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OVERVIEW
Traditionally, the emphasis of environmental pollution practices have been on end-of-pipe treatments to control pollution. This approach, essentially, involves installation of pollution control equipment that can reduce the concentration and toxicity of substances in the gases to acceptable levels.  However, this approach does not completely solve the pollution problem. It can, at best, transfer pollution from one medium (e.g., air) to another (e.g., water). In other words, this approach does not lead to any net environmental benefit.  What this means is that we need a robust approach that reduces pollution at source and, thereby, facilitates pollution prevention. We can prevent pollution through the use of materials, processes or practices that reduce the quantities of hazardous materials handled and help conserve natural resources by efficient use.

Against this background, we will begin this Unit by explaining the concept of source reduction, i.e., minimisation of quantity of waste generation. We will then explain the different ways of source reduction.  In this context, we will first discuss process changes that are required in an existing or a new facility to prevent pollution.  We will also discuss how raw material changes, including their substitution and purification, help produce less quantity of a pollutant or a waste that is less hazardous. In addition, we will discuss operational changes that help reduce the production of wastes and toxic wastes. We will close the Unit by considering pollution prevention through add-on devices such as automotive exhausts.

LEARNING OBJECTIVES

After completing the Unit, you should be able to: 

· explain the concept of source reduction;

· use source reduction approaches (i.e., process changes, raw material changes, operational changes and add-on devices) to prevent pollution.

 

4.1 
CONCEPT OF SOURCE REDUCTION

As you know, prevention is better than cure.  It is, therefore, best of our interest to prevent air pollution from different activities than to take remedial measures at the end. To achieve prevention, it is incumbent on us to design our operations and processes in such way as to prevent leakages of solvents, gases, etc., from process lines, pumps, vessels and reactors. Raw materials, including hazardous, should also be carefully handled and unnecessary build-up of inventory avoided. In addition, we should employ efficient technology, use raw materials that contain low impurities, produce less side products, carry out all operations efficiently and recover, recycle and reuse (3 R’s) all materials so that no or minimal quantities of materials are left out in the air or wastewater. 

Clearly, it is the preventive measures we take that help prevent pollution.  Emissions of air pollutants, for example, can be reduced by various means including the following: 

(i)
Eliminating the pollution source (e.g., shutting down the offending system or relocating it).

(ii)
Modifying the source of pollution by incorporating technological changes so that the released constituents are less harmful or in smaller quantities.

(iii)
Recycling and reusing the released materials after they are recovered.

(iv)
Capturing the released materials for discharge into well-managed wastewater or solid waste disposal facilities.

(v)
Capturing the released materials and converting them into less harmful species.

(vi)
Destroying the offending air pollutant.

Of the options listed above, we will touch upon the first three options that help reduce the quantity of pollutants before they are sent to the end-of-pipe pollution control system.  Note that the options at (iv) to (vi) are the so-called end-of-pipe control methods. End-of-pipe treatment methods are those that remove pollutants at the end of process operations and not during the processing of materials.  For example, the removal of particles from gases using a bag or fabric filter; (which are later sent to a landfill site) or adsorption of an organic solvent on activated carbon, (which can be later destroyed by combustion). We will consider these processes later in Units 7 to 10. 


 

4.2
APPROACHES TO SOURCE REDUCTION

In Subsections 4.2.1 to 4.2.4 we will consider ways to prevent pollution through process changes, raw material changes, operational changes and add-on controls. 

4.2.1
Process changes

We can effect process changes either in an existing facility or in a new design. Generally, the strategies of process changes involve the following:

· selecting a process that has the least potential for air pollution;

· avoiding leakages and spillages by proper containment of the process streams;

· minimising the quantities of the different effluent streams;

· segregating emission streams for recovery and reuse of materials;

· providing necessary measuring instruments for the determination of pollutant concentrations;

· anticipating and providing for accidental losses of materials.

