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Preface Traditionally the water industry has relied on specialist engineers, biologists, chemists and microbiologists. However, with new and challenging legislation it has become increasingly necessary for such specialists to develop a broader understanding of the concepts of each other's disciplines. Environmental engineering and environmental science are new hybrids of civil engineering and science, respectively that requires a thorough knowledge of the physico-chemical and biological nature of the aquatic environment, in order to identify and assess impacts, as well as being able to select, design and operate the most appropriate technology to protect both the environment and the health of the general public. Water technology is a rapidly developing area that is truly interdisciplinary in nature. The European Union has been developing and implementing legislation to protect the aquatic environment for over 30 years. The Water Framework Directive (2000/60/EC) is the last piece of that legislative jigsaw puzzle that puts in place the management structure to ensure that the water quality of lakes, rivers, groundwaters, estuaries, wetlands and coastal waters is protected, and enhanced through proper co-operation and management. The Directive makes this bold statement at the outset: Water is not a commercial product like any other but, rather, a heritage which must be protected, defended and treated as such. The Water Framework Directive is a powerful enabling piece of legislation that provides an integrated management base for water resource protection and management including water supply treatment and wastewater treatment. This new edition of Water Technology acknowledges the importance of this legislation and uses the concept of River Basin Management throughout. It must be stressed that Water Technology is an introductory textbook that covers the areas of freshwater quality, pollution and management; the treatment, quality and distribution of drinking water; and the treatment and disposal of wastewater. The text is aimed at pure and applied scientists as well as civil and chemical engineers who require an interdisciplinary transitional text to the most important areas of water technology and science. The text, while easily accessible to all disciplines, is particularly designed for students interested in environmental science and engineering who require a sound understanding of the basic concepts that make up this subject. The emphasis of the text is on practical application and the understanding of the processes involved. Special attention has been paid to those areas where an interdisciplinary approach will be advantageous. The text is supported by an extensive web site that allows students to find out more about critical areas, including case studies.
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Preface more worked examples and self-assessment questions (http://books.elsevier.com/ companions/0750666331). The Brundtland Report and, subsequently, Agenda 21 (Rio Earth Summit, 1992) both identified sustainable development as a critical goal. However, while there appears to be broad agreement for the idea, we still have no consensus as to its precise meaning or its practical application. Environmental scientists, technologists and engineers are going to have to aggressively take hold of the concept of sustainability and develop it into a practical reality. This can only be achieved by different disciplines working together with mutual respect. The ability of the engineer to understand the constraints and limitations imposed by the scientist and vice versa is the key to a safer and cleaner environment. Together almost anything is possible. Nick Gray Trinity College, Dublin April 2005
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1.1



HYDROLOGICAL CYCLE Water supplies are not pure in the sense that they are devoid of all dissolved chemical compounds like distilled-deionized water but are contaminated by a wide range of trace elements and compounds. In the early days of chemistry, water was known as the universal solvent, due to its ability to slowly dissolve into solution anything it comes into contact with, from gases to rocks. So as rain falls through the atmosphere, flows over and through the Earth's surface, it is constantly dissolving material, forming a chemical record of its passage from the clouds. Therefore, water supplies have a natural variety in quality, which depends largely on its source. The total volume of water in the world remains constant. What changes is its quality and availability. Water is constantly being recycled, a system known as the water or hydrological cycle. Hydrologists study the chemical and physical nature of water, and its movement both on and below the ground. In terms of total volume, 97.5% of the world's water is saline with 99.99% of this found in the oceans, and the remainder making up the salt lakes. This means that only 2.5% of the volume of water in the world is actually non-saline. However, not all of this freshwater is readily available for use by humans. Some 75% of this freshwater is locked up as ice caps and glaciers, with a further 24% located under ground as groundwater, which means that less than 1% of the total freshwater is found in lakes, rivers and the soil. Only 0.01% of the world's water budget is present in lakes and rivers, with another 0.01% present as soil moisture but unavailable to humans for supply. So while there appears to be lots of water about, there is in reality very little which is readily available for use by humans (Table 1.1). Within the hydrological cycle, the water is constantly moving, driven by solar energy. The sun causes evaporation from the oceans, which forms clouds and precipitation (rainfall). Evaporation also occurs from lakes, rivers and the soil; with plants contributing significant quantities of water by evapotranspiration. While about 80% of precipitation falls back into the oceans, the remainder falls onto land. It is this water that replenishes the soil and groundwater, feeds the streams and lakes, and provides all the water needed by plants, animals and, of course, humans (Fig. 1.1). The cycle is a continuous one and so water is a renewable resource (Franks, 1987). In essence, the
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TABLE 1.1



Total volumes of water in the global hydrological cycle Type of water



Area (km^ X 10^)



Volume (km^ X 10^)



Percentage of total water



Atmospheric vapour (water equivalent) World ocean Water in land areas Rivers (average channel storage) Freshwater lakes Saline lakes; inland seas Soil moisture; vadose water Biological water Groundwater Ice caps and glaciers Total in land areas (rounded) Total water, all realms (rounded)



510 000 (at sea level) 362 033 148 067 825 700 131000 131000 131000 17 000



13



0.0001



1350 400 1.7 125 105 150 (Negligible) 7000 26 000 33900 1384000



97.6 0.0001 0.0094 0.0076 0.0108 0.5060 1.9250 2.4590 100



Cyclic water Annual evaporation From world ocean From land areas Total



445 71 516



0.0320 0.0050 0.0370



Annual precipitation On world ocean On land areas Total



412 104 516



0.0291 0.0075 0.0370



Annual outflow from land to sea River outflow Calving, melting and deflation from ice caps Groundwater outflow Total



29.5 2.5



0.0021 0.0002



1.5 33.5



0.0001 0.0024



Reproduced from Charley (1969) with permission of Routledge Publishers Ltd, London.



FIGURE
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1.1



Hydrological cycle showing the volume of water stored and the amount cycled annually. All volumes are expressed as lO^km^. (Reproduced from Gray (1994) with permission of John Wiley and Sons Ltd, Chichester.)
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more it rains then the greater theflowin the rivers and the higher the water table rises as the underground storage areas (i.e. the aquifers) fill with water as it percolates downwards into the earth. Water supplies depend on rain so when the amount of rain decreases then the volume of water available for supply will decrease, and in cases of severe drought will fall to nothing. Therefore, in order to provide sufficient water for supply all year round, careful management of resources is required. Nearly all freshwater supplies come from precipitation which falls onto a catchment area. Also known as a watershed or river basin, the catchment is the area of land, often bounded by mountains, from which any water that falls into it will drain into a particular river system. A major river catchment will be made up of many smaller sub-catchments each draining into a tributary of the major river. Each sub-catchment will have different rock and soil types, and each will have different land use activities which also affect water quality. So the water draining from each sub-catchment may be different in terms of chemical quality. As the tributaries enter the main river they mix with water from other sub-catchments upstream, constantly altering the chemical composition of the water. Therefore, water from different areas will have a unique chemical composition. When precipitation falls into a catchment one of three major fates befalls it: 1. It may remain on the ground as surface moisture and be eventually returned to the atmosphere by evaporation. Alternatively, it may be stored as snow on the surface until the temperature rises sufficiently to melt it. Storage as snow is an important source of drinking water in some regions. For example, throughout Scandinavia lagoons are constructed to collect the run-off from snow as it melts, and this provides the bulk of their drinking water during the summer. 2. Precipitationflowsover the surface into small channels becoming surface run-off into streams and lakes (Section 2.1). This is the basis of all surface water supplies with the water eventually evaporating into the atmosphere, percolating into the soil to become groundwater, or continuing as surfaceflowin rivers back to the sea. 3. The third route is for precipitation to infiltrate the soil and slowly percolate into the ground to become groundwater that is stored in porous sediments and rocks. Groundwater may remain in these porous layers for periods ranging from just a few days to possibly millions of years (Section 2.2). Eventually groundwater is removed by natural upward capillary movement to the soil surface, plant uptake, groundwater seepage into surface rivers, lakes or directly to the sea, or artificially by pumping from wells and boreholes. Therefore, from a management perspective the hydrological cycle at this point can be represented as: P^E



+R+I



(1.1)



where P is the precipitation, E is the evapotranspiration, R is the run-off and / is the infiltration. In France, approximately 55% of precipitation evaporates, 25% becomes
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Water resources and treatment



Distribution



Demand Sewage



Sewage treatment



FIGURE 1.2



Water services cycle showing where the water is used by humans during its movements within the hydrological cycle. (Reproduced from Latham (1990) with permission of the Chartered Institution of Water and Environmental Management.)
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surface run-off and 20% infiltrates into the ground. However, this will vary enormously between areas. The water in the oceans, ice caps and aquifers is all ancient, acting as sinks for pollutants. All pollution eventually ends up in the cycle and will ultimately find its way to one of these sinks. Freshwater bodies are often closely inter-connected, forming part of a continuum from rainwater to saline (marine) water, and so may influence each other quite significantly. People manage the hydrological cycle in order to provide water for industry, agriculture and domestic use. This requires the management of surface and groundwater resources, the treatment and supply of water, its subsequent collection, cleansing and return to the cycle (Fig. 1.2).



1.2



COMPARISON BETWEEN FRESHWATER AND SALINE WATER Conditions in freshwater differ to saline water in many ways; for example, lower concentrations of salts (especially Na, SO4, CI) and smaller volumes of water. Smaller volumes result in a greater range and more rapidfluctuationsin temperature, oxygen and other important parameters, making freshwater ecosystems more vulnerable to pollution; the smaller volume and area of freshwater bodies acts as a physical restriction on organisms and restricts the free dispersal of organisms as well as pollutants. In terms of pollution, both lakes and oceans act as sinks with the former having only limited dilution and assimilative capacity. Freshwaters have a low concentration of salts which presents organisms living in such waters with two problems: first, how to acquire and retain sufficient minimum salts for metabolism; and, second, how to maintain concentrations of salts in their internal fluids that are higher than those in the water (i.e. osmotic and diffusion problems).



1.3 Freshwater Habitats



TABLE 1.2
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Water residence time in inland freshwater bodies Streams



Running waters



Rivers Deep lakes



Shallow lakes



Standing waters



Reservoirs Karst Alluvial Sedimentary aquifers aquifers



Groundwaters



Deep aquifers



Bank filtration Hours



Days



Months



Years



10 years



100 years



1000 years



Reproduced from Meybeck et al. (1989) with permission of Blackwell Science Ltd, Oxford.



To some extent this is why the total number of species of organisms that live in freshwater is smaller than the number living wholly on land or in the sea.



1.3



FRESHWATER HABITATS There are a wide range of freshwater habitats. For example, there are lakes, ponds, turrlochs (temporary ponds), springs, mountain torrents, chalk streams, lowland rivers, large tropical lakes, and a range of man-made habitats such as abandoned peat workings (e.g. the Norfolk Broads) and gravel pits. These are just a few of the wide variety of freshwater bodies that can be found and the hydrological, physico-chemical and biological characteristics vary enormously between them. In the most basic classification water can be separated into surface and groundwater, with surface waters further split into flowing systems (lotic) and standing systems (lentic). In reality, lotic and lentic systems often grade into each other and may be difficult in practice to differentiate. Lakes generally have an input and an output with what may be a very small throughput. Therefore, these systems can only be separated by considering the relative retention times (Table 1.2). For example, many rivers have been impounded along their length to form reservoirs resulting in lentic-lotic (e.g. River Severn in England) or lotic-lentic-lotic systems (e.g. River Liffey in Ireland). Rivers can be hydraulically defined as having a unidirectional flow, with generally short retention times measured in days rather than weeks. They have a relatively high average flow velocity of between 0.1 and 1.0ms~\ although the discharge rate can be highly variable over time, and is a function of climatic and discharge conditions within the watershed. Rivers generally display continuous vertical mixing due to currents and turbulence, although lateral mixing may only occur over considerable distances. Lakes in contrast have a low surface flow velocity of between 0.001 and 0.01 m s~\ with water and element retention times varying from 1 month to >100 years. Currents are multidirectional with diffusion an important factor in dispersion of pollutants. Depending on climatic conditions and depth, lakes can display alternating periods of stratification
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Chapter 1 / Basic Considerations in Hydrobiology and vertical mixing. Groundwaters display a steadyflowpattern in terms of direction and velocity, resulting in poor mixing. Averageflowvelocities are very low, between 10"^^ and 10~^m s~^ This is governed by the porosity and permeability of the aquifer material but results in very long retention periods (Table 1.2). There are a number of transitional forms of water bodies that do fit into the above categories. The most common are flood plains which are seasonal and intermediate between rivers and lakes; reservoirs which are also seasonal depending on water release or use and are intermediate between rivers and lakes; marshes are intermediate between lakes and aquifers; while karst and alluvial aquifers are intermediate between rivers and groundwater because of their relatively rapidflow.The Water Framework Directive not only recognizes surface freshwater and groundwater resources, but also transitional waters such as wetlands, estuaries and coastal waters that are highly influenced by freshwater inputs, in the overall management approach of catchment areas (Section 7.3). The hydrodynamic characteristics of a water body are dependent primarily on the size of the water body and the climatic and drainage conditions within the catchment area. More specifically, rivers are further characterized by their discharge variability, lakes by their retention time and thermal regime controlling stratification, and groundwaters by their recharge regime (i.e. infiltration through the unsaturated aquifer zone to replenish the water stored in the saturated zone). Lotic systems have a more open system than lentic ones, with a continuous and rapid throughput of water and nutrients, resulting in a unique flora and fauna (biota). The main advantages of aquatic habitats, and of lotic systems in particular, are that there is no gravity; food comes to the consumer; and that there are no waste disposal problems for the biota.



1.4



THE CATCHMENT AS AREA OF STUDY Water bodies and lotic systems in particular are not isolated entities, they impinge on the atmosphere and the land. Across these boundaries there is a constant movement of materials and energy. Across the air-water interface gases, water, dissolved nutrients and particles in rain all enter the river. The land-water interface is the main source of material from weathered and eroded rocks, and from dead and decaying plants and animals. Other factors such as transpiration rate of trees, soil and rock type, and land use all affect water quality, therefore it is necessary to study and manage the catchment area or watershed as a whole. This facilitates integrated management of the water cycle within that area. In Ireland, individual catchment areas have detailed water quality management plans (Section 7.2.1), which are operated by the relevant state and semi-state agencies (Fig. 1.3). Rivers have been managed on a catchment basis for many years although it is relatively recently, with the introduction of geographical information system (GIS) and remote sensing, that it has been possible to integrate land use and groundwater protection in
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North-western region



Western region Eastern region



South-eastern region



FIGURE 1.3



Water resources regions and hydrometric areas of Ireland.



Southern region



water quality management at the catchment level (Chapter 7). Although groundwater resources do not always correspond to river catchment areas and often overlap catchment boundaries. Catchment management in Europe is currently being harmonized through the introduction of the EU Directive Establishing a Framework for Community Action in the Field of Water Policy (2000/60/EC). The Water Framework Directive, as it is generally known, proposes a new system of water quality management based on natural river catchments. It provides an integrated approach to the protection, improvement and sustainable use of European water bodies, including lakes, rivers, estuaries, coastal waters and groundwaters. Under this legislation catchments are split into River Basin Districts (RBDs) and then managed through River Basin Management Plans (RBMPs). In Ireland, catchments have been combined to form eight RBDs of which three are International RBDs (i.e. transboundary) (Fig. 1.4). The Water Framework Directive aims to prevent further deterioration of water quality of all water resources
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FIGURE



1.4



The newly adopted International RBDs (NW: North Western; NB: Neagh Bann; S: Shannon) and RBDs (NE: North Eastern; E: Eastern; W: Western; SE: South Eastern; SW South Western) in Ireland. RBDs are the basic management unit used by the Water Framework Directive to management water resources and are based on river catchments.



and raise their minimum chemical and ecological status to a newly defined good quality status by 2012. Also by eliminating the discharge of certain hazardous substances to inland and groundwaters, it is expected that the concentrations of these pollutants in marine waters wiU eventually fall to background or zero levels. The Water Framework Directive is fully explored in Section 7.3.



REFERENCES Chapman, D. (ed.), 1996 Water Quality Assessments, 2nd edn, E. & F. N. Spon, London. Charley, R. J. (ed.), 1969 Introduction to Geographical Hydrology, Routledge, London.
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2.1



SURFACE WATERS Surface water is a general term describing any water body which is foundflowingor standing on the surface, such as streams, rivers, ponds, lakes and reservoirs. Surface waters originate from a combination of sources: (a) Surface run-off: rainfall which has fallen onto the surrounding land and that flows directly over the surface into the water body. (b) Direct precipitation: rainfall which falls directly into the water body. (c) Interflow: excess soil moisture which is constantly draining into the water body. (d) Water table discharge: where there is an aquifer below the water body and the water table is high enough, the water will discharge directly from the aquifer into the water body. The quality and quantity of surface water depends on a combination of climatic and geological factors. The recent pattern of rainfall, for example, is less important in enclosed water bodies, such as lakes and reservoirs, where water is collected over a long period and stored. However, in rivers and streams where the water is in a dynamic state of constant movement, the volume of water is very much dependent on the preceding weather conditions.



2.1.1 RIVERS AND LAKES Generally in rivers theflowis greater in the winter than the summer due to a greater amount and longer duration of rainfall. Shortfluctuationsinflow,however, are more dependent on the geology of the catchment. Some catchments yield much higher percentages of the rainfall as stream flow than others. Known as the 'run-off ratio', the rivers of Wales and Scotland can achieve values of up to 80% compared with only 30% in lowland areas in southern England. Hence, while the River Thames, for example, has a vast catchment area of some 9869 km^, it has only half of the annual discharge
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of a river, such as the River Tay, which has a catchment of only 4584 km^. Of course in Scotland there is higher rainfall than in south-east England and also lower evaporation rates due to lower temperatures. Even a small reduction in the average rainfall in a catchment area, say 20%, may halve the annual discharge from a river. This is why when conditions are only marginally drier than normal a drought situation can so readily develop. It is not always a case of the more it rains the more water there will be in the rivers; groundwater is also an important factor in stream flow. In some areas of England during the dry summer of 1975, despite the rainfall figures, which were way below average, the stream flow in rivers which receive a significant groundwater input were higher than normal due to the excessive storage built-up in the aquifer over the previous wet winter. The drought period in England that started in 1989, where there were three successive dry winters, resulted in a significant reduction in the amount of water stored in aquifers with a subsequent fall in the height of the water table. This resulted in some of the lowest flows on record in a number of south-eastern rivers in England, with sections completely dried up for the first time in living memory. Before these rivers return to normal discharge levels, the aquifers that feed them must be fully replenished and this still had not occurred 8 years later. As groundwater contributes substantially to the base flow of many lowland rivers, any steps taken to protect the quality of groundwaters will also indirectly protect surface waters. Precipitation carries appreciable amounts of solid material to earth, such as dust, pollen, ash from volcanoes, bacteria, fungal spores and even on occasions, larger organisms. The sea is the major source of many salts found dissolved in rain, such as chloride, sodium, sulphate, magnesium, calcium and potassium ions. Atmospheric discharges from the house and industry also contribute material to clouds which are then brought back to earth in precipitation. These include a wide range of chemicals including organic solvents, and the oxides of nitrogen and sulphur that cause acid rain. The amount and types of impurities in precipitation vary due to location and time of year, and can affect both lakes and rivers. Land use, including urbanization and industrialization, significantly affects water quality, with agriculture having the most profound effect on supplies due to its dispersed and extensive nature (Section 7.4). The quality and quantity of water in surface waters are also dependent on the geology of the catchment. In general, chalk and limestone catchments result in clear hard waters, while impervious rocks, such as granite, result in turbid soft waters. Turbidity is caused by fine particles, both inorganic and organic in origin, which are too small to readily settle out of suspension and so the water appears cloudy. The reasons for these differences are that rivers in chalk and limestone areas rise as springs or are fed from aquifers through the riverbed. Because appreciable amounts of the water are coming from groundwater resources, the river retains a constant clarity, constant flow and indeed a constant temperature throughout the year, except after the periods of prolonged rainfall. The chemical nature of these rivers is also very stable and rarely
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FIGURE 2.1 (a) The relationship between stream orders and hydrological characteristics using a hypothetical example for a stream of order 8: (1) watershed area {A); (2) length of river stretch (L); (3) number of tributaries {n); (4) slope (mm"^). (b) Stream order distribution within a watershed. (Reproduced from Chapman (1996) with permission of the UNESCO, Paris.)



alters from year to year. The water has spent a very long time in the aquifer before entering the river, and during this time dissolves the calcium and magnesium salts comprising the rock, resulting in a hard water with a neutral to alkaline pH. In comparison, soft-water rivers are usually raised as run-off from mountains, soflowis very much linked to rainfall. Such rivers suffer from widefluctuationsinflowrate with sudden floods and droughts. Chemically these rivers are turbid due to all the silt washed into the river with the surface run-off and, because there is little contact with the bed rock, they contain low concentrations of cations, such as calcium and magnesium, which makes the water soft with a neutral to acidic pH. Such rivers often drain upland peaty soils and so the water contains a high concentration of humus material giving the water a clear brown-yellow colour, similar to beer in appearance. Land areas can be divided into geographical areas drained by a river and its tributaries. Each area is known as a river basin, watershed or catchment. Each river basin is drained by a dendritic network of streams and rivers. They increase in size (order) from very small (1) feeding eventually into the main river channel (4-10) (Fig. 2.1). The stream order is a function of the catchment area feeding that tributary or collection of tributaries, although other parameters, such as average discharge rate, width, etc., are also used to classify rivers (Table 2.1). Stream order is positively correlated to catchment area and the length of the river section, while the number of tributaries within the catchment and slope are negatively correlated with stream order. Most lakes have an input and an output, and so in some ways they can be considered as very slowlyflowingrivers. The very long period of time that water remains in the lake or reservoir ensures that the water becomes cleaner due to bacterial activity removing any organic matter present, and physical flocculation and settlement processes, which remove small particulate material. Storage of water, therefore, improves the
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Classification of rivers based on discharge characteristics, drainage area and river width River



size



Very large rivers Large rivers Rivers Small rivers Streams Small streams Brooks



Average discharge (m^s- ^)



Drainage area (km^)



River width (m)



Stream order^



>10 000 1000-10 000 100-1000 10-100 1-10 0.1-1.0 106 100 000-10^ 10 000-100 000 1000-10 000 100-1000 10-100 1500 800-1500 200-800 40-200 8-40 1-8 10 7-11 6-9 4-7 3-6 2-5 1-3



^Depending on local conditions. Reproduced from Chapman (1996) with permission of the UNESCO, Paris.



quality which then minimizes the treatment required before supply ('Introduction to treatment' in Chapter 10). However, this situation is complicated by two factors: 1. In standing waters much larger populations of algae are capable of being supported than in rivers. 2. Deep lakes and reservoirs may become thermally stratified, particularly during the summer months. Both of these factors can seriously affect water quality. Thermal stratification is caused by variations in the density of the water in both lakes and reservoirs, although it is mainly a phenomenon of deep lakes. Water is at its densest at 4°C, when it weighs exactly 1000 kg per cubic metre (kgm~^). However, either side of this temperature water is less dense (999.87 kg m~^ at 0°C and 999.73 kg m"-^ at 10°C). During the summer, the sun heats the surface of the water reducing its density, so that the colder, denser water remains at the bottom of the lake. As the water continues to heat up then two distinct layers develop. The top layer or epilimnion is much warmer than the lower layer, the hypolimnion. Owing to the differences in density the two layers, separated by a static boundary layer known as the metalimnion or thermocline, do not mix but remain separate (Fig. 2.2). The epilimnion of lakes and reservoirs is constantly being mixed by the wind and so the whole layer is a uniform temperature. As this water is both warm and exposed to sunlight it provides a very favourable environment for algae. Normally the various nutrients required by the algae for growth, in particular phosphorus and nitrogen, are not present in large quantities (i.e. limiting concentrations). When excess nutrients are present, for example due to agricultural run-off, then massive algal growth may occur. These so-called algal blooms result in vast increases in the quantity of algae in the water, a phenomenon known as eutrophication (Section 6.4). The algae are completely mixed throughout the depth of the epilimnion and in severe cases the water can become highly coloured. Normally this top layer of water is clear and full
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15°C FIGURE 2.2



Thermal stratification in deep lakes and reservoirs. (Reproduced from Gray (1994) with permission of John Wiley and Sons Ltd, Chichester.)



of oxygen, but if eutrophication occurs, then the algae must be removed by treatment. The algae can result in unpleasant tastes in the water even after conventional water treatment (Section 11.1.1), as well as toxins (Section 6.4.1). Like all plants, algae release oxygen during the day by photosynthesis, but at night they remove oxygen from the water during respiration. When eutrophication occurs then the high numbers of algae will severely deplete the oxygen concentration in the water during the hours of darkness, possibly resulting in fish kills. In contrast, there is little mixing or movement in the hypolimnion which rapidly becomes deoxygenated and stagnant, and devoid of the normal aerobic biota. Dead algae and organic matter settling from the upper layers are degraded in this lower layer of the lake. As the hypolimnion has no source of oxygen to replace that already used, its water may become completely devoid of oxygen. Under anaerobic conditions iron, manganese, ammonia, sulphides, phosphates and silica are all released from sediments in the lake or reservoir into the water while nitrate is reduced to nitrogen gas. This makes the water unfit for supply purposes. For example, iron and manganese will result in discoloured water complaints as well as taste complaints. Ammonia interferes with chlorination, depletes the oxygen faster and acts as a nutrient to encourage eutrophication (as does the phosphorus and silica). Sulphides also deplete the oxygen and interfere with chlorination, have an awful smell and impart an obnoxious taste to the water (Section 11.1.1). The metalimnion, the zone separating the two layers, has a tendency to move slowly to lower depths as the summer progresses due to heat transfer to the lower hypolimnion. This summer stratification is usually broken up in autumn or early winter as the air temperature falls and the temperature of the epilimnion declines. This increases the density of the water making up the epilimnion to a comparable density with the hypolimnion, making stratification rather unstable. Subsequently, high winds will eventually cause the whole water body to turn over breaking up so that the layers become mixed. Throughout the rest of the year the whole lake remains completely mixed, resulting in a significant improvement in water quality. Limited stratification can also develop during the winter as surface water temperatures approach 0°C while the lower water temperature remains at 4°C. This winter stratification is broken up in the spring as the temperature increases and the high winds return. The classification of lakes is considered in detail in Section 3.8.
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2.1.2 RESERVOIRS As large cities expanded during the last century they relied on local water resources, but as demand grew they were forced to invest in reservoir schemes often quite remote from the point of use. Examples include reservoirs built in Wales, the Pennines and the Lake District to supply major cities, such as Birmingham, Manchester and Liverpool, with water in some cases being pumped over 80 km to consumers. Most are storage reservoirs where all the water collected is used for supply purposes. Such reservoirs are sited in upland areas at the headwaters (source) of rivers. Suitable valleys are flooded by damming the main streams. They can take many years to fill and once brought into use for supply purposes then they must be carefully managed. A balance must be maintained between the water taken out for supply and that being replaced by surface run-off. Normally the surface run-off during the winter far exceeds demand for supply so that the excess water can be stored and used to supplement periods when surface run-off is less than demand from consumers. There is, of course, a finite amount of water in a reservoir, and so often water rationing is required in order to prevent storage reservoirs drying up altogether during dry summers. A major problem is when there is a dry winter, so that the expected excess of water does not occur resulting in the reservoirs not being adequately filled at the beginning of the summer. Under these circumstances water shortages may occur even though the summer is not excessively dry. The catchment area around reservoirs is normally owned by the water supply company. They impose strict restrictions on farming practice and general land use to ensure that the quality of the water is not threatened by indirect pollution. Restricted access to catchment areas and reservoirs has been relaxed in recent years, although it is still strictly controlled. This controlled access and restrictions on land use has caused much resentment, especially in Wales where as much as 70% of all the water in upland reservoirs is being stored for use in the English midlands. The problem is not only found in Wales, but in England as well. For example, as much as 30% of the Peak District is made up of reservoir catchment areas. Water supply companies want to ensure that the water is kept as clean as possible because water collected in upland reservoirs is of a very high quality. Storage also significantly improves its purity further, and the cleaner the raw water, the cheaper it is to treat to drinking water standard (Tntroduction to treatment' in Chapter 10). So restricted access to catchment areas means less likelihood of a reduction in that quality. Conflicts between those who want access to the reservoir or the immediate catchment area for recreation or other purposes, and the water companies who want to supply water to their customers at the lowest price possible, is inevitable. In order to maximize water availability for supply, hydrologists examine the hydrological cycle within the catchment, measuring rainfall, stream flow and surface run-off, and, where applicable, groundwater supplies. Often they can supplement water abstracted from rivers at periods of very low flow by taking water from other resources,
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Chapter 2 / Water Resources such as groundwater or small storage reservoirs, using these limited resources to top up the primary source of supply at the most critical times. More common is the construction of reservoirs at the headwaters which can then be used to control the flow of the river itself, a process known as compensation. Compensation reservoirs are designed as an integral part of the river system. Water is collected as surface run-off from upland areas and stored during wet periods. The water is then released when needed to ensure that the minimum dry weather flow is maintained downstream to protect the biota, including fisheries, while allowing abstraction to continue. In winter, when the majority of precipitation falls and maximum flows are generated in the river, all the excess water are lost. By storing the excess water by constructing a reservoir and using it to regulate the flow in the river, the output from the catchment area is maximized. A bonus is that such reservoirs can also play an important function in flood prevention. The natural river channel itself is used as the distribution system for the water, unlike supply reservoirs where expensive pipelines or aqueducts are required to transport the water to the point of use. River management is also easier because the majority of water abstracted is returned to the same river. Among the more important rivers in the UK which are compensated are the Dee, Severn and Tees. Reservoirs are not a new idea and were widely built to control the depth in canals and navigable rivers. Smaller reservoirs, often called header pools, were built to feed mill races to drive waterwheels. Without a reservoir, there are times when after dry spells, where there is negligible discharge from the soil, the only flow in the river will be that coming from groundwater seeping out of the underlying aquifer. Some rivers, rising in areas of permeable rock, may even dry up completely in severe droughts. In many natural rivers the natural minimum flow is about 10% of the average stream flow. Where river regulation is used, this minimum dry weather flow is often doubled, and although this could in theory be increased even further, it would require an enormous reservoir capacity. Reservoirs are very expensive to construct. However, there are significant advantages to regulating rivers using compensation reservoirs rather than supplying water directly from a reservoir via an aqueduct. With river regulation much more water is available to meet different demands than from the stored volume only. This is because the reservoir is only fed by the upland section of the river contained by the dam; downstream all the water draining into the system is also available. Hence compensation reservoirs are generally much smaller in size and so cheaper to construct. Reservoirs can only yield a limited supply of water, and so the management of the river system is difficult in order to ensure adequate supplies every year. Owing to the expensive cost of construction, reservoirs are designed to provide adequate supplies for most dry summers. However, it is not cost-effective to build a reservoir large enough to cope with the severest droughts which may only occur once or twice a century. Water is released from the reservoir to ensure the predicted minimum dry weather flow. Where more than one compensation reservoir is available within the catchment
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area, water will first be released from those that refill quickly. Water regulation is a difficult task requiring operators to make intuitive guesses as to what the weather may do over the next few months. For example, many UK water companies were severely criticized for maintaining water restrictions throughout the winter of 1990-91, in order to replenish reservoirs which failed to completely fill during the previous dry winter. Imposing bans may ensure sufficient supplies for essential uses throughout a dry summer and autumn; however, if it turns out to be a wet summer after all, such restrictions will be deemed to have been very unnecessary indeed by consumers. While water planners have complex computer models to help them predict water-use patterns and so plan the best use of available resources, it is all too often impossible to match supplies with demand. This has mainly been a problem in south-eastern England, where the demand is the greatest due to a high population density and also a high industrial and agricultural demand, but where least rainfall is recorded. Where reservoirs are used to prevent flooding it requires that there is room to store the winter floodwater. This may mean allowing the level of the reservoir to fall deliberately in the autumn and early winter to allow sufficient capacity to contain any floodwater. This is the practice on the Clywedog reservoir on the upper Severn. But if the winter happens to be drier than expected, then the reservoir may be only partially full at the beginning of the summer. Therefore, operating reservoirs and regulating rivers are a delicate art and, as the weather is so unpredictable, decisions made on the best available information many months previously may prove to have been incorrect.



