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OVERVIEW
Having started with physical and chemical treatment of wastewater in previous Unit, you will find that one of the most promising methods of treatment is by natural means. What it means is that the bacteria available in atmosphere can be a good work horse for treating the waste as these microorganisms consider organics present in the effluent as their food. 

You would find it interesting to note that, in relation to drinking water, microorganisms are looked upon as potentially hazardous whereas in wastewater treatment they can be very beneficial in stabilising harmful pollutants. In reality, microorganisms are found almost everywhere in nature and most of them are useful members of the ecological community. The relatively small numbers of pathogenic species do pose threats for water supplies. But overall, the microorganisms play a major role in wastewater treatment operations. This is because sewage and other wastewaters contain considerable amounts of colloidal and soluble organic substances, which are often most easily broken down by biochemical reactions. 

This Unit describes the principles of biochemical reactions and then demonstrates how the main types of biological treatment processes utilise these basic principles. The Unit starts with explanation of basic concepts pertaining to biological growth and later the treatment by biological methods. For better understanding of the biological reactions, kinetics of these reactions has to be understood. Later discussions have been presented to explain aerobic and anaerobic processes in biological methods used for wastewater treatment. The Unit also deals with other related issues such as nutrient removal and practical aspects of biological treatment processes.  Further, the Unit describes the working and concepts behind waste stabilisation ponds, one of the most promising biological treatment methods, particularly for developing countries. Nutrient removals and also some practical aspects of the biological treatment have been explained at the end of the Unit.  

LEARNING OBJECTIVES

After completing this Unit, you should be able to:

· identify the salient features of biochemical reactions;

· differentiate between fixed film and dispersed growth units;

· select appropriate biological processes for different needs;

· calculate initial sizes for biological treatment units.

 

5.1
BIOCHEMICAL REACTIONS

Biological reactions in water and wastewater treatment involve many different species of microorganisms. Bacteria carry out most of the reactions but protozoans also contribute in some processes. In some cases, higher organisms like worms and insect larvae play significant roles in the ecology of biological treatment processes. 

There are two basic forms of biological stabilisation reactions whose occurrence is dependent upon the availability of dissolved oxygen. These reactions are called aerobic and anaerobic as illustrated in Figure 5.1. 

Aerobic reactions take place in the presence of free oxygen and produce reasonably stable inorganic end products with relatively low energy contents. Anaerobic reactions on the other hand occur only in the absence of free oxygen and are more complex because they occur in two stages carried out by different species of bacteria. 

Figure 5.1

Different Biochemical Reactions for Biological Treatment
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Acid-forming bacteria initially convert complex organic compounds into organic acids and alcohols. At this stage, methane-forming bacteria convert the acids and alcohols into methane and other end products such as hydrogen sulphide. 

The end products of anaerobic reactions still contain considerable amount of energy, notably in the form of methane which is a combustible gas. Because of the lower release of energy in anaerobic reactions, the synthesis of new cells is very much less than in aerobic reactions. Sludge quantities generated from anaerobic stabilisation of wastewater is much higher than that from aerobic stabilisation of the same wastewater. Anaerobic reactions are much slower and the stablisation for waste process also takes longer time.


5.1.1
Basic concepts of biological growth

In all biological reactions, energy in the organic substrate is split in three ways:

(i)
energy in new microorganisms;

(ii)
energy in the end products; 

(iii)
heat energy.

The proportion of energy in the above mentioned media depends upon the nature of the organic matter, the reactions, and the environment in which the reaction takes place. 

In biological treatment processes, the material to be stabilised provides the basic nutritional and energy requirements for its conversion into end products and new microorganisms. In the absence of organic matter, microorganisms can exist for some time because of the existence of auto-oxidation or endogenous respiration in which cells use themselves for survival. In endogenous respiration, which takes place continuously in a biological system, cells die and lyse to release organic matter and nutrients back into the system where they can be reused. Figure 5.2 illustrates the classical concept of biological growth in a batch oxidation system. 

Figure 5.2 

Biological Growth Curve For A Batch System
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This concept of biological process assumes that:

· there is ample supplies of carbon, nitrogen and phosphorous so as to enable the synthesis of new cells, the empirical formula for which is C60H87O23N12P; 

· in practice 1 g of N is required for 15-30g BOD5 and 1 g of P is required for 80-120 g BOD5 (i.e., BOD5:N:P ratio of 100:5:1 or C:N:P ratio of 100:15:3); 

· sufficient energy is available in the organic matter;

· inorganic growth nutrients such as calcium, cobalt, iron, manganese, potassium, etc., are present in the small amounts necessary;

· appropriate vitamin growth nutrients are present; 

· absence of toxic substances such as heavy metals (e.g., Cd, Pb, Cr, Ni, CN) etc. 

It is important to appreciate that biological systems are sensitive to toxic or inhibitory substances. Thus, although wastewater may contain a high concentration of biodegradable organic matter, the presence of toxic substances such as heavy metals could prevent all biological activity. Toxic substances can pose major problems if industrial wastewaters are discharged into municipal sewers since they could cause serious harm to biological processes at the wastewater treatment plant. Thus, the existence of toxic constituents in an industrial wastewater might also inhibit treatment of municipal wastewater with serious environmental consequences. 

5.1.2
Concepts of biological treatment

Having discussed the basics of the biological growth process, we will now discuss how the growth process is used in the treatment by biological methods. 

As you can notice that although Figure 5.2 relates to a batch oxidation process, it also illustrates a number of important aspects, which can be applied to biological treatment of wastewaters. The objective of most wastewater treatment processes is to remove as much as possible the organic matter (also called food) in the feed. Achievement of this objective implies a relatively long residence time in the system and also relates to the point of maximum biomass or feed (microorganisms) concentration, which can be equated to sludge production. In the biological treatment terminology, food and microorganism (F/M) ratio is often discussed as explained above. When the treatment continues beyond the point of exhaustion of the external food source some cell products, notably cell wall materials, are not readily biodegradable, there will always be a sludge residue. With short contact times, the rate of removal of organic matter is high but only a portion of it will be removed. This means a lower sludge volume but also a poorer quality effluent. The concepts explained in Figure 5.2 could be adapted to a continuous-flow system by equating the process as operating at a particular residence time on the time axis. Thus high-rate processes operate in the logarithmic growth phase with high removal but incomplete stabilisation. Plants producing a high quality effluent need to operate close to the point at which the food supply is to be exhausted. With lower loading and longer contact times it is possible to reduce the sludge volume to some extent but at the expense of larger and more energy intensive units. Biological treatment is thus like many other processes where a careful balance must be struck between often conflicting requirements. 

