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EXECUTIVE SUMMARY

The incidence of rusting of corrugated iron sheets in the towns and villages around the Nigerian Agip Oil Cmpany Ebocha gas flares led to investigations into the effects of gas flares on the acidity of precipitation in these areas. The literature searched revealed that certain air pollutants, including a variety of dust particles and acid droplets can influence the development of clouds and precipitation within an area. These pollutants, many of which are hygroscopic i.e. easily take up water, serve as nuclei for cloud droplets, thereby accelerating condensation. Acid precipitation results when acid droplets in the air are brought down by rain and is defined as precipitation having a pH below 5.7, i.e. the pH of pure water in equilibrium with atmospheric carbon dioxide (CO2).

Rainfall is normally slightly acid because it dissolves atmospheric carbon-dioxide, which produces weak carbonic acid (H2CO3). However, in regions polluted with oxides of sulphur and oxides of nitrogen, rainfall produces relatively strong sulphuric acid (H2SO4) and nitric acid (HNO3).

The literature also revealed the fact that the flared associated gas with over 80% methane, is capable of having flare temperatures between l,870°C and 3,000°C - a temperature range that is well above the 1204°C at which molecular nitrogen begins to oxidise. There is therefore ample evidence for NOX production and its attendant acid rain production in areas where
associated gas is flared.

When acid rain falls on soils or rock that cannot neutralise the acidity, regional surface waters become more acidic. The acids disrupt the reproductive cycles of fish, and acid rains leach heavy metals from soils, washing then into lakes and streams where they may harm fish, aquatic plants, and microorganisms. Recent studies have suggested that acid rains may be involved in the decline and dieback of forest trees. Another costly impact of acid rains is the accelerated weathering of building materials, especially limestone, marble, and concrete. Metals, too, corrode at faster than normal rates when they are exposed to acidic moisture
Results obtained from rainwater analysis showed significant concentrations of nitrates that were highest late Nov. 1993 when the rainfall frequency and intensity had drastically reduced. Nitrate contends of the of the rainwater samples were also high early in the rainy season of March, 1994 but decreased as the rainfall frequency and intensity increased at about the middle of April 1994. The results obtained are ample evidence that NOX produced by the gas flares result in the production of dilute nitric acid which is corrosive and greatly accelerates the rusting of corrugated iron sheet roofs.
Apparently, the smaller the volume of water that brings down the acid droplets and suspended particles in the air, the more acid is the precipitation. In effect, strongly acid and corrosive moisture is more to be expected when mist condenses these acid droplets and bring them down as dew on corrugated iron roofs - a situation that easily occur under our very humid tropical conditions. Though not determined the acidity of such dews it is posited, is likely to be much higher and several times more corrosive than the acidity brought down by rains.
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INTRODUCTION

The incidence of rusting of corrugated iron sheets was the driving force behind the determination of the effects of gas flares on precipitation in the towns and villages around the Ebocha area. This is because certain air pollutants, including a variety of dust particles and acid droplets can influence the development of clouds and precipitation within an area. These pollutants, many of which are hygroscopic i.e. easily take up water, serve as nuclei for cloud droplets, thereby accelerating condensation (Moran et al, 1986). Precipitation is also
enhanced by the rising of warm air which helps to lift and cool the air to the point of saturation. This is what happens particularly with vertical flares.

Acid precipitation results when acid droplets in the air is brought down by rain. Acid precipitation could be defined as precipitation having a pH below 5.7, i.e. the pH of pure water in equilibrium with atmospheric carbon dioxide (CO2). The term is now used for precipitation with high concentrations not only of hydronium ions, but also of sulphate, nitrate and ammonium. Acid precipitation also contains normally, various heavy metals as well as other elements and organic micropollutants (Lars et al, 1980).

Ecological Impact of Acid rain

As rain falls from the clouds to the ground, it washes pollutants from the air, and in the process, take up pollutants. Rainfall is normally slightly acid because it dissolves atmospheric carbon dioxide, which produces weak carbonic acid (H2CO3). However in regions polluted with oxides of sulphur and oxides of nitrogen, rainfall produces relatively strong sulphuric acid (H2SO4) and nitric acid (HNO3).
When acid rain falls on soils or rock that cannot neutralise the acidity, regional surface waters become more acidic. The acids disrupt the reproductive cycles of fish, and acid rains leach heavy metals from soils, washing then into lakes and streams where they may harm fish, aquatic plants, and microorganisms. The fish populations in many lakes and streams in Norway, Sweden, Eastern Canada, and north-eastern United States have declined or have been eliminated because acid rains have raised the acidity of their aquatic habitats (Moran et al, 19S6).
Recent studies have suggested that acid rains may be involved in the decline and dieback of conifer forests in West Germany and in upstate New York and Northern New England. Another costly impact of acid rains is the accelerated weathering of building materials, especially limestone, marble, and concrete.   Metals, too, corrode at faster than normal rates when they are exposed to acidic moisture (Moran et al, 1986).  During the summer of 1983, the National Research Council of the National Academy of Sciences of the USA issued a report  which attributed 90 to 95% of acid rains in the Northwest of USA to industrial effluents and motor vehicle exhaust.