2.2



GROUNDWATER British groundwater is held in three major aquifer systems, with most of the important aquifers lying south-east of a line joining Newcastle-upon-Tyne and Torquay (Fig. 2.3). An aquifer is an underground water-bearing layer of porous rock through which water can flow after it has passed downwards (infiltration) through the upper layers of soil. On average 7000 million litres (Ml) of water are abstracted from these aquifers each day. Approximately 50% of this vast amount of water comes from Cretaceous chalk aquifers, 35% from Triassic sandstones and the remainder from smaller aquifers, the most important of these being Jurassic limestones. Of course groundwater is not only abstracted directly for supply purposes, it often makes a significant contribution to rivers also used for supply and other uses by discharging into the river as either base flow or springs (Fig. 2.4). The discharge of groundwater into rivers may be permanent or seasonal, depending on the height of the water table within the aquifer. The water table separates the unsaturated zone of the porous rock comprising the aquifer from the saturated zone; in essence it is the height of the water in the aquifer (Fig. 2.5). The water table is measured by determining the level of the water in boreholes and wells. If numerous measurements are taken from wells over a wide area, then the water table can be seen to fluctuate in height depending on the topography and climate conditions. Rainfall replenishes or recharges the water lost or taken from the aquifer and hence raises the level of the water
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FIGURE 2.3



Location of the principal aquifers in England and Wales. (Reproduced from Open University (1974) with permission of the Open University Press, Milton Keynes.)
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FlGURE 2.4 Schematic diagram of groundwater systems. (Reproduced by permission of the British Geological Survey.)
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table. So, if the level falls during periods of drought or due to over-abstraction for water supply, then this source of water feeding the river may cease. In periods of severe drought, groundwater may be the only source of water feeding some rivers and so, if the water table falls below the critical level, the river itself could dry up completely. Aquifers are classified as either confined or unconfined. An unconfined aquifer is one that is recharged where the porous rock is not covered by an impervious layer of
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FIGURE 2.5



Cross section through soil and aquifer showing various zones in the soil and rock layers, and their water-bearing capacities. (Reproduced from Open University (1974) with permission of the Open University Press, Milton Keynes.)
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soil or other rock. The unsaturated layer of porous rock, which is rich in oxygen, is separated from the saturated water-bearing layer by an interface known as the water table. Where the aquifer is overlain by an impermeable layer, no water can penetrate into the porous rock from the surface; instead water slowly migrates laterally from unconfined areas. This is a confined aquifer. There is no unsaturated zone because all the porous rocks are saturated with water as they are below the water table level, and of course there is no oxygen (Fig. 2.4). Because confined aquifers are sandwiched between two impermeable layers, the water is usually under considerable hydraulic pressure, so that the water wiU rise to the surface under its own pressure via boreholes and wells, which are known as artesian wells. Artesian wells are well known in parts of Africa and Australia, but are also found on a smaher scale in the British Isles. The most well-known artesian basin is the one on which London stands. This is a chalk aquifer which is fed by unconfined aquifers to the north (Chiltern Hills) and the south (North Downs) (Fig. 2.6). In the late nineteenth century the pressure in the aquifer was such that the fountains in Trafalgar Square were fed by natural artesian flow. But if the artesian pressure is to be maintained, then the water lost by abstraction must be replaced by recharge, in the case of London by infiltration at the exposed edges of the aquifer basin. Continued abstraction in excess of natural recharge has lowered the piezometric surface (i.e. the level that the water in an artesian well will naturally rise to) by about 140 m below its original level in the London basin. A detailed example of an aquifer is given later in this section. It is from unconfined aquifers that the bulk of the groundwater supphes are abstracted. It is also from these aquifers, in the form of baseflowor springs, that a major portion of theflowof some lowland rivers in eastern England arises. These rivers are widely
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FIGURE 2.6 Cross section through the London artesian basin. (Reproduced from Open University (1974) with permission of the Open University Press, Mihon Keynes.)



used for supply purposes and so this source of drinking water is largely dependent on their aquifers; good management is therefore vital. Groundwater in unconfined aquifers originates mainly as rainfall and so is particularly vulnerable to diffuse sources of pollution, especially agricultural practices and the fallout of atmospheric pollution arising mainly from industry. Elevated chemical and bacterial concentrations in excess of the European Union (EU) limits set in the Drinking Water Directive (Section 8.1) are commonly recorded in isolated wells. This is often a local phenomenon with the source of pollution normally easily identified to a local point source, such as a septic tank, a leaking sewer or farmyard drainage. In the 1970s, there was increasing concern over rising nitrate levels in particular, which often exceeded the EU maximum admissible concentration. This was not an isolated phenomenon, but elevated levels were found throughout all the principal unconfined aquifers in the UK. The areas affected were so large that, clearly, only a diffuse source could be to blame, rather than point sources (Royal Society, 1983). However, it was not until the mid-1970s that the widespread rise in nitrate concentration in groundwater was linked to the major changes in agricultural practices that had occurred in Britain since World War II. The major practice implicated at that time was regular cereal cropping which has to be sustained by the increasing usage of inorganic fertilizer (Section 11.1.3). Trace or micro-organic compounds are another major pollutant in groundwaters. Owing to the small volumes of contaminant involved, once dispersed within the aquifer, it may persist for decades. Many of these compounds originate from spillages or leaking storage tanks. A leak of 1,1,1-trichloroethane (also used as a thinner for typing correction fluids) from an underground storage tank at a factory manufacturing micro-chips for computers in San Jose, California in the USA caused extensive groundwater contamination resulting in serious birth defects, as well as miscarriages and stillbirths, in the community receiving the contaminated drinking water. Agriculture is also a major source of organic chemicals. Unlike spillages or leaks, which are point sources, agricultural-based contamination is a diffuse source (Section 7.4). Many different pesticides are also being reported in drinking water (Section 11.2.1). Other important sources of pollution include landfill and dump sites, impoundment lagoons including slurry pits, disposal of sewage sludge onto land, run-off from roads and mining (OECD, 1989; Mather et ai, 1998).
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Unlike confined aquifers, unconfined aquifers have both an unsaturated and saturated zone. The unsaturated zone is situated between the land surface and the water table of the aquifer. While it can eliminate some pollutants, the unsaturated zone has the major effect of retarding the movement of most pollutants thereby concealing their occurrence in groundwater supplies for long periods. This is particularly important with major pollution incidents, where it may be many years before the effects of a spillage, or leakage from a storage tank for example, will be detected in the groundwater due to this prolonged migration period. Most of the aquifers in Britain have relatively thick unsaturated zones. In chalk they vary from 10 to 50 m in thickness, which means that surface-derived pollutants can remain in this zone for decades. An example of this is the recent appearance in some UK groundwater supplies in south-east England of pesticides, such as dichloro-diphenyltrichloroethane (DDT), which were banned in the early 1970s. Another problem is that the soils generally found above aquifer outcrops are thin and highly permeable, and so allow rapid infiltration of water to the unsaturated zone taking the pollutants with them. Soil bacteria and other soil processes therefore have little opportunity to utilize or remove pollutants. This unsaturated zone is not dry; it does in fact hold large volumes of water under tension in a process matrix, along with varying proportions of air. But below the root zone layer, the movement of this water is predominantly downwards, albeit extremely slowly (Fig. 2.5). It is in the saturated zone of unconfined aquifers that the water available for abstraction is stored. The volume of water in unconfined aquifers is many times the annual recharge from rainfall. It varies according to rock type and depth; for example in a thin Jurassic limestone the ratio may be up to 3, whereas in a thick porous Triassic sandstone it may exceed 100. The saturated zone also contains a large volume of water which is immobile, locked up in the micro-porous matrices of the rock, especially in chalk Jurassic limestone aquifers. Where aquifers have become fissured (cracked), the water movement is much more rapid. However, the movement of pollutants through unfissured rock is by diffusion through the largely immobile water which fills the pores which takes considerably longer. This, combined with the time lag in the unsaturated zone, results in only a small percentage of the pollutants in natural circulation within the water-bearing rock being discharged within a few years of their originally infiltrating through agricultural soils. Typical residence times vary but will generally exceed 10-20 years. The deeper the aquifer, the longer this period. Other factors, such as enhanced dilution effects, where large volumes of water are stored, and the nature of the porous rock all affect the retention time of pollutants. An excellent introduction to aquifers and groundwater has been prepared by Price (1991), while Raghunath (1987) has published a more technical and advanced monograph. The management and assessment of the risk of contamination in groundwaters is reviewed by Reichard et al (1990), while treatment and remediation technologies are dealt with by Nyer (1992).
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2.2.1 GROUNDWATER QUALITY The quahty of groundwater depends on a number of factors: (a) The nature of the rain water, which can vary considerably, especially in terms of acidity due to pollution and the effects of wind-blown spray from the sea which affects coastal areas in particular. (b) The nature of the existing groundwater which may be tens of thousands of years old. (c) The nature of the soil through which water must percolate. (d) The nature of the rock comprising the aquifer. In general terms groundwater is comprised of a number of major ions which form compounds. These are calcium (Ca^"^), magnesium (Mg^^), sodium (Na"^), potassium (K"^), and to a lesser extent iron (Fe^"^) and manganese (Mn^"^). These are all cations (they have positive charges) which are found in water combined with an anion (which have negative charges) to form compounds sometimes referred to as salts. The major anions are carbonate (COf ~), bicarbonate (HCO^), sulphate (SO^~) and chloride (CI"). Most aquifers in the British Isles have hard water. Total hardness is made up of carbonate (or temporary) hardness caused by the presence of calcium bicarbonate (CaHC03) and magnesium bicarbonate (MgHC03), while non-carbonate (or permanent) hardness is caused by other salts of calcium and magnesium (Section 3.4). It is difficult to generalize, but limestone and chalk contains high concentrations of calcium bicarbonate, while dolomite contains magnesium bicarbonate. Sandstones are often rich in sodium chloride (NaCl), while granite has elevated iron concentrations. The total concentration of ions in groundwater, called the total dissolved solids (TDS), is often an order of magnitude higher than surface waters. The TDS also increases with depth due to less fresh recharge to dilute existing groundwater and the longer period for ions to be dissolved into the groundwater. In very old, deep waters, the concentrations are so high that they are extremely salty. Such high concentrations of salts may result in problems due to over-abstraction or in drought conditions when old saline groundwaters may enter boreholes through upward replacement, or due to saline intrusion into the aquifer from the sea. In Europe, conductivity is used as a replacement for TDS measurement (Section 3.4), and is used routinely to measure the degree of mineralization of groundwaters (Table 2.2). TABLE 2.2
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In terms of volume of potable water supplied, confined aquifers are a less important source of groundwater than unconfined aquifers. However, they do contribute substantial volumes of water for supply purposes and, of course, can locally be the major source of drinking water. Groundwater in confined aquifers is much older and therefore is characterized by a low level of pollutants, especially nitrate and, of course, micro-organics, including pesticides. Therefore, this source is currently of great interest for use in diluting water from sources with high pollutant concentrations, a process known as blending (Section 11.1). Confined aquifers are generally not used if there is an alternative source of water because of low yields from boreholes and quality problems, especially high salinity (sodium and chloride concentrations) in some deep aquifers, excessive iron and/or manganese, highfluorideand sulphate concentrations, problem gases, such as hydrogen sulphide and carbon dioxide, and the absence of dissolved oxygen. These problems can be overcome by water treatment, although this, combined with costs for pumping, makes water from confined aquifers comparatively expensive. An example of a major British aquifer is the Sherwood Sandstone aquifer in the East Midlands, which is composed of thick red sandstone. It is exposed in the western part of Nottinghamshire which forms the unconfined aquifer, and dips uniformly to the east at a slope of approximately 1 in 50, and where it is overlain by Mercia mudstone forming the confined aquifer (Fig. 2.7). Three groundwater zones have been identified in this aquifer, each of increasing age. In zone 1 the groundwater is predominantly modern and does not exceed a few tens or hundreds of years in age, while in
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Hydrochemistry of the Sherwood sandstone aquifer. (Reproduced from Kendrick et ai (1985) with permission of Water Research Centre pic, Medmenham.)
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Typical modern borehole system for groundwater abstraction. (Reproduced from Howsam et al. (1995) with permission of the Construction Industry Research and Information Association, London.)
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zone 2 the groundwater ranges from 1000 to 10 000 years old. But in zone 3 the groundwater was recharged 10000-30000 years ago. In this aquifer the average groundwater velocity is very slow, just 0.7 m per year (Edmonds et al, 1982). The variations in chemical quality across these age zones is typical for unconfined and confined aquifers. This is seen in the other major aquifers, especially the Lincolnshire limestone aquifer in eastern England where the high nitrate concentrations in the youngest groundwater zone is due to the use of artificial fertilizers in this intensively cultivated area.
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There are large groundwater resources below some major cities; for example in the UK these include London, Liverpool, Manchester, Birmingham and Coventry. However, these resources are particularly at risk from point sources of pollution from industry, especially solvents and other organic chemicals, as well as more general contaminants from damaged sewers and urban run-off. Such resources are potentially extremely important, although, due to contamination, are often under-exploited (Section I L l ) (Lerner and Tellam, 1993). The design and construction of boreholes and wells for groundwater abstraction is very technical and requires the expertise of a groundwater hydrologist (Fig. 2.8). Clark (1988) deals comprehensively with the location and installation of water supply boreholes, while the maintenance, monitoring and rehabilitation of such systems is reviewed by Howsam et al (1995) and Detay (1997). A less specialist overview is given by Brassington (1995).
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INTRODUCTION Many factors affect the presence or absence of organisms and plants in freshwaters. These can be categorized as: (a) natural dispersion; (b) abiotic factors; (c) biotic factors. The biotic factors can be significant locally in determining whether a species occurs or not. Species may be precluded by predation, competition, or lack of suitable food resources or habitat. These factors are considered in Chapter 4. In this chapter the importance of natural dispersion and the abiotic factors are discussed.



3.1



NATURAL DISPERSION When carrying out biological surveys of surface waters it is always important to ask the question of whether the expected species naturally occur at the site. This is not only a problem if using an American textbook when working in Europe, but significant variations occur within Europe itself. This is perhaps seen most clearly when comparing extreme northern climates with extreme southern climates. However, it is most profound when the British Isles are compared to mainland Europe. The wave of recolonization of animals from Europe after the last ice age had only reached Scotland before the land bridge to Ireland had separated. While this is the primary cause for the lack of snakes in Ireland, it is also true for freshwater fish. Probably only those migratory species, such as salmon (Salmo salar), sea trout (S. trutta) and eels (Anguilla anguilla), that spend part of their life cycle in the sea have colonized the British Isles naturally. Humans have undoubtedly introduced other species. The diversity of freshwater fish in Ireland still remains lower than in Britain, which in turn is less than on the European continent with the number of species increasing towards the equator. At present there are only 35 species of freshwater fish in the UK.
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Chapter 3 / Factors Determining the Distribution of Animals and Plants in Freshwaters An example of an introduced species is the roach {Rutilus rutilus) which was introduced into Ireland by an angler in 1889, who used it as live bait on the River Blackwater, where it rapidly spread throughout the catchment. During the 1930s it was introduced separately into the Foyle catchment from where it was spread by anglers who wanted to improve coarse fishing or accidentally when it was being used as live bait. It is a hardy fish that likes eutrophication. This gave it an advantage over other species during the 1960s and 1970s when Irish rivers became increasingly nutrient enriched, so by 1980 it was widespread throughout the midlands of the country including the Shannon and Boyne systems. Within a decade of its introduction into Lough Neagh, a large shallow lake in Northern Ireland (32 X 16 km^), it had become so common that it was seriously affecting the commercial eel fishery. In Lough Neagh regular fluctuations in the population of the roach have been reported. Numbers fluctuate between 1 and 17 million fish over a 5- to 7-year cycle. This is due to a biotic factor, an intestinal parasite, Ligula intestinalis. It infects the young roach (up to six parasites per fish) and can make up to 35% of the body weight of the fish as the parasite grows. This causes pouching so that the lighter sides of the fish are pushed out like a balloon past its camouflaged back making it clearly visible to predators. Roach lay eggs on macrophytes and so need to enter shallow water or streams feeding the lake in order to spawn on the plants. It is during this time that massive predation of the fish occurs by gulls and other sea birds including waterfowl. The parasite makes the fish progressively lethargic, making them easy prey. The parasite matures in the bird, which reinfects the water with eggs via droppings. The life cycle of the parasite involves an intermediate host, copepods, which are very common in the lake throughout the year. As young roach feed off plankton, it is generally the young fish that are infected completing the life cycle of the parasite. In recent years exotic species have been introduced throughout the British Isles, some of which are having very serious effects on the natural ecology of lakes and rivers through the introduction of new diseases and parasites, elimination of other aquatic species, and the reduction of other fish species through predation and competition. The Chinese mitten crab has managed to invade many British rivers, such as the Thames and Humber. Probably brought over accidentally in the ballast tanks of ships it excavates deep burrows along riverbanks causing them to collapse. The red-eared terrapin was once sold in thousands as pets throughout Europe. It grows into an aggressive reptile over 200 mm in diameter. It is a voracious carnivore that is wiping out other pond and river animals, such as newts and frogs. The pumpkinseed is an ornamental fish from the US, which is now common in rivers throughout southern England. It is believed to eat the eggs of native fish species. Two monsters have also been introduced by anglers and commercial fisheries. The Wels catfish can grow up to 65 kg and has been introduced throughout the Midlands. It is so large and aggressive that it is able to catch waterfowl. Beluga sturgeon have also been introduced into commercial fisheries where they are highly prized by anglers. However, these fish, which can grow up to 1.25 tonnes, have escaped and are now to be found in a number



3.1 Natural Dispersion



31



of English rivers. This introduction of species has gone on for centuries. For example, the rainbow trout, originally from the US, is common in rivers throughout Europe, and in the UK has managed to exclude the native brown trout from many southern rivers. Other native species are currently under severe threat with many close to extinction such as the burbot, a miniature catfish once common in eastern rivers, or the vendace which was once common throughout Britain but is now restricted to Bassenthwaite and Derwentwater in the Lake District. This latter species is under threat from the roffe, a small perch-likefish,which feeds on its eggs. There are many other examples of alien species that have been deliberately or accidentally introduced. These include macrophytes, bankside vegetation, invertebrates as well as fish (Table 3.1). For example, originally from North America the floating pennywort {Hydrocotyle ranunculoides) is an ornamental pond escapee that is now common in streams throughout Europe. It can grow up to 300 mm a day forming large floating mats that cause widespread deoxygenation as well as causing localized flooding by blocking drainage ditches. One of the best-known invertebrate invaders is the Zebra mussel {Dreissena polymorpha). This small bivalve is originally from the Black Sea but has spread throughout the world. Distributed originally in the ballast water of ships it was first recorded in the Great Lakes in North America in 1985 reaching peak densities of over 300 000 m^ in some places within just 3 years. Such high densities have had a serious impact on the lake ecology with the mussels representing up to 70% of the invertebrate biomass in some areas (Nalepa et al., TABLE 3.1



Examples of alien species causing problems in freshwater systems Generic name



Common name



Areas of serious



Macrophytes Alternanthera philoxeroides Crassula helmsii Eichhornia crassipes Hydrocotyle ranunculoides Lythrum salicaria Pistia stradotes Salvinia molesta



Alligator weed Swamp stonecrop Water hyacinth Floating pennywort Purple loosestrife Water lettuce Water fern



USA Europe Tropics, Europe, USA Tropics, Tropics,



Bank-side vegetation Fallopia japonica Heracleum mantegazzianum Impatiens glandulifera



Japaneses knotweed Giant hogweed Himalayan balsam



Almost world-wide Europe Europe



Invertebrates Astacus astacus Astacus leptodactylus Dreissena polymorpha Mysis relicta Oronectes limosus Pacifastacus leniusculus Procambarus clarkii



Noble crayfish Turkish crayfish Zebra mussel Opossum shrimp Striped crayfish Signal crayfish Red swamp crayfish



Europe, England Europe, England USA, Europe Europe Europe, England Europe Europe, England



Australia England Africa Africa



invasion
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Chapter 3 / Factors Determining the Distribution of Animals and Plants in Freshwaters 2000). Apart from altering community structure and causing deoxygenation due to such high biomasses they also block water supply and irrigation intake screens and pipewick, and are widely reported colonizing water distribution mains. The species has also been implicated in summer blooms of the toxic blue green alga Microcystis (Section 6.4.1).



3.2



CATCHMENT WATER QUALITY The catchment has a profound effect on water quality with variation seen between sub-catchments due to different rock geology and soil types. Water arising from hard water catchments has elevated concentrations of calcium, magnesium and carbonate. Some surface waters close to the coast can be affected by wind-blown sea spray resulting in elevated concentrations of sodium, sulphate and chloride. As precipitation falls on the catchment the water dissolves trace amounts of anything it comes into contact with as it flows over plants, soil and through the rock to finally enter the river system. The longer this contact time the more that will be taken into solution. In this way all surface and ground waters have a unique chemistry, reflecting primarily the nature of the geology and soils of the catchment. Table 3.2 compares the quality of a number of different waters. Table 3.3 shows the origin of a number of common elements in a small catchment in the US. It shows that apart from nitrogen, which is utilized by soil micro-organisms, a significant portion of the elements in water are derived from weathered parent rock. The discharge rate in rivers is governed by many factors. For example, trees can have a significant effect on stream flow due to high water demand from growth and water loss via evapotranspiration. So when trees are either planted or cut down stream flow may be reduced or increased, respectively. Tree planting can also cause acidification by the trees capturing more precipitation especially in coastal areas (Section 6.6). Harvesting of trees also results in increased run-off carrying organic and inorganic material into the water. In practice, water found in the natural environment is never pure; it always contains some impurities. The chemistry of water is constantly changing. In the atmosphere water present as vapour has an extremely high surface area ensuring maximum uptake of gases both natural and man-made. This process of dissolving chemicals continues as it makes its way through or over the soil into the surface and underground resources. As aquatic organisms use these impurities for metabolism and reproduction, a certain level of contamination of the water is vital to sustain life. The question of how much contamination by these chemicals is acceptable before the water is no longer suitable for these organisms is the basis of pollution chemistry. There are three important factors affecting community structure in freshwater systems and in lotic environments in particular. These are the substrate, dissolved mineral concentration and dissolved oxygen which is closely linked with the temperature of the water.
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Comparison of the water quality from a number of different catchments in the UK with sea water



Sodium Potassium Magnesium Calcium Chloride Sulphate Carbonate



Ennerdale, Cumbria



Cambridge tap water (pre-treatment)



5.8



1.8 7.5 26.5 5V 18 16 123 Hard water catchment



0.72 0.8 5.7 4.6 1.2 Soft water



Braintree, Essex 34.3 15 17.5 407^ 96 218



Sea water 10 720 380 1320 420 19320 2700 70



^Water containing CaCOs passes through Na"^ soil (Thanet old maritime sands). Ca^ replaced by Na^ so the Ca^ level is reduced. Usually due to spray from sea. wind-blown sand or pollution. Reproduced from Open University (1974) with permission of the Open University Press, Milton Keynes. TABLE 3.3



Origin of certain elements in a small stream



Silicon Calcium Sulphur Sodium Magnesium Potassium Nitrogen



Precipitation input (kgha~^ year'^)



Stream output (kgha~^year~^)



Net difference* (kgha~^year~^)



Very low 2.6 12.7 1.5 0.7 1.1 5.8



16.4 11.7 16.2 6.8 2.8 1.7 2.3



+ 16.4 +9.1 +3.5 +5.3 +2.1 +0.6 -3.5



The net difference is from weathered parent rock. Reproduced from Open University (1974) with permission of the Open University Press, Milton Keynes.



3.3



RIVER FLOW AND SUBSTRATE Rivers are one-way flow systems generated by gravity, and downstream there is a trend towards: (a) (b) (c) (d) (e)



decreasing river slope; increasing depth; increasing water volume; increasing discharge rate; decreasing turbulence.



The most important component governing plant and animal habitats, and so the basic community structure of streams and rivers, is theflowrate. This in turn controls
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Chapter 3 / Factors Determining the Distribution of Animals and Plants in Freshwaters the nature of the riverbed. There is much confusion between discharge rate (m^s~^) and current velocity (ms~^) partially because current velocity has been used to explain the nature of substrate comprising the bed of rivers and streams. This is outlined in Table 3.4. The theory is based on the observation that in the upper reaches of the river the current velocity is greatest and here the bed is eroded with fine material being washed downstream, with only the coarse material being deposited. The coarse material is occasionally rolled further downstream causing further erosion and disturbance of fine material that is also carried in suspension downstream. As the lower reaches of the river are approached the current velocity falls and so the suspended material is finally deposited. This has resulted in the general classification of rivers by current velocity. Rivers with current velocities >0.3 m s~^ are classed as erosive, while rivers with velocities 



)^ T



k



ALGAE



T



T



^r



A T



>



FIGURE 4.1



1 GREEN PLANTS (other than algae)



k



)(



Simple lotic community structure.



t



T



SOLUBLE MINERAL SALTS



SOLUBLE ORGANIC MATTER



]



T



PRODUCTS OF DISINTEGRATED PLANTS AND ANIMALS DEAD ORGANISMS AND WASTE



treatment utilizes this natural ability of micro-organisms and algae to respond quickly to increases in organic matter and nutrients, and to oxidize them to safe end products (Chapter 15). In practice, the more complex an aquatic ecosystem, the more stable it is. Simplifying the food web of an ecosystem decreases the probability of maintaining ecological equilibrium. There are five major communities in aquatic systems: phototrophic (autotrophic), heterotrophic, detritivore, herbivore and predator.



4.1.1 PHOTOTROPHIC (AUTOTROPHIC) Primary producers from either the microalgal or macrophyte communities both produce plant material as the energy base for the rest of the system. Microalgae are present either as a biofilm that grows over the surfaces of solid substrates (periphyton) or as free-living cells suspended in the water (phytoplankton). It is an important food source not only for many macro-invertebrates, but also forfish.Macrophytes are large aquatic plants, although their distribution is dependent on sheer stress, substrate type and depth. In upstream areas, the rocky substrate is unsuitable for root development. The high sheer stress and possible low light intensity due to shading restricts macrophyte
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development to mosses and liverworts. In contrast, in lowland reaches where the sheer stress is lower, there is high Hght intensity and a silty substrate for easy rooting, macrophytes are common. However, variability in the water level may reduce extensive macrophyte development to banks, while an increase in turbidity may reduce submerged growth.



4.1.2 HETEROTROPHIC Bacteria, fungi and protozoa all break down organic matter. They may form a biofilm on submerged surfaces (periphyton) and use dissolved organic matter. They can also grow on organic matter which they decompose, often relying on the water column for nutrients. Periphyton is a major source of food for detritivores, as is the partially degraded organic matter.



4.1.3 DETRITIVORES These feed on particulate detritus present in the water either as discrete particles or periphyton. Detritivores can be either micro- or macroscopic, but are divided into functional feeding groups based on their mode of food selection and ingestion. Collectors aggregate fine particulate organic matter (FPOM), shredders consume large or coarse particulate organic matter (CPOM), while scrapers (grazers) feed off the thin accumulation of periphyton from solid surfaces.



4.1.4 HERBIVORES There are very few animals that eat living plant material in aquatic ecosystems. Those that do are specialized as either piercers or shredders. Some macro-invertebrates, such as the hydroptilid caddis fly larvae, pierce algal cells and ingest the contents. While many more species, such as Lepidoptera larvae and some adult beetles, eat macrophyte tissue (shredders). Some shredders and scrapers eat both living algal and macrophyte material, and so must be considered both herbivorous and detritivorous.



4.1.5 PREDATORS Predators can be micro- and macro-invertebrates, fish and even higher vertebrates, such as amphibians, birds and mammals. Generally detritivores are eaten, as are smallfish.There may be several predator levels within the food web (e.g. detritivore (chironomid) -^ predator (Stenopoda) -^ predator (trout) -^ predator (grey heron)). An example of a food chain is given in Fig. 4.2. Here the organisms are separated into producers, consumers and decomposers.
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1) and a high phototrophic:heterotrophic ratio.



4.2.3 LOWLAND (UNSHADED) AREA Further downstream the continuing increase in depth and a higher turbidity reduces photosynthesis. The source of energy is mostly from upstream FPOM. Once again there is a low P/R ratio (o are the dissolved oxygen deficit at times t and 0, respectively, and K2 is the reaeration constant, then:



loge



A D,0



=



-K.t



(5.15)



j



thus, Dt



=



-kjt DQQ-^2



(5.16)



A more useful parameter than the reaeration constant (K^ is the exchange coefficient/ The exchange coefficient, also known as the entry or exit coefficient, is the mass of
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Chapter 5 / Micro-organisms and Pollution Control oxygen transferred across unit area of interface in unit time per unit concentration deficit:



X



' ^ = / ^ ( Q - Q dt



(5.17)



(5.18)



and if a finite volume of water (V) is assumed, then: dC, dM 1 £4,^ ^, —- = = " ^ ( Q - Q) dt dt V V



(5.19) ^ '



that is,



^



= K^iC, - Q )



(5.20)



d^ where



^2 = / ^



(5.21)



f = K2^ = K2h A



(5.22)



where Kis the volume of water below interface,^ is the area of the air-water interface and h is the mean water depth. The exchange coefficient/is expressed in units of velocity (mmh~^) and at 20°C in British rivers it can be estimated by the formula: / = 7.82 X io4[/0-67//-o.85



(5 23)



where U is the water velocity (m s~^) and H the mean depth (mm). Typical values for/ range from 20 for a sluggish polluted lowland river to over 1000 for a turbulent unpolluted upland stream. Values for the exchange coefficient for various aeration systems expressed in cmh~^ are summarized in Table 5.1. In the US, Ki^a. (the oxygen transfer rate) is used instead ofK2. In Europe, K2 is used primarily for river reaeration while KI^SL is used in modelling oxygen transfer in wastewater operation (Section 17.3).
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Typical values for the exchange coefficient/ A era tion system



f (cm h~^)



Stagnant water Water flowing at 0.4 mniin"^ in a small channel Water polluted by sewage Glean water Water flowing at 0.6 m min~^ in a channel Polluted water in dock and tidal basin Sluggish polluted river Sluggish clean water about 51 mm deep Thames estuary under average conditions Water flowing at 10.06 mmin~^ in a small channel The open sea Water flowing at 14.94 mmin~^ in a channel Turbulent lakeland beck Water flowing down a 30° slope



0.4-0.6 0.4 0.5 1 1-3 2 4 5.5 7.5 13 30 30-200 70-300



A rise in temperature can increase the rate of reaeration and vice versa. The reaeration rate constant {K^ can be related to temperature (7) by: K2(T) = ^^2(20)1-047(^-20)



(5.24)



In general terms, an increase in temperature of 1°C will result in an increase in the exchange coefficient/of about 2%. A number of physical factors affect reaeration. The transfer of oxygen at the air-water interface results in the surface layer of water becoming saturated with oxygen. If the water is turbulent, as is the case in upland streams, the saturated surface layer will be broken up and mixing will ensure that reaeration is rapid. When no mixing occurs, as in a small pond to take an extreme example, then oxygen has to diffuse throughout the body of the water. In some cases the diffusion rate may be too slow to satisfy the microbial oxygen demand so that anaerobic conditions may occur at depth. In rivers, velocity, depth, slope, channel irregularity and temperature will all affect the rate of reaeration. To increase the rate of aeration and speed up the self-purification process, weirs can be built below discharges. More recently, floating aerators have been employed on rivers during periods of high temperature when the dissolved oxygen concentration has fallen dangerously low. More sensitive rivers, containing salmonid fish, have been protected by pumping pure oxygen from barges into the river at times of particular stress. This technique has been developed specifically to control deoxygenation caused by accidental discharges of pollutants. The use of a compressor with a perforated rubber hose has also been successfully employed. In emergencies, for example where a deoxygenated plug of water is moving downstream, the local fire brigade has been able to prevent total deoxygenation by using the powerful pumps on their tenders to recirculate as much water as possible, with the water returned to the river via high-pressure hoses. The main advantage of this method is that thefirecrews
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can make their way slowly downstream, keeping abreast of the toxic plug. Hydrogen peroxide is also used in emergencies for rapid reaeration in larger rivers.