The rate of biological reactions is dependent upon temperature but cannot otherwise be significantly altered. It is, however, possible to reduce the liquid residence time in a biological treatment process by utilisation of the absorptive properties of large number of microorganisms. Much of the initial removal of organic matter (F) is by adsorption on to the surfaces of the biomass (M). Once this has occurred, the biomass (M) can be left to oxidise the organic matter (F) in the absence of the liquid. The extended retention time for the biological solids and the absorbed organic matter is achieved using purpose-designed reactors. These permit the establishment of large microbial populations (M) in such a manner that intimate contact with the organic food (F) and the oxygen needed for aerobic reactions is assured. Aerobic biological oxidation systems can be classified as shown in Figure 5.3.

Figure 5.3

Common Hydraulic Flow Patterns in 

Biological Treatment Processes
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As can be seen from the Figure 5.3 three different mixing regime can be normally experienced such as plug flow with limited mixing in the tank, dispersed flow with relatively better mixing characteristics and completely mixed flow where good mixing is achieved by mechanical means. 

Fixed film or slime systems use reactors (fixed film means growth of the microorganisms on the solid support and form a layer also called slime), which encourage the growth of a biological film or slime on a supported medium, which may be stones or plastics. Dispersed growth systems employ reactors, which keep high concentrations of microorganism flocs constantly in suspension by means of mechanical or hydraulic turbulence. Bacterial-alga symbiosis systems use bacteria and algae to effect biological oxidation by natural process in the presence of sunlight. 

It is worth stressing two facts, which apply to biological treatment processes in particular, although they also influence many other types of process. They are:

The more highly loaded the treatment process the more sensitive it will be to variations in feed strength and quality

The higher the required effluent quality the greater will be the cost of the process.

5.1.3
Kinetics of biological treatment

To understand biological treatment process, we need to know the kinetics of the process. Now, we will discuss the implications of kinetics on the treatment processes. When the organic content of the feed is relatively low (<50-100 mg/l of BOD), the biochemical oxidation reaction is likely to be of zero order, i.e., the rate is independent of the concentration of organic matter. At some stage, the organic concentrations become limiting and then the reaction rate becomes proportional to the concentration of organic matter or to some power of the organic concentration. 

We can understand the process of the growth by depicting it in mathematical formulation, which can help in design of such systems. 

In the zero order situations, the rate of reaction can be expressed as:

dS/ dt = K 





Equation 5.1
Where S = organic concentration (expressed as ultimate BOD or

COD in practice); t = time; K = rate constant for the reaction. 

Most of the biological growth processes can be easily explained taking batch reaction example where we assume that there is no continuous and intermittent addition of organic matter. 

In such case, the rate of growth in a batch system without any external constraints can be given by: 

dX / dt = umX 





Equation 5.2
Where X = concentration of microorganisms; um = specific growth rate. 

When the growth becomes limited by some external factor such as food concentration or nutrient availability, the growth rate can be expressed by a relationship termed the Monod equation:

u = umS/ (Ks +S)




Equation 5.3
Where Ks = organic concentration at which u = um /2

On the other hand, to understand the synthesis of new cells, we can define the growth in following terms: 

dX = YdS 





Equation 5.4

Where, X can be redefined as concentration of biosolids (Volatile Suspension Solids, VSS) as against concentration of microorganism mentioned above in Equation 5.2.

Where, Y = yield coefficient

Typical values of the yield coefficient, Y are around 0.55 for aerobic reactions and around 0.1 for anaerobic reactions, indicating that anaerobic processes are slow. 

Endogenous respiration takes place during all biological reactions. The loss of cells due to this is given by: 

Endogenous decay = -bx



Equation 5.5

Where, b = endogenous decay constant; x =  feed concentration.

Typical values of the endogenous decay constant are 0.15 d-1 for aerobic systems and 0.05 d–1 for anaerobic system. 

The net rate of growth of biological cells is: 

Y (So –S) / th- bX




Equation 5.6
Where, So = initial concentration of organic matter; th = hydraulic retention time. 

Now from Equation 5.3, the rate of growth of biological solids is: 

um XS /( Ks +S)


Equation 5.7

and the rate of utilisation of the organic matter will be: 

um XS /Y (Ks +S)


Equation 5.8

In a system, where the biological solids are fixed or are recycled, the solids retention time (to) may be much longer than the hydraulic retention time (th). 

For aerobic reactions, oxygen is essential for oxidation of the organic matter and also to support endogenous respiration. The requirements for oxygen can be approximately expressed as:

O2 = (So –S) + 1.42bX 



Equation 5.9

The factor 1.42 is a generalised conversion of VSS (Volatile Suspended Solids) into COD for the purposes of oxygen requirement.

Biological waste treatment plants operate on a continuous basis in that raw sewage flows in all the time and there is a continuous outflow of the treated effluent. In this type of continuous system, we consider the concept of mass balance of BOD across the continuous flow reactor. The quantity of organic matter entering the reactor per day must equal the quantity of organic matter leaving the reactor per day plus that removed by bio-oxidation. Now if Q is the flow in m3/d and Li and Le are the influent and effluent BOD respectively in mg/l, then:

(Quantity of BOD entering reactor, m3/d) = LiQ

(Quantity of BOD leaving the reactor, m3/d) = LeQ

The quantity of BOD removed in m3/d by bio-oxidation per unit volume (m3) is given as K1L where L is the BOD of the reactor contents, for a perfectly or completely mixed reactor (Figure 5.3c) in which the reactor contents are identical in every respect to the effluent from the reactor. 

