilibrium concentration ratio of SO2 to SO3 is about 8 × 1011 in 
the air at 25oC and 1 atmosphere (Pienaar and Helas, 1996; 
Seinfeld and Pandis, 1998). Therefore reaction rates may be 
expressed in terms of either the disappearance of reactants or 
the formation of products or the combination of both in the 
case of reversible reactions (Levenspiel, 1999). The method 
adopted in this study is the differential method of data analy-
sis. This method uses a differential rate equation which is eva- 
luated for all the terms as well as the derivative term - dC/dt 
(change in concentration reactant with respect to time). It also 
tests the goodness of the fit with experimental observations 
(Levenspiel, 1999). 

The reaction rate, ri for the disappearance of a limiting 
reactant, i based on the differential method with the assump-

tion of constant-density reacting fluid mixture is expressed as: 
 

n
ikC

dt
idC

dt
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dt
idN

Vir −====
)/(1              (1) 

 
where ri (mol·L-1 s-1) is the rate of disappearance of the reac-
tant, Ci (mol·L-1) is the concentration of the reactant i, n (unit 
less) is the order of reaction, and k is the reaction rate constant. 
k is expressed as s-1, for first order reactions and L·mol -1·s-1 
for second order. Taking logarithms of both sides of equation 
(1) gives:  

 
kiCnir lnlnln +=−                             (2) 

 
A plot of ln ri against ln Ci from equation (2), gives a 

straight line with a slope equal to the reaction order, n and an 
intercept equal to the reaction rate constant, k (Levenspiel, 
1999; Perry and Green, 1999). The rate constant, k which is 
temperature dependent for a specific pressure, is defined by 
the Arrhenius equation (3): 

 

( )1exp EAk k
R T∞ −= ⎡ ⎤

⎢ ⎥⎣ ⎦
                            (3) 

 
where k∞ is the pre-exponential factor with same unit as k, EA 
is the energy of activation in kJ·kg-1 and R is the universal gas 
constant. T is the temperature at which the reaction occurred 
in Kelvin. Equation (3) fits experiments well over a wide tem-
perature range and is the best model approximation to true 
temperature dependency (Levenspiel, 1999; Perry and Green, 
1999). At two different temperatures, for the same compound, 
equations (2) and (3) combine to give: 
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                   (4) 

 
where, r1 and r2 are reaction rates at temperatures T1 and T2 
with rate constants k1 and k2 respectively. 

2. Methodology  

Ambient air sampling was conducted at the Witbank area 
(Figure 1) on the South African Highveld on a location midst 
of several open cast coalmines. Sampling was conducted on a 
continuous basis for one month with weekly instrument cali- 
bration using high response time thermo environmental analy- 
sers on a ten-minute time average. In addition meteorological 
parameters were measured also on a ten-minute time average. 

Meteorological data was analysed in order to establish 
their contributions to the atmospheric conditions. Air mass di- 
lution was established from the moment daytime accumula-
tion of ozone concentration started to decrease while at the 
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igure 2. (a) Variations of solar radiation and wind speed measurements at Witbank in June 2004. The line 
ith constant wind speed of 2ms-1 indicate calm conditions; (b) Variations in relative humidity (RH) and 

ainfall measurements at Witbank in June 2004. 
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wind speed was increasing. The dilution process 
te from the moment the growth in ozone concen- 
mmenced. Over this period, the CO (considered as 
sed as a tracer to determine the amount of diluent 
uld have been introduced to reduce its nocturnal 
n. The same amount of air-mass, producing the 

on factor for all components of the mixture, was 
he other trace gases in order to determine the co- 
 dilution rates. The decrease in concentration prior 
on was attributed to chemical transformation. 
he duration of wind speed increase, dilution was 

presumed occurring simultaneously with chemical transfor- 
mation. The feasible period of establishing the occurrence of 
chemical reactions was during the ozone production after sun- 
rise and reduction after sunset. Chemical reaction rates were 
established by formulating simple kinetic models from mea- 
sured data of the trace gases. The order of reaction and rate 
constant were determined from the rate model expressions. 
The transformation rate was based on the assumption that the 
reactant initial concentration was the nocturnal gas concentra- 
tion. 