5.3.4 THE OXYGEN-SAG CURVE When an organic effluent is discharged into a stream it exerts a biochemical oxygen demand with the processes of oxygen consumption and atmospheric reaeration proceeding simultaneously. While other processes, such as photosynthesis, sedimentation and oxidation, of the bottom deposits can also affect oxygen concentration; oxygen consumption and reaeration are the primary processes affecting oxygen status. In many cases the oxygen demand will initially exceed the reaeration rate, so the dissolved oxygen concentration will fall downstream of the outfall (discharge point). As the rate of diffusion across the air-water interface is directly proportional to the oxygen deficit, if the rate of consumption lowers the oxygen concentration, the oxygen masstransfer rate will increase. At some point downstream the rate of reaeration and consumption become equal and the oxygen concentration stops declining. This is the critical point of the curve where the oxygen deficit is greatest (D^) and the dissolved oxygen concentration is lowest (Fig. 5.3). Thereafter reaeration predominates and the dissolved oxygen concentration rises to approach saturation. The characteristic curve, which results from plotting dissolved oxygen against time or distance downstream, is known as the oxygen-sag curve. The long tail associated with the recovery phase of the curve is due to the rate of mass transfer of oxygen. As the river's dissolved oxygen concentration recovers, the oxygen deficit is reduced and, as the rate of mass transfer is proportional to the oxygen deficit, the rate of reaeration slows, thus extending the curve. The shape of the curve remains more or less the same except that the critical point will vary according to the strength of the organic input. It is possible for the dissolved oxygen concentration to be reduced to zero and an anaerobic or septic zone to be formed. Deoxygenation is generally a slow process, so the critical point may occur some Outfall (BOD of stream is LQ)



Saturation concentration Actual concentration



FIGURE 5.3



Dissolved oxygensag curve.



Time of flow
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considerable distance downstream of the outfall. The degree of deoxygenation not only depends on the strength of the discharge, but also on dilution, BOD of the receiving water, nature of the organic material in terms of availability and biodegradability, temperature, reaeration rate, dissolved oxygen concentration of the receiving water and the nature of the microbial community of the river. The oxygen-sag curve can be expressed mathematically for idealized conditions in terms of the initial oxygen demand, the initial dissolved oxygen concentration in the river and the rate constants for oxygen consumption (Ki) and reaeration (K2). These mathematical formulations were derived by Streeter and Phelps when working on the Ohio River (Streeter and Phelps, 1925). This large river had long uniform stretches between pollution discharges, also relatively little photosynthesis, so the only major factors affecting the oxygen status were oxygen consumption and reaeration. They considered that the rate of biochemical oxidation of the organic matter was proportional to the remaining concentration of unoxidized organic material, typified by the first-order reaction curve (Fig. 5.4). Assuming first-order kinetics, the oxygen demand with no aeration can be represented as:



-K,L,



dt



L,=Lo-D,'



d(Lo - A ) = - d ^ r



(5.25)



(5.26)



Thus, dPf



^



dt



-K,L,



Second-order First-order



o DC



• Zero-order FIGURE 5.4



Log plots of reaction rates.



Substrate concentration (log)



(5.27)
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Chapter 5 / Micro-organisms and Pollution Control Reaeration with no oxygen demand: K2iQ - C,)



(5.28)



dt Therefore,



^ — ^ dt



= K2D,



(5.29)



So,



^



= -K2D,



(5.30)



d^ It is possible to express both demand and aeration in terms of change in the oxygen deficit (dD^)/d^ So for simultaneous oxygen demand and reaeration:



^ = K,L, - K2D, d^



(5.31)



where D is the dissolved oxygen deficit at time t (Z)^), L is the ultimate BOD at time t (L^) or initially (LQ), Ki the BOD reaction rate constant and K2 the reaeration rate constant. Providing oxygen is not a limiting factor, the oxygen demand is not dependent on the oxygen deficit. So, by substituting L^ according to the equation: L, =



LQC-^I^



^ = K^Le^^' - K2D, d^



(5.32)



(5.33)



When this equation is integrated with limit Dt = DQ when t = 0: D^ =



^i^Q (e^i^ - e-^2^) + DQe'^2t K2 - Ki



(5.34)



which is the well-known Streeter and Phelps equation. By changing to base 10 {K = 0.4343A:):



D^ =



^1^0 ^iQK.t _ 10-^2^) + DolO-^2^ K2 - Ki



(5.35)
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The minimum dissolved oxygen concentration (the critical point), which occurs at maximum oxygen deficit D^ when dD^ /d^ = 0, is given by:



• loge j —^ 1 -



{K^-K^D,



(5.36)



K^LQ



where the critical (maximum) deficit (D^) occurs at time tc. Both /^i and K2 in the model are assumed to be constant; however, while Ki is measured by running a BOD determination in the laboratory (Section 5.4), it may vary with time. The K2 value will vary from reach to reach within the river and must be measured in the field. Both these constants are temperature functions and so temperature effects must be taken into consideration. For domestic sewage, Ki approximates to 0.1 at 20°C while K2, which is mainly a function of turbulence, can be assessed using the equation: iV2



K,



(5.37)



//3/2



where K2 is the reaeration coefficient (base e) per hour, X^ the diffusion coefficient of oxygen into water, U is the velocity of flow and H the depth. Only approximate values can be obtained. Low values represent deep, slow-moving rivers and high values shallow fast-flowing upland streams. In reality, K2 is at best a crude estimate, and often an assumed value can have severe effects on the predictive estimate. The measurement oiKi is even more critical. The oxygen-sag curve can be more accurately assessed by providing a third point. This is provided by the point of inflexion, where the net rate of aeration is at a maximum when (d^Df/df) = 0:



ti



=



1 K2 - Ki



loge



El



{K2 - K,)Do K^L



(5.38)



where the inflexion deficit (Di) occurs at time ti. So, it is now possible to construct the oxygen-sag curve and to predict the minimum oxygen concentration downstream of a point discharge of organic waste, such as sewage (Fig. 5.3). While the Streeter and Phelps model provides an extremely useful basis for the study of the sequence of events that occur in an organically polluted river, it must be applied with care. This is especially so in rivers where conditions change frequently, there is appreciable photosynthesis, deposition of debris and sediment or discharges
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Chapter 5 / Micro-organisms and Pollution Control of inhibitory or toxic substances. The model is only valid for a single pollution discharge and where there is no dilution from tributaries. Where these occur the river must be split up into discrete sections according to changes in flow or discharge, so that each section can be treated as an individual case and the model applied. The output data from one section provides the input data for the next, and in this way the entire river system can be covered to provide an overall calculation. This type of model is the basis of predictive water quality models with many other variables, such as benthic and nitrogenous oxygen demand, salinity and temperature also included. A final word of caution on the use of the Streeter and Phelps model. The model assumes that the flow does not vary over time, that the organic matter is distributed uniformly across the stream's cross-section and that there is no longitudinal mixing, with the effects of algae and bottom sediments unimportant and so neglected in the equation. In reality, however, the dissolved oxygen-sag curve can be affected by other factors apart from microbial oxygen demand and reaeration rate. Among those worthy of further consideration are photosynthesis, with the addition of oxygen during the day and the uptake of oxygen by plant respiration at night; benthic oxygen demand, the removal of oxygen by gases released from the sediments and the release of soluble organic material from the sediments which have an oxygen demand; and finally, the input of oxidizable material from surface water. These inputs and the dissolved oxygen are constantly being redistributed within the water column by longitudinal mixing. Some of these factors can be easily predicted and so built into the existing model, whereas other factors are less quantifiable. The use of water quality models is discussed further in Section 9.4.2. EXAMPLE 5.1 A treated sewage effluent discharged to a river with a mean flow velocity (U) of 0.1 m s"^ raises the BOD immediately below the mixing zone from 2.6 to 4.5mgl~^ The upstream dissolved oxygen concentration is 9.5mgl~^ at a water temperature of 12°C. The constants are derived from Table 5.2 where the deoxygenation constant (Ki) for treated wastewater is taken as 0.15 day"^ and the reaeration constant {K2) for an average velocity river is taken as 0.5 day~^. Calculate the time (tc) when the minimum dissolved oxygen concentration will occur, the distance downstream (Xc) where this will occur, and finally the minimum dissolved oxygen concentration.



TABLE 5.2



Typical deoxygenation {K^) and reaeration (^^2) constants Type of water



K^ (to base e) day~^



Type of water



K2(at20''C) day~^



Untreated wastewater Treated wastewater Polluted river water



0.35-0.70 0.10-0.25 0.10-0.25



Small ponds, backwaters Sluggish streams, large lakes Low-velocity rivers Average-velocity rivers Fast rivers Rapid rivers



0.10-0.23 0.23-0.35 0.35-0.46 0.46-0.69 0.69-1.15 >1.15
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(a) Calculate initial oxygen deficit (DQ): DQ = Saturation oxygen concentration at 12°C - Actual oxygen concentration



(5.39)



1 0 . 8 - 9 . 5 = 1.3 mg 1-1 (b) Calculate ultimate oxygen demand (LQ):



Lo =



Lo =



4.5 1 - e-oi5x5



BOD5



(5.40)



1 - e-^i' 4.5 = 8.52 mg 1-1 0.528



(c) Calculate time before minimum dissolved oxygen concentration occurs (fg) using Equation (5.36):



tc



1



0.5 - 0.15 tc = 2.18 days.



• In



0.5 1.3(0.5 - 0.15) 10.15 X 8.52 0.15



(d) Distance downstream for minimum dissolved oxygen concentration to occur {x^. Remember to multiply by 86400 to convert flow to mday"^ and then by 10~^ to convert m to km (i.e. 86.4). (5.41) X, = 0.1 X 2.18 X 86.4 = 18.8 km (e) Calculate the maximum oxygen deficit (D^.): D^ = :^Loe-^i'c K2



(5.42)



D = M l X 8.52 X 6-015x2.18 = 1 84 uig 1-1 0.5 ^ (f) Calculate the minimum dissolved oxygen concentration (£>n,in) where the saturation concentration at 12°C (I>sat) is 10.8mgl"!; ^min = Aat " A



= 10-8 - 1.84 = 8.96 mg 1-1
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THE BOD TEST There are two widely used measures of oxygen demand: chemical oxygen demand (COD) which measures the organic content in terms of biodegradable and nonbiodegradable compounds, and the BOD test, which measures only the biodegradable fraction of the wastewaters by monitoring the assimilation of organic material by aerobic micro-organisms over a set period under strictly controlled conditions, usually 5 days at 20°C in the dark. The COD will always be higher than the BOD as the former includes substances that are chemically oxidized as well as biologically oxidized. The ratio of CODiBOD provides a useful guide to the proportion of organic material present in wastewaters that is biodegradable, although some polysaccharides, such as cellulose, can only be degraded anaerobically and so will not be included in the BOD estimation. The CODiBOD relationship varies from 1.25 to 2.50 for organic wastewaters depending on the waste being analysed. The ratio increases with each stage of biological treatment as biodegradable matter is consumed but non-biodegradable organics remain and are oxidized in the COD test. After biological treatment the COD:BOD of sewage can be >12:1. The relationship remains fairly constant for specific wastes, although the correlation is much poorer when the COD values are Cd > Cu > Zn > Ni > Pb > Cr > Al > Co, although this is only approximate as the vulnerability of species to individual metals varies. Toxicity also varies according to environmental conditions that control the chemical speciation of the metals (Campbell and Stokes, 1985; Tessier and Turner, 1995). Adsorption is primarily controlled by the surface area of particles; therefore, adsorption capacity is inversely proportional to particle size. In practice, the finest sediments are the richest in trace elements. Pollutants and nutrients associated with particulate matter can be partitioned into different phases or forms (speciation). The major forms in which pollutants and nutrients occur in particulate matter are, in terms of the most to least reactive: (a) (b) (c) (d) (e) (f)



adsorbed (electrostatically or specifically) onto mineral particles; bound to the organic matter (e.g. organic debris and humic substances); bound to carbonates; bound to sulphides; occluded in Fe and Mn oxides which occur commonly as coatings on particles; within a mineral lattice (e.g. calcium phosphate for P, copper oxide or sulphide for Cu); (g) in silicates and other non-alterable minerals. TABLE



6.1



Maximum pH values for the precipitation of metal ions as hydroxides or other salts Metal



Minimum pH as hydroxide



Sn



4.2 4.3 5.2 6.3 7.2 8.4 9.3 9.5 9.7 10.6



Fe (111)



Al Pb (II) Cu (II)



Zn Ni Fe (II)



Cd Mn (II)



Other salts



6.0 5.3 7.0
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Under non-polluted conditions the majority of inorganic compounds, for example trace elements and phosphorus, are found in categories (e), (f) and (g). While under polluted conditions discharged compounds are mainly adsorbed onto mineral particles (a) and/or bound to organic matter (b). The majority of synthetic organic compounds are found in the adsorbed fractions. Particulate organic matter has a very high surface area and so a very high adsorption capacity. Therefore, the concentration of pollutants in sediments is often proportional to the amount of organic matter present or to the amount of carbon adsorbed onto mineral surfaces. Toxicity of metals is reduced in waters rich in humic acids (humic and fulvic acids) as they become bound to the organic compounds, a process known as chelation. While these organic compounds remain in solution the metals are essentially unavailable biologically. Metals can also react with organic compounds to form toxic organo-metal complexes. Hardness also plays an important part in metal toxicity, which varies depending on the concentration of calcium in the water. For example, the higher the concentration of Ca^^, the lower the toxicity of Hg, Pb, Cu and Zn. This is reflected in the EU Freshwater Fish Directive (Table 6.2). Toxic compounds are rarely present on their own so that the response of organisms to individual pollutants is often different when other pollutants or compounds are present. Normally the combined effects of two or more toxic compounds is additive, for example Zn + Cd, but they can also increase (synergism) or decrease (antagonism) the toxic effects of the compounds when acting independently. For example, Cu is synergistic when present with Zn, Cd or Hg, while Ca is antagonistic with Pb, Zn and Al (Table 6.2). Detergents act synergistically with all pollutants as they reduce the surface tension on the gill membranes in freshwater organisms, especially fish, which increases the permeability of metals and other toxic compounds. This is shown in Fig. 6.1 where the response of 1 unit of pollutant A in the absence of pollutant B is 1.0 (i.e. its lethal concentration 50 (LC50) concentration) and the response of 1 unit TABLE 6.2



The permissible concentration (I) of Zn and the recommended concentration (G) of Cu in rivers of different hardness in order to sustain fish life Hardness



Total zinc (mgl"^) Salmonid waters Cyprinid waters Total copper (mgl~^) Salmonid waters Cyprinid waters



of water



mg CaCOsl-^



10



50



WO



500



0.03 0.3



0.2 0.7



0.3 1.0



0.5 2.0



0.005^



0.022



0.04



0.112



^The presence of fish in waters containing higher concentrations of copper at this hardness may indicate a predominance of dissolved organo-cupric complexes. Adapted from the EU Freshwater Fish Directive (78/659/EEC), reproduced with permission of the European Commission, Luxembourg.
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Increasingly antagonistic



FIGURE 6.1



Schematic description of the combined effects of two pollutants. See text for explanation.



Portion of LC50 of pollutant A



of B is also 1.0 in the absence of A. If the combined response of A + B falls on the diagonal line, for example 0.2A + 0.8B, the effect is additive. If, however, the response falls below the diagonal line, for example 0.3A + 0.5B, the effect is synergistic showing that A + B increases the combined toxicity effect. If the response is above the line, for example 0.6A + 0.8B, then it is antagonistic with A + B decreasing the combined toxicity effect. Toxicity is generally classified as either acute (i.e. a large dose over a short duration resulting in a rapid critical response that is often lethal) or chronic (i.e. a low dose over a long duration which is normally non-lethal but may eventually cause permanent disabilitating effects). These effects may be behavioural as well as physiological. Toxicity can also be cumulative with effects brought about by successive exposures. There are a wide variety of methods for assessing toxicity. These usually involve the exposure of test organisms, such as zooplankton, macro-invertebrates or fish, to a range of polluting concentrations or mixtures of pollutants over prolonged time periods. The most widely adopted toxicity assessment procedure is the measurement of lethal concentration (LC) where toxicity of a pollutant is expressed as the percentage of organisms killed at a particular concentration over a set time period. So the 96-h LC50 is the concentration of pollutant that results in 50% mortality of the test organism over a test period of 96 h. The effective concentration (EC) is used as an alternative to LC when death is not used as the end point of the test, but another effect such as loss of movement or developmental abnormalities. The LC50 varies between organisms due to sensitivity, which in turn is affected by factors such as sex, age or acclimation (i.e. acquired tolerance). For example, the common macro-invertebrate indicators Gammarus pulex,Asellus aquaticus and Chironomus riparius show difference
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sensitivities to common pollutants. The reported 96-h LC50 test values for Cd are 0.03, 0.60, 200 m g r ^ phenol 69, 180 and 240 mgl'^; ammonia 2.05, 2.30 and 1.65 m g r \ respectively. The US EPA has listed 129 priority compounds that pose a serious risk to aquatic habitats. Similarly, the EU has placed toxic compounds into two priority lists under the Dangerous Substances Directive (70/464/EEC). List I, the black list, includes those compounds that must not be discharged to aquatic habitats. The criteria for inclusion into List I is based on compound toxicity, persistence and bioaccumulation potential. List II, the grey list, compounds are less dangerous but can result in chronic toxicity (Table 8.16). This control of such compounds will eventually come under the control of the EU Water Framework Directive (2000/60/EC) (Sections 7.3 and 8.3). In the UK it is estimated that sewage contains traces of up to 60000 different chemicals. The effects of toxic compounds on the treatment of wastewaters are examined in Section 15.3. Pollutants, especially metals and pesticides, are readily accumulated in organisms. Biomagnification is where pollutants increase in concentration through the food chain with maximum concentrations found in the top carnivores (e.g. mercury and organochlorine pesticides). For example, the concentration of polychlorinated biphenyls (PCB) in the Firth of Clyde in Scotland during October 1989 was 0.01 |xgl"\ yet the concentration in shellfish was 200-800 | x g r \ a concentration factor of up to 80000. During the same period concentration factors of up to 300000 were recorded for dieldrin and dichloro-diphenyl-trichloroethane (DDT). Bioaccumulation is independent of trophic level with uptake normally directly from the water (e.g. Cd and Zn). While metal concentrations in many algae and bacteria are directly related to metal concentration in the water, this is not usually the case with macro-invertebrates or fish. Pollutants can be taken up via food or water, and this varies according to the pollutant and the organism. Burrowing macro-invertebrates tend to obtain Cd and Zn from ingested food, while surface dwellers such asAsellus and Gammams generally take up these metals directly from the water. Bioaccumulation and biomagnification of metals can affect the whole food chain resulting in high concentrations in shellfish or fish that could be eaten by humans. The most well-known example biomagnification is the poisoning of the inhabitants of Minamata, a small town on the West coast of Kyushu Island (Japan), by methyl mercury that had accumulated in the fish used as the staple diet of the islanders (Laws, 1993). The mercury originated from wastewater containing mercuric sulphate, which was used as a catalyst in the production of polyvinyl chloride (PVC) at a local factory. While 43 deaths were recorded between 1953 and 56, the discharge continued until 1988 with serious mercury pollution still present. To date, 18000 people are thought to have been affected by mercuric poisoning from the factory. Mercury is usually discharged in its inorganic form (Hg^^) and is converted to the highly toxic methyl mercury (Hg(CH3)2) by microbial action. It is the methyl form that is more readily absorbed by tissues and dissolves in fat, with biomagnification reported as high as 3.6 X 10^ in fish from Minamata Bay.
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I Pollution Kind of organisms FIGURE 6.2



Generalized effect of a toxic discharge on lotic freshwater community structure. (Reproduced from UNESCO (1978) with permission of UNESCO and WHO.)
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Population density



Time or distance



While it is difficult to generalize, the overall effect of toxic compounds on the biota is a rapid reduction of both species diversity and abundance leading to complete elimination of all species if toxic concentrations are sufficient. Recovery is generally slow with tolerant species returning first, often at elevated population densities due to a lack of competition (Fig. 6.2). Each species shows a different tolerance to different toxic compounds, while indirect effects can also be significant. For example, if a sensitive plant species is eliminated then tolerant macro-invertebrate species dependent on it will also be excluded. Other pollutants included in this category are used and waste pharmaceutical compounds and endocrine disrupters, both of which are common in wastewater effluents (Chapter 13).



6.2



SUSPENDED SOLIDS Solids discharged to water settle out downstream, the rate depending on the size of the particles and the turbulence. Settlement especially occurs where the turbulence is lowest (e.g. behind weirs and in pools). Suspended and settleable solids are produced by a wide range of industries (Table 6.3), and can be classed as either inert or oxidizable (degradable).



6.2.1 INERT SOLIDS Inert solids come from mining activity, coal washing, construction sites, particularly road and bridge construction, river channeling and dredging. The solids accumulate on the riverbed and gradually extend further downstream. Floods may extend such solids even further. The primary (direct) effects are as follows: 1. The inert particles clog the feeding mechanisms of filter feeders and the gills of aquatic animals, which are both, eliminated if the effect is prolonged. 2. Stony erosional substrates become coated with the solids, smothering the fauna and replacing them with silty dwelling species (Section 4.3).
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Examples of typical suspended solids concentrations in rivers and effluents Source



Suspended solids concentrations



Industrial China clay Paper manufacture Tannery Meat packing Cannery Sugar beet



500-100 000 200-3000 2000-5000 1000-3000 200-2500 800-5000



Sewer Storm water oyerflow Raw sewage



500-3000 300-800



Treated sewage Primary sewage treatment only Secondary sewage



200-350 30



(mg l~^)



Pollution Kind of organisms FIGURE 6.3



Generalized effect of inert solids on lotic freshwater community structure. (Reproduced from UNESCO (1978) with permission of UNESCO and WHO.)



Population density



Time or distance



3. With the increased turbidity light penetration is reduced depressing photosynthesis and reducing primary productivity. This affects the whole food web. There are also numerous secondary (indirect) effects. These include: (a) the elimination of predators that feed on eliminated organisms (i.e. a food shortage); (b) the possible loss of macrophytes will result in a loss of shelter, reduction in habitat diversity and an increased loss of animals due to greater predation and scouring. The general effect is a suppression of both species diversity and abundance, as the diversity of habitats is reduced. There is a selective increase in a few species that are adapted to survive the stress imposed by the solids (Fig. 6.3). However, due to the lack of organic matter in the sediment, abundance of burrowing organisms will be low. Fines from washing gravel and road chippings can extend silt deltas in rivers. While this can have a positive effect in some rivers by encouraging reed development including alder/willow, the effects are generally undesirable.
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1 Pollution T FIGURE 6.4



Generalized effect of an organic non-toxic pollution on lotic freshwater community structure. (Reproduced from UNESCO (1978) with permission of UNESCO and WHO.)
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6.2.2 OXIDIZABLE SOLIDS These settle out in the same way as inert solids but once deposited they decompose. Gradually a balance results between the rate of settlement and decomposition, and so the effect decreases downstream. However, as the rate of decomposition is very slow, the area affected can be quite large. The solids blanket the substrate and undergo anaerobic decomposition releasing methane, sulphide, ammonia and other toxic compounds (Fig. 19.1). Irregular areas of deposition can occur further downstream at dams, weirs and pools, resulting in localized areas of high oxygen demand, even though at this point the rest of the river is unaffected. Sensitive benthic organisms are rapidly eliminated and, due to the increased organic matter, are replaced by high population densities of a few species tolerant of low oxygen silty conditions (Fig. 6.4).



6.3



DEOXYGENATION Oxygen is not very soluble in water and the concentration available to the biota is a function between oxygen demand in the water, the water temperature and the rate of diffusion. This is explained in detail in Section 3.5. The survival of the biota is dependent on the extent to which their oxygen demand can be matched by the availability of oxygen from the environment (Abel, 1989). Oxygen is an important limiting factor for all freshwater organisms, and for fish in particular (Table 3.8). Inputs of readily oxidizable organic matter cause the dissolved oxygen concentration to fall downstream due to a gradual increase in bacterial activity (Fig. 6.5). As the oxygen deficit increases then the rate of transfer increases; however, when the rate of oxygen consumption by the bacteria is greater than that diffusing from the atmosphere, the dissolved oxygen concentration falls and may reach anaerobic conditions. Recovery occurs once this is reversed, but as the oxygen deficit decreases so will the rate of oxygen transfer. This slows the rate of recovery resulting in the typical shape of oxygensag curve (Fig. 6.5). While deoxygenation is generally due to bacterial decomposition it can also be caused by autotrophic bacterial action. This is examined in detail in Section 5.3. Foam from non-biodegradable detergents or the presence of oil on the surface of water can significantly reduce the oxygen transfer rate. A thick film of oil
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Zone of degradation



Zone of recovery



The oxygen-sag



P/R ratio decreasing Critical distance



P/R ratio Increasing



TABLE 6.4



Typical BOD concentration ranges expected in rivers and effluents Source Natural background levels expected Upland streams Lowland streams Large lowland rivers Sewage Raw/crude sewage Treated effluent Agricultural Pig slurry Poultry Silage Processing Abattoir Meat processing Sugar beet Dairy Milk manufacture Cheese manufacture Breweries



BODfmgl-^J 0.5-2.0 2.0-5.0 3.0-7.0



200-800 3-50 25 000-35 000 24 000-70 000 60 000 650-2500 2000-3000 3500-5000 300-2000 1500-2000 500-1300



can eliminate oxygen transfer altogether (Section 13.1). Once anaerobic conditions prevail the oxygen demand falls off, but reduced substances that are produced and that build up further downstream cause a further oxygen demand. The effect on the biota depends on the oxygen demand (Table 6.4) and the subsequent reduction in dissolved oxygen concentration in the water. The first response to
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Chapter 6 / Water Pollution the increase in soluble organic matter is rapid bacterial growth. This, and the development of sewage fungus, which is a massive development of the periphyton (mainly filamentous bacteria, fungus and protozoa) that smothers the riverbed as a thick wool-like growth, is responsible for the high oxygen demand (Gray, 1985). The presence of sewage fungus is the most obvious visual sign of organic pollution in lotic systems, and in contrast to its name it can be caused by any source of organic enrichment and is usually comprised of filamentous bacteria. The main sewage fungus forming organisms are given in Table 6.5, while its impact on lotic ecosystems is summarized in Fig. 6.6. If a severe deficiency occurs most of normal clean water will be eliminated and replaced by large population densities of tolerant species. The response of the biota in lotic systems to organic pollution is summarized in Fig. 6.7. The affected river can be broken down into various zones describing the impact and recovery, although the length of each zone depends on the amount of organic matter in the effluent and the rate of reaeration. Therefore, a fast-flowing turbulent river recovers over a shorter distance than a slower non-turbulent river (Table 6.6). Downstream of the outfall the biochemical oxygen demand (BOD) concentration decreases, the oxygen concentration increases so that the least sensitive organisms reappear first (i.e. Tubificidae -^ Chironomus -^ Asellus) TABLE 6.5



The occurrence of the commonest slime forming organisms expressed a percentage of the total sites examined in the UK (Curtis and Harrington, 1971) and Ireland UK



Bacteria Beggiatoa alba Flavobacterium spp. Sphaerotilus natans Zoogloea spp.



Ireland



Dominant



Secondary



Total



Dominant



Secondary



Total



6.3 3.1 52.1 58.5



21.4 37.1 37.1 34.0



27.7 40.2 89.2 92.5



5.5 0 52.8 11.1



23.3 0 23.3 43.3



28.8 0 76.1 54.4



Fungi Fusarium aquaediictuum Geotrichium candidum Leptomitus lacteus



1.9



0



1.9



5.5



0



5.5



4.4



3.1



7.5



0



0



0



3.1



0.6



3.7



22.2



Protozoa Carchesium polypinum



6.3



10.1



16.4



2.8



0



2.8



Algae Stigeoclonium tenue



3.1



7.6



10.7



0



3.3



3.3



3.3



Reproduced from Gray (1985) with permission of Cambridge Philosophical Society, Cambridge.
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Reduction in Oo



Reduction in turbulence



Soluble nutrients released by heterotrophic activity



Prevents development of eggs



Accelerated pollutant accumulation



Heterotrophic activity as slime growth



Modification of flow pattern



Increase in tolerant algal species downstream



Smothers hatcheries



Increased detritus



Scoured floes downstream



Increase in detritivors



Deposition and decomposition of floes



Og depletion



Transformation of pollutants



Accumulation within food chain



Increased toxicity



Loss of sensitive species Increase of tolerant species



possible reduction in pH



Plant species smothered Photosynthetic function of plants reduced



Loss of sensitive species Increase of tolerant species



FIGURE 6.6



Loss of non-tolerant plants/algae



Summary of the major pathways and subsequent effects of sewage fungus in lotic ecosystems.



FIGURE 6.7



Spatial variation in the physico-chemical and biological consequences of a continuous discharge of organic matter into a lotic system. (Reproduced from Hellawell (1986) with permission of Klumer Academic Publishers, Dordrecht, The Netherlands.)
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TABLE 6.6



Summary of effects of an organic discharge on a lotic (river) system showing various poUutional zones as seen in Fig. 6.4 Organic Zone



pollution



Clean water Gross pollution



Lesser



pollution Recovery



Clean water



Dissolved High oxygen



Very low



Low



Moderate



High



BOD



Low



Very high



Moderate to high



Moderate



Low



Species diversity



High



Very low



Low



Moderate



High



Free bacteria Tubificidae



Sewage fungus Ciliates Chironomus



Filamentous Clean water algae fauna/flora Asellus



Key Clean water organism fauna/flora



(Section 8.2). Often if less tolerant predators or competitors are absent then exceptionally abundant population levels occur where itfirstappears.