(Quantity of BOD removed by bio-oxidation, m3/d) = K1LeV

By mass balance:

LiQ = LeQ +K1LeV




Equation 5.10

Rearranging: 

Le /Li 
= 1 / {1 + K1 (V/Q)}



Equation 5.11
The ratio V/Q is called the mean hydraulic retention time, t, which is the average length of time a typical quantity may be expected to remain in the reactor before being discharged in the outlet as part of the effluent flow.  Therefore:  

Le/ Li = 1 / {1 + K1t}




Equation 5.12

Therefore, equation 5.12 can be very easily used for designing a stabilisation pond as a biological wastewater treatment system.

For a plug flow reactor (Figure 5.3a) in which the flow is in orderly fashion and there is complete absence of lateral and longitudinal mixing between the watertight flow “packets” the design equation is as follows:

Le = Li  e -K1t





Equation 5.13
Where all the terms are same as explained earlier. 

Now we will solve a problem, which will help us understand the use of such equation. 

Worked Example

It is intended to treat a 1700 m3/day of domestic sewage from a population of 10,000 people so that 95% of the influent BOD is removed in a biological reactor. If the ultimate BOD of the sewage is 250 mg/l and the reaction rate constant, K is 0.23 d (base e), calculate the volume of the plug flow reactor required

Solution

For a plug reactor, Equation 5.13:
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      1700 x13.03 = 22,151 m3

A dispersed flow reactor (Figure 5.3b) is a plug flow reactor in which some longitudinal mixing is characterised by the dimension less dispersion number ( defined as:

( = D / V.L





Equation 5.14
Where D is the coefficient of longitudinal dispersion in m2/ h; v is the mean travel velocity of travel in m/h; L is the mean path length of a typical particle in the reactor, m.  When there is no longitudinal dispersion (i.e., ideal plug flow condition) ( = 0. 

For any given K and any desired degree of BOD removal, the required retention time (and as a consequence the volume and construction cost) is the minimum in a plug flow reactor. Plug flow reactor are also less susceptible to shock loads. In practice, a series of reactors are arranged so that they simulate a plug flow reactor. 


 

5.2
TREATMENT SYSTEMS

After having understood biochemical reactions and kinetics of treatment, now we will make an attempt to learn about different treatment systems. They can be mainly classified as aerobic, anaerobic systems and waste stabilisation pond system, which is the combination of two. We will discuss aerobic systems first.

5.2.1
Aerobic systems

These are treatment systems in which a solid medium is provided to which the microorganisms can attach themselves and develop a biological film. The earliest form of fixed film or attached growth treatment process was the biological filter of which many variants have been developed over the years. 

(i)
Aerobic fixed film systems
Biological filter  
Biological filters, alternatively known as percolating filters, bacteria beds or trickling filters, have been in use for over 100 years and are still the most common biological process for small and medium works in temperate climates. None of the terms used to describe the process are really correct and the description biological bed would perhaps be more appropriate. They certainly do not operate as filters and although they do have large number of microorganisms, the purification process also involves many other life forms. 

A conventional biological filter, usually consists of a 2m deep circular bed of random packed angular stone of about 50mm in size supported on a tiled floor which allows the treated liquid to escape freely and ventilation air to enter the bed. Circular beds permit the use of reaction jet distributors in which the discharge of settled sewage through angled jets under a pressure head of 0.5-0.8 m is sufficient to cause the arms to rotate. This provides an effective and inexpensive means of distributing the feed over a large area. Some plants use electrically driven distributors to overcome low flow problems and others may use power driven reciprocating distributor arms if rectangular beds are required because of land area limitations. 

Settled sewage trickles through the interstices and the natural bacteria and other microorganisms become attached to the surfaces of the media. As Figure 5.4 shows in idealised form, the attached film is able to obtain food from the liquid film and also obtain oxygen, which flows up through the bed and transfers across the liquid layer. Waste products of the oxidation reaction and dead microbial cells are released into the liquid layer and discharged in the effluent. In a 2m deep bed the residence time of the liquid is less than a minute but this is sufficient for the absorption of organic matter into the biological film where it is broken down more slowly. The rate of oxidation in a conventional bed is at a peak at the surface. Just below the surface, where oxygen may possibly be limiting, the rate declines through the bed as the food concentration decreases as illustrated in Figure 5.5. 

Figure 5.4

Schematic of Biological Filter Section
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Figure 5.5 

Oxidation Rate in a Biological Filter
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There are some variants such as high-rate filter, alternating double filters and recirculating filters as shown in schematic diagram in Figure 5.4. These figures also explain the difference in their operation as presented in Table 5.1. Recirculation concept is utilised to maintain high biological activities to achieve better BOD degradation. 

Table 5.1 

Design and Operational Considerations for 

Conventional Media Biological Filter

	Parameters
	Low –rate filter
	High-rate filter
	ADF

	Depth (meters)
	1.6 -2.6 (single stage)

1.0 - 1.3 (double stage)
	1-2.7 (single stage) 0.5-1.3 (double stage)
	1.5

	Hydraulic loading

m3/m-d
	1 - 4
	10-30 (including recirculation)
	3-10

	Organic loading as BOD5 in g/m3d
	80 - 320
	500-100

(excluding recirculation)
	240

	Recirculation ratio
	0
	0.5-10
	0

	Dosing interval
	Not more than 5 minutes (intermittent)
	Not more than 15 seconds (continuous)
	Not more than 5 minutes

	Performance

(% BOD removal)
	Greater than 90%
	Grater than 75%
	Greater than 85%

	Degree of nitrification operational skill
	High

Low
	Negligible

High
	High

High

	Maintenance
	Not frequent
	Very frequent
	Frequent


ADF= Alternating Double Filter

Rotating biological contactors (RBC’s)

Developed during early part of this century, the RBC’s are fixed film units in which the film is attached to rotating discs partially submerged. It is mainly used for small communities in the form of factory built packaged plants. These normally include integral primary and secondary sedimentation zones although a coarse screen must be installed to prevent large solids clogging the system. A typical unit will have 20-23 discs, 1-3 m in diameter and spaced at a distance of 20-30 mm. The discs are usually made of plastic material and suppliers offer a variety of surfaces and geometries. Alternatively in place of disc, ropes have also been used to achieve better surface area for biological growth.  The surfaces here are analogous to the surfaces of the stone media in conventional filters. 