Winds aloft can transport oxides of sulphur and nitrogen thousands of kilometres from tall stacks. It was therefore decided to investigate the effects of the gas flares in the Ebocha area on the rain water falling of corrugated iron roofs of the surrounding towns and villages.

MATERIALS AND METHODS
To be able to determine whether gas flares contribute nitric acid in precipitation, rain water samples were collected in plastic basins located at least one metre above ground level in ten locations in the Ogba/Egbema area. Table 1 shows the rainwater collection centres and their supervisors, while Figure 1 is a map showing the location of these areas. The collection of rainwater was on an event basis i.e. collection of rainwater was not on a routine basis but whenever it was convenient to collect rain water. Three rain water samples where collected.
These were (1) in November at the end of the rainy season when rainfall becomes very infrequent, (2) in March which is the early rainy season, and (3) in April when the rains had attained some degree of frequency or regularity.

Table 1:   Rainwater collection centres and their supervisors
Town/Village  

Water Collection Supervisors
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Soon after the rain has fallen, the water in the plastic basins were transferred to 2L plastic polyethylene bottles, filled to the brim and cocked so as to avoid any air column. Samples were then sent to the laboratory for analyses of the pH, Electrical Conductivity (EC), Total Dissolved Solids (TDS) and Nitrate - Nitrogen (N03-N). These parameters were measured following procedures of the Standard Methods of APHA-AWWA-WPC A for the Examination of Water and Waste Water, 1976 and 1980,
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The pH of the rainwater was measured with a Corning glass electrode pH meter model 7 while the Conductivity and Total Dissolved Solids (TDS) were measured with a Lovibond (S/ppm/TDS meter type CM-21. Nitate - Nitrogen was measured by the Brucine method whereby nitrate in the rainwater samples were made to react with Brucine at elevated temperatures to produce a yellow colour whose absorbance is measured at 410 nm.

RESULTS AND DTSCUSSTON

Before presenting and discussing the results obtained in this study one needs to consider the nature and quality of the associated gas that is flared, the possible temperature of the flares and the chemistry of the emissions and possible emission products.

Gas flaring
With the background given in the Introduction, one needs to look at what happens when associated gas is flared at the various Flowstations. The composition of associated gas was not determined but it is not likely to be significantly different in composition from the feed gas to be supplied to the liquefaction plant of the LNG project reproduced in Table 2, as far as the principal fraction methane is concerned. The gas is primarily methane which with the relatively very small amounts of ethane and propane make up about 95% of the gas that is flared. The Feed gas composition (% mol.) for the LNG is expected to fall within the limits given in Table 2.

Evidently while the carbon dioxide content which makes up 1-2% will be emitted unchanged, complete combustion of the methane, ethane and propane will also yield carbon-dioxide thereby considerably increasing the carbon-dioxide load in the gas flare area. Nitrogen on the other hand which constitutes about 0.1% will in addition to the very high N2 content of the atmosphere (80%) will result in the production of oxides of nitrogen (NOX) because of the high combustion temperatures which cause nitrogen (N2) and oxygen (O2) in the air to
combine as happens in internal combustion engines. Nitric oxide (NO) is first generated and then when it is vented and cooled, a portion of the nitric oxide is converted to nitrogen dioxide. When nitrogen dioxide combines with water vapour, nitric acid (HN03), which is a corrosive substance is formed.

Volatile sulphur is low in the flared gas (<150.0 mg/Sm3) and would not be expected to contribute much to the acidity of rainwater. In the air, sulphur dioxide produced as a result of gas flaring converts to sulphur trioxide (SO3) and sulphate particles (SO4) which is a highly corrosive substance.

In addition to the above gases tiny solid particles and liquid droplets collectively called suspended particulates or aerosols are emitted.