6.4



ADDITION OF NON-TOXIC SALTS The effect of non-toxic salts can be split into two categories. Salinization results in an increase in conductivity and salinity due to anions such as C\~ and SO^" and cations such as K^ and Na^. Eutrophication is due to increases in P and N that increase plant biomass. The main sources of mineral salts associated with salanization are: (a) mining wastewaters; (b) industrial wastewaters; (c) increased evaporation or evapotranspiration in the catchment, although this is mainly a phenomenon of sub-arid regions only. Among the expected salts that occur as major point sources are C\~, K"^ and Na^ from potash and salt mines; S04~ from iron and coal mines; specific ions from industrial and mining sources with Na^ and COJ common industrial wastes. Other minor point and dispersed sources (principally Na"^, CI", Ca^^, SOl~) that may be locally important include domestic wastewater, atmospheric pollution, de-icing salts and fertilizer runoff. Conductivity is used to monitor such wastes. Non-essential ions are not removed by sewage treatment or water treatment. Therefore, any salts discharged to sewer are discharged with thefinaleffluent after treatment. Urine contains 1% NaCl and this builds up in surface water when it is recycled as drinking water. This is why some recycled waters have a dullflattaste that is characteristic of waters with a high CI" concentration before they begin to taste salty. The concentration of these salts can only be reduced by dilution and assimilation downstream.
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Nutrients that cause eutrophication are principally N and P. These come from fertilizer use, waste tip leachate and as the breakdown products of sewage (NO^", SOl", P04r). The major source of phosphate in wastewaters is from the widespread use of linear alkylate sulphonate (LAS) detergents that employ sodium tripolyphosphate builders (Section 13.1). Other components of detergent formulations are toxic, such as boron from perborate additives (Table 13.3), and can adversely affect crops when contaminated surface water is used for irrigation. The ratio of N.P in water can identify which nutrient is most likely to be limiting to eutrophication. If the N:P ratio is >16:1 then P is most likely to be the nutrient limiting algal development, while at ratios 20°C) where there is a high P concentration; although growth is limited at low temperatures (
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agents, iron, manganese, sulphate, zinc, conductivity, total dissolved solids (TDS), pH, hardness, sodium, calcium, potassium, magnesium, boron and nitrite. The Office of Drinking Water at the US Environmental Protection Agency (USEPA) uses two standards for primary parameters. The maximum contaminant level (MCL) is the enforceable standard, while the MCL guide (MCLG) is a non-enforceable standard set at a level at which no known or anticipated adverse health effect occurs. For example, for all known carcinogens the USEPA sets the MCLG at zero as a matter of policy, based on the theory that there exists some risk of cancer, albeit very small, at any exposure level. The MCL is set as close to the MCLG as possible taking technological and cost factors into considerations. The primary drinking water standards must be complied with by all States, although in practice many States set more stringent values for certain parameters. The standards cover public supplies only, which are defined as those serving 25 or more people or from which at least 15 service connections are taken (American Water Works Association, 1990).



8.2



SURFACE WATERS NOT USED PRIMARILY FOR SUPPLY The ecological and chemical status of surface waters will in the future be protected and managed by setting environmental quality and emission standards in RBMPs under the WFD. Five ecological status classifications are used for water quality of surface waters, high, good, moderate, poor and bad. Ecological status is based on a wide range of biological, physico-chemical and hydromorphological elements (i.e. parameters) with detailed descriptions of status classification for each surface water type, that is lakes, rivers, transitional waters and coastal waters, given in Annex V of the Directive. Guidance is given for each major quality element as to what comprises a particular status for each water type, although specific environmental quality and emission standards are set by Member States for each River Basin District (RED) for water, sediment and biota. In setting EQSs for polluting substances (Section 8.3) acute and chronic toxicity test data should be obtained for each type of water body. From this safety factors will be set to protect the biota from dangerous substances. Guidance for toxicity assessment is given in the WFD (Annex V). Areas designated as protected areas within RBDs have been identified as requiring special protection, which in practice will mean more stringent or special standards may be required. A register of protected areas is required for all water bodies within an RED (Table 8.4). There is a transitional period until 2007 and then 2013 while REMPs are adopted and become fully operational, respectively (Table 7.7). Existing legislation that is to be integrated into the WFD stays in force until it is repealed (Table 8.2). So during this transitional period surface water quality is maintained by the Directives described below. The Freshwater Fish Directive (78/649/EEC) specifies 14 physico-chemical parameters in order to maintain water quality suitable for supporting and improving fish life (Table 8.13). The Directive does not apply to all surface waters, with Member States
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TABLE 8.13



The standards specified for salmonid and cyprinid waters under the EC Freshwater Fish Directive (78/656/EEC) Parameter



Salmonid



Cyprinid



G Temperature (°C) (where there is an thermal discharge)



Temperature at edge of mixing zone must not exceed the unaffected temperature by more than: 1.5



3



The temperature must not exceed: 21.5 28 10 10 The 10°C hmit apphes to breeding periods when needed Dissolved oxygen (mg/1 O2



PH Suspended solids (mg/1) BOD (mg/1) Total phosphorus Nitrites (mg/1 NO2) Phenolic compounds (mg/1 CftHsOH) Petroleum hydrocarbons Non-ionized ammonia (mg/1 NH3) Total ammonium (mg/1 NH4^I Total residual chlorine (mg/1 HOCl) Total zinc (mg/1 Zn)



50% > 9 100% > 7



50% > 9 When < 6 , must prove not harmful to fish population



50% > 8 100% > 5



6-9 5 % of the total width or contain >10% of the total discharge, making a minimum of 20 panels. Increased accuracy can also be obtained by taking flow velocity at 20 and 80% of the depth and using the average of these two values in Equation (9.1). Measurements must be done at a straight section of river which is free from macrophytes and that has as regular a cross section as possible.
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FIGURE 9.3



In order to calculate river discharge rate by current metering river channels are split into separate panels of width (6) with the depth {d) and the flow velocity {v) measured at the boundary of each panel.



EXAMPLE 9.1



Calculate the discharge rate from a river 8 m wide using the data below,



(a) Data collected at river.



H



Flow velocity (v) (ms -')



Panel width ib) (m)



0.0 0.5 1.2 1.8 2.0 1.2 0.8 0.4 0.0



0.0 0.4 0.6 0.8 1.0 0.6 0.5 0.3 0.0



1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0



Distance from bank (m)



Depth (d)



0 1 2 3 4 5 6 7 8



(b) Discharge rate {Q) is calculated using Equation (9.1): [(d, + d,^,)/2] [(0.0 [(0.5 [(1.2 [(1.8 [(2.0 [(1.2 [(0.8 [(0.4



+ 0.5)/2] = 0.25 + 1.2)/2] = 0.85 + 1.8)/2] = 1.50 + 2.0)/2] = 1.90 + 1.2)/2] = 1.60 + 0.8)/2] = 1.00 + 0.4)/2] = 0.60 + 0.0)/2] = 0.20



[(Vn + V,^,)/2]



b



q



[(0.0 [(0.4 [(0.6 [(0.8 [(1.0 [(0.6 [(0.5 [(0.3



1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 Total



0.050 0.425 1.050 1.710 1.280 0.550 0.240 0.030 5.335



+ 0.4)/2] = 0.20 4- 0.6)/2] = 0.50 + 0.8)/2] = 0.70 + 1.0)/2] = 0.90 + 0.6)/2] = 0.80 + 0.5)/2] = 0.55 + 0.3)/2] = 0.40 + 0.0)/2] = 0.15



Total discharge rate for river {Q) = 5.34 m^s ^.
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Chapter 9 / Water Quality Assessment Dilution gauging Where a river has an irregular channel or is too difficult to measure using current metering due to depth,flowor accessibility, then discharge rate can be calculated by dilution gauging. A tracer (e.g. dye or salt) is added to the river at a known concentration. After complete mixing downstream the concentration of the tracer is measured and from its dilution the discharge rate can be calculated. Two methods are used, constant and slug injection. With constant injection, a tracer of known concentration (Ci) (mgl"^) is added to the river at a constant rate (^i) (m^s~^). The concentration downstream will increase until it reaches a constant rate (C2) so long as the tracer continues to be added at a constant rate upstream. Under steady-state conditions the total mass of tracer added equals the total mass of tracer passing the downstream sampling point. Therefore, the input concentration multiplied by the input rate equals the diluted concentration multiplied by the discharge rate Q X ?i = Q X qi



(9.2)



Therefore the discharge rate {Q) equals ^2,. = a ^



(9.3)



As the discharge of the river has been increased by the addition of the tracer. Equations (8.2) and (8.3) are more correctly written as: Q X ^1 = Q(^2 + qi)



(9.4)



92 - qi ^ V ^



(9.5)



Co



9.2 Calculate the discharge rate {Q) of a river using sodium chloride as a simple tracer. Its recovery downstream is measured in the field as conductivity rather than using chloride analysis. EXAMPLE



(a) Establish the relationship between NaCl concentration and conductivity in the laboratory. In practice the relationship will be approximately: NaCl (mg r ^ ) = Conductivity (jxS cm"!) X 0.46



(9.6)



(b) Determine the background conductivity levels in the river at the sampling station downstream of tracer addition.
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(c) Add NaCl tracer by continuous injection over unit time. Twenty litres of 200g 1 "^ solution of NaCl (i.e. 200000mgr^) is added over 6min giving a q\ value of 0.056 I s - ^ (d) Continuously measure the downstream conductivity concentration below the mixing zone. The conductivity will rise, reach a plateau and, after tracer injection stops, will slowly return to normal background level. Background conductivity is 250 JJLS cm"^ and the plateau conductivity is 425 |JLS cm~\ so the increase in conductivity is 175 jjiScm"^. Using Equation (9.6), this corresponds to a NaCl concentration of 175 X 0.47 = 82.3mgl"^



qi = qi



' ^2



„ „ _ 200000-82.3 . _ . _i ^7 = 0.056 = 1361s ^ 82.3 Therefore, the discharge rate of the river {Q) is 0.136m^s ^ Slug injection involves a known volume (V) of tracer being added instantaneously into the river and then downstream, after complete mixing, the increase and decrease in tracer concentration is recorded and plotted as a curve where the Y-axis is tracer concentration (mgl~^) and the X-axis is time (s). By calculating the area under the curve the discharge rate {Q) can be calculated using the following equation: _ Input concentration ( Q ) X Input volume (F) Area under the curve 9.3 Using 51 of a 200gT^ solution of NaCl the area under the curve downstream of the injection point was found to be 7350 mgl~^ This is measured over the total period, in seconds, when the concentration is above background. So using Equation (9.7): EXAMPLE



^ 200 000 ( m g l - i ) X 5.0(1) ^ ^3^j^_, 7350 (mg 1-1) (s) Therefore, the discharge rate of the river {Q) is 0.136m^s~i.



Weirs Permanent gauging stations use weirs that are carefully constructed to control the flow over them, permitting the discharge rate to be very accurately calculated from the height of the water directly upstream of the weir. Large rivers employ wide rectangular weirs to ensure there is no impedance to flow. For smaller channels, such as streams
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(a)



Weir plate



, Water surface (b)



FIGURE 9.4



Sectional drawings of a 90° vee notch weir, (a) cross section and (b) side profile through weir, where H is the vertical distance (head) between the point of the weir and the true surface of the water.



and discharges, vee notch weirs are used. Measurements are recorded either continuously using a float recorder with the float inside a vertical pipe partially submerged below the water surface and attached to a recording device, or manually from a measuring staff to show the height of the water. Weirs must meet two basic criteria: 1. the water must flow over a sharp edge; 2. the water must be discharged into the air (i.e. air must pass freely under the jet of water). The mostly widely employed weir is the 90° vee notch weir which can record a wide variation in discharge rate {Q) and is cheap to construct (Fig. 9.4). If the two conditions above are satisfied then Q is related to the height (//) of the water behind the weir as: Q = 1.34//2.48 ( n i 3 s - i )



(9.8)



H is the vertical distance (head) from the point of the weir to the free water surface in metres. Specific equations are required for different angled vee notch weirs.



9.2.5 CHEMICAL SAMPLING The collection of water samples from surface waters is normally done by hand. It is only necessary to have sterile bottles if microbial parameters are to be measured (Chapter 12), otherwise bottles should be acid washed and thoroughly rinsed. Bottles
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Summary of the key water quality analyses Pollutant



or



parameter



pH BOD GOD Metals Organometallics Nitrate Nitrate Formaldehyde Phenols



Measurement



technique



Electrometric Dilution/incubation Dichromate oxidation ASS GC-AAS Golorimetric UV spectrophotometric Photometric GG



Response



time



10s 5 days 2h 5min 1 min 6min 30 min



Reproduced from Harrison (1992) with permission of Royal Society of Ghemistry, Gamb ridge.



must be clearly marked with the time and date of sampling, site location and the name of the person taking the sample. They should be opened only when required, rinsed and then, holding the bottle firmly near its base, it should be submerged approximately 20 cm below the surface with the open mouth facing slightly downwards towards the current. Gradually turn the bottle upright to fullyfillit and replace the stopper. There is a range of automatic samplers that can take separate water samples either at regular intervals or when a certain control parameter (e.g. dissolved oxygen, pH, conductivity, etc.) exceeds certain pre-set limits. Composite samplers may also be used. Samples are taken regularly over a set period and amalgamated in one large sample container. Such samplers can also beflow-relatedtaking samples proportional to the discharge rate. Automatic samplers are widely used to monitor effluent discharges in order to check compliance with consent conditions. Once collected, samples should be stored for transport back to the laboratory in an insulated plastic box containing ice packs (i.e. picnic or cool box) to maintain the temperature as close to 4°C as possible. Bottles used for microbial analysis should be sealed in sterile plastic bags to reduce the chance of any contamination during transport. If there is a delay >2h between collection and analysis, samples for both microbial and BOD analysis need to be cooled rapidly after collection by prefilling the insulated transport box with cold water in which the ice packs are placed. Otherwise they should be kept as cool as possible and in the dark. Samples for chemical analysis should be carried out within 24 h of collection, except for BOD, which must be done as soon as possible. Samples may require specific storage and preservation conditions depending on the analysis (Bartram and Ballance, 1996). Physico-chemical analysis of samples in the laboratory must always be carried out using standard methods (e.g. APHA, 1989 or International Standards Organization Series). There is a wide range of instrumental analytical methods available making analysis very much quicker. Some analyses require elaborate pre-treatment such as acid digestion for metal analysis by atomic absorption spectrophotometry. Typical times for the analysis of the common water quality parameters are given in Table 9.5.
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9.2.6 BIOLOGICAL SAMPLING Friedrich et al (1996) identified six main categories of biological sampling methods (see Table 9.22): 1. Ecological. These methods are based on the response of aquatic organisms to pollution and its effects on their habitat. Methods are based on community structure using indicator organisms that are sensitive to pollutants, and includes biotic and diversity indices (Section 9.3) using macro-invertebrates or indices using other groups, such as macrophytes or plankton. 2. Microbial Primarily the use of bacteriological indicators of faecal pollution (e.g. Escherichia coli and other coliforms). Differentiation between animal and human faecal pollution. Also the typing of bacteria to identify sources of organic pollution (Section 12.2). 3. Physiological and biochemical Response of organisms to variations in water quality. Methods include the growth rate of algae and bacteria, oxygen production potential of water using algae, etc. (Section 15.3). 4. Bioassays and toxicity tests. Rapid determination of acute toxicity of water-using test organisms (Section 15.3). 5. Chemical analysis of biota. Organisms known to be able to bioaccumulate contaminants are exposed to, or collected from, suspect water and the level of contamination accumulated in their tissues or organs measured. 6. Histological and morphological. Examination of organisms for morphological indications of environmental stress (e.g. lesions, tumours, etc.). The main UK standard methods, which are similar to the equivalent ISO methods, are summarized in Tables 9.6 and 12.4, while US standard biological methods are given in APHA (1989). The majority of biological monitoring of surface waters worldwide is ecologically based using macro-invertebrates. While there are a number of different methods of sampling benthic macro-invertebrates the commonest methods are outlined below (Table 9.7). The Water Framework Directive (WFD) lists standard methods for monitoring the quality parameters (elements) hsted. These are given in Annex V of the Directive and summarized in Table 9.8. Biological communities tend to have a clumped rather than random distribution, determined largely by substrate and habitat niche requirements. Therefore, quantitative sampling is often difficult. If used in conjunction with a biological index then specific hydrological features or substrate types may be specified. Routine surveillance requires only a semi-quantitative approach while ecological studies tend to require a more quantitative approach examining all the various habitats at a particular site. Different statistical methods require different quality of data. Nearly all state agencies employ a standard hand-net procedure for river sampling including the UK Environment Agency which employs the Biological Monitoring Working Party (BMWP) score index and the Irish Environmental Protection Agency which uses the Q score index (Section 9.3).
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There are a wide range of standard methods pubHshed by the Standing Committee of Analysts (SCA) in the series Methods for the Examination of Waters and Associated Materials (pubhshed by Her Majesty's Stationery Office, London). There are specific methods for all the important ions, compounds, parameters and methods used in water analysis. Below are listed the important biological methods used in water quality analysis. See also Table 12.4 Date of publication



Methods for the examination



of waters and associated



materials



1979



Series title Hand-net sampling of aquatic benthic macro-invertebrates 1978



1982



Acute toxicity testing with aquatic organisms 1981



1982



Quantitative samplers for benthic macro-invertebrates in shallow flowing waters 1980



1983



The bacteriological examination of drinking water supplies 1982



1983



Methods for the isolation and identification of Salmonellae (other than Salmonella typhi) for water and associated materials 1982



1984



Methods of biological sampling of benthic macro-invertebrates in deep rivers 1983



1984



Sampling of non-planktonic algae (benthic algae and periphyton) 1982



1985



Methods of biological sampling: sampling macro-invertebrates in water supply svstems 1983



1985



Methods of biological sampling: a colonization sampler for collecting macroinvertebrate indicators of water quality in lowland rivers 1983



1986



The direct determination of biomass of aquatic macrophytes and measurement of underwater light 1985



1987



Methods for the use of aquatic macrophytes for assessing water quality 1985-86



1988



Methods for sampling fish populations in shallow rivers and streams 1983



1991



Enumeration of algae, estimate of cell volume and use in bioassays 1990



1994



A review and methods for the use of epilithic diatoms for detecting and monitoring changes in river water quality 1993



1994



The microbiology of water 1994: Part 1. Drinking water



1995



Methods for the isolation and identification of human enteric viruses from waters and associated materials 1995



Kick sampling using a hand-net is the standard approach employed by most European countries (Newman et al, 1992). The hand-net must be of an approved standard design (ISO, 1985). It must have a 900 ixm mesh net with a 275 mm bag depth and a 230 X 255 mm frame opening, and a handle ^1.5 m. The hand-net is ideal for sampling shallow streams and rivers where there is a gravel substrate. The hand-net is placed firmly into the surface of the substrate while held facing upstream. An approximate standard area of substrate in front of the net is kicked and/or hand washed for a standard time, usually 2-3 min. At best the method is semi-quantitative. Where the substrate is too large to be effectively sampled by the kick technique then the substrate must be hand washed immediately in front of the net. Hand washing is less effective than kick
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TABLE 9.7



Main sampling options for freshwater biota Biota main



requirement/constraint



Periphyton Non-quantitative/selective Quantitative



TABLE 9.8



Sampling



option



Scraping Artificial substrate Periphyton sampler



Phyto- and zooplankton



Plankton net, bottle



Benfhic invertebrates Shallow water/gravel substrate Deep water/fine substrate Deep water/line sediment/surface dwellers only Shallow water/large substrate Moderate depth/any substrate



Hand-net Grab Dredge Hand wash Artificial substrate



Drift invertebrates



Drift net



Fish Deep waters/selective Moderate waters



Net Electrofishing



Macrophytes Shallow water (wading) Deep water (from a boat)



Collection by hand Collection bv hand or ofrab



Recommended ISO methods for use with the WFD Macro-invertebrate sampling ISO 5667-3:1995 Water quality - Sampling. Part 3: Guidance on the preservation and handling of sampling EN 27828:1994 Water quality - Methods for biological sampling. Guidance on hand-net sampling of benthic macro-invertebrates EN 28265:1994 Water quality - Methods for biological sampling. Guidance on the design and use of quantitative samplers for benthic macro-invertebrates on stony substrata in shallow waters EN ISO 9391:1995 Water quality - Sampling in deep waters for macro-invertebrates. Guidance on the use of colonization, qualitative and quantitative samplers EN ISO 8689-1:1999 Biological classification of rivers. Part I: Guidance on the interpretation of biological quality data from surveys of benthic macro-invertebrates in numing waters EN ISO 8689-2:1999 Biological classification of rivers. Part I: Guidance on the presentation of biological qualitv data from surveys of benthic macro-invertebrates in running waters Detection and enumeration of faecal indicator bacteria in water ISO 6461-1:1986 Detection and enumeration of the spores of sulphite-reducing anaerobes (Clostridia). Part 1: Method by enrichment in a liquid medium ISO 6461-2:1986 Detection and enumeration of the spores of sulphite-reducing anaerobes (Clostridia). Part 2: Method by membrane filtration ISO 7704:1985 Evaluation of membrane filters used for microbiological analvses
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{Continued)



ISO 7899-1:1984 Detection and enumeration of faecal streptococci. Part 1: Method by enrichment in a Uquid medium ISO 7899-2:1984 Detection and enumeration of faecal streptococci. Part 2: Method by membrane filtration ISO 9308-1:1990 Detection and enumeration of coliform organisms, thermotolerant coliform organisms and presumptive E. coll. Part 1: Membrane filtration method ISO 9308-2:1990 Detection and enumeration of coliform organisms, thermotolerant cohform organisms and presumptive E. coli. Part 2: Multiple tube (most probable number) method



FIGURE 9.5



A Surber sampler is a standard hand-net with a quadrate attached to the front of the net to allow quantitative sampling. (Reproduced from Hellawell (1978) with permission of the Water Research Centre pic, Medmenham.)



sampling so a longer sampling period is required (i.e. up to lOmin). Kick sampling should be used in deeper water or if the water is polluted. In lakes, as there is no current to wash the disturbed animals into the net the person collecting the sample must use wide sweeps through the water after disturbing the substrate with their feet. The Environment Agency procedure is given in Section 9.5. The actual period of sampling and number of replicate samples will vary according to the sampling objectives. As a general rule all available habitats at each site should be sampled in proportion to their occurrence. It is good practice to repeat sampling at several places across the river channel to include different microhabitats within the riffle and then combine them to create a single representative sample. However, as every site is different, use whatever technique seems appropriate to the prevailing conditions, although it is advisable never to exceed a total collection period of 3min as this will result in an enormous sorting and identification task as well as unnecessary depletion of organisms at the site. If quantitative samples are required then a Surber sampler is used (Fig. 9.5). This employs a 300 mm square quadrate attached to a standard hand-net and sampling of the substrate is restricted to this area only. Side nets are attached from the quadrate to the net to prevent any loss of animals. Improved designs use cylinder or box samplers to reduce loss of animals washed from the substrate (Fig. 9.6), which allows them to be used in deeper water. The substrate is vigorously disturbed within the cylinder
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FIGURE 9.6



Surber samplers are generally constructed from plastic or metal cylinders to allow them to be used in slightly deeper water and to reduce the possibility of losing fauna during collection. (Reproduced from Department of the Environment (1983a) with permission of Her Majesty's Stationery Office, London.)



Mesh screen



Collecting bag



using a pole and the water passing through the mesh screen carries the displaced biota into the collecting bag. In deeper waters, either grabs or dredges must be used (Fig. 9.7) (ISO, 1991). They are difficult to use effectively as the operator is unable to see what is going on. They are used for deep water with fine substrates, normally lakes or lowland rivers, so they must be used from a boat. Comparative studies under experimental conditions have shown them to be inefficient and often unreliable in rivers, being severely restricted by the size of the substrate (Table 9.9). Where the substrate is not suitable or the river conditions are unsuitable for either pond net or Surber sampler, then artificial substrates are probably the best sampling option. A wide variety of materials have been used. The selected substrate material is placed into a mesh bag and placed on the riverbed and the animals allowed to colonize it over a minimum period of a month. The bags containing the substrate are carefully recovered from the river and the animals removed and processed just as any other sample. While there is a standard sampler design which uses plastic wastewater treatment filter media (standard aufwuchs unit) (Fig. 9.8) it is usually best to use graded natural substrate collected from the actual river. The artificial substrates are either weighted down using concrete blocks and tied to the bank, or fixed in position using a steel rod. Careful positioning of substrates in the river is very important: (a) to avoid detection from the bank and possible disturbance or damage; (b) to avoid injury to other river users (e.g. anglers, canoeists, etc.); (c) to ensure that they are not affected by changes in water depth (i.e. that they do not become exposed during low flows or alternatively cannot be recovered during high flows).
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19 cm (or 20 cm)



Naturalists dredge



FIGURE 9.7



Examples of dredges and grabs used for finer sediments. (Reproduced from Department of the Environment (1983a) with permission of Her Majesty's Stationery Office, London.) TABLE 9.9



Birge-Ekman



Ponar



Efficiencies of grab samplers in recovering benthic macro-invertebrates at the surface and 30 mm below the surface of a fine and coarse gravel substrate Grab



%



efficiency



Substrate



Ponar Weighted ponar Van-Veen Birge-Ekinan Allan Friedinger Dietz-La Fond



2-4 mm



Substrate



8-16 mm



Surface



30 mm below surface



Surface



30 mm below surface



100 100 87 73 51 59 22



70 70 56 37 36 7 26



88 100 50 30 25 30 25



50 50 50 7 7 7 20



Reproduced from EUiot and Drake (1981) with permission of Blackwell Science Ltd, Oxford.



Drift nets are placed inflowingwater to collect animals moving actively or passively drifting downstream. Collections of drift are usually very selective as certain animals (e.g. insect larvae and nymphs) are more hkely to drift than heavy species (e.g. molluscs and heavy cased caddis). So, the proportion of species in benthic samples will not be the same as those in drift. However, drift samples are useful for estimating the recovery/ recolonization of damaged river sections and also give an indication of the health of the river upstream. In general, *^ ^
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The Chandler biotic score index



Groups present in sample



Abundance in standard Present (1-2)



Each species of Planaria alpina, Taenopterygidae, PerUdae, Perlodidae, Isoperhdae, ChloroperHdae Each species of Leuctridae, Capniidae, Nemouridae [ej^cXwdin^ Amphinemura) Each species of Ephemeroptera (excluding Baetis) Each species of cased caddis, Megaloptera Each species oiAncylus Each species of Rhyacophila (Trichoptera) Genera of Dicranota, Limnophora Genus of Simulium Genera of Coleoptera, Nematoda Genera oi Amphinemura (Plecoptera) Genera of Baetis (Ephemeroptera) Genera of Gammarus Each species of uncased caddis (excluding Rhyacophila) Each species of Tricladida (excluding P. alpina) Genera of Hydracarina Each species of Mollusca (excluding Ancylus) Each species of Chironomids (excluding C. riparius) Each species of Glossiphonia Each species oiAsellus Each species of Leech (excluding Glossiphonia, Haemopsis) Each species of Haemopsis Each species of Tubifex spp. Each species of Chironomus riparius Each species oiNais spp. Each species of air breathing species No animal life



Few (3-10)



sample



Common (11-50)



Abundant (51-100)



Very abundant (100+)



Points scored 90 94



98



99



100



84



89



94



97



98



79 75 70 65 60 56 51 47 44 40 38



84 80 75 70 65 61 55 50 46 40 36



90 86 82 77 72 67 61 54 48 40 35



94 91 87 83 78 73 66 58 50 40 33



97 94 91 88 84 75 72 63 52 40 31



35 32 30 28 26 25 24



33 30 28 25 23 22 20



31 28 25 21 20 18 16



29 25 22 18 16 14 12



25 21 18 15 13 10 8



23 22 21 20 19



19 18 17 16 15



15 13 12 10 9 0



10 12 7 6 5



7 9 4 2 1



Chandler biotic score i n d e x This index overcomes the omission of relative abundance of indicator groups in the TBI by recognizing five levels of abundance and weighting the score of each indicator accordingly. For example, each abundant sensitive species obtains a very high score while each abundant tolerant species obtains a very low score. The individual score for each species is added to give the total score. The lower the total score the greater the degree of pollution (Table 9.14). If no macro-invertebrates were present the score would be 0, while the score for a very clean river is rarely in excess of 1500. Like the TBI, the more difficult groups to identify such as the chironomidae (midge flies) and
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TABLE 9.15



Worked example of Chandler score index using the data from Table 9.10 Species



No.