Biological aerated filters (BAF)

A relatively recent development in fixed film systems is the BAF unit, which exists, in a number of proprietary forms. The units employ up-flow, down-flow or mixed flow regimes in beds of plastics, sand or expanded shale. The support media provide surfaces for the establishment of substantial bio-films and these are kept aerobic by the introduction of air into the base of the unit. Synthetically developed cells and suspended solids in the feed are trapped in the bed and removed intermittently by backwashing techniques. Depending upon the loadings and operational procedures, BAF units can produce nitrified or denitrified effluents. 

Biological aerated filters have attracted considerable interest for installations where space is at a premium since they are compact and easily housed under cover. This means that some plants using BAF systems have been constructed in the basements of buildings in high areas where the land value is high. With efficient air circulation and deodorising systems such plants can operate without causing any nuisance to the neighbour.  

(ii) 
Aerobic dispersed growth systems
We will now learn more about aerobic dispersed flow system, which has no support medium in contrast to fixed film process that we studied earlier. The microorganisms are grown in a reactor, which provides the appropriate conditions to encourage growth and enable contact with the food source. These types of system require a reactor tank or vessel, which provides intimate contact between the microorganisms and the food and to which the necessary aeration can be provided. To maintain contact between the microorganisms and the food, it is necessary to continuously mix the reactor.  

Conventional activated sludge

The best-known dispersed growth wastewater treatment is activated sludge process. This process utilises a high concentration (2000-6000 mg/l) of biological solids, often referred to as mixed liquor volatile suspended solids (MLVSS), which are kept in suspension by agitation caused by the introduction of diffused air or by mechanical means. The agitation ensures both the necessary contacts between the biological solids and the food source and the presence of adequate oxygen for the aerobic reactions. The process is operated on a continuous flow basis and as the treated effluent is discharged from the aeration reactor it carries with it the same suspended solids concentrations as present in the reactor. A final settling tank is thus an essential part of the activated sludge process in order to produce an acceptable effluent quality. 

As discussed earlier, separation of the mixed liquor solids from the effluent discharge is an essential part of the activated sludge process. A suspension, which does not separate well, leads to two major problems. In that case the effluent quality will deteriorate due to the presence of biological solids and the oxidation process will be starved of some of the returned active solids. It is thus important that the biological solids are flocculent in nature and settle readily when agitation is removed. Most of the microorganisms in activated sludge are bacteria. However protozoa, which eat bacteria and other organic solids, are believed to play a useful role in improving the settling characteristics of the suspension. 

Because of the importance of good solid/liquid separation in the efficient operation of the activated sludge process, a useful operational parameter is the sludge volume index (SVI). This is determined experimentally by allowing a sample of mixed liquor to the aeration basin to settle in a liter-measuring cylinder for 30 minutes. The percentage volume of settled solids is then divided by the mixed liquor suspended solids concentration to get the SVI as: 

SVI = % solids settled in 30 min / MLSS 

Equation 5.15

A sludge with good settling characteristics will have an SVI in the range 40-100. If the SVI reaches 150 or more this suggests a ‘bulking sludge’ with poor settling and compaction characteristics, which will lead to operational problems. We will consider solving a numerical to understand this.

Worked Example

A mixed liquor sample from an activated sludge plant was settled in a 1-liter measuring cylinder for 30 minutes after which time a volume of 350 ml of sludge was recorded. When 50 ml of the mixed liquor were filtered through a GFC paper for the determination of MLSS the gain in weight of the paper was 0.1375g. Determine the SVI:

% settled sludge in 30 minutes = (350 /1000) x 100 =  35

MLSS in mg/l = 0.1375 x 1000 x 1000/50 = 2750

2750 mg/l = (2750 x 1000) x 100/1000 = 0.275%

SVI = 35/0.275 = 127

This SVI value is nearing the level of poor settlement. 

For best operation, a dissolved oxygen concentration in the mixed liquor of at least 2 mg/l is normally required and this is provided by a number of ways. The original activated sludge plants used porous plate diffused air systems. These have been developed into a wide variety of diffusers ranging from jets in pipes to special porous ceramic and plastic materials. The introduction of air at the base of the tank provides the oxygen necessary for the biological reactions and the turbulence to keep the solids in suspension. Mechanical aerators, which may be horizontal and vertical in configuration, create turbulence and entrain air into the liquor. In addition, liquid is sprayed into the air by the rotating aerators so that oxygen transfer occurs in the atmosphere above the surface of the tank. Coarse bubble diffusers are cheaper to purchase than porous diffuser domes or plates but have lower oxygen transfer efficiencies (1.0-1.5 kg oxygen/.kWh as compared with 2.0-2.5 kg oxygen /kWh). Mechanical aerators tend to have similar oxygenation efficiencies compared to fine bubble diffuser, i.e., around 2.0 kg.oxygen/k Wh. 

Aeration is not achieved without the expenditure of energy so that when compared with a biological filter, the operating costs of activated sludge systems are high. Capital costs are, however, somewhat lower so that whole-life costs and the availability of land need to be taken into consideration when choosing between the two basic processes. Because activated sludge is a more highly loaded process than biological filtration, it tends to be more sensitive in inhibitory and toxic constituents in the wastewater and it needs expert control for consistent performance. Because of the energy requirements for aeration, it is often economic to install automatic control of aeration systems to match the oxygen input in accordance with the oxygen demand in the plant. 

High rate activated sludge

Similar to high rate biological filters, it is possible to operate activated sludge units at higher organic loadings but with sacrifices in effluent quality. With loadings of around 1.0kg, BOD/kg MLSS d and MLSS concentrations of about 2000 mg/l, it is possible to achieve BOD removals of 65-70%. Under these conditions the MCRT (Mean Cell Residence Time) is likely to be 2-3 days.