Photochemical transformations were assumed to be the 
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dominant reaction mechanism by which the trace gases were 
consumed. This reaction mechanism is enhanced by the pres-
ence of sunlight and oxidising agents in the reaction mixture. 
Theses agents of oxidation are highly selective to specific 
chemical reactions and conditions. Selectivity is used to des- 
cribe the degree to which a particular reaction predominates 
over competing side reactions. If a chemical reaction yields 
two products A (desired) and B (undesired), the selectivity of 
product A is the mole ratios of A relative to B and vice versa, 
such that the summation of the selectivities of all products is 
100% (Felder and Rousseau, 2000). 

The reaction rates were established on the assumption of 
a constant-density fluid mixture (daytime mixed layer height). 
The daytime mixing height hn was calculated utilizing mor- 
ning potential temperature soundings before sunrise as well as 
the hourly changing surface heat flux for the day time mixing 
heights as described in Holtslag and Van Ulden (1983); Van 
Ulden and Holtslag (1985) by using convective the boundary 
layer parameters evaluated from works of Oke (1987); Panof-
sky and Dutton (1984); Wyngaard (1988); Deardorff et al. 
(1980); Garratt, (1992); Hanna and Paine, (1987); Hanna and 
Chang, (1993) and Cimorelli et al. (2004). The stable (night 
time) mixing layer height, hs was determined based on works 
of Zilitinkevich (1972) and Venkatram (1980a, b, c). 

3. Sampling Description 

Sampling was undertaken during winter between 2 and 
30 June 2004 in Witbank, an area located in the northern part 
of the South Africa Highveld (Figure 1). It is a relatively flat 
topographical terrain with a few rolling hills. The vegetation 
is a sparse and varied grassland type. It is an open area that 
allows for effective diffusion and mixing close to the surface. 
Meteorological parameters consisting of ambient temperature, 
pressure, wind speed and direction, solar radiation, relative 
humidity and rainfall were measured continuously on a ten- 
minute average. 

The sampling site was a ground-based air quality moni- 
toring station equipped with instruments to measure ambient 
trace gas concentrations for H2S, SO2, O3, NO, NO2 and CO. 
The sampling site was situated in an area about 1500m ASL 
on S25o59’07” E29o13’23” (Figure 1) surrounded by a num- 
ber of active open cast coalmines. The closest open cast coal- 
mines to the sampling site were approximately 1 km and 2 km 
away in the south and north–westerly directions respectively. 
Each of the surrounding coalmines had a surface area of be- 
tween 0.12 and 0.18 km2.  

The trace gases were measured using Thermo Environ-
mental instruments. Measurements of SO2 were conducted 
using a model 43C SO2 pulse analyser. A detailed description 
of the instrument operation is given in Dittenhoefer and De 
Pena, (1978). H2S was measured using a model 340 H2S cata-
lytic converter coupled to an SO2 model 43C pulse fluore- 
scence analyser. The catalytic converter oxidises all H2S to 
SO2 and the output gives the total SO2 (SO2 from H2S plus 
SO2 in air) content in the sampled air. The H2S concentrations 

were calculated by subtracting the SO2 concentrations mea- 
sured by an SO2 analyser from values measured by the H2S – 
SO2 combined monitor and analyser. Other instruments em- 
ployed for the monitoring include: the Model 42C trace level 
NO/NO2/ NOX analyser for monitoring and measuring of ox-
ides of nitrogen, the Model 49C trace level O3 analyser for 
ozone and the Model 48C trace level CO analyser for carbon 
monoxide. The time taken for sampling and analysing a sam-
ple in the instruments was 60 seconds. The measured con- 
centrations were recorded on a 10-minute average basis. This 
was to correlate concentrations with measured metrological 
data. 

4. Result Analysis 

4.1. Meteorological Variations 
Over the area at Witbank sunrise occurred between 05:00 

and 06:00 in the June 2004. In most of the period during sam-
pling, the atmosphere was between calm to stable conditions 
with a few neutral conditions on the first and last week of the 
June 2004 (Figure 2a). There was a clear indication of diurnal 
wind variations throughout the sampling duration defined by a 
morning increase reaching a peak at midday followed by 
gradual reduction as the sun sets. It appears that most of the 
days during sampling were cloudless with the exception of 
days 6, 8, 17 and 25 that were significantly low in solar. 
While days 9 and 13 appeared to be partially cloudy at certain 
times of the day hence the slim appearance of solar radiation, 
overcast conditions was observed between the June 10 and 12. 
During the sampling period only slight rainfall was observed 
on June 28 with drizzles on between June 18 and 20 as well as 
27 and 30 (Figure 2b). Except for the rain days, the relative 
humidity was consistent over a particular range between 20 
and 90%.  