Table 2:  Composition of the feed gas to the liquefaction plant

	
	
	
	

	Component
	Rich Gas
	Maximum CON
	Lean Gas

	Nitrogen
	0.132
	0.122
	0.086

	Carbon Dioxide
	1.546
	2.140
	1.552

	Methane
	87.212
	87.552
	91.756

	Ethane
	5.226
	4.911
	3.957

	Propane 
	3.399
	3.004
	1.218

	Iso-butane
	0.689
	0.634
	0.357

	Normal Butane
	1.033
	1.946
	0.358

	Iso-pentane
	0.241
	0.234
	0.213

	Normal Pentane
	0.187
	0.172
	0.131 

	C6 fraction
	0.143
	0.149
	0.172

	C7 fraction
	0.095
	0.101
	0.120

	C8 fraction
	0.035
	0.026
	0.053

	C9 fraction
	0.014
	0.007
	0.019

	ClO+ fraction
	0.008
	0.002
	0.008

	In addition-, trace components
	are expected
	as follows
	

	Mercury
	
	<    0.01      micro g/Sm3

	Hydrogen Sulphide
	
	<    5.0
	mg/Sm3

	Mercaptans
	
	<    2.5
	mg/Sm3

	Volatile Sulphur
	
	<    7.0
	mg/Sm3

	Total Sulphur
	
	<150.0
	mg/Sm3

	Water (normal)
	
	118.0
	mg/Sm3

	(maximum)
	
	260.0
	mg/Sm3

	Methanol
	
	< 76.0
	mg/Sm3

	Argon
	
	<200.0
	ppm mol

	Oxygen
	
	<  10.0
	ppm mol

	Glycol
	
	8 kg/million Nm3
	of feed gas.    

	Corrosion inhibitor
	
	1 kg/million Nm3
	of feed gas


Fuel Combustion

Many elements which may be metals or non metals undergo combustion with oxygen which supports oxidation. If the oxidation is so rapid that heat and light are evident, the process is called combustion. High temperature combustion causes (1) atmospheric nitrogen (N2) and Oxygen (O2) to react chemically to produce thermal NOX (NO plus NO2) and (2) the chemical reaction of the nitrogen that is contained in the fuel itself with oxygen in the air, producing fuel NOX as follows (Moran et al 1986).

N2 + O2 ( 2NO 

Fuel - N + O2  ( NO
An industrial approach to NOX control is staged combustion, which is a technology that can lower NOX emissions by 30 - 50%. In this approach, fuel is burnt in two stages at different fuel-to-air mixtures. In the first stage, so little oxygen exists that nitrogen fails to react with oxygen (oxidise) and is released as molecular nitrogen (N2) along with carbon monoxide (CO) and carbon particles. In the second stage, sufficient oxygen is supplied to burn the carbon particles and convert the carbon monoxide (CO) to carbon dioxide (CO2). This however is a new technology that is still in the small-scale testing phase of development (Moran et al 1986). The pollutants from fuel burning are nitrogen oxide, nitrogen dioxide, carbon monoxide and carbon dioxide (Spengler & Sexton, 1983).
Molecular nitrogen begins to oxidise at about 2200°F (1204 °C) (Fennelly, 1984). It therefore means that oxides of nitrogen i.e. thermal NOX would easily be produced by flares if their temperatures are above 2200°F. The measurement of flame temperature is however, a difficult problem. However, using the D-line reversal method for the measurement of flame temperatures, results obtained included a 10% CH4 in air which recorded a temperature of 1870°C; and 33% CH4 in oxygen with a temperature of 3,000°C (Townead, 1969). Considering the fact that the flared gas is over 80% methane, flare temperatures between l,870°C and 3,000°C would be expected and this temperature range is well above the 1204°C at which molecular nitrogen begins to oxidise. There is therefore ample evidence for NOX production and its attendant acid rain production in areas where associated gas is flared.
Monthly Wind Speed and Direction
The NOx produced would be distributed in the environment of the flare depending on the wind speed and direction. The predominant effect of climate of the Rivers State, as elsewhere in Nigeria, is the movement of the interface between two major air masses, the Tropical Maritime and the Tropical Continental. The former moves inland from the Atlantic in a Southwest to Northwest direction and is warm and moist. The later moves in the opposite direction from the Sahara and is warm and dry (ILACO-NEDECO, 1966). Prevailing winds come from the Southwest and Southeast except in December when northerlies, bearing the fine desert sand (Harmattan) are experienced. Available wind velocities data indicate average velocities of 1.2 - 2.2 on the Beaufort scale (i.e. between 1-3 knots light air; and 4-6 knots light breeze). Gusts of over 64 kph occur most frequently at the beginning of the rainy season (March - May).
Winds in the Ebocha area are thus northerly during the dry season and southerly during the rainy season.  Wind speed is also generally low, with speeds of 0-6 knots (about 0-3 m/sec).  The percentage of calm conditions is also low and there are few occasions when they are almost zero. This makes it possible for the gas flare plume gasses to be distributed all around the gas flare.

Discussion of Results Obtained
The results of analyses carried out on the rainwater samples collected from the various locations are presented in Table 3. Since the samples were collected on an event basis, some two or three sample locations were not represented during the second and third rainwater sample collection  period.
The results show that most of the rainwater samples were slightly acid when judged from the pH scale where a pH of 7 is neutral while a pH above 7 is alkaline and that below 7 is acid.