Abundance



Score



Asellus aquaticus Baetis rhodani Chironomus riparius Dendrocoelum lacteum Ephemerella ignita Erpobdella octoculata Gammarus pulex Lymnaea stagnalis Metriocnemus hygropetricus Tub ifex



80 18 12 5 1 2 12 27 38 8



Abundant Common Common Few Present Present Common Common Common Few



14 48 12 33 79 24 40 25 21 18



Biotic score



314



annelida (worms) have both been included as a single group. A worked example is given in Table 9.15. The main disadvantage to this index is that it requires extensive species identification and the relative abundance of each species to be assessed. This makes it far more time consuming than the TBI. Like all indices the Chandler score index does not provide an absolute value but rather a comparative value of water quality. This is because diversity varies between rivers due to factors independent of organic pollution (e.g. hardness, reaeration, etc.). Other factors, such as sample size and technique, can also affect the recovery of species. This problem can be overcome by dividing the total score by the number of individual scores to give an average score out of 100. This gives a value independent of diversity which can then be compared more widely. BMWP biotic indices Biotic indices have been developed independently in a number of European countries, including the UK and Ireland. All are developments from the TBI. In the UK, the BMWP biotic score or the BMWP biotic index was developed between 1975 and 1980. Scores are given for the presence of each key family group, which are then added together (Table 9.16) (Hawkes, 1998). Individual scores range from 1 (organic pollution tolerant) to 10 (intolerant) (Figs 4.4 and 4.5). Total scores range from 0 to 250. While there is an increase in taxonomic demand compared to the TBI, the BMWP index recognizes the need to split up particular groups. For example, the gravel/sandcased caddis (e.g. Stenophylax) is a very clean indicator and so scores 10, while the netspinning caddis (e.g. Hydropsyche instabilis) is pollution tolerant and scores only 5. So, the TBI suffers from the insensitivity of broad groupings. Chironomids, for example, are represented in many different functional feeding groups and are, therefore, tolerant to a wide range of river conditions and pollution (Section 4.1). However, the chironomids, like the oligochaetes, are a bad example as due to identification difficulties they are generally excluded from indices.
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9.16 The BMWP biotic score Families



Score



Siphloimridae, heptageniidae, Leptophlebiidae, Ephemerellidae, Potamanthidae, Ephemeridae, Ecdyoniiridae Taeniopterygidae, Leuctridae, Capniidae, Perlodidae, Perlidae, Chloroperlidae Aphelocheiridae Phryganeidae, Molannidae, Beraeidae, Odontoceridae, Leptoceridae, Goeridae, Lepidostomatidae, Brachycentridae, Sericostomatidae



10



8



Caddisflies



Astacidae Lestidae, Agriidae, Gomphidae, Cordulegasteridae, Aeshnidea, Cordufiidae, Libelluhdae Psychomyidae, Philopotamiidae



Mayflies Stoneflies Caddisflies



Caenidae Neniouridae Rhyacophihdae, Polycentropidae, Limnephifidae



7



Snails Caddisflies Mussels Shrimps Dragonflies



Neritidae, Viviparidae, Ancyhdae HydroptiHdae Unionidae Corophiidae, Ganmiaridae Platycnemididae, Coenagrionidae



6



Water bugs



5



Caddisflies Craneflies Blackflies Flatworms



Mesoveliidae, Hydrometridae, Gerridae, Nepidae, Naucoridae, Notonectidae, Pleidae, Corixidae Haliplidae, Hygrobiidae, Dytiscidae, Gyrinidae, hydrophilidae, Clambidae, Helodidae, Dryopidae, Elminthidae, Chrysomelidae, Curculionidae Hydropsychidae Tipulidae Simuliidae Planariidae, Dendrocoelidae



Mayflies Alderflies Leeches



Baetidae Sialidae Piscicolidae



4



Snails Cockles Leeches Hog-louse



Valvatidae, Hydrobiidae, Lymnaeidae, Physidae, Planorbidae Sphaeriidae Glossiphoniidae, Hirudidae, Erpobdellidae Asellidae



3



Midges



Chironomidae



2



Worms



Oligochaeta (whole class)



1



Hoverflies



Syrphidae



1



Mayflies Stoneflies River bug Caddisflies Crayfish Dragonflies



Water beetles



As with the Chandler index, and other biotic score systems, a major drawback with the BMWP is that the index does not give a clear total score out of 10, but a variable total score dependent on diversity. This can be overcome to some extent by using the average score per taxon (ASPT) where n is the number of individual scores: ASPT =



^ scores



(9.11)
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TABLE 9.17



Rating values for BMWP score and ASPT as it relates to water quality in habitat-rich riffle areas; the OQR provides an index value that can be directly related to water usage BMWP



ASPT



Rating



Water



151 + 121-150 91-120 61-90 31-60 15-30 0-14



6.0+ 5.5-5.9 5.1-5.4 4.6-5.0 3.6-4.5 2.6-3.5 0-2.5



7 6 5 4 3 2 1



Excellent quality Excellent quality Excellent quality Good quality Moderate quality Poor quality Very poor quality



quality



OQR



Index



6.0+ 5.5 5 4-4.5 3-3.5 2-2.5 1-1.5



A+ + A+ A C,B E,D G,F LH



The ASPT is less influenced by seasonal variation than total score, therefore providing consistent estimates of quality regardless of life cycles. Originally two scores were proposed for the BMWP score, one for eroding sub-strata and a second for depositing sub-strata. The ASPT system also eliminates the need for different scoring dependent on substrate characteristics. Also the ASPT is less influenced by sample size than the total score as a larger sample size results in a higher BMWP score. The ASPT largely overcomes problems of variability in factors such as sampling technique, sample size, efficiency of sample processing and substrate (Hawkes, 1998). Extence et al. (1987) have devised a method to relate the BMWP score and the ASPT to the quality required for specific water uses. The BMWP and ASPT scores are each given a rating according to Table 9.17. An average value (i.e. overall quality rating (OQR)) is calculated using the equation below: QQR ^ BMWP rating + ASPT rating



The water quahty index (WQI) is then calculated from the OQR using Table 9.17 where an OQR of 3.0 is equivalent to index E, 2.5 to F, 2.0 to G and 1.0 to I. To support a salmonid fishery a minimum index of B is required, for a coarse fishery D, the lowest index for drinking water using minimum treatment is C and D where impoundment is used prior to water treatment. Water with an index of G is only acceptable as a low-amenity resource. A different table is required for poor riffle and pool areas (Extence et a/., 1987). The nature of biological communities is determined by a wide range of entirely natural factors associated with catchment geology, geographical location and climate. So, a good biotic score in one region may be considered to be poor in another, making the use of such indices impracticable for setting national or regional ecological standards. This is overcome to a certain extent by the use of a predictive model called RIVPACS (river invertebrate prediction and classification system). Using eight main environmental variables (i.e. distance from source, substrate type, altitude, discharge category, depth, width, latitude and longitude) and a further six optional variables
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(including slope, alkalinity, and temperature range and mean), prediction of the macro-invertebrate composition of a river site, not influenced by anthropogenic activities, can be made for any particular season or seasons, excluding winter. In this way the actual macro-invertebrate community can be compared to that predicted from an unpolluted site. The ratio of the observed to predicted community status using BMWP or ASPT is expressed as a quotient (i.e. an environmental quality index or EQI) (see Table 9.28) (Wright et al, 1993). The biological assessment procedure used for UK rivers is fully explained in Section 9.5. Irish biotic score index In Ireland, a system developed by the Environmental Research Unit places groups of animals intofivebroad classes A-E, of which group A is the most sensitive, B is less sensitive, C is relatively tolerant, D tolerant and E comprises of the most tolerant forms (Table 9.18) (McGarrigle et al, 1992). Using combinations of the relative abundance of these groups in either eroding or depositing sites then water quality is expressed as a Q value where Ql is bad and Q5 is excellent water quality (Table 9.19). Biotic index (Q value)



Water



5 4 3 2 1



Good Fair Doubtful Poor Bad



(diversity high) (diversity slightly reduced) (diversity significantly reduced) (diversity low) (diversity very low)



quality



Intermediate values are possible (e.g. Q4-5, Q3-4, Q2-3, Ql-2), so that there are nine Q groupings overall. From this four categories of water quality are calculated: Q value



Category of river



Q5, Q4-5, Q4 Q3-4 Q3, 0 2 - 3 Q2, Q l - 2 , Ql



Unpolluted Slightly polluted Moderately polluted Seriously polluted



quality



Toxic influences are indicated by use of the suffix 0 (e.g. Ql/0). The relationship between the quality rating Q and water quality parameters is shown in Table 9.20. The GammarusiAsellus



ratio



This simple index of organic pollution was devised for non-biologists by Whitehurst (1991). All that is required is the ability to distinguish these very familiar organisms from other river biota, a simple collecting technique and recording method. Gammarus
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TABLE 9.18 The Irish quahty rating (Q) is based on the relative proportions of characteristic groups of species indicating specific quaHty groups Indicator groups: key taxa Group A Sensitive forms



Group B Less sensitive forms



Group C Relatively tolerant forms



Group D Tolerant forms



Group E Most tolerant forms



Plecoptera {excluding Leuctra, Nemouridae), Heptageniidae, Siphlonuridae



Leuctra, Nemouridae, Baetidae (excluding B. rhodani)^ Leptophlebiidae, Ephemerellidae, Ephemeridae, Cased Trichoptera (excluding Limnepliilidae, Hydroptilidae, Glossosomatidae), Odonata (excluding Coenagriidae), Aphelocheirus^ Rheotanytarsus



Tricladida, Ancylidae, Neritidae, Astacidae, Gammanis^ Baetis rhodani^ Caenidae, Limnephilidae, Hydroptilidae, Glossosomatidae, Uncased Trichoptera, Coleoptera, Coenagriidae, Sialidae, Tipulidae, Simuliidae, Hemiptera (excluding Aphelocheirus) Hydracarina



Hirudinea, Mollusca (excluding Ancylidae, Neritidae), Asellus.^ Chronomidae (excluding Chironomus and Rheotanytarsus)



Tubificidae, Chironomus



Reproduced from Newman et al. (1992) with permission of the European Commission, Luxembourg.



TABLE 9.19



Calculation of the Irish quality rating (Q) based on the relative proportion of each group described in Table 9.18 Quality rating (Q)



Relative abundance of indicator



groups



A



B



C



D



E



++++ ++ -



+++ ++++ + -



++ +++ ++++ + -



+ ++ +++ ++++ + -



+ + ++ +++ ++++



+ -



++++ ++ + -



+++ ++++ ++ + -



++ ++ +++ +++ -



+ + +++ +++ ++++



Eroding sites



05



Q4 Q3 Q2 Ql Depositing sites



Q5 Q4 Q3 Q2 Ql



+ + + +: well represented or dominant; + + +: may be common; + +: may be present in small numbers; + —: sparse or absent; —: usually absent.
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Chapter 9 / Water Quality Assessment pulex normally inhabits well-oxygenated riffle areas of rivers, living between stones, and intolerant of organic pollution. In contrast ^5e//w5 aquaticus is not normally part of the riffle community, but is associated with depositing silty substrates. It will, however, invade riffle areas during organic enrichment where it often becomes the dominant organism. Therefore, large numbers oiAsellus in riffle areas indicate organic pollution, with the ratio of Gammams to Asellus able to successfully highlight areas suffering from organic enrichment. There is a strong negative correlation between BOD, NH4, PO4 and the ratio, the ratio being highest when these are all low. The main problem with this index is that distribution of crustaceans is severely restricted in acid (soft) waters.



9.3.2 DIVERSITY INDICES Pollution alters community structure by reducing species diversity and increasing the size of populations within that community. So, unpolluted clean water has a high diversity with most species present having a low abundance, while polluted dirty water has a low diversity with most species having a large or high abundance. Environmental stress frequently reduces community diversity. Therefore changes in a diversity index, or any other parameter of community structure, can be used to assess the degree of environmental stress, assuming that the change in index value is related to the intensity of pollution.



Indices of community diversity There are a number of different indices that relate the number of species to the total number of individuals. For example, Menhinick's index: / =- ^



(9.13)



Margalef's index: V — 1



/ = -—loge N



(9.14)



where / is the diversity index, S is the number of species present and N is the total number of individuals (Hellawell, 1978). These indices are not independent of sample size so careful comparative sampling must be carried out. It is theoretically possible for identical scores to be obtained from quite different communities (Table 9.21). In cases of moderate pollution, diversity may not be reduced significantly although there may be a change in species composition, with more tolerant species replacing less tolerant ones.
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TABLE 9.21 Comparison between different communities with identical diversity index values using the Margalef and Menhinick indices



Community



A B G



Number of individuals of species 1 /I/ n2 Us n4 n^ 20 40 96



20 30 1



20 15 1



20 10 1



20 5 1



Total number of individuals ^



Number of species ^



Index value ~ "" Margalef I



~~ ; ~ Menhinick I



100 100 100



5 5 5



0.87 0.87 0.87



0.5 0.5 0.5



Reproduced from Hellawell (1978) with permission of the Water Research Centre pic, Medmenham. Therefore, diversity indices can miss subtle changes in water quality. This is overcome to a certain extent by the sequential comparison index (SCI). The most widely used diversity index is the Shannon-Wiener (i.e. the Shannon index//'):



//' = -E-loge



(9.15)



/=i



where rii is the number of individuals of species / and n the total number of individuals in the sample and s is the number of species in the sample. The calculation for each species is added together to give the index//'. A value of//' > 3 indicates clean water while values C/3
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9.3 Biological Indices



Histiostoma feroniarum (1) Limnophyes minimus (1)



Metriocnemus hirticollis



Encliytraeus coronatus Nais variabilis
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Psychoda alternata (2)



Bryocamptus pygmaeus Psychoda albipennis



Metriocnemus eurynotus Nais elinguis Bryocamptus pygmaeus (1)



•



Limnopiiyes minimus



Psychoda albipennis Limnophyes minimus Metriocnemus eurynotus



Histiostoma feroniarum Platyseius italicus (1) Hypogastrura viatica



Psychoda alternata



Platyselus italicus
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FBG3
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Dunragit Melrose Montgomery



Catrine Skoke HL Fiskerton Skoke LL Hun/vorth Kingswells Pontyberem Rhosllanerchrugog Rosewell Scone



FBG4



FBG5



FBG6



Aviemore Ashford 12 Bedford (S) Henley Painswick Hereford Pegswood 1 Kendal Pegswood 2 Reading (S) Poringland York New Rescoria SaltfordIO Stanley-Downton Old



FBG8 Aycliffe New Dorchester Old Dorchester New Galashiels Llangefni Mickleover Southampton Stevenage Taunton York Old



FBG9



Ashford 5 Aycliffe Old Bedford (P) Bedford (ADF) Colchester Derby Haywards Heath Old Haywards Heath New Huddersfield (P) Huddersfield (S) Lincoln (P) Lincoln (S22) Lincoln (S35) Mauchline Norwich Reading (P) Saltford 9 Stanley-Downton New Wrexham



FIGURE 9.13 TWINSPAN classification of the percolating filter beds based on macro-invertebrate species. The indicator species for various divisions are shown. The parentheses next to an indicator species denotes abundance threshold: 1 = >1001~^ medium; 2 = >10001"^ medium. (Reproduced from Learner and Chawner (1998) with permission of the British Ecological Society, London.)



use has been in the understanding of the role of macro-invertebrates in percolating filters (Section 16.2) (Learner and Chawner, 1998). Using TWINSPAN, detailed species and abundance lists from 59 separate filter beds were grouped into nine species associations (Fig. 9.13). DECORANA ordination was then used to determine the abiotic variables affecting faunal composition (Fig. 9.14). The study showed that the abiotic variables most likely to effect faunal composition were organic loading, film accumulation, air temperature, size of media and age of the bed. For the first time it showed that as all these variables except air temperature are operator controlled, that the invertebrate community structure could be modified or even managed. The software for these two programmes is widely available and has been recently adapted by the Centre for Ecology and Hydrology in England for use on normal PCs. The enormous databases that have been collected over decades by national monitoring programmes have allowed multivariate analysis to produce more accurate ways of assessing water quality and environmental change through biological assessment. Using environmental data it is now possible to predict the probability of particular species
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FIGURE 9.14 DECORANA ordination of the percolating filter beds. The filter-bed group to which each bed belongs, as classified by TWINSPAN (Fig. 9.13), is indicated by the numerals. The environmental variables that correlated with the axes are also shown; the arrows indicate the direction of increasing magnitude. (Reproduced from Learner and Chawner (1998) with permission of the British Ecological Society, London.)



making up the community structure at a particular site. Deviation from the predicted assemblage of species is used as the basis of assessing water quality or impact. This is the basis of RIVPACS (Section 9.3.1) which is used as the basis for biological general water quality assessment (GQA) by both the Environment Agency in England and Wales and the Scottish Environmental Protection Agency in Scotland (Section 9.5). The latest version, RIVPACS III+, provides site-specific predictions of the macro-invertebrate fauna in non-impacted situations. It does this for individual seasons (i.e. spring, summer and autumn) or for pairs or all three seasons combined. Prediction is based on up to 12 environmental variables (Section 9.3.1). The software produces predicted species lists, as well as BMWP or ASPT scores, which are then compared with field results, collected using strict field and laboratory protocols to provide a site assessment. The predictive software is based on 35 classification groups that have been derived from the macroinvertebrate fauna recorded at 614 high-quality (pristine) reference sites distributed throughout the British Isles. In total, 637 species of macro-invertebrate were recorded at these sites. Similar systems have been developed around the world; one of the most interactive is AUSRIVAS, which is used in Australia.



9.4



CHEMICAL DATA 9.4.1 CHEMICAL INDICES Many WQI have been developed to analyse chemical data, and while many require complex computation there are several that are simple to use (House and Ellis, 1987).



9.4 Chemical Data
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One of the most well known was developed for use in Scotland (Scottish Development Department, 1976). Key variables are selected and given different weightings to produce a water quality rating table (Table 9.23). From this a rating or score is obtained for each chemical value: ^ Water quality ratings WQI = ^ ^ ^



100



(9.19)



where n is the number of water quality parameters rated in Table 9.24. The weightings ensure that certain parameters affect the overall score more or less depending on their significance for the water use for which the index has been devised. An example of the calculation of the WQI is given in Table 9.24. The advantage of a WQI is that it is more sensitive than the broad classifications used in some biotic indices. Also by using a number of different variables a clear overall picture of quality is obtained than if simply one or two variables were used for assessment. They are particularly useful where the river is essentially clean and some idea of the effect of remedial measures is required. Such indices can be linked very successfully to models and the setting of consent conditions. WQI can be devised for a wide variety of different water pollution conditions or water uses by using key indicator parameters. For example, for organic pollution particular emphasis would be on BOD, NH4 and dissolved oxygen, for eutrophication the key parameters would be total phosphorus, total nitrogen, temperature and dissolved oxygen. An example of a WQI to measure the impact of acid mine drainage on surface waters is described by Gray (1996).



9.4.2 MASS BALANCE AND MODELLING A mass balance approach is used to obtain maximum benefit from a river's natural selfpurification capacity. The capacity of a river to assimilate waste (i.e. the waste assimilation capacity (WAC)) provides a link between water quality standards and effluent emission standards (fixed by consent). As the river alters both chemically and physically along its length then the WAC must be calculated at particular points along the river. This can be done using simple mathematical models (for example Streeter-Phelps) or computer simulation models (for example Qual II, etc.) or by using mass balance (McGarity, 1977). Calculation of the effects of organic discharges on the oxygen concentration of rivers is discussed in Section 5.3. The WAC is calculated as: WAC = (C^^ - Cback) X f95 X 86.4 kg BOD d a y i



(9.20)



where C^^ is the maximum permissible BOD (mgT^) which in Ireland is 3 mgT^ for salmonid and 6mgr^ for cyprinid waters, C^ack is the background (upstream) BOD
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Reproduced from Environment Agency (1998) with permission of the Environment Aorency, Bristol. TABLE 9.28



Link between the biological GQA and EQI Grade



A B C D E F



EQI Taxa



ASPT



0.85 0.70 0.55 0.45 0.30 6 >74 >19 >12



Oil, scum, foam, sewage fungus ochre (percentage cover) Class 1 Class 2 Class 3 0 5 25



Class 4 >25



Colour Intensity Colourless Very pale Pale Dark



Brown/vellow/straw Class 1 Class 1 Class 2 Class 3



Odour Definitions Group I Group II Group III Classification Intensity of odour None Faint Obvious Strong



Blue/green Class 1 Class 1 Class 3 Class 4



Red/orange Class 1 Class 2 Class 3 Class 4



Tolerated or less indicative of water quality Musty, earthy, woody Indicators of poor quality Farniy, disinfectant, gas, chlorine Indicators of very poor quality. Sewage, polish or cleaning fluids, ammonia, oily smells, bad eggs (sulphide) Group I Class 1 Class 1 Class 2 Class 3



Group II Class 1 Class 2 Class 3 Class 4



Group III Class 1 Class 3 Class 4 Class 4



Reproduced from Environment Agency (1998) with permission of the Environment Agency, Bristol.



The Environment Agency has made significant progress in quantifying the statistical variability and precision of their data, especially the biological GQA data. This has resulted in a unique multi-factor assessment procedure of water quality with a realistic approach to precision, resulting in a much greater potential for the use of such data in river management. Table 9.33 gives an overview of river water quality in England and Wales. River Habitat Survey An important catchment management tool in the UK is the River Habitat Survey, which is designed to conserve and restore wildlife habitats, including floodplains (Environment Agency, 1998). It is an important part of River Basin Characterization exercise being carried out under the WFD, providing a detailed assessment of habitat quality indicating where conservation is required and where restoration would be of most benefit. Developed by the Environment Agency the survey is a standardize system for assessing rivers primarily on the basis of their physical structure. Using
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TABLE 9.32



Aesthetic GQA classification scheme Parameter



Allocation of points for each class



Sewage, litter Odour Oil Foam Colour Sewage, fungus Faeces Scum Gross litter General litter Ochre



Class /



Class 2



0 0 0 0 0 0 0 0 0 0 0



4 4 2 2 2 2 2 1 0 0 0



Class 3



Class 4



13 12



The points allocated for each parameter are summed to give the total score. The grade is then assigned as: Parameter



Allocation of points for each class



Total I



Grade Grade Grade Grade



Good Fair Poor Bad



1,2 or 3 4, 5, 6 or 7 8, 9, 10 or 11 >11



1 2 3 4



Reproduced from Environment Agency (1998) with permission of the Environment Agency, Bristol. TABLE 9.33



River water quality in England and Wales based on the Environment Agency GQA schemes River length (%) in each quality



Total km



grade



A



B



C



D



E



F



Chemical GQA 1988-90 1993-95 1994-96



Yin 26.8 27.1



30.1 32.7 31.5



22.8 21.3 21.2



14.4 10.2 10.4



12.7 8.1 8.8



2.3 0.9 1.0



34161 40 277 40 804



Biological GQA 1990 1995



24.0 34.6



31.6 31.6



21.6 18.4



9.8 8.1



7.3 5.4



5.7 1.9



30 001 37 555



Nutrient GQA 1990 1993-95



8.0 14.7



17.7 22.6



10.2 11.0



13.1 13.1



28.0 27.3



22.9 11.0



23 003 34 864



standard forms data is collected from 500 m stretches of river channel, which are broken down into ten 10-m long spot check areas each 50 m apart from which specific data is collected (Table 9.34). Modifications and features missed by the spot checks are identified by a general overview of the 500 m stretch using the sweep-up checklist.



9.5 The UK General Quality Assessment Classification Scheme



TABLE 9.34
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List of features measured at River Habitat Survey check points and during the sweep-up of entire 500 m channel site Features



At 10



recorded



Predominant valley form Predominant channel substrate Predominant bank material Flow type(s) and associated features Channel and bank modifications Bankface and banktop vegetation structure Channel vegetation types Bank profile (unmodified and modified) Bankside trees and associated features Channel habitat features Artificial features Features of special interest Land use



spot-checks



In



sweep-up



/



/ / / / / /



/ / / / / / / / /



/ / /



Reproduced from Environment Agency (1998) with permission of the Environment Agency, Bristol. Spot-check 10m



Land use within 5mofbanl40



12.2 Microbial Assessment of Drinking Water Quality
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The recommended microbial methods in the EU Drinking Water Directive (98/83/EEC) Total conforms Membrane fikration followed by incubation on membrane lauryl broth for 4 h at 30°C followed by 14 h at 37°C. All yellow colonies are counted regardless of size. E. coll Membrane filtration followed by incubation on membrane lauryl broth for 4 h at 30°C followed by 14 h at 44°C. All yellow colonies are counted regardless of size. Faecal streptococci Membrane filtration followed by incubation on membrane Enterococcus agar for 48 h at 37°C. All pink, red or maroon colonies which are smooth and convex are counted. Sulphite-reducing Clostridia Maintain the sample at 75°C for lOmin prior to membrane filtration. Incubate on tryptose-sulphite-cycloserine agar at 37°C under anaerobic conditions. Count all black colonies after 24 and 48 h incubation. Pseudomonas aeruginosa Membrane filtration followed by incubation in a closed container at 37°C on modified Kings A broth for 48 h. Count all colonies which contain green, blue or reddish-brown pigment and those that fluoresce. Total bacteria counts Incubation in a YEA for 72 h at 22°C and for 24 h at 37°C. All colonies to be counted. Reproduced with permission of the European Commission, Luxembourg.



samples per month, 99.99%, there will still be significant numbers of pathogens present in the final effluent. Dilution and the effects of natural biotic and abiotic factors in surface waters will reduce the density of pathogens further, although all water resources can become contaminated from other sources, such as diffuse agricultural pollution, surface (urban) run-off, and contamination from septic tank systems and landfill leachate. Also, with the emphasis of discharge standards for wastewater treatment plants based largely on environmental criteria, efficiency of pathogen removal is often ignored and usually poor. This places an ever-increasing burden on the final barrier, water treatment. With increasing concerns over the transfer of antibiotic resistance between bacteria in biological wastewater treatment systems and the increasing occurrence of chlorine-resistant pathogens, microbial discharge standards for sewage treatment plants are likely, making wastewater disinfection inevitable. The effectiveness of water and wastewater treatment in the removal of faecal coliforms is summarized in Fig. 12.1.



12.3.1 ENVIRONMENTAL FACTORS OF SURVIVAL All pathogens are able to survive for at least a short period of time in natural waters, both fresh and saline, and generally this period is extended at cooler temperatures and if organic pollution is present. In raw sewage 50-75% of the coliforms are associated
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with particles with settHng velocities >0.05cms~\ so in conventional primary sedimentation at a treatment plant significant removals of enteric bacteria are achievable. Some idea of the effect of time on the survival of pathogenic micro-organisms can be obtained by examining the removal efficiency of storage lagoons which are used at some waterworks to improve water quality prior to treatment and supply. Up to 99.9% reduction of enteric bacteria can be obtained by storage, although this is dependent on temperature, retention time and the level of pollution of the water. For example, a 99.9% reduction in pathogenic viruses by storage requires a retention time of 20 days at 20-27°C but up to 75 days at 4.8°C. Viruses can survive longer than bacteria in natural waters, with some viruses surviving for up to twice as long as certain indicator bacteria (Table 12.8). Temperature is an important factor in the survival of viruses and at low temperatures (4-8°C) survival time will increase. Both UV radiation and short-wave visible light is lethal to bacteria with the rate of death related to light intensity, clarity of the water and depth. In the dark the death rate of coliforms follows first-order kinetics over the initial period; however, predation by protozoa causes a departure from the log-linear relationship. The death rate is measured as the time for 90% mortality to occur (T90). In the dark at 20°C the T90 for coliforms is 49 h while under mid-day sunlight the T90 is reduced to 0.3 h. The death rate is also temperature dependent, increasing by a factor of 1.97 for each 10°C rise in temperature, and is proportional to the total radiation received regardless if continuous or intermittent. The amount of radiation required to kill 90% (S90) of coliforms is estimated as 23 cal. cm~^ (11.3 cal. cm~^ for £*. coli). The S90 ratio of faecal streptococci to coliforms varied from 10 to 40 indicating that the die-off rate for faecal streptococci is appreciably slower than for total coliforms. The effect of temperature is far less marked under light conditions and, while variations in salinity have no effect on death rate, it is substantially slower in fresh and brackish waters. The daily solar radiation in southern Britain is between 50 to 660 cal. cm~^ so there appears to be ample radiation to inactivate all faecal coliforms. Wavelength is also important with about 50% of the lethal effect of solar radiation attributable to wavelengths below 370nm, 25% to near visible UV (370-400nm) and 25% to the blue-green



TABLE 12.8



Effects of temperature on the time {t) required for 99.9% inactivation of enteric micro-organisms during storage Species



Temperature



Time (t)



4 4 4 4 4-8 4-8



Time (t)



rcj



m Poliovirus Echo virus E. coli S. faecalis Poliovirus 1type 1,2, 3 Coxsackie ^drus type A2, A9



Temperature



27 26 10 17 27- •75 12-•16



20 20 20 20 20-27 20-27



20 16 7 8 4-20 4-8



Reproduced from Kool (1979) with permission of John Wiley and Sons Ltd, Chichester.
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Chapter 12 / Pathogens and Their Removal region of the visible spectrum (400-500 nm). The effect of wavelengths >500nm is negligible. As this die-off rate for coliforms is proportional to the light intensity and is therefore essentially a first-order relationship, it can be expressed as:



— = -kl^ ' Q-^'C



(12.1)



where C is the coliform concentration at time t at a depth z, and kisa proportionality coefficient, l^ the light intensity just below the water surface and a the effective attenuation coefficient.



12.3.2 WASTEWATER TREATMENT The removal of pathogenic micro-organisms is brought about by a combination of physical, chemical and biological processes. Physically pathogens are removed by adsorption and settlement, while the overall concentration is reduced by dilution. The chemical nature of the wastewater will determine whether the environmental conditions are suitable for the survival or even the growth of pathogens; however, factors such as hardness, pH, ammonia concentration, temperature and the presence of toxic substances can all increase the mortality rate of the micro-organisms. Biologically, death of pathogens can occur due to a number of reasons including starvation, although predation by other micro-organisms and grazing by macro-invertebrates are important removal mechanisms. During treatment of sewage the microbial flora changes from predominately faecal in character to that found in enriched freshwaters. It is convenient to look at the wastewater treatment plant as an enclosed system with inputs and outputs. It is a continuous system so the outputs, in the form of sludge and a final effluent, will also be continuous. While a comparison of the number of pathogens in the influent with the final effluent will provide an estimate of overall removal efficiency, it will not give any clues as to the mechanism of removal. Essentially pathogens are either killed within the treatment unit, discharged in the final effluent or concentrated in the sludge which will result in secondary contamination problems if disposed either to agricultural land or into coastal waters. An estimation of the specific death rate (-/JL) of a pathogen can be calculated by accurately measuring all the inputs and outputs of the viable organism (Pike and Carrington, 1979). All the individuals of the population of the pathogen (x), which are assumed to be randomly dispersed within the reactor, have the same chance of dying within a specific time interval (t - to). Under steady-state conditions, the causes of death can be assumed to remain constant in terms of concentration (in the case of a toxic substance) or number (of a predator), so the rate of death will be proportional to the number of survivors (Xf) of the original population (XQ). This can be represented by a first-order, exponential 'death' equation: -Kt-Q



(12.2)
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The problem with using Equation (12.2) in practice is obtaining accurate estimates of the viable micro-organism present in the outputs, especially if the cells have flocculated or are attached to film debris. The type of reactor is also important in the estimation of the death rate. In an ideal plug-flow system (e.g. percolating filter) in which first-order kinetics apply, the fraction of pathogens surviving {Xflx^ can be related to the dilution rate or the reciprocal of the retention time ((^) according to Equation (12.3):



= ^



(12.3)



In a continuous-stirred tank reactor (CSTR) the specific death rate is calculated by assuming the rate of change in pathogen concentration within the reactor {dxldt) equals the input concentration (XQ) minus the output concentration {t), minus those dying within the reactor (-^c). So by assuming that the rate of change is zero within the reactor under steady-state conditions, then: — = ^x^-



(f)x, - fix



(12.4)



Primary sedimentation Bacteria and viruses are significantly reduced by primary settlement, with settled sludge containing the whole range of pathogens found in raw sewage. Ova (eggs) and cysts of parasites are only significantly removed at this stage in wastewater treatment plants. Settlement efficiency is dependent on the size and density of the ova and cysts, and as their free-falling settling velocities are not much greater than the theoretical upflow velocity, near quiescent conditions are required for optimum removal. The larger, denser ova of Ascaris lumbricoides and Taenia saginata are more efficiently removed than the smaller cysts oi Entamoeba spp. The settling velocity of T. saginata is about 0.6-0.9 m h~^ although much less if detergents are present, resulting in 68% removal after 2h and 89% after 3 h settlement.



Activated sludge The activated sludge process is highly efficient in the removal of pathogenic bacteria and viruses, achieving a 90% removal efficiency or more (Geldreich, 1972). The major removal mechanism of bacteria in the activated sludge process is predation by a variety of amoebae, ciliate protozoa and rotifers. The cihate protozoa and rotifers feed only on the freely suspended bacteria and not on flocculated forms (Curds et al, 1968) (Fig. 12.5). Amoebae occur in similar numbers to cihates and have similar yield coefficient biomass and generation times. They also play a significant role in the removal of bacteria by predation and are able to feed on flocculated forms as well as the freely
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1.4 h FIGURE 12.5



Removal of E. coli in experimentalactivated sludge plants operating in the absence or presence of ciliated protozoa. (Reproduced from Curds and Fey (1969) with permission of Elsevier Science Ltd,
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suspended bacteria. The estimated specific growth rate of J^. coli is -7.9 day"^ in the presence of protozoa compared with +0.12 day"^ in the absence of protozoa, suggesting that E. coli are capable of very slow growth in sewage when ciliates are absent. In general terms the percentage removal of coliform bacteria is directly related to the specific sludge wastage rate, with 90% removal at a sludge wastage rate of 0.65 day~^ which rapidly decreases as the wastage rate increases (Pike and Carrington, 1979). The prime removal method of viruses is adsorption onto sludge floes, predation having a negligible effect on concentration in the liquid phase (Section 20.6). Both viruses and bacteria are adsorbed according to the empirical Freundlich adsorption isotherm, where the count of particles adsorbed per unit mass of sludge (Ylni) is proportional to a power (n) of the count of particles (x) in the liquor at equilibrium: Y m



(12.5)



This adsorption model is for unreactive sites whereas Michaelis-Menten or Monod kinetics are for reactive sites. However, as Pike and Carrington (1979) point out, the successful fitting of an adsorption model to data may not demonstrate that adsorption is the only factor operating since, for example, protozoa attached to the activated sludge floes and feeding off freely suspended bacteria will quantitatively behave as a continual adsorption site. Upwards of 90% of enteroviruses are removed by the activated sludge process (Geldreich, 1972). Ova and cysts of parasites are able to survive the activated sludge process and are not effectively removed.