Extended aeration activated sludge

As depicted in Figure 5.2, a long residence time in a biological system should lead to a reduced level of sludge for eventual disposal. This is the basis of the extended aeration system, which uses a low loading 0.05- 0.15kg BOD/kg MLSS and a MLSS of around 2500-4000 mg/l. This leads to a MCRT of many days, perhaps up to 50, with a somewhat reduced volume of highly mineralized sludge for eventual disposal. A fairly high degree of nitrification is usually obtained in appropriate temperature conditions. Extended aeration systems achieved considerable popularity some years ago in the form of factory-made packaged plants for small communities. Problems with poor effluent SS quality due to ineffective settlement and relatively high-energy consumption have resulted in RBCs now being more popular as packaged plants. 

Oxidation ditches

Oxidation ditches were originally developed in the Netherlands as an alternative to packaged plants for small communities. It involves a simple continuous unlined channel fitted with a horizontal aeration rotor. Wastewater is added directly to the ditch without prior settlement and the rotor, in addition to providing aeration, also ensures a horizontal velocity of flow around the ditch. A conventional ditch operates at a loading of about 0.2 kg BOD/m3 capacity per day with a hydraulic retention time of about 24 hours. MCRT is usually about 25 days and the combined primary and secondary sludges are thus fairly stable. Nitrification can normally be achieved, except in cold weather. Larger, more sophisticated ditches tend to have loadings and operational characteristics, which are closer to those of conventional activated sludge units. 


5.2.2
Anaerobic systems

After having understood the aerobic process of treatment let us learn anaerobic system, which is considered good for various reasons. For many years, anaerobic treatment has been used for the stabilisation of the sludges produced from the primary and secondary treatment of wastewater. This is because aerobic stabilization of such high organic content materials would be very difficult and probably uneconomic. For similar reasons, strong organic industrial wastewaters, e.g., from food processing, brewing and distilling process, are sometimes best treated by anaerobic methods before discharge to the sewer or as a precursor to aerobic treatment for direct discharge to the water environment. 

Anaerobic reactions do not provide the same degree of oxidation as found in aerobic processes but they can give significant reductions in organic content with low sludge production and the generation of methane gas as shown in Table 5.2. The methane produced is a valuable fuel source, which can usually satisfy the energy requirements of the process and the excess energy available can be used for other purposes. Sugar industry can be a good example for the purpose.  

Table 5.2

Distinguishing Features of the Aerobic Oxidation and

Anaerobic Decomposition Processes

	Parameter
	Aerobic Oxidation
	Anaerobic Digestion

	Oxygen requirement
	Abundant
	Nil

	Areas of application
	Commonly dilute liquid wastes and solid waste composting
	Commonly sludges

	Energy release (per gram-mole glucose)
	484-674 Kcal
	26 Kcal

	Stages required for process completion
	1
	2

	Decomposition and products
	CO2, H2O, NO3
	NH3, H2S, CO2, CH4

	BOD5 of effluent
	Low (less than 60 mg/l)
	High (up to 5000 mg/l)

	Operative bacterial species
	Mesophillic and Thermophillic
	Generally mesophillic

	Process responsible for bacterial inactivation (composting included)
	High heat release during biooxidation
	Mainly acidic and unfavourable reaction media


The production of high calorific value methane gas is greatly favoured by high temperature. In fact, optimum production occurs at 35oC (mesophilic digestion) and also at 55oC (thermophilic digestion). It is also of interest to note that digestion takes longer time at lower temperatures; a fact which is of importance in the developing countries like India, where small scale digesters need not be heated. 

Methane production can be estimated from the formula:

G = 0.35 Lr = 1.42 St




Equation 5.16

Where, G = Volume of methane gas produced in m3/ unit time 


Lr = mass of ultimate BOD removed, kg/unit time


St = mass of VSS accumulated, kg/unit time

Apart from the temperature, the additional factors necessary for the successful operation of the anaerobic digestion processes are:

· capacity of the reactor should be large enough to allow sufficient time for digestion; 

· high concentration of organic matter (at least 15,000 mg/l) which increases the concentration of the methane-producing bacteria and aids the start-ups of the process;

· vigorous stirring of the digester content to ensure good mixing of bacteria and organic matter;

· regular input of organic matter and regular extraction of the digested organic matter in order to ensure a fairly constant ratio of organic matter to micro-organisms;

· absence of bactericidal and bacteriostatic levels of heavy cations such as copper, nickel, zinc, etc., and also excess ammonium ions, sulphides, cyanides, phenols, phtalates and detergents;

· avoidance of sudden variation of pH beyond the optimum range (6.8 - 7.2), caused by the introduction of alkaline and acid solutions;  

· avoidance of sudden variations of temperature or organic load.

The anaerobic decomposition of organic matter occurs in various waste disposal systems (septic tanks, aqua privies, biogas units, conventional sludge digestion plants, etc.). However, it is only in the design and operation of the conventional sludge digester and the biogas units that serious attempts have been made to harness the high resources recovery potential of the anaerobic decomposition process. The digested sludges produced in these systems have beneficial application in agriculture and the methane is used to power various drive units or provide heat energy.

The septic tank, which is widely used for the treatment of wastewater from individual properties in the absence of main drainage, employs anaerobic digestion to reduce the volume of solids settled out of the wastewater. A septic tank will usually remove about 40% of the incoming BOD and about 80% of the incoming SS. The anaerobic process results in a relatively infrequent need for desludging but it does not obviate that need and a sludge allowance of 0.05 m3/person/year is usually appropriate.

The rural biogas units, which receive both domestic and animal wastes from a household, can provide a valuable source of cooking gas as well as a fertiliser-rich residue. Biogas units are usually designed on the basis of about 2.5 kg VS/m3 and a nominal retention time of about 20 days. Typical units are 1-5 m3 in capacity and care must be taken in their design and construction to prevent hazardous gas leakage. 