 
4.2. Wind Effect on Concentration Distribution 

A simple representation of pollutant distribution resulting 
from wind action is the pollution rose (Figures 3a to 3f). In 
this plot the dotted lines indicate the mean concentrations for 
the various wind direction over the sampling duration. The 
length of the straight line shows the frequency of wind from a 
particular direction, while the thickness of the line indicates 
the frequency of occurrence of particular concentration range 
for a particular wind direction. 

The winds from north-westerly and southerly were pre- 
dominant at the sampling location throughout the month of 
June (Figures 3a to 3f). Maximum CO concentrations were 
observed from the north-westerly to east (clockwise) sector 
and the south-westerly to south-easterly sectors (Figure 3a). 
These directional sectors coincided with the locations of the 
coalmines closest to the sampling site (Figure 1). Therefore 
CO is most likely an outcome of the spontaneous combustion 
from the nearby open cast coalmines. It appears from the do- 
tted lines that CO is uniformly distributed over the area. This 
may be due to its long atmospheric lifetime of between 1 and 
4 months (Seinfeld and Pandis, 1998). Equally very high con- 
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Figure 3. Mean CO (a), O3 (b), NO2 (c), H2S (d), SO2 (e) and NO (f) concentration distribution within open cast
coalmines at Witbank in June 2004. 
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ations of H2S, SO2 and NO (Figures 3d to 3f) were 
ved from the wind directional sectors similar to the CO 
e area. Hence it be ascertained that the same source for 
s responsible for the gaseous emissions. It is well under-
 that O3 and NO2 produced predominantly due to chemi-
eactions with other atmospheric compounds; hence no 
fic emission source may be attributed to their presence 
res 3b and 3c). Consequently the average concentration 
n by the dotted is uniformly distributed. 
t sunrise as the nocturnal temperature inversion aloft it 

pected that convective eddies mix the nocturnal concen-
towards the surface since upward diffusion is prevented 
gs, 1969; Oke, 1987). This process in addition with low 
ective mixing height during winter at Witbank should 
ficantly increase ground level concentrations. But over 
mpling area the reverse was observed as wind speed in- 

es between 06:00 (1.35 m·s-1) and 11:00 (3.68 m·s-1) by 
t 56.1% (Figures 4a to 4c). The decrease in concentration 

was significantly observed with CO and NO diurnal variations. 
While with respect to altering transformation, concentration 
reduction was clearly shown by O3 reduction after sunrise. It 
was assumed that the rise in the morning wind speed intro-
duces cleaner air into the trace gas mixture resulting in dilu-
tion. Thereafter with steady wind speed, photochemical trans- 
formation processes became dominant. 

 
4.3. Diurnal Variations 

The observed ambient concentration variations are signi- 
ficant influenced by surface meteorological parameters (Table 
1). Throughout the sampling period, the concentrations of all 
the trace gases exhibited a regular cyclical diurnal pattern. 
The average nocturnal CO concentration decreases due to the 
wind effect from about 4,669.4 ppb to 2,456.5 ppb, between 
06:00 and 15:00 (Figure 4a). As sunset approaches, the con- 
centration accumulation recommenced. Such a concentration 
growth occurred gradually between 15:00 to 06:00 increasing 
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pollutant within the planetary boundary layer.  
The diurnal pattern exhibited by H2S and SO2 are similar 

(Figure 4b). Between 22:00 and 06:00 the concentrations in-
creased reaching a maximum of 225.1 ppb and 162.2 ppb of 
H2S and SO2 respectively. These events are due to the result 
of source strength variation accompanied by wind directional 
responses. The concentration increases between 06:00 and 
08:00, as a result of the increased traffic in the mines as well 
as the early morning mine-rocks blasting operations; a steep 
decline in both species was observed between 08:00 and 
10:00, yielding about 30.7 ppb H2S and 28.3 ppb SO2. This 
reduction, which amounted to about 80% of their night time 
concentrations, occurred after two hours from the time when 
wind speed increase was initiated. The reduced concentration 
remained steady even at wind speed as well as with decrea- 
sing wind speed after 15:00. As a result, this decline was attri- 
buted to combination of dilution and photochemical transfor- 
mation processes. At night time about 22:00 concentrations 
gently started to accumulate. 