Fixed-film reactors Percolating filters are extremely effective in removing pathogenic bacteria with normal removal efficiencies of >95%. Removal is achieved by similar mechanisms as in the activated sludge process, except that filters are plug-flow systems with a fixed and
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not a mixed microbial biomass, so that opportunities for contact between pathogens and adsorption sites in the biomass are reduced. Removal of bacteria is directly related to the bacterial count of the sewage and at lowrate loadings to the surface area of the filter medium. Removal efficiency falls off during winter that suggests that maximum removal of pathogens occurs when the film is most actively growing and under maximum grazing pressure, which is when maximum availability of adsorption sites will occur (Gray, 2004). Ciliate protozoa, rotifers and nematodes can ingest pathogenic bacteria. However, in percolating filters there is a much larger range of macro-invertebrate grazers feeding directly on the film and so indirectly feeding on the pathogens. Once pathogens have been adsorbed onto the film they are essentially 'removed' and their subsequent ingestion by a grazing organism may not be significant. The major limitation of percolating filtration in the removal of pathogens is their physical adsorption from suspension. Rotating biological contactors are also extremely efficient in the removal of pathogenic bacteria, with median removal of ^. coli normally >99.5%. Percolating filtration is not very effective in the removal of parasite ova and cysts although the nature of the film does allow some retention of ova. Geldreich (1972) in a review on waterborne pathogens quotes removal rates of 18-70% for tapeworm ova and 88-99% for cysts of £". histolytica. Waste stabilization p o n d s All stabilization ponds and lagoons are extremely effective in removing pathogenic bacteria, viruses and the other parasites. Removal mechanisms include settlement, predation, inactivation due to solar radiation which is also linked with temperature, increase in pH due to day-time assimilation of carbon dioxide which can reach in excess of pH 9.0, and finally antibacterial toxins produced by algae. It is most appropriate to consider ponds as CSTRs, so the survival of pathogens ixjx^ can be calculated as: ^ = 1 X, [1 - (/./(/>)]



(12.6)



Ponds are normally in series, so if they have similar dilution rates the survival of pathogens can be calculated using the following equation: Xr.



1 [1 - (/./(/>)]"



^^2.7)



where n is the number of ponds. A problem arises if the number of ponds in series is large (i.e. >5) because then the system behaves more like a plug-flow reactor. In this case the relationship becomes: ^



= exp -



(A./(/>J



where „ is the dilution rate of the complete system.



(12.8)
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Chapter 12 / Pathogens and Their Removal Solar radiation is a major removal mechanism of bacteria and viruses in maturation ponds. In the UK at a retention time of 3.5 days the removal rate ofE. coli was >90% in the summer but fell to 40% in the winter (60% for faecal streptococci) due to the seasonal difference in light intensity (Toms et al., 1975). In the British situation the algal density is rarely sufficient to significantly shift the pH in order to kill the pathogens, in fact the algae can reduce mortality of bacteria and viruses by reducing light intensity by shading. The depth is also an important factor with removal rates reduced with depth. In tropical and sub-tropical countries the removal of pathogens is as important as biochemical oxygen demand (BOD) removal is in temperate zones, and in many countries more so. Facultative ponds are very efficient in the removal of pathogens (Gloyna, 1971) with removal rates of coliform and streptococci bacteria >99% and viruses inactivated by light so that >90% removals are achieved. The greater efficiency of facultative ponds compared with other systems is due to the much longer retention times, so ponds in series achieve greater removals than single ponds. Major removal mechanisms are the high pH values created by photosynthesis and the higher zooplankton predation rate which is recorded. Anaerobic treatment followed by facultative treatment gives a higher die-off rate of pathogenic bacteria than a facultative pond followed by a maturation pond in series. Pond systems appear extremely effective in the removal of parasites due to the long retention time allowing maximum settlement. Cysts of the protozoans E. histolytica and Giardia lamblia are almost completely removed, while the helminth parasites, such as Schistosoma^ Ascaris, Enterobius, Ancylostoma and Trichuris are also effectively removed (Gloyna, 1971). Maximum removal occurs in the first pond and as the nematode eggs in particular are highly resistant, extreme care must be taken with the disposal of the raw sludge from the pond if contamination is to be prevented (Section 18.2). The removal of helminth (nematode) eggs in stabilization ponds is dependent on retention (). So for ponds in series (including anaerobic, facultative and maturation) the number of eggs in the final effluent (^f) is calculated using Equation (12.9):
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(12.9)
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where £^i is the number of eggs in the raw sewage (1"^). Values oiR are obtained from Table 12.9. liEf is > 1 then an extra maturation pond is required. Maturation pond design is based on the removal oiE. coli or faecal coliforms (Mara, 1996). 1 2 . 1 Assuming an egg density of 20001"^ in the raw sewage calculate the final density of eggs in the final effluent after anaerobic lagoon, facultative pond and maturation pond treatment in series. The retention times in the various ponds are 5.0, 3.6 and 8.5 days, respectively. EXAMPLE



12.3 Removal of Pathogenic Organisms TABLE



12.9



339



Estimated values of percentage removal (/?) of intestinal nematode eggs in waste stabilization ponds at various retention times {0) in days 0



R



0



R



e



R



1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8



74.67 76.95 79.01 80.87 82.55 84.08 85.46 87.72 87.85 88.89 89.82 90.68 91.45 92.16 92.80



4.0 4.2 4.4 4.6 4.8 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5



93.38 93.66 93.40 94.85 95.25 95.62 96.42 97.06 97.57 97.99 98.32 98.60 98.82



9.0 9.5 10 10.5 11 12 13 14 15 16 17 18 19 20



99.01 99.16 99.29 99.39 99.48 99.61 99.70 99.77 99.82 99.86 99.88 99.90 99.92 99.93



Reproduced from Mara (1996) with permission of John Wiley and Sons Ltd, Chichester.



Using Table 12.9 to calculate R for each pond and Equation (12.9) then:



£f = 2000 1 -



95.62 100



1



92.16 100



98.82 100



= 2000(0.0438)(0.0784)(0.0118) £( = 0.081-1



Digestion There are very conflicting results relating to the efficiency of anaerobic digestion and composting to remove pathogens from sewage sludge. Anaerobic digestion certainly reduces the numbers of pathogens considerably but not always completely. While many bacteria, fungi and viruses are rapidly killed by air drying such organisms can survive anaerobic digestion at 20 or 30°C for long periods. For example, S. typhi can survive digestion for 12 days at 20°C or 10 days at 'i&'QAscatis ova 90 days at 30°C and hookworm ova 64 days at 20°C or 41 days at 30°C. Both the latter ova can also withstand air drying. Complete destruction of pathogens is only possible by heating the sludge to 55°C for 2h or treating with lime. Sterilization and disinfection methods Sterilization and disinfection of final effluents to remove any disease-causing organisms remaining in effluents is not widely practised in Europe, but is common in the
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TABLE 12.10



Typical chlorine dosages to achieve disinfection of various wastewaters Wastewater



Chlorine dose (mg I ^)



Raw sewage Settled sewage Secondary treated effluent Tertiary treated effluent Septic tank effluent



8-15 5-10 2-8 1-5 12-30



USA. The increasing need to reuse water for supply after wastewater treatment will mean that the introduction of such methods to prevent the spread of diseases via the water supply is inevitable. The two processes are distinct form each other. Sterilization is the destruction of all the organisms in the final effluent regardless of whether they are pathogenic or not, while disinfection is the selective destruction of disease-causing organisms. There are three target groups of organism, the viruses, bacteria and protozoan cysts, and each is more susceptible to a particular disinfection process than the other. The main methods of sterilization and disinfection are either chemical or physical in action. The factors affecting the efficiency of chemical disinfectants are contact time, concentration and type of chemical agent, temperature, types and numbers of organisms to be removed, and the chemical nature of the wastewater. Typical chlorine doses for wastewaters are given in Table 12.10. Viruses require free chlorine to destroy them and at higher doses compared with enteric bacteria. Chemical disinfection has been discussed in Section 10.1. The commonest physical method for removing pathogens is UV radiation, which acts on the cellular nucleic acids destroying bacteria, viruses and any other organisms present. Although expensive in terms of energy, such systems can be highly effective and do not affect receiving water quality. The greatest effect occurs at a wavelength of 265 nm, with low-pressure mercury arc lamps (254 nm) most widely used. The major operational problem is to obtain maximum penetration of the rays to ensure that even turbid effluents are fully sterilized. Numerous systems have been evaluated to obtain maximum exposure of wastewater to the radiation, but the most effective system to date is the use of thin-film irradiation (20%, between 360 and 450, 90-225 and ^CX) t i i D O^



3



o E 32m^m~^day~^ as the extra hydraulic movement inhibits consolidation (Section 20.3). At higher overflow rates the turbidity of the effluent will increase, especially during periods of maximum flow. Turbid effluents from primary tanks are also caused by excessive weir loadings, which should not exceed 120m^m~May~^ for plants receiving 1.5 m s~\ minimum side wall depth of 2 m and a surface loading of 30m^m~^day"^ (Fig. 14.8). The overflow weir runs around the periphery of the tank giving low weir loadings of 800mg|-"' NO,
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Process selection algorithm for biological wastewater treatment.
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Raw wastewater



Screen



Great separation



Primary settlement



Grit for disposal



Primary sludge for disposal



Biological process



^Screened wastewater



Rakings (screenings) for disposal



Secondary settlement FIGURE
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Typical layout of small sewage treatment plant serving a population of 20 000 or less.



Final effluent Tertiary treatment Secondary sludge



populations >1000000. The Po-Sangone wastewater treatment plant (Torino, Italy) treats the sewage from a population of 1500000 and the wastewater from over 1800 industries in the Piedmont region representing a total population equivalent of 3 000 000 (Fig. 14.14a). The site covers 150 ha and serves a catchment area of 315 km^ with an average daily flow of sewage of 550 000 m-^ day~^ The wastewater passes through 20 mm spaced screens that are held in a specially constructed building so that the air can be deodorized by acid basic-washing to prevent odour problems at site (Fig. 14.14b), with a maximum of 25 000 m^ of air per hour treated. Combined grit removal and flotation follows prior to primary sedimentation by 12 radial-flow tanks each 52 m in diameter with a retention time of 2.5 h at 3DWF. Biological treatment is by 18 plug-flow activated sludge tanks using diffused air with 2000 diffusers per tank. Secondary settlement requires 18 radial-flow tanks with rapid sludge withdrawal using extraction bridges. Iron coagulants are added to the recirculated sludge for the removal of phosphorus. The effluent passes into the River Po after effluent polishing using multilayer filtration (i.e. gravel, sand and carbon). The plant is also equipped with effluent disinfection by sodium hypochlorite that can be used in emergencies. Sludge treatment includes thickening by six covered thickening (picket fence) tanks, which increases sludge solids from 2 to 5% (Fig. 14.14c). Sludge is then stabilized by anaerobic digestion using three heated mesophilic digesters (35°C) each with a volume of 12 000 m^, each followed by an unheated secondary digestion tank. After digestion the sludge is thickened in six covered thickening (picket fence) tanks before conditioning using lime and ferric chloride prior to dewatering using eight filter presses each with 140 plates. The sludge cake has a dry solids concentration 37-42% and is disposed to landfill. The air from the pre- and post-thickening tanks, as well as the filter press house, is deodorized using acid-base washing. The biogas from the digesters is used to generate electricity to operate the plant while the heat recovered from the cooling water and exhaust gases of the engines are used to heat the digesters. The performance characteristics of the plant are summarized in Table 14.7.
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In natural waters soluble organic matter is principally removed by oxidation and biosynthesis, but in the intensified microbial ecosystem of the biological treatment plant adsorption is perhaps the major removal mechanism, with material adsorbed and agglomerated onto the dense microbial mass. The adsorptive property of the microbial biomass is particularly useful as it is also able to remove from solution nonbiodegradable pollutants present in the wastewater, such as synthetic organics, metallic salts and even radioactive substances. The degree to which each removal mechanism contributes to overall purification depends on the treatment system used, its mode of operation and the composition of the wastewater. In nature, heterotrophic micro-organisms occur either as thin films (periphyton) growing over rocks and plants, or in fact over any stable surface, or as individual or groups of organisms suspended in the water (Fig. 15.1). These natural habitats of aquatic heterotrophs have been utilized in wastewater treatment to produce two very different types of biological units, one using attached growths and the other suspended microbial growths. The design criteria for secondary treatment units are selected to create ideal habitats to support the appropriate community of organisms responsible for the purification of wastewater, so attached and suspended microbial growth systems will require fundamentally different types of reactors. Both treatment systems depend on a mixed culture of micro-organisms, but grazing organisms are also involved so that a complete ecosystem is formed within the
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Relationship between the natural microbial communities in rivers and the development of (A) percolating (trickling) filters and (B) activated sludge processes. (Reproduced from Mudrack and Kunst (1987) with permission of Addison Wesley Longman Ltd, Harlow.)



Bacterial floes, protozoa, fungal hyphae



Rotary sprinkler Trickling filter packing with attached biofllnri



Input Effluent



Effluent



Final settling tank



Aeration tank



Final settling tank



402



•



Chapter 15 / Biological Aspects of Secondary Sewage Treatment reactor, each with distinct trophic levels. In its simplest form the reactor food chain comprises: Heterotrophic bacteria and fungi



i Holozoic protozoa



i Rotifers and nematodes



i Insects and worms Owing to the nature of the reactor, suspended growth processes have fewer trophic levels than attached growth systems (Fig. 15.2). These man-made ecosystems are completely controlled by operational practice, and are limited by food (organic loading) and oxygen (ventilation/aeration) availability. Chemical and environmental engineers have been able to manipulate the natural process of self-purification, and, by supplying ideal conditions and unlimited opportunities for metabolism and growth, have intensified and accelerated this biological process to provide a range of secondary wastewater treatment systems. However, a number of basic criteria must be satisfied by the design. In order to achieve a rate of oxidation well above that found in nature, a much denser biomass in terms of cells per unit volume must be maintained within the reactor. This will result in increased oxygen demands, which must be met in full so as not to limit the rate of microbial oxidation. Essentially this is done by increasing the air-water interface. The wastewater



Rotifera and nematoda



FIGURE 15.2



Comparison of the food pyramids for fixed film and completely mixed systems. (Reproduced from Wheatley (1985) with permission of Blackwell Science Ltd, Oxford.)
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containing the polluting matter must be brought into contact for a sufficient period of time with a dense population of suitable micro-organisms in the presence of excess oxygen, to allow oxidation and removal of unwanted material to the desired degree. Finally, inhibitory and toxic substances must not be allowed to reach harmful concentrations within the reactor. The main methods of biological treatment rely on aerobic oxidation, although anoxic and anaerobic treatment is also widely employed (Chapter 19). To ensure that oxidation proceeds quickly it is important that as much oxygen as possible comes into contact with the wastewater so that the aerobic micro-organisms can breakdown the organic matter at maximum efficiency. Secondary treatment units of wastewater treatment plants are designed to bring this about. Oxidation is achieved by three main methods: 1. By spreading the sewage into a thin film of liquid with a large surface area so that all the required oxygen can be supplied by gaseous diffusion (e.g. percolating filter). 2. By aerating the sewage by pumping in bubbles of air or stirring vigorously (e.g. activated sludge). 3. By relying on algae present to produce oxygen by photosynthesis (e.g. stabilization pond). In systems where the micro-organisms are attached, a stable surface must be available. Suitable surfaces are provided by a range of media such as graded aggregate or moulded plastic and even wooden slats, retained in a special reactor, on which a dense microbial biomass layer or film develops. These reactors are generally categorized as fixed-film reactors, the most widely used type being the percolating or trickling filter (Fig. 16.1). Organic matter is removed by the wastewater as it flows in a thin layer over the biological film covering the static medium. Oxygen is provided by natural ventilation, which moves through the bed of medium via the interstices supplying oxygen to all parts of the bed. The oxygen diffuses into the thin layer of wastewater to the aerobic micro-organisms below (Fig. 16.2). The final effluent not only contains the waste products of this biological activity, mainly mineralized compounds such as nitrates and phosphates, but also particles of displaced film and grazing organisms flushed from the medium. These are separated from the clarified effluent by settlement, and the separated biomass disposed as secondary sludge(Fig. 15.3). The design and operation of fixed-film reactors are dealt with in detail in Chapter 16. In suspended growth or completely mixed system processes the micro-organisms are either free-living or flocculated to form small active particles or floes which contain a variety of micro-organisms including bacteria, fungi and protozoa. These floes are mixed with wastewater in a simple tank reactor, called an aeration basin or tank, by aerators that not only supply oxygen but also maintain the microbial biomass in suspension to ensure maximum contact between the micro-organisms and the nutrients
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Chapter 15 / Biological Aspects of Secondary Sewage Treatment Fixed-film reactor



Secondary settlement



Primary settled wastewater



Final effluent



FIGURE 15.3



Schematic layout of a fixed-film reactor.



Sludge (humus)



Mixed aeration tank



Secondary settlement Final effluent (some unused organic matter)



Wastewater (organic matter)



FIGURE 15.4



Schematic for a completely mixed (activated sludge) reactor.



Excess sludge (wasted excess micro-organisms)



in the wastewater. The organic matter in the wastewater is taken out of solution by contact with the active suspended biomass. The purified wastewater contains a large quantity of micro-organisms and floes. The active biomass is separated from the clarified effluent by secondary settlement, but if the biomass was disposed of as sludge the concentration of active biomass in the aeration basin would rapidly fall to such a low density that little purification would occur. Therefore, the biomass, called activated sludge, is returned to the reactor to maintain a high density of active biological solids ensuring a maximum rate of biological oxidation (Fig. 15.4). Excess biomass, not required to maintain the optimum microbial density in the reactor, is disposed of as surplus sludge (Table 21.1). The design and operation of completely mixed systems is examined in detail in Chapter 17. Apart from the oxidation of organic (carbonaceous) material by heterotrophs, ammonia can also be oxidized during wastewater treatment by autotrophic bacteria, a process known as nitrification. Nitrification can take place in the same reactor as carbonaceous oxidation, either at the same time or in different areas or zones of the reactor, or it can take place separately in a specially constructed reactor. The process is a two-step bacteriological reaction that requires considerable oxygen. In the first
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step ammonia is oxidized to nitrate by bacteria of the genus Nitrosomonas, which is further, oxidized to nitrate by bacteria of the genus Nitrobacter. This is considered in detail in Section 16.3.2. 2NH4 + 3O2 -^



2NO2 + 4H+ + 2H2O + Energy



2NO3 + 0 2 - ^



2NO3 + Energy



(15.4)



(15.5)



The microbial biomass with the reactor transforms the organic matter in the settled sewage by biophysical processes (flocculation and adsorption) and biochemical processes (biological oxidation and synthesis) to produce a variety of end products. Some of these are soluble or gaseous end products such as nutrient salts or carbon dioxide from oxidation processes or soluble products from the lysis of the microorganisms comprising the film. The remainder is present as solids that require separation from the final effluent. The mechanisms for adsorption and subsequent absorption are the same for all bacterial systems and are discussed in Section 17.1. Biological wastewater treatment differs from more traditional fermentation processes, such as the production of bakers' yeast, in a number of important ways. Principally wastewater treatment is aimed at removing unwanted material while the commercial fermentation processes are all production systems. These production fermentations use highly developed, specialized strains of particular microorganisms to synthesize the required end product, while in wastewater treatment a mixture of micro-organisms are used. These are largely self-selecting with nearly all the organisms that can contribute to substrate removal welcome. Unlike commercial fermenters, wastewater reactors are not aseptic and because production fermenters require highly controlled conditions they are more complex and comparatively more expensive than those used in wastewater treatment. Although the IWEM definition stresses that aerobic systems should be used, and this has traditionally been the case, the EU places no such restrictions in its definition. The secondary treatment phase may comprise of other biological systems, both aerobic and anaerobic, or incorporate a mixture of several systems. Among the more unusual biological systems used for municipal treatment that fall outside the fixed film or completely mixed categories are aerobic and anaerobic lagoons, reed beds, wetlands and land treatment (Chapter 18). In practical terms the water industry is conservative in the selection of wastewater technology, choosing those systems for which there is plenty of design and operational data available, so that they can be assured that the process will be both adequate and reliable. For that reason treatment process selection is often limited to a straight choice between fixed-film and completely mixed systems (Table 15.1), which are dealt with fully in Chapters 16 and 17, respectively. However, there are many other processes available that are often selected for unusual locations or more difficult wastes (Chapters 18-20).
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TABLE 15.1



Comparison of the activated sludge and percolating filter processes Activated



15.2



sludge



Percolating



filtration



Capital cost



Low



High



Area of land



Low: advantageous where land availability is restricted or expensive



Large: 10 times more area required



Operating cost



High



Low



Influence of weather



Works well in wet weather, slightly worse in dry weather, less affected by low winter temperatures



Works well in summer but possible ponding in winter



Technical control



High: the microbial activity can be closely controlled; requires skilled and continuous operation



Little possible except process modifications. Does not require continuous or skilled operation



Nature of wastewater



Sensitive to toxic shocks, changes in loading and trade wastewaters; leads to bulking problems



Strong wastewaters satisfactory, able to withstand changes in loading and toxic discharges



Hydrostatic head



Small: low pumping requirement, suitable for site where available hydraulic head is limited



Large: site must provide natural hydraulic head otherwise pumping is required



Nuisance



Low odour and no fly problems. Noise may be a problem both in urban and rural areas



Moderate odour and severe fly problem in summer possible. Quiet in operation



Final effluent quality



Poor nitrification but low in suspended solids except when bulking



Highly nitrified, relatively high suspended solids



Secondary sludge



Large volume, high water content, difficult to dewater, less stabilized



Small volume, less water. Highly stabilized



Energy requirement



High: required for aeration, mixing and maintaining sludge floes in suspension and for recycling sludge



Low: natural ventilation, gravitational flow



Synthetic detergents



Possible foaming, especially with diffusers



Little foam



Robustness



Not very robust, high degree of maintenance on motors, not possible to operate without power supply



Very sturdy, low degree of maintenance, possible to operate without power



KINETICS 15.2,1 BACTERIAL KINETICS In terms of substrate removal, the rate of carbonaceous oxidation, nitrification and denitrification depends on the rate of microbial growth, and in particular the rate of bacterial growth. This is best illustrated by observing the development of a microbial population with time in batch culture. When a small inoculum of viable bacterial cells are placed in a closed vessel with excess food and ideal environmental conditions, unrestricted growth occurs. Monod (1949) plotted the resultant microbial growth curve from which six discrete phases of bacterial development can be defined
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Log (bacterial density) 3 4 5 I I L



FIGURE 15.5



The microbial growth curve showing bacterial density and specific growth rate at various microbial growth phases. (Reproduced from Benefield and Randall (1980) with permission of Prentice-Hall Inc., New York.) Log -growth phase



Declining -growth phase



Endogenous respiration phase



FIGURE 15.6



Microbial growth curves comparing total biomass and variable biomass. (Reproduced from Clarke^ a/. (1977) with permission of Addison Wesley Longman Inc., Glenview, Illinois.)



Time



(Fig. 15.5). The microbial concentration is usually expressed as either the number of cells per unit volume or mass of cells per unit volume of reactor. However, it is not possible to directly translate one set of units from the other since the size of the cells and the creation of storage products by cells dramatically affects the mass but not the number of cells (Fig. 15.6). The lag phase represents the acclimatization of the organisms to the substrate; however, depending on the size and degree of adaptation of the inoculum to its new environment, the lag phase may be very short or even absent. Cells only begin to divide when a sufficient concentration of the appropriate enzymes have built up, but once
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Chapter 15 / Biological Aspects of Secondary Sewage Treatment division has started the population density of bacteria rapidly increases. In the acceleration phase the generation time decreases and there is a discernible increase in the growth rate leading to the exponential or log phase. In this phase the generation time is minimal, but constant, with a maximal and constant specific growth rate resulting in a rapid increase in the number and mass of micro-organisms. This is the period when the substrate conversion is at its maximum rate. The rate of metabolism and in particular the growth rate is limited only by the microbial generation and its ability to process substrate. The exponential phase continues until the substrate becomes limiting. This produces the declining growth phase where the rate of microbial growth rapidly declines as the generation time increases and the specific growth rate decreases as the substrate concentration is gradually diminished. It is at this stage that the total mass of the microbial protoplasm begins to exceed the mass of viable cells, since many of the micro-organisms have ceased reproducing due to substratelimiting conditions (Fig. 15.6). In batch situations the accumulation of toxic metabolites or changes in the concentration of nutrients, or other environmental factors such as oxygen or pH can also be responsible for the onset of the declining growth phase. The microbial growth curve flattens out as the maximum microbial density is reached, with the rate of reproduction apparently balanced by the death rate. This is the stationary phase. Now the substrate and nutrients are exhausted and there is a high concentration of toxic metabolites. It has been suggested that the majority of cells remain viable during this phase but in a state of suspended animation, without the necessary substrate or environmental conditions to continue to reproduce. The final phase is the endogenous or the log-death phase. The substrate is now completely exhausted and the toxic metabolites have become unfavourable for cell survival. The microbial density decreases rapidly with a high micro-organism death rate resulting in the rate of metabolism and hence the rate of substrate removal also declines. The total mass of microbial protoplasm decreases as cells utilize their own protoplasm as an energy source (endogenous respiration), and as cells die and lyse they release nutrients back into solution that can be utilized by the remaining biomass; although there is a continued decrease in both the number and mass of micro-organisms. The microbial growth curve is not a basic property of bacterial cells but is a response to their environmental conditions within a closed system. Because biological treatment processes are normally continuous flow systems it is not directly applicable, although it is possible to maintain such systems at a particular growth phase by controlling the ratio of substrate to microbial biomass, commonly referred to as the food to micro-organism ratio (f/m). The f/m ratio maintained in the aeration tank in an activated sludge system controls the rate of biological oxidation as well as the volume of microbial biomass produced by maintaining microbial growth either in the log, declining or endogenous growth phase. The type of activated sludge process can be defined by the f/m ratio as being high rate, conventional or extended. For example, at a high f/m ratio micro-organisms are in the log-growth phase, which is characterized by excess substrate and maximum rate of metabolism. At low f/m ratios the overall
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metabolic action in the aeration tank is endogenous, with the substrate Umiting microbial growth so that cell lysis and resynthesis occurs. There is growing interest in the development of batch treatment systems that correspond more closely to the basic microbial growth curve model (Section 17.4).



15,2.2 RATES OF REACTION The rate at which components of wastewater, such as organic matter, are removed and the rate at which biomass is produced within a reactor are important criteria in the design and calculation of the size of biological reactors. The most useful method of describing such chemical reactions within a biological reactor is by classifying the reaction on a kinetic basis by reaction order. Reaction orders can differ when there is variation in the micro-organisms, the substrate or environmental conditions, so they must be measured experimentally. The relationship between rate of reaction, concentration of reactant and reaction order (n) is given by the expression: Rate = (Concentration)"



(15.6)



or more commonly by taking the log of both sides of the equation: log Rate = n log(Concentration)



(15.7)



Equation (15.7) is then used to establish the reaction order and rate of reaction. If the log of the instantaneous rate of change of the reactant concentration at any time is plotted as a function of the log of the reactant concentration at that instant, then a straight line will result for constant order reactions and the slope of the line will be the order of the reaction (Fig. 15.7). The rate of reaction is independent of the
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FIGURE 15.7



Log plots of reaction rates.
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FIGURE 15.8



Arithmetical plot of a zero-order reaction.



CO
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reactant concentration in zero-order reactions, which results in a horizontal line when plotted. The rate of reaction in first-order reactions is directly proportional to the reactant concentration and with second-order reactions the rate is proportional to the concentration squared. In practice, it is simplest to plot the concentration of reactant remaining against time in order to calculate the reaction rate. Zero-order reactions are linear when the plot is made on arithmetic paper (Fig. 15.8), following Equation (15.8): C — Co = —kt



(15.8)



where C is the concentration of reactant (mg 1~^) at time t, Q is the constant of integration (mg r ^ ) which is calculated as C = CQ at ^ = 0 and k the reaction rate constant (mgrMay"^). First-order reactions proceed at a rate directly proportional to the concentration of one reactant, so that the rate of reaction depends on the concentration remaining, which is decreasing with time. The plot of variation in concentration with time on arithmetic paper does not give a linear response but a curve. However, firstorder reactions follow Equation (15.9): In



Co



= kt
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(15.9)



or log



[Co] _ [C]



kt 2.3



(15.10)



so that a plot of log C (the log of the concentration of the reactant remaining) against time will give a linear trace (Fig. 15.9). Second-order reactions proceed at a rate proportional to the second power of the concentration of a single reactant and obey the function: 1 C



= kt



(15.11)
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FIGURE 16.3 Seasonal variation in the temperature of sewage applied to a percolating filter and the proportion of void space in the filter filled with film and water. (a) Monthly average temperature of applied sewage, (b) monthly average proportion of voids filled with film measured using neutron scattering. (Reproduced from Bruce et al. (1967) with permission of the Chartered Institution of Water and Environmental Management, London.) r200



FIGURE 16.4



Rate of film accumulation in percolating filters showing that as the rate of adsorption is constant, the rate of oxidation is proportional to the temperature of the film.
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role in reducing the overallfilmbiomass by directly feeding on thefilm,converting it into dense faeces that areflushedfrom the filter in the effluent. The spring sloughing of the accumulated film is pre-empted by the increased activity of the grazers, which loosen the thickfilmfrom the medium, and once thefilmhas become detached it strips
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Chapter 16 / Fixed-film Systems accumulatedfilmfrom other regions of the bed as it is washed out. Although grazers suppress maximum film accumulation and maintain minimum film accumulation for a long period after sloughing, it is temperature that primarily controls film accumulation. While hydraulic loading in low-rate filters is of little significance compared to the action of macro-invertebrate grazers in controlling film, as the hydraulic loading increases, as is the case after modifications to the process, such as recirculation or double filtration, then physical scouring of the film by the wastewater becomes increasingly important. In high-ratefilters,especially those employing modular plastic media, the high-hydraulic loading controls the film development by scouring the film from the smooth surfaced media as it reaches critical thickness (Hawkes, 1983). The final effluent contains a small amount of solids that are removed by settlement prior tofinaldischarge. The solids comprise offlocculatedsolids, detached fragments of the accumulated film and the grazing fauna, andfinallyfragments of their bodies and faeces. These solids are collectively known as humus and like all secondary solids they require further treatment after setdement. The mode of operation will influence the nature of the humus sludge. High-rate operation will produce a humus sludge mainly comprised of flocculated solids and detached fragments of film, while a lowrate filter sludge contains a large proportion of grazing fauna and animal fragments. Sludges containing animal fragments and grazing fauna will be more stable than sludges from high-rate systems where the grazing fauna is absent or reduced. The production of humus varies seasonally with mean production rates for low-rate filters between 0.20 and 0.25 kg humus per kg BOD removed, varying from 0.1 kg kg" ^ in the summer to a maximum of 0.5 kg kg~^ during the spring sloughing period. In highrate systems a greater volume of sludge is produced due to the shorter HRT resulting in less mineralization. The humus production does not vary seasonally to the same extent with a mean production rate of 0.35 kg kg~\ although this is dependent on the nature of the influent wastewater. Sludge production is much less compared with activated sludge, being more stabilized and containing less water (Table 16.1), although as loading increases the mode of purification in percolating filters approaches that of the activated sludge process and the sludge alters accordingly, both in quality and quantity. Separation takes place in a secondary settlement tank



TABLE 16.1



Typical sludge volumes and characteristics from secondary treatment processes compared with primary sludge Source



Volume (I per head per day)



Dry solids (kg per head per day)



Moisture content (^/



Primary sedimentation Low-rate percolating filtration High-rate percolating filtration Activated sludge (wasted)



1.1 0.23 0.30 2.4



0.05 0.014 0.018 0.036



95.5 93.9 94.0 98.5



Reproduced from Open University (1975) with permission of the Open University Press, Milton Keynes.
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traditionally called a humus tank. They are similar in principle to primary settlement tanks, although often of different design. For example, deep square tanks of small cross-sectional area with an inverted pyramid bottom with a maximum upflow rate of 80% of the total annual emergence of flies from percolating filters (Hawkes, 1983). Three control options are available for remedying fly nuisances. Physical methods have been least successful and are not recommended. These include flooding filters to eliminate fly species; covering the surface of the medium with a layer of finer media (13-19 mm) to a depth of 250 mm which reduces the numbers of adult Psychoda and Sylvicola emerging, but results in severe ponding during the winter; and finally enclosing filters which is rather expensive and may not always be successful due to the need for air vents that allow flies access and escape. The most widely adopted control method is the use of chemical insecticides. Currently the two insecticides most widely used for controlling filter flies are Actellic (pirimiphos methyl) and Dimilin (diflubenzuran) which are 0-2-diethylamine-6-methylpyrimidin-4-yl, 0-0-dimethyl phosphorothioate and l-(4-chlorophenyl)-3-(2,6-difluorobenzoyl) urea, respectively. However, neither appears particularly effective against 5. fenestralis. Limited control can be obtained by changing the operational practice of the plant; for example, by limiting the amount of film accumulation, especially at the surface, by reducing the f/m ratio or by using one of the modifications, such as recirculation, double filtration or ADF.
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Increasing the hydrauHc loading may also make it more difficult for dipterans to complete their life cycles in the filter. Continuous dosing using nozzles prevents emergence and severely reduces the available surface area for the flies to lay eggs. Biological control using the entomopathogenic bacterium Bacillus thuringiensis var. israelensis is successfully used to controlfilterflies.The bacterium, which is commercially available as Teknor®, is effective against fly larvae only and does not affect other filter fauna or performance, although it is comparatively expensive.