5.2.3 
Waste stabilisation pond systems

In our earlier discussion, we looked at systems, which are either aerobic or anaerobic, however there are systems, which use both the processes. Waste stabilisation pond system is one such system. The conventional waste stabilization pond, which is more specifically called the facultative pond, is large, open, shallow flow-through earthen basin, usually rectangular in plan and only about 1-1.5 meters deep. Raw domestic sewage and biodegradable industrial wastewaters are treated by entirely natural process involving the symbiotic relationship between algae and bacteria and solar energy. There are also other waste stabilisation pond systems, which do not function entirely as a result of the algae bacteria symbiosis. The array of system loosely described as the waste stabilisation ponds has greatly extended the scope of the process for the treatment of various types of waste and wastewater. The system capabilities extend from the treatment of such strong organic wastes as human night soil, industrial wastewaters and domestic sewage to the polishing of treated sewage effluents. 

All waste stabilization ponds (WSP) are cheaper than the conventional biological wastewaters. They have a great potential for the treatment of various liquid wastes and wastewaters in India and other developing countries. In India, the waste treatment processes are mainly biological, however, most of these are activated sludge processes. A study conducted by NEERI (Assessment of Sewage Treatment Plants of major Cities, CPHEEO, 1999), showed that almost 85 percent of the activated sludge treatment plants were non-functional. Of the major issues affecting these plants working was non-availability of power and lack of operation and maintenance schedules. In a country like India and others with less power availability and at high cost, the power intensive treatment processes will not serve the purpose. In light of the factors discussed above, other processes, which require less power and low O&M cost will be appropriate for the waste treatment.  Waste stabilisation ponds (WSP) are such systems, which can be easily adopted in country like India. We will discuss the working of WSP in subsequent Sections of the Unit.        

Waste stabilisation ponds are of the following major types:

· Anaerobic ponds are earthen or concrete tanks, 2.- 4 m deep, in which digestion takes place primarily anaerobically. They are used mainly for pretreatment of strong wastes before these are treated in the facultative waste stabilisation pond. 

· The facultative pond (sometimes called the anaerobic -aerobic pond), which operates mainly by bacteria-algae symbiosis process for the stabilisation of soluble organic matter in the liquid phase and by anaerobic digestion for the stabilization of the benthic organic matter. 

· The maturation pond (sometimes called the aerobic pond), which is very similar to the facultative pond. Maturation ponds are used mainly for the further reduction of BOD5 and fecal pathogens from the biological effluents from the facultative pond or any other conventional biological wastewater treatment plant. 

· The aerated lagoon, which is really a waste stabilisation pond having a smaller surface area and in which the oxygen supply is by mechanical aeration rather than the natural bacteria-algal symbiosis process. The aerated lagoon may also be visualised as an activated sludge process operated without sludge recycle. Its main use is for the partial treatment of industrial wastewaters. 

The various combinations of these ponds are used for the treatment of domestic and industrial wastewaters. Typical arrangements normally used for stabilisation ponds are presented in Figure 5.6a and possible sequential stages of development of waste stabilisation systems are shown in Figure 5.6b.

Figure 5.6a

Arrangement and Upgradation of Stabilisation Pond System
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{a) Typical waste stabilization ponds arrangement




Figure 5.6b

Arrangement and Upgradation of Stabilisation Pond System
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The anaerobic ponds function in much the same manner as septic tanks or as sedimentation basins in that the relatively high removal of BOD (greater than 50% after one day's retention but not greater than 60% after two days retention) is principally due to the settlement of sewage solids in the pond bottom where they undergo intense anaerobic digestion. Sludge accumulates at the estimated rate of about 0.04m3/person/year and this may necessitate the occasional desludging of the pond if and when it becomes half full of sludge. The major design and operational problem of anaerobic ponds is the odour release when the volumetric BOD loading is about 400 g/m3 per day and the sulphate concentration is above 100 mg/l (expressed as SO4)

The design of anaerobic ponds is empirical and very tentatively, a volumetric BOD loading (v of 250 g/m3 per day is adopted. The design equation follows:

(v = L [Q/V]





Equation 5.17

where, (v = volumetric BOD loading, g/m3 per day 

   
  L = influent BOD mg/l or g/m3

  Q = influent flow rate m3/day


  V = pond volume, m3
Since ratio V/Q is the mean hydraulic retention time, t as stated earlier: 

(v = L/t 





Equation 5.18









It is not economical to have an anaerobic pond with detention time greater than about 2 days. Anaerobic ponds should not be included in the design for the treatment, detention time is found to be less than 1 day for a strong organic wastewater whereas most of the organic matter is in solution. These are common instances of problems faced in the operation of anaerobic pond system.  

In the facultative ponds, BOD is removed by two major biochemical process viz., normal aerobic biological-algae symbiosis in the liquid phase within the photic zone (where the light penetration is feasible) and the anaerobic digestion of the settled solids in the bottom layer of the pond. The former process is dominant as it results in the rapid utilisation of carbon dioxide for the high production of oxygen during sunlight.  This also results in the pond effluent being usually saturated with oxygen and having a pH of about 8.

The major requirements for the satisfactory functioning of the facultative pond are summarised here: 

· Good mixing, which enhances the vertical transport of the non-mobile and oxygen-producing algal species and oxygen between the lower layer and the photic zone of the pond; it also ensures the uniform distribution of the influent BOD. Good mixing is ensured in the design and construction of the pond by sitting the pond in unsheltered areas. Adopting a square surface plan for the pond which ensures that the dispersion number lies between 0.2 and 10 and also by using baffled inlet pipes which discharge near the bottom of the pond but well away from the pond embankment. 

· Abundant sunshine and clear sky for nearly 75% of the days in a year in order to ensure the photosynthetic reaction necessary for the alga production of oxygen used by the bacteria for waste stabilisation. 

· Shallow pond depths of about 1 meter, which ensures that the major part of the biochemical degradation in the pond is aerobic rather than anaerobic. 

· Provision of more than one pond for any pond system requiring more than 0.5 ha pond area.