The oxides of nitrogen exhibited different diurnal charac- 
teristics during the sampling (Figure 4c). Throughout the sam- 
pling period NO formation occurs between 04:00 and 06:00 
due to spontaneous combustion from the coalmines. At 06:00, 
NO reduction began due to sunrise, resulting in photo-oxida- 
tion processes. This decline proceeded up to 11:00 reaching a 
minimum of about 5 ppb after decreasing about 80% of the 
night time concentration. The reduced concentration remained 
steady up to 22:00 when both wind and photochemical effects 
were insignificant and accumulation resumed. It is well under- 
stood that NO2 is mainly the result of photo-oxidation of NO 
in air (Pienaar and Helas, 1996; Seinfeld and Pandis, 1998; 
Warneck, 1999). As a result, the night time NO2 would remain 
stable except for the interferences from atmospheric stability. 
While in the daytime it is used up during the production of  
the photochemical oxidants. The observed NO2 concentration 
apparently remained stable through the night thereafter it de- 
creased gradually between 09:00 and 11:00 by about 39% of 
average nocturnal value reaching a minimum of about 6.8 ppb 
(Figure 4c). The time of reduction corresponds to the frame of 
wind speed rise hence the concentration disappearance is po- 
ssibly the result of air dilution. After 12:00, NO2 accumulation 
resumed.  

O3 is a strong oxidizing compound in the atmosphere. 
The formation of O3 is as a result of the disappearance of NO2 

thereby making NO2 an oxidant precursor. The production of 
O3 is also propagated by the presence of sunlight (Pienaar and 
Helas, 1996). The characteristic pattern shown by ozone was a 
stable night time value up till about 07:00. This was followed 
by an increase between 07:00 and 09:00 reaching a maximum 
of 25.8 ppb as a result of photochemical oxidation processes. 
This increase was interfered between 09:00 and 11:00 creating 
a reduction to as low as 12.8 ppb removing about 17% of the 
initially attained maximum concentration. This reduction was 
ascribed to the dilution since the introduction of oxygen-rich 
air should contribute to increased oxidation rather than con- 
centration reduction. Therefore the O3 disappearance was due 
to air dilution suppressing photochemical reaction. Thereafter 
between 10:00 and 15:00, photochemical oxidation exceeded 
dilution, hence ozone accumulation (Figure 4c). After 15:00 
towards the evening as the sun set, with a subsequent reduc- 
tion in the intensity of the solar radiation, a rapid decrease in 
O3 was observed up till 17:00, followed by a gentle reduction 
reaching a minimum of 10.8 ppb at 23:00. 

 
4.4. Effect of Dilution on Emitted Gases 

The disappearances of the measured trace gases between 
06:00 and 15:00 is partly associated with dilution resulting 
from increased wind speed bringing excess clean air into the 
observed gaseous mixture and partly due to transformations. 
The decrease in CO has been completely ascribed to dilution 
and not chemical transformation. This is because it is partially 
inert, since it has a long residence time in the atmosphere, 
hence CO released within 24-hour does not participate in che- 
mical transformation, for this reason it was used as a tracer 
gas relative to H2S, SO2, NO, NO2 and O3. 