16.4



OTHER FIXED-FILM REACTORS 16.4.1 ROTATING BIOLOGICAL CONTACTORS The basic design of rotating biological contactors (RBCs) consists of a series of flat or corrugated discs, normally made out of plastic, 1-3 m in diameter and mounted on a horizontal shaft. This is driven mechanically so that the discs rotate at right angles to theflowof settled sewage. The discs, which are spaced 20-30 mm apart, are placed in a contoured tank that fits fairly closely to the rotating medium so that up to 40% of their area is immersed and are slowly, but continuously, rotated. Some RBC designs incorporate primary settlement, but all allow for secondary settlement (Fig. 16.7). Theflowof wastewater through the tank, and the action of the rotating medium, produces a high hydraulic shear on thefilmensuring efficient mass transfer from the liquid into thefilmas well as preventing excessivefilmaccumulation. Discs are arranged in groups separated by baffles to minimize short circuiting, to reduce the effect of surges in flow and to simulate plug flow. The spacing of discs is tapered along the shaft to ensure that the higher film development in the initial stages of the processes do not cause the gaps between discs to become blocked. The speed of rotation varies Biological zone (normally covered) 20 discs to each compartment ^
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-n FIGURE 16.7



Rotating biological contactor. (Reproduced from Mann (1979) with permission ofWRcplc, Medmenham.)
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Chapter 16 / Fixed-film Systems from 0.75 to l.Orevmin"^ although the velocity of the medium through the wastewater should not exceed 0.35 m s""^ Fast rotation speeds may cause excessive sloughing of the film, while too slow rotation may lead to insufficient aeration and allow settlement offilmin the aeration section. There is usually a small head loss of between 10 and 20 mm between each compartment. As the discs rotate they alternatively adsorb organic nutrients from the wastewater and then oxygen from the atmosphere for oxidation. Any solids in the treated wastewater are separated out in the settlement zone before discharge. The discs being well balanced along the drive shaft, and being of light-weight plastic, require little energy to rotate them, so that only small motors are required. For example, a 0.3 kW motor is sufficient to operate a 300 population equivalent unit. An electric motor is not always necessary to drive the rotor. Air can be sprayed into the rotating medium from below and to one side of the horizontal shaft to induce movement. The liquid movement and asymmetric buoyancy from the air collecting on one side of the medium induces it to rotate. This system also prevents the risk of anaerobiosis in thefirstcompartment or RBC unit, where they are used in series for large populations. RBC units are covered with glass-reinforced plastic (GRP) or plastic shrouds to protect the medium and film from the weather, as well as to reduce the load on the motor turning the rotor due to wind. Covering insulates the system reducing heat loss and increasing the rate of oxidation, allowing their use even in the coldest climates. The cover also reduces noise, eliminates fly nuisance and controls odour to some extent. RBCs can serve single families and huge cities. Larger units are generally not covered but housed in vented buildings and are operated in series. Loading varies according to manufacturers' specifications and is expressed as a surface organic loading (gBODm~^day~^). Both sides of the discs, including the free and immersed portions, are measured in the calculation. To ensure a 20:30 effluent the loading rate of settled sewage should not exceed 6gBODm"'^day~^. For good roughing treatment this loading rate can be increased by a factor of 10. Low-rate percolating filters require significantly lower surface loading rates of between 1.0 and 1.2gBODm~^day~^ in order to achieve a similar 20:30 effluent. Depending on the organic loading nitrification can occur, but towards the end of the system. Owing to the plug-flow nature of the process there is a tendency for nitrite to accumulate in the compartment where nitrification first occurs. The nitrogen oxidation rate is similar to that in percolating filters at approximately lgNH3-Nm~^day~^ (Pike, 1978). Odour is associated with organic overload, septicity caused by thick-film development or septicity of settled sludge. Final effluent can be recirculated to reduce organic overload or a second tank installed in parallel. Septicity can be controlled by more frequent desludging of the settlement zone. A common problem, especially at hotels and restaurants, is grease covering the discs and film reducing the biological activity of the biomass and reducing oxygen transfer leading to septicity and odour.
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Efficient grease traps only partially control this problem, which requires more careful usage and disposal of fats at source. Like septic tanks, RBCs have a small head loss (95%). When used for nitrification only, then a wastewater with a 20mgr^ ammonia concentration can be reduced by 99% in 11 min at 24°C.
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Chapter 16 / Fixed-film Systems Biomass separation Final effluent



Fluidized bed reactor
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Oxygenation Influent FIGURE 16.9



Typical design of fluidized bed reactor system. Fluidized beds are highly compact systems, but expensive to run due to the cost of pure oxygen and the greater use of pumps. They produce no odour or fly nuisance and produce a concentrated sludge (10% dry solids). Apart from aerobic carbonaceous oxidation and nitrification, such beds can also be operated in an anoxic or anaerobic mode. Anoxic beds are used for denitrification while anaerobic beds, which expand rather than fluidize, are used to convert carbonaceous wastes into gaseous end products that require a gas-liquid separation stage.



16.4.4 NITRIFYING FILTERS All the above designs of fixed-film reactors can be used solely for the oxidation of ammonia (nitrification). They are similar to normal filter design except smaller grades of media can be used as minimum development of heterotrophic film will occur as the wastewater has already passed through a carbonaceous oxidation stage. The nitrifying bacteria are very slow growing and produce minimal microbial biomass so that ponding or excessive film accumulation does not occur (Section 16.3.2). Where a standard percolating filter design is used then up to 120 g of ammonia-nitrogen can be oxidized per m^ of medium per day depending on the specific surface area of the medium (Barnes and Bliss, 1983).
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17.1



THE PROCESS The activated sludge process relies on a dense microbial population being in mixed suspension with the wastewater under aerobic conditions. With unlimited food and oxygen, extremely high rates of microbial growth and respiration can be achieved resulting in the utilization of the organic matter present to either oxidized end products (i.e. CO2, NO3, SO4 and PO4) or the biosynthesis of new micro-organisms (Section 15.1). The activated sludge process relies onfiveinter-related components: the reactor, the activated sludge itself, the aeration/mixing system, the sedimentation tank and the returned sludge (Table 17.1 and Fig. 17.1). However, there is an increasing interest in replacing the sedimentation tank unit with either an internal or



TABLE 17.1



Main components of all activated sludge systems 1. The reactor: This can be a tank, lagoon or ditch. The main criteria of a reactor are that the contents can be adequately mixed and aerated. The reactor is also known as the aeration tank or basin 2. Activated sludge: This is the microbial biomass within the reactor which is comprised mainly of bacteria and other microfauna and flora. The sludge is a flocculant suspension of these organisms and is often referred to as the mixed liquor. The normal concentration of mixed liquor expressed as suspended solids (MLSS) is between 2000 and 5000 mgl"^ 3. Aeration/mixing system: Aeration and mixing of the activated sludge and incoming wastewater are essential. While these tasks can be performed independently they are normally carried out using a single system, either surface aeration or diffused air is used 4. Sedimentation tank: Final settlement (or clarification) of the activated sludge displaced from the aeration tank by the iucoming wastewater is required. This separates the microbial biomass from the treated effluent 5. Returned sludge: The settled activated sludge in the sedimentation tank is recycled back to the reactor to maintain the microbial population at a required concentration in order to ensure continuation of treatment
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FIGURE 17.1 Schematic diagram of the activated sludge process where A is the surface area of the sedimentation tank, Fis the aeration tank volume, S is the substrate (food) concentration, Q^ is the influent flow rate, Qj. is the returned activated sludge (RAS) flow rate, Q^ is the waste activated sludge (WAS) flow rate, X is the aeration tank MLSS concentration, X^ is the RAS suspended solids concentration, X^ is the effluent suspended solids concentration and X^ is the WAS suspended solids concentration, which is normally equal to Z^.



external membrane filtration unit to separate the solids from the final effluent (Section 20.8.5). Removal of organic matter (substrate) in the activated sludge process comprises of three mechanisms: (a) adsorption and also agglomeration onto microbial floes, (b) assimilation which is the conversion to new microbial cell material, (c) mineralization which is complete oxidation. The predominant removal mechanism can be chosen by specific operating conditions. For example, conditions favouring assimilation removes substrate by precipitating it in the form of biomass, which results in a higher proportion of the cost required for sludge separation and disposal (high-rate activated sludge). Under conditions favouring mineralization the volume of biomass is reduced under endogenous respiratory conditions. This results in lower sludge handling costs but higher aeration costs. Currently the higher cost of sludge treatment and disposal favours plants operating with low sludge production. The relationship between substrate (food) concentration and sludge biomass (micro-organisms) concentration is a fundamental one in activated sludge operation (Fig. 17.2). In the activated sludge plant the mass of micro-organisms multiply rapidly in presence of oxygen, food and nutrients. After maturation, the micro-organisms are developed to assimilate specific waste (log growth phase), which is the period of maximum removal. Then under substrate-limiting conditions, the micro-organisms enter a declining growth phase leading eventually to auto-oxidation (or endogenous respiration). In practice activated sludge processes operate towards the end of the log phase and in the declining/stationary growth phases (Section 15.2.1).
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FIGURE 17.2



The microbial growth curve showing the operational growth phase used in different modes of activated sludge. (Reproduced from Winkler (1981) with permission of Ellis Horwood Ltd, Chichester.)
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PROCESS CONTROL A number of parameters are used to operate activated sludge plants. Those most important in process control can be categorized as: (a) (b) (c) (d)



biomass control, plant loading, sludge settleability, sludge activity.



These are considered in detail below.



17.2.1 BIOMASS CONTROL Mixed liquor s u s p e n d e d solids The concentration of suspended solids in the aeration tank, commonly known as the mixed liquor suspended solids (MLSS) concentration, is a crude measure of the biomass available for substrate removal. It is the most basic operational parameter and is used to calculate other important operating parameters. Expressed either in mgT^ or g m~^, some of the MLSS may be inorganic, so by burning the dried sludge at 500°C in a muffle furnace the MLSS can be expressed as the mixed liquor volatile suspended solids (MLVSS) which is a more accurate assessment of the organic fraction and hence of the microbial biomass. However, neither the MLSS nor the MLVSS can distinguish between the active and non-active microbial fraction, or the level of sludge activity.
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TABLE 17.2



Comparison of loading and operational parameters for different activated sludge treatment rates



Treatment rate



Retention period (h)



BOD loading per capacity (kg BOD m-^d-^)



Sludge loading (f/m) (kg BOD kg-^ d-^)



Sludge Sludge age (d) production kg dry sludge per kg BOD removed



Application



Conventional 5-14



0.4-1.2



0.2-0.5



3-4



Conventional treatment for medium and large works to produce 20-30 effluent with or without nitrification depending on loading within range



High



1-2



>2.5



>1



0.2-0.5 0.8-1.0



For pre-treatment or partial treatment



Low



24-72



2.5, and for extended aeration 4 0 0 0 m g r ^ Also, due to the quiescent conditions in the SVI test, sedimentation proceeds past the hindered settlement stage in which all the sludge floes are evenly distributed (type III settlement); transitional or even compression settlement phases may have started (type IV) making the test less representative of actual sedimentation tank conditions (Gray, 2004). These problems are overcome by using the SSVI, which is now widely used, especially where a more accurate assessment of sludge settlement is required. It is measured using a special settling column 0.5 m deep and 0.1m in diameter, with settlement impeded by a wire stirrer rotating at Irevmin"^ (Fig. 17.4). This test reproduces the non-ideal situation found in sedimentation tanks where the SVI is measured under complete quiescence (White, 1975). The SSVI is calculated by pouring approximately 3.51 of homogeneous mixed liquor
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FIGURE 17.4



The standard SSVI settling apparatus developed at the Water Research Centre and available from Triton Ltd, Great Dunmow, Essex.



into the cylinder to the 50 cm level. The stirrer is connected and the height of the sludge interface in the column measured QIQ). After 30min the height of the sludge interface is measured again (hi) and the SSVI calculated as: SSVI



100 h ^mlg-i Qho



(17.9)



where Q is the initial concentration of suspended solids (per cent w/w) (i.e (MLSS (gr^yiOOO) x lOO) ( D O E , 1985). In terms of SSVI a good sludge has a value 200mlg~^



17.2.4 SLUDGE ACTIVITY It has not proved possible to model activated sludge systems accurately due to being unable to relate bacterial numbers directly to performance. The problem has been in differentiating viable and non-viable cells, and estimating levels of activity due to the age of the cell. Biochemical analyses are used for research purposes to assess the effect of overloading and toxic substances. Analyses used include adenosine triphosphate (ATP), which measures number of viable cells, and enzymatic activity, which measures the level of activity (Wagner and Amann, 1997). Dehydrogenase activity using triphenyl tetrazolium chloride (TTC) that is reduced to a red dye triphenyl formazin (TF) is also widely used, as dehydrogenase enzymes are readily extracted and measured using



452 • Chapter 17 / Activated Sludge a spectrophotometer (Section 15.3.4). The response of dehydrogenase to changes in the activated sludge is both rapid and sensitive. However, none of these methods are simple to carry out and are generally expensive (Coackley and O'Neill, 1975). The simplest and most direct measurement of sludge activity is the specific oxygen consumption or uptake rate (SOUR). It can be measured in either in the field or the laboratory byfillinga BOD bottle with mixed liquor and using an oxygen electrode fitted in the bottle to measure the fall in oxygen concentration over time: SOUR = Oxygen depletion (mg 1-1 min-^) ^ ^^ MLVSS(g)
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MODES OF OPERATION By using different combinations of the main operating parameters, various different rates and degree of treatment are possible. Thisflexibilityin design, allowing operation over a wide range of loadings to suit specific treatment objectives, is the major advantage of the activated sludge process over other treatment systems. While primarily designed to remove carbonaceous BOD, with suitable operational control and plant modifications it can also achieve nitrification, denitrification and phosphorus control (Section 18.4). Depending on sludge loading then activated sludge plants can be categorized as high-rate, conventional or extended aeration, although the delineation between these categories is by no means precise and these terms are used in their broadest sense.



17.3A AERATION This is a major operational variable. The main functions of aeration are: (a) to ensure an adequate and continuous supply of dissolved oxygen (DO) for biomass; (b) to keep the biomass in suspension; (c) to mix the incoming wastewater with the biomass, and to remove from solution excess carbon dioxide resulting from oxidation of organic matter. Two aeration systems are generally employed, although there are other method available (e.g. sparges). Surface aeration is where aeration and mixing is achieved b the use of blades or vanes that are rotated at speed. The aerator rotates either abo] a vertical or horizontal shaft (Fig. 17.5) and is positioned at or near the surface of tl Hquid. The action of the blades causes considerable turbulence resulting in enhanc oxygen transfer. Diffused aerators supply oxygen, which is supplied directly to t aeration tank via a series of diffuser domes (Fig. 17.6). The air is pumped under pr sure that causes considerable turbulence and hence mixing. The size of the pore the diffuser controls both the size and the number of the air bubbles and so the i ^f oxveen transfer (Gray, 2004).
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General arrangement of a Mammoth horizontal rotor. (Reproduced with permission of Gerald O'Leary, Environmental Protection Agency, Wexford.)
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17.6



Dome diffuser. (Reproduced from IWPC (1987) with permission of the Chartered Institution of Water and Environmental Management, London.)
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17.3.2 AERATION MANAGEMENT There is an optimum immersion depth for maximum aeration efficiency. The power consumption increases linearly with immersion of the aerator, but the oxygenation does not. After 65% immersion at most plants the aerator is not able to give any appreciable increase in oxygenation capacity (OC), although if fully immersed the power consumption will increase by a further 30% (Fig. 17.7). With the influx of modern aerators there is less technical data available. Therefore, although expensive, aeration equipment should be tested, using the unsteady-state sulphite test, when commissioned to ensure that it complies with the specification and to determine the optimum immersion depth. This means that the stop limit on the overflow weir can be adjusted to coincide with the apex of the curve.
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Chapter 17 / Activated Sludge The oxygen demand of the mixed Uquor varies during the day, so it is vital that oxygen (or redox) control is used within the aeration tank. In this way the oxygen supplied can be matched to the demand preventing overaeration. Where the plant is operated at design loading, the inclusion of oxygen control can reduce the overall power consumption by as much as 40% (Fig. 17.8). An undesirable design feature is the use of a single vertical aerator in a deep tank, resulting in the aerator never being able to be turned off due to the problem of re-suspending the mixed liquor once it has settled. The separation of the mixing and aeration functions by using a paddle system and diffusers, respectively, is the preferred design for most plants allowing the costly aeration to be switched off while still maintaining the mixed liquor in suspension, unless several mechanical aerators can be included within the aeration tank.
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FIGURE 17.7



The OC and power used by a cone aerator at various depths of immersion. (Reproduced from Rachwal and Waller (1982) with permission of C.E.R Consultants, Edinburgh.)
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FIGURE 17.8



The effect on power consumption by aerators in an oxidation ditch when DO control is used. (Reproduced from Cox et al. (1982) with permission of C.E.R Consultants, Edinburgh.)
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17.3.3 OXYGEN TRANSFER There are two methods employed to test the oxygen transfer rate and overall efficiency of aeration systems. Steady-state techniques measure the amount of oxygen required to achieve a mass balance between supply and utilization by the mixed liquor during normal operation, although constant operating and loading conditions are required. Steady-state methods are only used for completely mixed systems. Unsteady-state techniques are more commonly used and measure the rate of change of DO concentration during the reaeration of deoxygenated clean water. The water is deoxygenated by adding sodium sulphate in solution with cobalt chloride to catalyse the deoxgenation reaction. Once all the unreacted sulphite has been utilized the test can be carried out. Using a number of DO probes positioned throughout the tank, the aerator is switched on and the DO concentration monitored over time until the water is saturated with oxygen or steady-state DO conditions are achieved (Fig. 17.9). Using the DO readings, a graph of loge of the DO deficit (Cg - C) is plotted against time for each probe, only using DO values between 20% and 80% saturation. The slopes of these graphs are then used to calculate separate values for the oxygen transfer rate (Kija) at temperature T:



KL^{T)



=



60



•log,



(Q - Q)



(17.11)



where C^ is the saturated DO concentration (mgl"^), Ci and C2 are the DO concentrations (mgT^) at times ti and^2 (min), respectively. The mean (Kia) value is taken as the (Ki3.) for the whole system. The OC of the aeration system is calculated using the following equation: OC = K^a(T) XV X Q(T) X 10-3 kg h-i



FIGURE 17.9



The relationship between the saturated DO concentration (C3), the DO concentration at time zero (CQ), the concentration at time t (CL) and the DO deficit ( Q - CL).
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Chapter 17 / Activated Sludge where V is the volume of water used in the test, T is the temperature of the water and C^(T) is the oxygen saturation concentration of clean water at test temperature T. The transfer rate coefficient (Ki^^) is dependent on temperature and is expressed at a standard temperature of 20°C (i.e. {Ki^3)2o)' Therefore, it must be converted using:



{K^^)T



= (iCLa)2o(1.024f-20



(17.13)



where T is the temperature at which (i^La) is measured (Section 6.3). The values for (^L^) obtained using clean water by this method will be higher than those obtained using activated sludge. The impurities in wastewater have significant effects on Xj^a. For example, both fatty and surface active materials such as detergents reduce the rate of oxygen transfer. However, detergents and fatty acids when present as soaps (pH > 6) are able to increase Kj^a by preventing bubble coalescence, thus maintaining the mean bubble size at a lower level than if such chemicals were absent. This increases the total interfacial area thus increasing the overall mass transfer of oxygen. These two opposing effects rarely cancel each other out and so must be considered in the calculation of Ki^s.. Other impurities in water can also alter KI^L; therefore the effects of all impurities must be calculated together by measuring the a factor (IWPC, 1987): a factor = (^La) wastewater (iCj^a) clean water



(17 14)



The value of i^La varies for each type of wastewater and also the duration of aeration. For example, a varies from 0.3 at the beginning of the aeration period for domestic sewage to 0.8 after 4 h aeration. Typical a values for mixed liquor vary from 0.46 to 0.62. The impurities in wastewaters will also affect the oxygen saturation concentration compared with clean water at the same temperature. This is adjusted by the j8 factor where: ^ factor = Q i " ^ ^ ^ t e w a t e r Q in clean water



(17.15)



The j8 value normally approximates to 0.9. Once the a and j8 factors are known for a particular wastewater, then the clean water test results can be used to predict the expected field results. Details of testing aerators, including a worked example, are given in IWPC (1987). Aeration efficiency in terms of mass of oxygen transferred to the mixed liquor per unit of energy expended is expressed as kg O2 kWh~^ An estimate of aeration efficiency can be made by measuring the oxygen demand (OD) exerted by carbonaceous
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oxidation and nitrification, taking into account the flow rate, influent and effluent BOD concentrations using the following equation: OD = 0.0864(7,[0.75(BODi - BODe)] ^ 5.25 X 10-4 X CMLSS X V + 4 3(^. _ N,)kgday-'



(17.16)



where q^ is the meanflowrate of settled influent (1 s~^), BOD is the mean BOD of the influent (i) and effluent (e) (mgl"^), CMLSS is the mean MLSS concentration (mgl~^), Fis the aeration tank volume (m^), and N is the mean ammonia concentration in the influent (i) and effluent (e) (mgT^). The calculated oxygen demand can be converted to aeration efficiency by dividing by the daily power consumption (kWhday"^). While this assessment is not as accurate as standard performance tests, it does allow an excellent comparison between plants without the prohibitive expense oiin situ tests (Chambers and Jones, 1988).



17.3.4 THE USE OF PURE OXYGEN The use of pure oxygen instead of air results in oxygen transfer occurring much more quickly increasing the potential rate of BOD removal. The amount of oxygen in mixed liquor can be increased by a factor of 5 by using pure oxygen. Two systems are available, enclosed systems using surface aerators (e.g. Unox) or open systems using diffusers. The aeration tank capacity is reduced and the HRT reduced from 6 to 3 h. The best system in the non-industrial context is Vitox developed by BOC Ltd. Oxygen is pumped directly into the aeration tank via an expansion nozzle or is added to the influent line using a venturi. Advantages are that it can be used with existing aeration tanks without any extra tank construction or modification. It can be used to replace an existing aeration system or be used to supplement it by providing extra oxygen at peak flows or when seasonal overloading occurs. So it is ideal for uprating overloaded plants on a temporary or permanent basis. In comparison to expanding a plant by the construction of new aeration tanks, uprating the existing tanks using Vitox can be as little as 15% of the cost. The saving in capital cost is likely to be offset by significantly higher operating costs, that is why these systems are generally employed where land availability is restricted or land costs are prohibitively high.



17.4



AERATION TANK DESIGN 17.4.1 TANK CONFIGURATION Aeration tank design tends towards either plugflowor completely mixed (Fig. 17.10). In a plug-flow reactor the influent and returned sludge are added at one end of an
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FIGURE



17.10



Comparison of the utilization of substrate and oxygen, and the production of oxidation products through a plug flow and completely mixed reactor.
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elongated rectangular aeration tank. Typical dimensions are 6-10 m wide, 30-100 m long, 4-5 m deep. As biomass proceeds down the length of the tank: (a) treatment occurs, the degree depending on retention time; (b) the microbial growth curve is discernible as in batch systems with sludge activity high at the inlet, but low at the outlet; (c) there is rapid removal initially but becoming progressively slower; (d) a discernible BOD gradient is formed. Disadvantages of plug-flow systems include: (a) DO deficiency occurring at the inlet where oxygen demand is greatest; (b) oxygen is usually in excess at the outlet where oxygen demand is least; (c) as toxic and shock loads are not diluted or buffered, they pass through the tank as a discrete plug, often resulting in serious effects on performance. Advantages include: (a) no short circuiting within the aeration tank, although baffles can increase the HRT even more; (b) plug-flow systems produce sludges with good settleability. In completely mixed systems, the influent wastewater and returned sludge are immediately mixed and instantly diluted giving a uniform loading throughout the aeration tank. Advantages include: (a) minimizing the effects of toxic and shock loads; (b) plug-flow MLSS concentrations are between 2000 and 3000 m g r \ while completely mixed MLSS concentrations are much higher at 3000-6000 mgl"^ permitting higher BOD loadings.
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The oxidation ditch with a single rotor is close to the idealized design of a plug-flow reactor generally used in the treatment of wastewater.
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Real plug-flow using a cage rotor



Sludge return



Influent •



•



o



o



o



' Effluent



Sludge return



Disadvantages include: (a) possible short circuiting in the aeration tank; (b) a low density sludge is produced; (c) poor settleability; (d) no nitrification possible. These disadvantages can be overcome by using aeration tanks in series, which is approaching plugflowin design (Fig. 17.11). 17.4.2 COMPLETELY MIXED REACTORS Using Fig. 17.1, mass balance equations for biomass production (Equation (17.17)) and substrate (food) utilization (Equation (17.20)) in activated sludge can be developed (Benefield and Randall, 1980):
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(17.17)



Using the Monod function (Equation (15.17)) for the specific growth rate of biomass, Equation (17.17) can be rewritten as: Go^o + V



n^sx K,+S



k^X = (Go - Q^)X, + Q^X^



(17.18)
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Using the equation for substrate utilization from Section 15.2: d5 _ 1 y-xa^X dit Y K,+S
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(17.21)



(Qo - Gw)5e + GwS«



(17.22)



The substrate in the aeration basin is equal to that in the secondary settlement tank and in the effluent (i.e. 5 = 5,, = 5e), so Equation (17.22) can be rearranged as: f^mS K.+S
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By combining Equations (17.19) and (17.23) then:



0w^ +K =^I(5 VX
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VX



The HRT of the influent in the aeration basin ((/>) is: V_



(17.25)



Go



The MCRT in the aeration basin {c) is derived from Equation (17.2) as: {X



f _ -^0 _ Go-^o m (V/Qo)X VX



(17.30)



17.1 Calculate the aeration basin volume (F), the HRT (), the volume of sludge wasted each day (Gw)? the mass of sludge wasted each day (Q^^, the fraction of sludge recycled Gr/Go ^iid the f/m ratio for a completely mixed activated sludge system. EXAMPLE



Population equivalent served is 60000 with a per capita water use of 2251day~^ influent BOD (5o) is 280mgl~^ required effluent BOD is 20mgl~^ yield coefficient (y) is 0.6, decay rate (k^ is 0.06 day~^ Assumed optimum operational factors are aeration tank MLSS {X) 3500mgr\ WAS MLSS {X^) MOOOmgr^ and a MCRT (WC. Composting also reduces the water content of the composted waste by evaporation thereby reducing the volume of material that has to be eventually disposed. Composting effectively recycles the organic matter and nutrients in wastewater into a useful material which can be used as a soil conditioner (i.e. to reduce the bulk density and to increase the water holding capacity of soil), and also a fertilizer containing nitrogen, phosphorus and trace elements. The nitrogen is organically bounded and so slowly released throughout the growing season, with minimum loses due to leaching in contrast to when soluble inorganic fertilizers are used.



18.4.3 OPERATIONAL FACTORS To successfully compost dewatered sludge cake the bulk density needs to be reduced so that air can penetrate through the cake more efficiently. This is normally achieved either by the addition of an organic amendment that decomposes during composting or a bulking agent that is recovered after composting and reused. The most popular is the addition of an amendment to the sludge, as it allows greatest control over the quality of thefinalproduct as well as disposing of a secondary waste material. The amendment is an organic material which is added to the substrate to reduce its bulk density and to increase the voidage, so air can penetrate providing adequate aeration.
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Sawdust, straw, peat, rice husks, manure, refuse and garbage, and lawn and tree trimmings have all been successfully used. The choice of amendment is generally limited to what is available locally, but ideally it should be dry, have a low bulk density and be degradable. Bulking agents can be either organic or inorganic particles of sufficient size and shape to provide structural support to the sludge cake as well as maintaining adequate aeration. The bulking agent provides a matrix of interstices between particles in which sludge is trapped and undergoes decomposition. Enough space is left between particles to ensure sufficient ventilation. After composting the bulking agent is recovered, normally by screening, and reused. Inert bulking agents have the longest life although degradable materials can be used to improve the organic quality of the compost and are less of a problem is not totally removed by the screens. The most widely used bulking agents are wood chips, although other suitable materials include pelleted refuse, shredded tyres, peanut shells, tree trimmings and graded mineral chips. Since composting is an exclusively biological process, those factors which affect microbial metabolism either directly or indirectly are also the factors which affect the process as a whole. The most important operational factors are aeration, temperature, moisture, C:N ratio and pH (Finstein et aL, 1983). Aeration In the compost pile the critical oxygen concentration is about 15%, below which anaerobic micro-organisms begin to exceed aerobic ones. Oxygen is not only required for aerobic metabolism and respiration, but also for oxidizing the various organic molecules that may be present. During composting the oxygen consumption is directly proportional to the microbial activity, with maximum oxygen consumption rates occurring at temperatures between 28°C and 55°C. Temperature High temperatures in composting result from heat produced by microbial respiration. Composting material is generally a good insulator and as the heat is only slowly dispersed the temperature in the pile increases. Heat loss to the outside of the pile is a function of the temperature difference and the rate of microbial activity. As the rate of activity is limited by the rate that oxygen can enter the pile, heat production is affected by oxygen availability. In an aerated pile 60°C can be reached within 1-2 days while in unaerated windrow systems, where oxygen is more limited, similar temperatures are reached after 5 days. The compost will remain at this maximum operating temperature until all the available volatile solids have been consumed (Fig. 18.18). Water content Moisture content is Hnked to aeration of the pile. Too little moisture (24h)
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Corrosive and malodorous compounds produced during anaerobiosis
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Methane gas produced as end product Low nutrient requirement due to lower growth rate of anaerobes
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Reproduced from Wheatley et al. (1997) with permission of the Chartered Institution of Water and Environmental Management, London. Polymeric substrates (carbohydrates, fats, proteins) Hydrolysis phase
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19.1



Major steps in anaerobic decomposition.