The design of facultative ponds is largely empirical and assumes a complete mixed hydraulic regime and a first order BOD removal kinetics which may be stated as follows:

Le =  Li/[1 + Kt] 




Equation 5.19








where, Le = effluent BOD, mg/l


 Li = influent BOD, mg/l


 K = first order rate constant for BOD removal, per day

       (base e)

  
   t =  mean hydraulic retention time, days

Retention time can also be computed if volume of the pond and the flow data is available as:  

t = V/Q = (A x h)/Q




Equation 5.20

Where, V = volume of pond, m3

h = depth of pond usually 1 meter;


Q = rate of influent flow, m3/d


A = surface area of pond, m2
Using the above equations, we can calculate the area and depth of the pond if other data related to the input and output BOD, flow and K is known. Rate constant K is significantly affected by the flow regime assumed in its estimation. However, a value of 0.30 per day at a mean temperature of 20oC is generally assumed for design purposes. The BOD5 of the pond water (Le) is generally assumed to be 60 mg/l for design purposes. Ponds should not be overloaded so that they do not become anaerobic. Maximum BOD5 surface loading of ponds can be estimated from the following equations:

(s = 20 T – 120 




Equation 5.21

(s = the design loading, kg /ha.d

T = the mean air temperature of the coldest month in oC


Typical loading for facultative ponds is 0.02-0.05 kg BOD m3d with nominal retention times of 5-30 days in a pond of 1-2 m deep. Sludge accumulation is of the order of 0.01-0.03 m/ person so that desludging is only required after several years of operations. A widely used empirical design relationship which has been developed for facultative ponds by McGarry and Pescod is:

Allowable kg BOD/ha d = 60.3 x 1.0993T 

Equation 5.22




If there is reason to believe that a wastewater is not as easily biodegradable as domestic sewage a safety factor can be incorporated in the design by dividing the value obtained from Equation 5.21 by 1.5.

Worked Example

A college in India has a population of 500 and is provided with flush toilets. The water consumption is 70 liters /person/ day and the BOD contributed is 0.5 kg/person/ day. If the minimum mean monthly air temperature is 18oC, determine a suitable size for an oxidation pond to treat the wastewater from the college.

Using Equation 5.21:

Allowable BOD loading = 60.3 x 1.0993T = 60.3 x 1.099318



  = 331.4 kg /ha d

As the waste water from domestic sources, no safety factor is needed for load computation. Therefore:

· BOD load from village = 500 x 0.05 = 25 kg/d

· Area required = 25/331.4 = 0.0754 ha = 7542 m (1 ha = 10,000 m2 = 0.01  km2)

· flow to be treated = 500 x 70 = 35000 liters/day

If pond is 1 meter deep retention time is: 

· 754 /35 = 21.5 days

· probable sludge production = 0.02 x 500 = 10 m3 /year 

We can see from here that the sludge production is negligible compared to the pond volume.  

In general, the total pond area of a facultative pond system should not exceed 40 hectares and it is desirable to have two or more ponds in series, of equal retention time, in any pond system requiring more than 0.5 ha of pond area. Although the pond effluent quality increases progressively in a series of ponds, design calculations generally assume that K remains constant throughout the pond series. 


The major function of maturation pond is the reduction of fecal bacteria in biologically treated sewage although the bacteria-algal symbiosis reaction also results in the further reduction of the residual BOD5 (less than 60 mg/l) present. The design equation of the maturation pond is also empirical and follows a first order kinetics. 

Usually, maturation ponds are constructed in series each having the same retention time. A common practice is to construct two maturation ponds each of 7 days retention time or three or more ponds with a retention time of 5 days. 

In contrast to waste stabilisation ponds where the oxygen required for stabilising the organic matter is furnished by algae, the oxygenation is provided in aerated lagoons by mechanical surface aerators installed on floats or rafts or on fixed platforms. In the aerated lagoon, the depth varies from 2.5 to 4 m, the land requirements are much less because of the greater depths and smaller detention times needed for the stabilisation of organic matter. The lagoons can be operated either at a low rate of aeration not adequate to keep all the solids in suspension or by a greater amount of aeration not adequate to keep all the solids in suspension or by a greater amount of aeration to provide full suspension of solids. In the former called the facultative lagoon, the sewage solids tend to settle down and anaerobic bottom is established whereas in the latter called aerobic -flow-through type, the entire pond is aerobic. 

In the facultative type, suspended solids (SS) concentration varies from 30 to 150 mg/l with detention time ranging from 3 to 5 days. Oxygenation requirements vary from about 0.8 kg per kg of BOD5 removal and the power requirements vary from 0.8 to 1.09 kW per 1000 m3. The BOD removal is of the order of 75 to 90%, but there is need for removal of accumulated sludge after some years.

The facultative pond is simple and cheap to construct. It does not require skilled operation and is easy to maintain. Properly designed, the pond also gives consistently good performance. The facultative pond has therefore become very popular for municipal and institutional sewage treatment. The method is suited wherever land is cheap and readily available and may be used for treating sewage either for discharge into streams or lakes or for use on land. The method is particularly useful for interim sewage treatment when due to lack of funds or due to meager flow in the initial stages, it is considered inexpedient to initially construct the conventional treatment plant envisaged ultimately.


 

5.3 
NUTRIENT REMOVAL

Eutrophication of lakes, surface water, including some coastal waters are very common phenomena, which we usually encounter in and around us. This phenomenon is noticed due to presence of nutrients in wastewater effluents discharged to receiving water bodies leading to prolific algal growth, which can release toxic substances as well as cause anaerobic conditions to occur.

Nitrogen in the form of nitrate is a significant pollutant in a growing number of aquifers and although techniques are available to remove it from drinking water they are not as yet fully satisfactory for environmental or economic reasons.

There is thus a good deal of scope for the development and application of processes, which can remove nitrogen and phosphorous compounds from wastewater. Nitrogen in wastewater effluents is most effectively reduced using biological methods and although chemical treatment can readily remove phosphorus compounds, biological processes are also available.

Nitrogen removal

Many conventional biological treatment processes can be operated so as to produce a nitrified effluent but this does not reduce the total nitrogen content to anything like that required for effective nutrient control.