Although most of the samples were slightly acid, and were not below the equilibrium pH level of 5.7 below which the water is said to be acid rain, it must be stressed that the simple collection and storage method did not allow for equilibrium of the rain water with atmospheric carbon dioxide (CO2). The reduction in pH from 7 in most of the samples is thus the result of nitrates in the rain water samples obtained by the dissolution of oxides of nitrogen (NOX) released from the gas flares in the vicinity by the falling rainwater. There is clear evidence that equilibration with atmospheric carbon dioxide is not the cause of the slight acidity as two samples - that by Okwuzi on 24/11/93 and Okansn on 5/4/94 - were strongly acid and below the pH value of 5.7 that could be attained with equilibration with atmospheric carbon dioxide.

There was no definite trend in the acidity and nitrate contents of the rainwater samples, which varied from a low of 0.12 to a high of 0.47 mg/l. The variation in nitrate content and hence the acidity during each sample period, no doubt must have been affected by wind speed and direction, the general nature of which had been given earlier. However the nitrate concentration in the waters were apparently highest late Nov. 1993 when the rainfall frequency and intensity had drastically reduced being about the end of the dry season. Similarly the nitrate contents of the second set of rainwater samples of 8/3/94 representing the early rainy season was much higher than the 15/4/94 samples when the rainfall frequency and intensity had increased. The results presented in Table 3 are ample evidence that NOX produced by the gas flares result in the production of dilute nitric acid which is corrosive, and no doubt greatly accelerates the rusting of corrugated iron sheet roofs. The relatively high at dissolved solids other than the nitrates at Mgbede could possibly be the result of soothy participates dissolved by the rain. This was observable at Mbede during the first two rain
water collection period.


It can therefore be seen that the acidity and hence the nitrate contents of the rainwater is a function of the frequency and intensity of the rainfall as well as the direction of the prevailing wind prior to the rainfall. Nitrate concentration in the precipitation being higher if the interval between one rainfall and the other is longer. This is a factor that would have been taken into consideration, i.e. the concentration of nitrates with time following the start of the rains if a prolonged and consistent monitoring had taken place. Evidently the very first set of precipitation would no doubt have brought down all the NOX suspended in the air and the longer the rain falls the more diluted is the nitrate concentration and hence nitric acid. It is the contention here that the smaller the volume of water that brings down the acid droplets and suspended particles, the more acid is the precipitation. In effect strongly acid and corrosive moisture is more to be expected when mist condenses these acid droplets and bring them down as dew on corrugated iron roofs - a situation that can easily occur under our very humid tropical conditions. Though not determined the acidity of such dews is likely to be much more acidic and several times more corrosive than the acidity brought down by rains.
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Table 3:    Results of analyses carried out on rain water samples
	
	Rain
	water collected 24/1
	1/93
	
	Rain water collected 8/3/94
	Rain
	water collected 1
	5/4/94

	
	pH
	Cond.
	TDS
	NO3-N
	pH
	Cond.
	TDS
	NO3-N
	pH
	Cond.
	TDS
	NO3-N

	
	
	(|aS/cm)
	(mg/1)
	(mg/1)
	
	((.iS/cm)
	(mg/1)
	(mg/1)
	
	((.iS/cm)
	(mg/1)
	(mg/1)

	Omoku
	6.9
	30.0
	21.0
	0.39
	6.4
	9.0
	6.0
	0.43
	5.9
	19.0
	13.0
	0.14

	Kerigeni
	6.3
	20.0
	13.0
	0.33
	-
	-
	-
	-
	-
	-
	-
	-

	Ede
	6.9
	41.0
	29.0
	0.40
	6.6
	40.0
	28.0
	0.27
	6.6
	38.0
	27.0
	0.17

	Okwuzi
	4.5
	50.0
	29.0
	0.45
	6.6
	25.0
	18.0
	0.46
	-
	-
	-
	-

	Okansu
	6.0
	29.0
	20.0
	0.32
	7.1
	56.0
	39.0
	0.39
	5.5
	22.0
	16.0
	0.20

	Obrikom
	6.2
	23.0
	16.0
	0.34
	6.7
	67.0
	47.0
	0.40
	6.3
	20.0
	14.0
	0.12

	Ebocha
	5.8
	45.0
	32.0
	0.40
	-
	-
	-
	-
	5.9
	19.0
	14.0
	0.25

	Mgbede
	6.8
	370.0
	260.0
	0.47
	6.8
	170.0
	120.0
	0.29
	-
	-
	-
	-

	Idu
	6.8
	49.0
	34.0
	0.35
	6.4
	31.0
	22.0
	0.15
	6.8
	30.0
	21.0
	0.15

	Okposi
	6.7
	61.0
	43.0
	0.31
	6.8
	30.0
	21.0
	0.13
	6.3
	12.0
	8.0
	0.17
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