Methanogenic phase Methane



butyric and propionic acids), alcohols, hydrogen and carbon dioxide. Acetic acid, hydrogen and carbon dioxide are the only end products of the acid production, which can be converted directly into methane by methanogenic bacteria. So a third stage is present where the organic acids and alcohols are converted to acetic acid by acetogenic bacteria. In the final phase, which is the most sensitive to inhibition, methanogenic bacteria convert the acetic acid to methane. Although methane is also produced from hydrogen and carbon dioxide, in practice about 70% of the methane produced is from acetic acid. Obviously the methanogenic stage is totally dependent on the production of acetic acid and so it is the third stage, the acetogenic phase.
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19.2



Schematic representation of digester types. Flow-through digesters (a and b) and contact systems (c-f).
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which is the rate-hmiting step in any anaerobic process. Although in practice, as the methanogenic bacteria have a much lower growth rate than the acid-producing bacteria, the conversion of volatile acids to biogas is generally considered to be the ratelimiting step of the overall reaction with the methanogenic phase normally used for modelling purposes. A large number of anaerobic processes are available including anaerobic lagoons, digesters andfilters.Present anaerobic technology can be divided into two broad categories. Flow-through systems for the digestion of concentrated wastes, such as animal manures or sewage sludges that have a solids concentration in the range of 2-10%. These include completely mixed reactors (Fig. 19.2a), which are used primarily for sewage sludges, and plug-flow reactors used to a limited extent for the digestion of animal manures (Fig. 19.2b) (Section 19.1). Wastewaters with a lower solids concentration are treated anaerobically by contact systems in which the wastewater is brought into contact with an active microbial biomass that is retained within the system (Section 19.3). Inflow-throughsystems the residence time of the waste (i.e. the hydrauhc retention time (HRT)) and of the microbial biomass (i.e. the mean cell
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retention time (MCRT)) in the reactor are the same, while in a contact system the MCRT is far greater than the HRT of the wastewater. This is achieved by: (a) recychng of effluent biomass, (b) biofilm development on internal support materials, or (c) by the formation of well-settling floes or granules. In this way the HRT can be reduced to several days or even hours. The basic kinetics of anaerobic treatment are different to those of aerobic treatment (Section 15.2). Relating substrate concentration to specific growth rate (i.e. the Monod function) is invalid for anaerobic reactors, since the volatile acids not only act as substrate for methanogenic bacteria but are also inhibitory at higher concentrations. The Monod function is therefore replaced by an inhibition function so that: u =



tlm (l + KJs + s/K-J



(19.1)



where Ki is the inhibition function (Section 15.2). The dynamic models available all use Monod kinetics and normally consider the interactions between several substrates and bacterial populations.



19.1



FLOW-THROUGH SYSTEMS (DIGESTION) Digestion is carried out either in large open tanks or lagoons (Section 18.1) at ambient temperatures of 5-25°C (psychrophilic digestion) or more rapidly in covered tanks heated to between 25°C and 38°C (mesophilic digestion) or at 50-70°C (thermophilic digestion) (Koster, 1988). Psychrophilic digesters are usually unmixed and as they are uncovered any gas produced is dispersed to the atmosphere. In the winter the rate of digestion will be extremely low or even zero while in the summer digestion will be rapid. Therefore, long retention times are required of between 6 and 12 months to stabilize sludges under these conditions and to balance between sludge accumulation and sludge degradation. Such digesters are restricted to smaller works where the output of sludge is low and land is readily available. Both septic tanks and Imhoff tanks fall within the psychrophilic range (Section 22.2). Heated digesters are much more cost effective at larger treatment plants where there is sufficient sludge available to ensure a continuous operation, with gas collected and used to either directly or indirectly heat the digesters. Conventional digestion is usually a two-stage process with the primary digester heated to the desired temperature to allow optimum anaerobic activity with acid formation and gas production occurring simultaneously (Fig. 19.3). The primary reactor is continuously stirred, unlike the earlier stratified digesters, which reduces the retention time from 30-60 days to 2A1(0H)3 + 3CaS04 + I4H2O + 6CO2 (20.2) where alkalinity is insufficient in the water lime in the form of calcium hydroxide is added (Equation (20.3)): Al2(S04)3 • I4H2O + 3Ca(OH)2 ^



2Al(OH)3 + 3CaS04 + I4H2O (20.3)



In the production of the finished drinking water minimum residuals of coagulant metals are required in order to conform to drinking water quality standards (Section 8.1). The solubility of iron and aluminium are related to pH with a residual of 2000mgl~^ of suspended solids) hindered settlement occurs. Owing to the high concentration of particles there is a significant displacement of liquid as settlement occurs which moves up through the interstices between particles reducing their settling velocity and forming an even more concentrated suspension (Fig. 20.7). The particles are close enough for interparticulate forces to hold them in fixed positions relative to each other so that all the particles settle as a unit or blanket. A distinct solids-liquid interface develops at the top of the blanket with the upper liquid zone relatively clear and free from solids. This type of settling is normally associated with secondary settlement after a biological unit, in particular the activated sludge process. As settlement continues a compressed layer of particles begin to form at the base of the tank, where the particles are in physical contact with one another. The solids concentration increases with depth and this gradation of solids is even apparent throughout the hindered settling zone from the solids-liquid interface to the settling-compression zone. Hindered settling and compression can be clearly demonstrated using a graduated cylinder, by measuring the height of the interface between the settling particles and the clarified liquid at regular intervals (Fig. 20.8i). This is known as a batch-settling test and can be used to plot a settlement curve (Fig. 20.8ii). On the curve, A-B shows hindered settling of the solids-liquid interface, B-C deceleration as there is a transition between hindered and compressive settling and,finally,C-D which represents compression. Further settlement in the compression zone is due to physical compression of the particles. The surface area required in a continuous-flow system designed to handle concentrated suspensions depends upon the clarification and thickening capabilities of the system. Batch settling tests are used to estimate these factors using the method developed by Talmadge and Finch (1955).



FIGURE 20.7 Comparison of the rate of settlement of solids for a wastewater with a high suspended solids concentration showing hindered settlement compared with a normal wastewater containing a low suspended solids concentration.
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FIGURE 20.8 (i) The development of discernible settlement zones at various times during the settling test on a flocculant suspension, where (a) is the clarified effluent; (b) the wastewater with solids at its initial concentration and distributed evenly throughout its volume; (c) the zone where particle concentration is increasing and compaction is prevented by constant water movement up through the sludge blanket due to water being displaced in the lower zone; (d) where the particles have compacted, (ii) The data derived from the settling test is used to plot a settlement curve, where A-B shows hindered settling of the solids-liquid interface, B-C deceleration as there is a transition between hindered and compressive settling, and C-D, which is compression.



Type IV or compressive settling Consolidation of particles in the compressive zone is very slow as can be seen in Fig. 20.8ii. With time, the rate of settlement decreases as the interstices between the particles become progressively smaller until eventually the release of liquid from the zone
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is inhibited. The particles are so concentrated that they are in physical contact, forming a thick sludge. Further settling is only possible by the weight of the new particles physically compressing the sludge layer. Gentle agitation enhances further compaction of the sludge by breaking up thefloesand releasing more liquid. Similarly, stirring has also been shown to increase the rate of settlement in the hindered zone. Compression normally occurs in sludge thickening tanks where specifically designed stirrers (e.g. picket-fence thickeners) are used to encourage consolidation (Fig. 21.4), or in the bottom of deep sedimentation tanks.



20.3.2 DESIGN OF SEDIMENTATION TANKS Sedimentation tanks have two functions, the removal of settleable solids to produce a clarified effluent and the concentration of solids to produce a handleable sludge. The design of a sedimentation tank takes both of these functions into consideration and the eventual size will depend on whichever function is limiting. For example, in the design of tanks for activated sludge settling, the limiting factor is usually sludge thickening. The general criteria for sizing sedimentation tanks are the overflow rate, tank depth and HRT. If wastewater was only composed of discrete particles then primary sedimentation tanks would be constructed as shallow as possible to optimize removal efficiency, as the rate of type I settlement is independent of depth. However, wastewater also contains some flocculant particles and so the depth of primary sedimentation tanks is roughly the same depth as secondary tanks, which normally have a minimum depth of 2.1 m. Although increasing the depth does not increase the surface-loading rate, it does however increase the HRT, which allows a greater degree of flocculation and so enhances settlement. In recent years HRT has been used as the primary design criterion instead of surface-loading or overflow rate. However, whether HRT or surface-loading rate is used, the other is normally kept at an accepted value, and since the depth varies only between narrow limits the choice of criterion has had little influence in practice on the dimensions of the tanks constructed.



20.4



FLOTATION Where suspended particles have a specific gravity less than water they can be removed by allowing them to float to the surface and then removed mechanically by skimming. This can be done passively using gravity flotation or assisted using air and dissolved air flotation (DAF). Gravity flotation units or grease traps, as they are widely known, are employed to remove fats, oils and grease (FOG) from individual premises such as restaurants and garages. The FOG present rise slowly to the surface of the water where they can be collected manually. To be effective a minimum HRT of 30 min is required with a maximumflow-throughvelocity of MgC03 + CaC03 j + 2H2O



(20.14)



MgC03 + Ca(OH)2 -> + Mg(OH)2 i + CaC03 [



(20.15)



Lime soda softening is used for both carbonate and non-carbonate hardness with Ca^^ and Mg^"^ exchanged for Na"^: Na2C03 + CaS04 -> Na2S04 + CaC03 [



Na2C03 + MgS04 + Ca(OH)2 -^ Na2S04 + Mg(OH)2 i + CaC03 i



(20.16)



(20.17)



Owing to the short contact time available during treatment and the variability in the solubility of calcium carbonate with temperature there is always a residual amount of calcium carbonate in treated water (up to 70mgl~^). This can subsequently precipitate out in the distribution system causing scaling. Carbonation is used to convert the remaining calcium carbonate present back to the soluble bicarbonate form: CaC03 + CO2 + H2O ^



Ca(HC03)2



(20.18)



Precipitation results in large volumes of sludge. Calcium carbonate sludge can be calcined and then slaked with water to produce lime solving the disposal of the sludge, as well as producing excess lime for sale: CaC03 — ^ ^ — > CaO + CO2



(20.19)



CaO + H 2 0 -> Ca(OH)2



(20.20)



Chemical precipitation can also be used to recover metals from industrial effluents. For example, hexavalent chromium (Cr^^), which is found in wastewaters from metal plating and anodizing processes, is highly toxic. In a two-stage process Cr^^ is first reduced to Cr^"^ and then precipitated out of solution as a hydroxide (Sayer et al., 1994). The major use of chemical precipitation in wastewater treatment is the removal of phosphate as a precipitate of calcium, magnesium or iron.
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20.5.2 PHOSPHATE REMOVAL Phosphorus is present in wastewater as orthophosphate (P04~, HP04~, H2PO4 and H3PO4), polyphosphates and organic phosphate. The average phosphorus concentration in sewage is between 5 and 20 mg P 1~^ as total phosphorus, of which 1-5 mg P T^ is organic the rest being inorganic. Normal secondary treatment can only remove 1-2 mg P r ^ and so there is a large excess of phosphorus that is discharged in the final effluent that gives rise to eutrophication in surface waters. New legislation requires effluents discharged into sensitive waters to incorporate phosphate removal to bring final effluent phosphorus concentrations to below 2mgPr^ (Section 8.3). Chemical precipitation is used to remove the inorganic forms of phosphate by the addition of a coagulant (lime, aluminium salts or iron salts). The selection of a coagulant depends on a number of factors: (a) (b) (c) (d) (e) (f)



influent P concentration; influent suspended solids concentration and alkalinity; cost of the chemical used at treatment plant; availability and reliability of chemical supply; sludge handling facilities at plant or cost of new system; disposal method of sludge and cost. For example, if sludge is disposed to agricultural land then iron or aluminium sludges are less favoured than those treated with lime; (g) compatibility with other unit processes used at plant; (h) the potential environmental impact of use coagulants. Lime addition removes calcium ions as well as phosphorus from wastewater, along with any suspended solids. The lime (Ca(OH)2) reactsfirstwith the natural alkalinity in the wastewater to produce calcium carbonate which is primarily responsible for enhancing suspended solids removal: Ca(HC03)2 + Ca(OH)2 -^ 2CaC03 i + 2H2O



(20.21)



After the alkalinity is removed calcium ions combine with the orthophosphate present under alkaline conditions (pH 10.5) to form insoluble and gelatinous calcium hydroxyapatite (Ca5(OH)(P04)3): 5Ca2+ + 40H- + 3HP02- -^ Ca^iOUjiVO^)^ i + 3H2O



(20.22)



The lime dose required can be approximated at 1.5 times the alkalinity as CaC03. Neutralization may be required to reduce the pH before the aeration tank to protect the micro-organisms. This is done by injecting carbon dioxide to produce calcium carbonate although the carbon dioxide produced by the micro-organisms themselves is often
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Chapter 20 / Physico-chemical Treatment Processes sufficient to maintain a neutral pH in the aeration tank. A disadvantage is that large quantities of lime sludge are produced possibly doubling the normal volume of sludge requiring disposal. Alum or hydrated aluminium sulphate (Al2(S04)3 • I4.3H2O) is widely used precipitating phosphates as aluminium phosphate (AIPO4): Al2(S04)3 • I4.3H2O + 2 P O ^ ^ 2AIPO4 i + 3S02- I4.3H2O



(20.23)



This reaction causes a reduction in the pH and the release of sulphate ions into the wastewater. Although the natural alkalinity accounts for some of the coagulant, the dosage rate of alum is a function of the degree of phosphorus removal required. The efficiency of coagulation falls as the concentration of phosphorus decreases. So for phosphorus reductions of 75%, 85% and 95% the aluminium to phosphorus ratio will have to be increased to approximately 13:1,16:1 and 22:1, respectively. In practice, an 80-90% removal rate is achieved at coagulant dosage rates of between 50 and 200mgT^ Sodium aluminate (NaA102) can be used instead of alum but causes an increase in the pH and the release of sodium ions. Aluminium coagulants can adversely affect the microbial population in activated sludge, especially protozoa and rotifers, at dosage rates greater than 150mgT^ However, in practice such high dosage rates have little effect on either BOD or suspended solids removal as the clarification function of the protozoa and rotifers is largely compensated by the enhanced removal of suspended solids by chemical precipitation. Ferric chloride (FCCIB) or sulphate (Fe2(S04)3) and ferrous sulphate (FeS04 • 7H2O), also known as copperas, are all widely used for phosphorus removal, although the actual reactions are not fully understood. For example, ferric ions combine to form ferric phosphate. Ferric chloride reacts slowly with the natural alkalinity and so a coagulant aid, such as lime, is normally added to raise the pH in order to increase the hydroxyl ion concentration as well as enhance coagulation overall. The ferric ion reacts with both the natural alkalinity and the lime to precipitate out as ferric hydroxide. The overall reaction is: FeCl3 + PO5- -^ FeP04 j + 301"



(20.24)



The main design modifications to the activated sludge process that permit the addition of coagulants for the removal of phosphorus are shown in Fig. 20.10. In terms of efficiency, post-coagulation is by far the most effective phosphorus removal system. The coagulant is added after biological treatment, so that nearly all the phosphorus present has been hydrolysed to orthophosphate and so is potentially removable, but before final sedimentation which removes the chemical precipitate. A portion of the chemical floe is returned to the aeration tank along with the returned sludge. This results in the mixed liquor having a greater inorganic content (i.e. lower mixed liquor volatile
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Phosphorus removal using coagulants. (a) Primary coagulation; (b) simultaneous coagulation; (c) post-coagulation and (d) postprecipitation.
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suspended solids (MLVSS)), so the operational mixed liquor suspended solids (MLSS) must be increased to maintain adequate BOD removal. The problem of returning chemical sludge back to the aeration tank can be overcome by post-precipitation. The coagulant is added after final sedimentation but requires an extra mixing tank and sedimentation tank, making it essentially an advanced treatment process. Post-precipitation
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Chapter 20 / Physico-chemical Treatment Processes will also remove fine suspended solids, thereby increasing clarity of the effluent and reducing the final BOD.



20.6



ADSORPTION Adsorption is a physical process where soluble molecules (adsorbate) are removed by attachment to the surface of a solid substrate (absorbent) primarily by van der Waals forces, although chemical or electrical attraction may also be important. Adsorbents must have a very high specific surface area and include activated alumina, clay colloids, hydroxides and adsorbent resins, with the most widely used being activated carbon. To be effective the surface of the adsorbent must be largely free of adsorbed material, which may require the adsorbent to be activated before use (McKay, 1996). Used both for water and wastewater treatment a wide range of organic materials are amenable to removal by adsorption, including detergents. In water treatment it is used to remove taste and odour-causing trace organic compounds as well as colour and other organic residual especially chlorination disinfection by-products, such as THMs. In wastewater treatment it is used to improve settleability of activated sludge and to remove toxic compounds. The most widely used adsorbent is activated carbon, which can be produced by pyrolytic carbonization using a number of different raw materials including bituminous coal, lignite, peat and wood. Activated carbon has a highly porous structure resulting in specific surface areas of between 600 and 1500 m^g~^ Particles are irregular in shape with a highly porous internal structure providing the large available surface area for adsorption. The rough external surface is ideal for the attachment of micro-organisms which can enhance adsorption by biological removal mechanisms. The overall rate of adsorption is dependent on particle size, which varies reciprocally with the square of the particle diameter. The adsorption rate also increases with increasing molecular weight of solute and decreases with increasing pH with adsorption very poor at pH >9.0. The rate of adsorption is also proportional to the square root of the time of contact (Casey, 1997). Activated carbon is used either as a powder being added to water as a slurry, or as granules which are housed in a simplefilteror column through which contaminated water is passed.



20.6.1 POWERED ACTIVATED CARBON (PAC) Powered activated carbon (PAC) offers unique designflexibility.It can be added to process water at various stages within the water and wastewater treatment processes. It can also be used on an intermittent basis that is particularly useful in controlling seasonal taste and odour problems in drinking water caused by algae, actinomycetes or fungi (Table 11.5). In water treatment PAC is fed directly into the water stream as a slurry either at the rapid mix stage of chemical coagulation or immediately prior to sandfiltration.As the PAC must be removed from the treated water its addition at the
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coagulation stage ensures maximum contact time and mixing to occur with removal of the PAC by sedimentation and sand filtration. Not only does PAC result in additional sludge production but filter efficiency is also reduced due to increased head loss and reduced filter run times between backwashing. Unlike granular activated carbon (GAC) it is not possible to regenerate PAC due to contamination with other sludge materials. Typical dosage rates are between 5 and lOgm"^, although at dosages >20gm~-^ on continuous basis GAC columns become increasingly more economical. A key factor in the selection of PAC is bulk density as the higher the bulk density the greater the absorption capacity. Applications in wastewater treatment are mainly as an additive to activated sludge to improve floe structure to increase settleability. The influent wastewater is dosed at a rate of 50-300 gm~^, although the exact dosage has to be determined experimentally using laboratory or pilot-scale simulation. It is also used to enhance the natural removal of toxic compounds by the activated sludge microbial biomass. Micro-organisms will become acclimated to certain toxic compounds removing them primarily by adsorption. Trace residuals of these compounds can be removed from the final effluent by activated carbon treatment.



20.6.2 GRANULAR ACTIVATED CARBON (GAC) GAC is easier to handle than PAC and is used for continuous applications in either a packed or expanded bed. Packed beds are only suitable for low turbidity waters due to clogging and can be designed either as a downward or upward flow system. Downward flow systems are operated as batch processes with all the carbon replaced once breakthrough occurs. Saturation of the carbon starts at the top of the bed and gradually moves downwards. Where they are also used for filtration as well as adsorption then the bed must be backwashed in the same way as a rapid sand filter. When this is done then the stratification of the activated carbon seen in other downward flow systems is lost. The mass transfer zone (MTZ) is the area of the filter where adsorption occurs. As the adsorbent becomes saturated the MTZ is displaced downwards (Fig. 20.11). After contaminated water has passed the zone the concentration of solute remaining will have reached its minimum concentration with no further adsorption occurring below the MTZ within the bed. The MTZ continues to move downwards until breakthrough of the solute occurs. If the hydraulic loading is too high (i.e. the empty bed contact time (EBCT) is too short) then the depth of the MTZ will exceed the depth of the filter and the solute will escape. Adsorption can be modelled using isotherms to predict the mass of solute removed per mass of adsorbent used versus concentration (e.g. the Freundlich and Langmuir isotherms). The Freundlich equation is most widely used:



^ = ^fC M



(20.25)
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FIGURE



20.11



Typical breakthrough curve for activated carbon showing movement of the MTZ with the throughput volume. (Reproduced from Metcalf and Eddy (1991) with permission of McGraw-Hill Inc., New York.)
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This can be linearized as: X



1



(20.26) M n where X is the mass of adsorbate, M is the mass of adsorbent, Cg is the concentration of solute remaining at equilibrium, while kf and n are constants derived from the adsorption isotherm by plotting XjM against C^ on log-log paper which produces a straight line with a slope lln while they intercept is kf. Remember the intercept of a log~log plot occurs atx = 1, not zero. This is normally done experimentally in the laboratory using PAC and for a given temperature relates the mass of solute adsorbed per unit mass of adsorbent to give the concentration of solute remaining in thefinaleffluent. Typical values for key organic compounds at pH 7 are given in Table 20.4. The Freundlich isotherm can also be used to describe the adsorption of pathogens, such as viruses, onto soil or onto the aquifer matrix (Powelson and Gerba, 1995). l o g — = logki



+-logCe



The Langmuir equilibrium adsorption isotherm is based on the concept of equilibrium in a monomolecular surface layer. It is expressed as: X^ M



abC^ 1 + aCe



(20.27)



where a and b are constants. Equation (20.27) is more commonly expressed as;



1 ^ 1 +J_ XIM



b



ab



1



(20.28)



where b is the amount of adsorbate needed to form a complete monolayer on the adsorbent surface and so increases with molecular size. The Langmuir equilibrium
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Values of ^f and \/n for some common organic pollutants at neutral pH used in the calculation of the Freundlich isotherm Organic pollutant



Kf(mg/g)



Chlorobenzene Dibromochloromethane Hexachlorobutadiene Hydroquinone a-naphtol Nitrobenzene Pentachlorophenol />-xylene



93 63 360 90 180 68 150 85



i/n 0.98 0.93 0.63 0.25 0.31 0.43 0.142 0.16



Reproduced from Bitton (1998) with permission of John Wiley and Sons Inc., New York.



adsorption isotherm is produced by plotting {CJ{XIM)) against Cg. As with the Freundlich isotherm, the Langmuir isotherm is only valid if the plotted line is straight. In reality the equation is of limited value due to adsorption of many different organics at the same time. These isotherms provide the basic data from which the volume of carbon required and the breakthrough times for GAC beds can be calculated (Bryant et al., 1992). Organic compounds in drinking water rarely exist on their own, resulting in competition between adsorbable compounds for adsorption sites. Competition depends not only upon the strength of adsorption of the competing molecules but also their relative concentrations and type of activated carbon used. So in practice the volume of activated carbon required to remove a set amount of a particular compound is much greater when it is present in a mixture of adsorbable compounds (American Water Works Association, 1990). Upflow systems are widely used and offer continuous operation. Saturated GAC is removed periodically from the base of the bed and fresh carbon added to the surface. This ensures continuous operation and maximum utilization of the adsorbent. Saturated carbon also tends to migrate to the base of expanded beds as the particles become denser allowing selective replacement of carbon. Expanded beds are self-cleansing and so can be used to treat turbid waters. With an upflow velocity >15mh~^ and a grain size of 0.8-1.0 mm then a 10% expansion is obtained. Regardless of configuration, minimum contact times for GAC beds should be between 5 and 20min when the media is clean (i.e. the EBCT). The design of GAC beds depends on having as low a turbidity in the water as possible. The volume required is calculated by the rate of carbon saturation which can only be carried out by pilot plant trials. In practice, a downflow batch GAC bed should have a minimum operational life of between 3 and 12 months before the carbon is removed for regeneration. Thermal regeneration is most widely employed, although other methods include solvent washing, acid or caustic washing, or steam treatment. The process is generally used after sand filtration to produce a very high quality water.
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Chapter 20 / Physico-chemical Treatment Processes Microbial development on GAC is common and generally beneficial by controlling many taste and odour compounds by biodegradation. An advantage is that this biological action continues after the physical adsorption capacity of the carbon is exhausted. Where microbial activity is important then GAC is referred to as biological activated carbon (BAG). Pre-treatment of drinking water by ozonization reduces the size of large-molecular-weight organics making them generally more readily adsorbable and biodegradable by the attached microbial flora. However, in practice biological growth in GACfiltersresult in an increased rate of head loss build-up requiring an increased backwashing frequency. Where GAC is used to partially replace conventional media in rapid sandfiltersthe GAC media can be rapidly worn down by the sharp sand during backwashing, especially if this includes air scouring. Selection of the correct size and type of sand is essential to achieve adequate media separation during backwash, which will also reduce erosion of the GAC particles.



20.7



ION EXCHANGE Ion exchange is an adsorption process that employs the reversible interchange of ions of the same charge between a solid ion-exchange medium and a solution. Used primarily for water softening Ca^"^ and Mg^"^ cations are exchanged by Na"^ where the Na2R is the ion-exchange medium with R the negatively charged polymer: Ca2+ + 2NaR ^



CaR^ + 2Na+



(20.29)



Mg2+ + 2NaR ^



MgR2 + 2Na+



(20.30)



When all the exchange sites have been used the medium is regenerated byflushingwith a 5-10% NaCl solution: CaR2 + 2Na+ ^



Ca^^ + 2NaR



(20.31)



MgR2 + 2Na+ ^ Mg2+ + 2NaR



(20.32)



Ion-exchange water softening is carried out in a downflowfixed-bedreactor. The granular resin is housed in an enclosed metal tank rather similar to a pressurized rapid sand filter in design. The depth of the bed is between 0.8 and 2.0 m to avoid short-circuiting of the water, withflowrates Br" > Cl~) and sulphonic acid resin (Fe2+ > AP^ > Ca2+) (Casey, 1997; Solt and Shirley, 1991). Ion-exchange capacity of media is measured by the number of charges it can replace per unit volume expressed as equivalents (eqm"^). This is done experimentally using a simple column containing a known volume of medium. The total quantity of ions exchanged is measured until the medium is exhausted. Normal capacities for water softening exchange resins are between 100 and 1500 eqm"^. Design details and calculation of operational periods between regeneration are given in American Water Works Association (1990).



20.8



MEMBRANE FILTRATION Membrane filtration is a highly sophisticated process that employs primarily synthetic polymeric membranes to physically filter out of solution under pressure minute particles including viruses and some ions. Conventional filtration can only deal effectively with particles larger than 10"^mm so a range of synthetic membranes with very small pores is used to remove from water particles of any size down to 10~^mm (Fig. 20.12). As with
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20.12



Application size range of membrane filtration processes. (Reproduced from Scott and Hughes (1996) with permission of Kluwer Academic Publishers, Dordrecht, The Netherlands.)
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allfiltrationprocesses the size of the particles retained are approximately an order of magnitude smaller than the pore size of the filter. Membrane filtration is widely used for the advanced and tertiary treatment of potable and wastewaters (Fig. 20.13), and as the technology develops it will gradually replace many existing conventional treatment processes. Currently membrane filtration is only widely used as a replacement for the secondary settlement step after the activated sludge aeration tank (Gander et aL, 2000), and for separating the solid and liquid phases in the anaerobic digestion process (Wen et aL, 1999) (Section 20.8.5).
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20.13



Principal water and wastewater treatment membrane filtration applications by pore size.
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20.8.1 MICROFILTRATION Microfiltration (MF) is a physical process marketed in a ready to use cartridge or modular housing that can remove particles between 0.05 and 5 jim in size. The membranes
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20.14 Schematic layout of a membrane filtration module. (Reproduced from Casey (1997) with permission of John Wiley and Sons Ltd, Chichester.)
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20.15 Cross-flow membrane separations. (Reproduced from Scott and Hughes (1996) with permission of Kluwer Academic Publishers, Dordrecht, The Netherlands.)



FIGURE



come in a variety of forms, such as tubular, capillary, hollow fibre and spirally wound sheets. The untreated water is pressurized to 100-400 kPa forcing the permeate (clarified Hquid) through the membrane with the particulate matter retained (Fig. 20.14). Membranes used in MF are generally made from a thin polymer film with a uniform pore size and a high pore density (75-80%). The high density of pores results in a low hydrodynamic resistance allowing high flow rates. Most MF systems are not continuous but batch processes with the permeate produced continuously during the period of operation but the concentration of the retained solids or solutes increasing over time. Membranes require periodic backwashing with either water or gas under pressure to remove trapped solids from the micropores. There are many different designs of MF systems, but these can be classified according to the way the untreated water is introduced to the membrane. In dead-end systems the flow is perpendicular to the membrane with the retained particles accumulating on the surface of the membrane forming a filter cake. The thickness of the cake increases over time with the rate of permeation decreasing accordingly. When the filtration rate becomes too low the membrane module or cartridge is replaced or backwashed. Cross-flow is where the flow is introduced tangentially to the membrane surface that promotes self-cleansing ensuring longer operation periods between replacement or backwashing (Fig. 20.15). MF can remove microbial cells, large colloids and small particles ( ^ Inlet



FIGURE 21.4



Picket-fence thickener in (a) plan and (b) cross section. (Reproduced from Hammer (1977) with permission of John Wiley and Sons Inc., New York.)



Sludge draw off



before the dewatering stage. Sludges are stabilized to prevent anaerobic breakdown of the sludge on storage (i.e. putrefaction) so producing offensive odours. There are other advantages depending on the stabilization process selected, including destruction of pathogens, partial destruction of sludge solids, increase in the concentration of soluble nitrogen and improvedflowcharacteristics. There are three categories of stabilization process: biological, chemical and thermal. Each process prevents the utilization of the volatile and organic fraction of the sludge during storage by different effects. There is
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no standardized test for sludge stability and the European Union (EU) defines a stabilized sludge as simply as one that has undergone biological or chemical treatment, or long-term storage. However, sewage sludge can only be considered fully stabilized when it has been humified (i.e. fully decomposed to humic substances which are nonputrescible, odourless and which only degrade further very slowly) (Bruce, 1984). Biological stabilization processes are the most widely practiced, resulting in the utilization of the volatile and organic fraction of the sludge. The resultant sludge has a reduced volume, is odourless and has a higher solids content. The most common stabilization method for medium- to large-sized treatment plants is heated anaerobic digesters, while at small works cold anaerobic digestion in tanks or lagoons is most common (Section 19.1). Anaerobic digestion utilizes up to 40% of the organic matter present in raw sludge resulting in an increased nitrogen concentration of up to 5% of the dry solids, of which 70% is in the form of ammonical nitrogen. The sludge entering digesters does not have to be pre-thickened, but if it is then the resultant digested sludge will have a higher dry solids and nitrogen content and there will be a saving in digester capacity. Thickening is required after digestion and can be achieved by gravity settlement. Lagoons can also be used with settlement taking place over long periods with further digestion taking place resulting in a highly humified sludge with 8-10% DS. The manurial value of lagooned sludge is reduced in terms of nitrogen and phosphorus content, which is leached into the supernatant, with the proportion of total nitrogen present as ammonical nitrogen being reduced at 
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