Daily reduction in CO concentration occurred between 
06:00 and 15:00 corresponding to the period of rise in wind 
speed (Figure 4a). The concentration reduction commenced at 
06:00 on a gentle gradient up till 15:00. Since the reduction 
coincided with the rise in wind speed, it was attributed to dilu-
tion. The dilution observations was also significantly noticed 
between 09:00 and 11:00 for O3 (Figure 4c). In this event O3 
decreased from about 26.2 ppb to 19.3 ppb between 09:00 and 
11:00, as the increase in wind speed approached its peak. The 
distortion by the morning increase in wind speed occurred wi- 
thin two hours after which the concentration accumulation re- 
sumed. The O3 reduction prior to sunrise was essentially con- 
centration fluctuations in background, while during the day

Table 1. Average ± Standard Deviation Meteorological Parameters  

 Wind Speed 
(m·s-1) 

Ambient  
Temperature (oC) 

Relative Humidity  
(%) 

Solar Radiation  
(W·m-2) 

Surface 
Pressure (mbar) 

Daily  2.6 ± 0.6 8.2 ± 0.7 60.2 ± 4.8 131.8 ± 37.9 850.4 ± 2.7 
Daytime  2.9 ± 0.5 14.4 ± 0.6 48.9 ± 4.3 244.9 ± 24.7 852.8 ± 0.3 
Daily Minimum 0.7 ± 0.5 0.7 ± 0.2 29.4 ± 9.1 -0.4 ± 0.1 848.8 ± 3.0 
Daytime Minimum 0.8 ± 0.5 2.6 ± 1.1 27.2 ± 5.0 8.6 ± 0.7 851.0 ± 3.0 
Daily Maximum 4.2 ± 1.5 16.1 ± 1.8 87.2 ± 7.9 551.6 ± 81.1 852.3 ± 2.8 
Daytime Maximum 5.8 ± 1.3 19.4 ± 2.2 86.7 ± 7.8 516.9 ± 55.9 854.3 ± 3.0 
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Figure 4. Diurnal variations of ambient CO (a), H2S & SO2 (b) and NO, NO2 & O3 (c) concentration with 
wind speed in the coalmining area of Witbank obtained as an average of all observations in June 2004. 
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the formation and reduction are ascribed to chemical trans-
formations with the presence of solar radiation. 

Consequent to the observations of CO and O3, concentra-
tion reductions between 06:00 to 10:00, were used to establish 
the dilution rates for the other trace gases. With H2S and SO2 
concentration reductions, disappearances are attributed to both 
dilution and transformation. Prior to 09:00 chemical trans- 
formation dominated concentration reduction as shown with 
O3 disappearances and between 09:00 and 11:00 dilution was 
the predominant controlling factor. Hence the reduction of 
H2S from 140 ppb to 20 ppb and SO2 from 110 ppb to 19 ppb 
between 09:00 and 11:00 was attributed to dilution as cleaner 
air containing little or none of the sampled pollutant was 
introduced into the mixture. After 11:00, the concentrations 
were reduced to values insufficient to contribute to a chemical 
reaction. As a result of these two processes, established che- 
mical transformation rates are expressed as rates affected by 
dilution. 

Between 06:00 and 11:00, a decrease in NO concentra-
tion was observed. One would expect this to result in increa- 
sing NO2, although a very slight increase was observed at 
06:00 followed by a little reduction in NO2 between 09:00 and 
11:00. This suggests that the NO was partially converted to 
NO2, but that the dilution masked the net increase in NO2 
from NO oxidation.  

The rate of dilution of the various gases was determined 
from the daytime concentration changes between 09:00 and 
10:00 using similar approach described in Seinfeld and Pandis, 
(1998). For CO dilution, the rate gradients defined by the 
change in concentration with respect to time of occurrence 
were obtained from the plot of concentration with time (Fig-
ure 5) derived from Figure 4a. Likewise the gradients for H2S 
and SO2 were obtained from the concentration versus time 
plot (Figure 6) derived from Figure 4b. While that for NO, 
NO2 and O3 were obtained from concentration changes with 

time plots (Figures 7 and 8) derived from Figure 3c. 
The dilution rate was determined with the normalised 

rate change of the mass fraction of the initial gas concentra-
tion in the mixture. If C0,i is the mass concentration of gas i in 
air before dilution and Ct,i the mass concentration of gas in air 
after dilution, then the mass fraction iy of the concentrate gas 
was obtained by:  
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where Vo and Vt are the nocturnal mixing volume and the 
mixing volume at any time t after sunrise; the m0,i and mt,i are 
the mass of gas i at night and at any time t after sunrise; hn 
and hs are the daytime and night time mixed layer heights 
respectively. Equation (5) provides the mass fraction of a 
trace gas at any particular time t relative to the initial con- 
centration. The dilution factor, which indicates the extent of 
dilution, was obtained using the following equation: 
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The estimated dilution factor, DFCO for CO was deter-

mined as the ratio of the average night time to the daytime 
concentrations. At 00:10=t , DFCO equals 1.7, based on the 
assumption that the mixture still remained a homogenous 
mixture with no deposition. The dilution rate DRi is the pro- 
duct of 1−− iDF and the slope of the plot of yi,t against t. It is 
estimated using the following equation: 
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The estimated dilution rates for the other observed trace 
gases are indicated in Table 2.  
 