It is, however, possible to achieve high overall removal of nitrogen by combining denitrification under anoxic (low to zero oxygen) conditions with nitrification under fully aerobic conditions. This is most easily achieved by denitrification of previously nitrified effluent. 

Phosphorus removal

Phosphorus can be relatively easily removed by adding lime, aluminum or iron salts to the raw sewage, to activated sludge mixed liquor or in the final clarification stage after biological treatment. The use of chemicals for precipitation of phosphorus produces a significant increase in the volume of sludge for eventual disposal so that biological means of phosphorus removal have also been developed. These exploit what is termed luxury phosphate uptake, which occurs after activated sludge has been exposed to anaerobic conditions. In these conditions, polyphosphates are utilised in energy production and phosphates released into the liquor.


5.4
PRACTICAL ASPECTS OF BIOLOGICAL

TREATMENT PROCESSES

We need to appreciate that because biological processes rely on living organisms to achieve the results, they are not as predictable or robust as some physical and chemical treatment processes. It is, therefore, vital that the design and operation of biological treatment processes takes this fact into account. There are many factors which one should keep in mind while using biological treatment processes.

Toxicity

Toxic or inhibitory constituents in their environment affect all living organisms and it is therefore important that such constituents in the feed do not restrict the performance of biological treatment processes.

Toxins and inhibitors affect living organisms in different ways depending upon the concentration, length of exposure and other environmental factors. In some situations, a sudden shock load of a heavy metal or complex organic substance may be sufficient to stop all biological activity and its continued presence can effectively prevent regrowth. In other circumstances, particularly if the contaminant concentration gradually increases, it may be possible for biological activity to continue although perhaps at a reduced level.

Determination of both COD or (TOC) and BOD values for wastewater provides an initial check on the biodegradability and possible toxicity of a discharge and a COD:BOD ratio of much greater than 3 should be cause of concern. Further studies should be undertaken to determine the reason for the results and the possibility of laboratory treatability tests on small fill-and-draw activated sludge units should be considered.

It is often stated that all organic substances are biodegradable by some microorganisms, which occurs in nature, and this may well be true although it may take some time to find the appropriate species. A good place to look for microorganisms capable of treating an industrial wastewater is in the vicinity of its discharge to a sewer or watercourse. Soil is another fruitful area in the search for microorganisms capable of degrading unusual substances. Phenol is a common ingredient of many household disinfectants and is therefore toxic to most microorganisms but a species of bacteria found naturally in soil is readily able to utilize phenol as a food source. Thus it is possible to seed an activated sludge plant with these microorganisms in order to treat highly phenolic wastewaters from coking processes.

Oxygen availability

As we have discussed earlier, all aerobic systems must be supplied with sufficient oxygen to satisfy the oxygen demand of the process. Failure to achieve this will result in anoxic or anaerobic conditions with consequent process failure. It is thus important to ensure that the design of aerobic processes makes ample provision for the necessary aeration and that effective maintenance ensures that the oxygen is always available.

With biological filters, aeration is provided by natural ventilation from the bottom of the bed. This is achieved by ensuring that the under drain structure is sized so as to maintain air passages even when the full wastewater flow is passing through the bed. For filter beds, which are partly below ground, it is essential that ventilation pipes be provided to be under draining structure to ensure the free entry of air. Failure to provide adequate ventilation to a filter bed will result in reduced performance since restricted oxygen supply will limit the rate of BOD removal.

Activated sludge systems should be designed with ample aeration capacity to satisfy maximum load requirements and standby capacity should be available to cover maintenance or breakdown. Insufficient aeration capacity will reduce BOD removal and will prevent nitrification from occurring. Aeration in an activated sludge plant also provides the mixing necessary to keep the mixed liquor in suspension. Insufficient mixing will allow solids to settle to the bottom of the aeration basin and decomposes anaerobic ally with detrimental effects on performance.

SUMMARY

In this Unit, we discussed the various basic parameters required, while studying biological treatment processes. We also studied the kinetics of the reactions, with which we can find out the order of reaction and the reactor to use for the process. We discussed the treatment systems, aerobic and anaerobic systems and their advantages. We studied waste stabilisation ponds, their types and major requirements for their successful operation. We also discussed the land treatment, nitrogen and phosphorus removal methods under the section nutrient removal. We discussed the practical aspects of the operation, which should be considered always.
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Unit 5


Model Answers to Learning Activities
LEARNING ACTIVITY 5.1
Types of biochemical reaction are aerobic and anaerobic reaction. Aerobic reactions take place in the presence of free oxygen and produce stable inorganic end products with relatively low energy contents. Anaerobic reactions on the other hand occur only in the absence of free oxygen and are more complex because they occur in two stages carried out by different species of bacteria.

LEARNING ACTIVITY 5.2
Fixed film reactors are nothing but the growing of microorganisms on the solid support and form a layer. It is also known as slime, which encourages the growth of a biological film on a supporting medium, which may be stones or plastics. Dispersed growth systems employ reactors, which keep high concentrations of microorganisms flocs constantly in suspension by means of mechanical or hydraulic turbulence.

LEARNING ACTIVITY 5.3
Oxidations ditches involve a simple continuous unlined channel fitted with a horizontal aeration rotor. Wastewater is added directly to the ditch without prior settlement and the rotor, as well as providing aeration, also ensures a horizontal velocity of flow around the ditch. Oxidation ditches were originally developed in the Netherlands as an alternative to packaged plants for small communities.

LEARNING ACTIVITY 5.4
Factors necessary for the successful operation of the anaerobic digestion processes are:

· capacity of the reactor should be large enough to allow sufficient time for digestion, 

· high concentration of organic matter (at least 15,000 mg/l) which increases the concentration of the methane-producing bacteria and aids the start-ups of the process;

· vigorous stirring of the digester content to ensure good mixing of bacteria and organic matter.







































































































(LEARNING ACTIVITY 5.5





What are the requirements of satisfactory facultative pond functioning?





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 5.4





Mention any three factors for better operation of anaerobic digestion processes.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 5.3





Explain oxidation ditches.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 5.2





What is fixed film reactor?





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 5.1





What are the types of biochemical reaction? Explain them briefly.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.
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