Table 2. Mean Daily Percentage Reduction by Dilution 

Trace Gases CO O3 H2S SO2 NO NO2 

DR /10-3 min 1.0 1.12 2.41 2.53 2.35 1.94 

 
4.5. Chemical Transformations of the Emitted Gases 

The oxidation of H2S and SO2 from measurements 
began with a rapid decline in ambient concentration within 
one hour (Figure 6) at low wind speed of 1 to 2 m·s-1. The oxi- 
dising agent is produced during the chemical transformation 
of NO (Figure 7) in the presence of volatile organic com- 
pounds and sunlight (Moller, 1980; Chisaka, 1984; Warneck, 
1999). In order to determine a reaction rate, for convenience 
the time of day is replaced with the duration of the formation 
or disappearance episode. The corresponding concentrations 

show how concentration varies with time until a stable con- 
centration value is attained. The reduction in the intensity of 
solar radiation with sunset reduces the concentration of the 
oxidants as well as the photo-oxidation of H2S and SO2, lead-
ing to an increase in the night time concentrations resulting 
from emissions (Figure 4b).  
 
Table 3. Selectivities of Two Oxidants for Photochemical 
Reactions 

Oxidants Selectivity (%) 
NO 13.16 
O3 86.84 

 
Atmospheric reactions are influenced and propagated by 

the continuous presence of O3 and other oxidants as well as 
the oxidant precursors. To ascertain the most significant oxi- 
dising agent between O3 and NO with diurnal variations, se- 
lectivity of the two compounds were evaluated. Higher selec-
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Figure 6. The reduction in ambient H2S & SO2 concentrations as a result of (a) chemical 
transformation and (b) dilution. 
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tivity was observed with O3 (Table 3) as the dominant oxi- 
dising agent and its oxidising potential of about 87% is rea- 
sonably significant over the surface meteorological conditions 
(Table 1). Similar observations of O3 oxidising potentials have 
been reported by Pienaar and Helas (1996). 

NO formation and consumption were the first observed 
daily chemical transformations. The formation is associated 
with combustion processes, while the consumption occurs si- 
multaneously with the appearance of daylight, hence photo- 
oxidation. The rate of NO production appears higher than the 
rate of consumption which implies that the disappearance of 
NO2 should have a higher rate constant than the disappearance 
of NO (Figure 7).  

The formation of O3 in the troposphere is associated with 
the presence of sunlight. The formation reaction was impeded 
by dilution for about one hour followed by accumulation due 
to reaction. The dilution reduced the concentration between 
9:00 and 10:00. This was ascertained based on the assumption 
that the diluent air introduces oxygen-rich air into the mixture. 
The presence of excess oxygen in the reaction has no indirect 
effect since it only increases one of the participating reactants 
for the ozone production. It is not impossible that O3 forma-
tion happened in the diluent air mass but based on the 
concentration reduction that interfered with the initial daytime 
concentration profile, the rate plot after the dilution was used 
in developing the formation rate model expression with its 
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Figure 7. The formation and reduction profiles of ambient nitrogen monoxide concentrations 
between 04:00 and 11:00 as a result of chemical transformation. 
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initial concentration taken as the concentration after dilution 
(Figure 8).  

 
4.6. Dilution Effect on Transformation 

It has been shown that a considerable amount of photo- 
oxidation occurs daily accompanied by dilution near open cast 
coalmines (Figures 4a to 4c). Apart from CO with average re- 
sidence time of 2.5 months in the atmosphere, H2S, SO2, O3, 
NO and NO2 undergo chemical transformation (photo-oxi- 
dation) during the day. This photochemical transformation is 
inhibited by dilution resulting from the increase mid morning 
wind speed from about 1.5 m·s-1 to 3.7 m·s-1. This variation in 
wind speed produces turbulent mixing of the clean air which 
traverses the coalmines. The introduction of cleaner air (rela- 
tively free of the measured species) created concentration re- 
duction of the observed trace gases that were already experi- 
encing photochemical transformation after sunrise. However 
the photochemical transformations interfered by the dilution 
process started again after 11:00 (Figure 4c).  

The transformations of H2S, SO2 and O3 were the only 
processes that were significantly interfered by dilution while 
NO and NO2 transformations occurred some hours before the 
observed rise in wind speed (Figures 4b and 4c). Prior to the 
period that dilution was distinctly observed (09:00 and 11:00), 
H2S, SO2 and O3 were already experiencing concentration re- 
duction as a result of photochemical oxidation. While between 
09:00 and 11:00, the dilution process reduced the H2S and 
SO2 concentrations up to levels insufficient to further undergo 
chemical transformation. But with O3 formation, the dilution 
only reduced the concentrations but did not terminate the 
reaction. This was due to the wind speed attaining steady state 
while solar radiation that propagates ozone formation was not 
yet at its peak. 

The H2S and SO2 nocturnal concentrations were reduced 
between 08:00 and 09:00 by about 39% and 38.2% respec-
tively attributed to transformation while about 70% of the 
remain concentrations were reduced by the dilution between 
09:00 to 11:00 (Figure 6a and 6b). In general a total of about 
80% of the night time H2S and SO2 concentrations were re-
duced during the day. 

The chemical transformation involving NO occurred in 
the morning between 04:00 and 09:00. It was assumed that the 
NO formation was entirely the result of oxidation during com- 
bustion and photo-dissociation of NO2 in the reaction mixture. 
The formation of NO increased the average night time con- 
centration by approximately 45% between 04:00 and 06:00 
and thereafter, decreased exponentially to about 29% of the 
average night time concentration between 06:00 and 09:00 
(Figure 7). 

The formation of O3 increased the night time concentra-
tion by about 46% between 07:00 and 09:00 due to photo- 
chemical oxidation, and then between 09:00 and 11:00, de- 
creased to about 30% of the night time concentration due to 
dilution (Figure 8). With increased solar radiation O3 in-
creased to about 62% of the night-time concentration between 
10:00 and 15:00. The transformation rate was determined 

from the concentration increase between 07:00 and 09:00.  
 

4.7. Rate Models and Temperature Dependent Constants 
The rate models developed are expressed in concentra-

tion-time relationship of the various trace gas measurements 
from two predominant wind directional sectors classified as 
157.5o to 202.5o and 292.5o to 337.5o. These wind sectors 
were chosen based on the emission source observations (Fig-
ures 2a to 2f). The reaction rate was determined with esti-
mated daytime mixing layer height and a constant nocturnal 
gas concentration. The disappearance of H2S between 08:40 
and 09:40 generated a first-order rate expression given by 
equation (8). The same was found for SO2 disappearance be- 
tween 08:40 and 09:40 shown by equation (9). The mean 
background levels for H2S and SO2 upwind of the sampling 
area was as low as 2.9 and 6.5 ppb, which was almost insig- 
nificant, compared to the average night time concentrations 
(Figure 3b) and had a negligible effect on the night time 
concentrations. The H2S and SO2 rates in µg·L-1min-1 was de- 
termined from Figure 6, with [H2S] and [SO2] being ambient 
concentrations of the observed hydrogen sulphide and sulphur 
dioxide respectively, are expressed in equations (8) and (9) 
below: 
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where kH2S = 2.19×10-3 L·min-1·µg-1 and kSO2

 = 1.45×10-3 L· 
min-1·µg-1 are the reaction rate constants for equations. Other 
kinetic parameters which include the order of reaction (n), 
pre-exponential rate constant (k∞) and activation energy (E/R) 
over the observed surface ambient temperatures are summa-
rised in Table 4. 

The disappearance rate of NO2 was determined from the 
formation of NO, which occurred between 05:00 and 07:00. 
The early morning NO and NO2 average background con- 
centrations were approximately 1.2 ppb and 3.0 ppb respec-
tively, which were also insignificant, compared with the ave- 
rage night time concentrations (Figure 3c). The developed rate 
for NO2 and NO obtained from Figure 7, are given by equa- 
tions (10) and (11) based on same assumptions made for H2S 
and SO2. 
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where kNO2

 = 1.19×10-2 min-1 and kNO = 3.55×10-2 min-1. 
The O3 production and consumption occurs during day-

time. Its formation and consumption mechanisms have been 
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Table 4. Reaction Kinetic Parameters Estimated for Trace Gases near Open Cast Coalmines  

Parameter H2S SO2 NO2 NO O3 
Order, n 1.9  2.2 1.2 0.97  2.1  
Rate Constant,  
k at Ti(K) 

2.19 × 10-3   
L·µg–1·min –1 

1.45 × 10-3 

L·µg–1·min –1 
1.19 × 10-2  
min –1 

3.55 × 10-2  
min –1 

1.59 × 10-3 
L·µg–1·min –1 

Ti(K) 285 285 278 283 288 
k∞ between  
T1 and T2 

6.65 × 10-3  
L·µg–1·min –1 

1.67 × 10-2 

L·µg–1·min –1 
4.7 × 10-3  
min –1 

1.27 × 10-2  
min –1 

5.49 × 10-1  
L·µg–1·min –1 

T1 to T2 (K) 282 – 288 282 – 288 276 – 279 279 – 283 288 – 293 
EA/R (K) 316.69 696.02 – 258.22 – 291.72 1,683.91 
 

scribed in Warneck (1999), Karol et al., (1997), and Pienaar 
d Helas (1996). The O3 disappearance rate model evaluated 
m Figure 8 is given by equation (12). 
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ere kO3

 = 1.59×10-3 L·min-1·µg-1. 

Associated with the above-formulated rate expressions 
 the temperature dependent reaction rate constants (see 
ble 4) given in the form of the Arrhenius equations (13) to 
).  
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Equations (13) to (17) are determined decay rate con-

nts of the sampled trace gases in the planetary boundary 
er only for ambient temperatures of between 0 and 20 oC 

d mean surface pressure of 850 mbar coupled with the me- 
rological conditions given in Table 1. Outside these con- 
ions, the Arrhenius equation is not valid. From equation 
), the calculated SO2 disappearance rate at 14.4 ± 0.6 oC 
s 2.42 × 10-5 s-1, which closely conforms to the values rang-
 from 1.3 × 10-4 s-1 to 1.09 × 10-5 s-1 obtained by Prahm et 

 (1980); Eggleton and Cox (1978); Ronneau and Snappe- 

Jacob (1978) and Calvert et al. (1978). Numerical rate cons- 
tants for the other gases could be obtained from equations (13) 
to (17) at the given temperature range and mean surface 
pressure.  

5. Conclusions 

The behaviours exhibited by trace gases evolving within 
open cast coalmines from spontaneous combustion processes 
and chemical transformations in Witbank area has been shown. 
The gases revealed distinct diurnal patterns caused by the va- 
riations in meteorological parameters coupled with chemical 
transformations. 

In winter, temperature, relative humidity, solar radiation 
and rain are usually lower than those in summer. These 
conditions do not favour atmospheric oxidation especially for 
the sulphur species (Moller, 1980). In addition, the nocturnal 
inversions are very common in winter (Saghafi, 2002) as well 
as low mixing height over the Witbank area. These factors all 
contribute to the accumulation of pollutants in winter from 
spontaneous coal combustion in the planetary boundary layer. 

The pollution rises have shown the Witbank area to be a 
significant source of CO, H2S, SO2 and NO due to the pre- 
sence of open cast coalmines. The O3 and NO2 found within 
the area are mainly products of atmospheric oxidations. This 
is concluded because no specific wind directional sector was 
observed as a targeted source for the latter compounds. Dilu-
tion factors and rates were established for all observed trace 
gases over the same time of day based on wind speed as the 
controlling agent.  

Transformation rates, rate constants and activation ener-
gies were estimated for H2S, SO2, NO2, NO and O3 over 
ambient temperature in winter. The reaction rates were esti-
mated while accounting for dilution between 09:00 and 10:00, 
reactants background concentrations as well as the assumption 
that the initial concentration of a reactant was its night time 
concentration. 
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