Note that some of the most effective methods for pollution prevention involve using the same kind of technology that is used for end-of-pipe control. But, the processes do differ.  Table 4.1 below classifies these processes along with the kind of air pollutants on which they may be effective:

Table 4.1

Pollution Control for Various Air Pollutants

	Pollution Control Technology
	Organic Vapour
	Inorganic Gases
	Particulate Matter
	SO2 & NOx

	Condensation

Adsorption

Adsorption

Filtration

Electrostatic precipitators

Wet scrubbing

Inertial separators

Incineration
	X

X

X

X

X
	X

X

X


	X

X

X

X
	X


X – indicates applicability

There are many instances where a reduction in air pollution has been achieved by modifying the processes. Some of them are given below:

(i)
Paint industry:  When factories that used huge quantities of paints on their goods (e.g., automobiles, refrigerators, etc.) were asked to limit their hydrocarbons emissions, they switched over to water-based paints for some of their applications, reducing thereby the hydrocarbon emissions problem. 

(ii)
Copper smelters:  In the past copper smelters used reverberatory furnaces, which produced high volume and low-concentration SO2 waste gas. They have now given way to smelting processes that give lower-volume, higher concentration SO2 containing gases. If the concentration of SO2 is above 4% by volume, we can produce sulphuric acid economically. Therefore, smelters that extract metals from sulphide ores (e.g., copper, zinc, lead, etc.) have used this recovery process economically, reducing thereby the air pollution problem at the same time.  Note that coal-fired electric power plants cannot recover sulphuric acid economically because in their case the SO2 concentration is very low (i.e., less than 0.1 percent by volume).    

(iii)
Open burning:  Municipal or industrial wastes, when burnt open, give out air emissions that are bad smelling and harmful to health.  By burning them in closed incinerators that have much better predrying, heat conservation and fuel-air mixing, we can reduce the volume of air emissions. 

(iv)
Basic oxygen process (BOP):  BOP in steel making, as compared to the earlier open-hearth furnaces, gives out gas emissions that are more concentrated and lower in volume flow rates. We can, therefore, recover useful materials from these gases quite readily and recycle or reuse them.

(v)
Sulphuric acid plants:  Most of the earlier sulphuric acid plants were designed for about 98.5% conversion. In economic terms, this was considered an optimum level of conversion, but then it led to the concentration of SO2 in the stack gases upto 2500 ppm, which is very high from the pollution point of view.  The DCDA (double-conversion double absorption) technology not only helps reduce the concentration of SO2 in the emission gases to 500 ppm and less but also increases the plant output considerably. 

(vi)
Chlor-alkali industries:  The earlier mercury-cell chlorine-caustic soda plants are giving way to the diaphragm-cell plants due to the toxicity of mercury in the ventilation air.

(vii)
Oxygenated compounds:  When added to the motor fuels (about 2%) oxygenated compounds change the combustion process, enough to lower carbon monoxide emissions significantly.

(viii)
Fluorescent light:  The use of high efficiency fluorescent lights in place of incandescent lights is a process change that can reduce overall emissions. A lower consumption of electric energy for the same amount of light means that less fuel is used in power stations and hence lower overall gas emissions.  (Note that any process change in any application that tends to reduce the consumption of energy, fuels or raw materials eventually reduces the air pollutant emissions.)

(ix)
By-product recovery:  In some processes, the by-product recovery helps to collect the pollutant and use it than to discard it into air. Generally, we can reclaim the pollutant only if its concentration is high.  Past experiences of recovery of materials that would otherwise pollute the atmosphere include the following:

· Hydrogen sulphide gas from pesticide industry, which has been successfully absorbed in caustic soda solution to give NaSH, that acts as a reducing agent in dyes manufacture.

· Sulphur dioxide in a dye intermediate industry has been successfully used to form ammonium sulphite, which can in turn be used for the production of dye intermediates. In another application from an inorganic chemical industry, sulphur dioxide was purified, liquefied and stored. 

· Nitric acid is produced by the catalytic oxidation of ammonia and absorption of NO2 in chilled water. As the residual concentration of the oxides of nitrogen, NOx (i.e., NO + NO2), was still very high (upto 2000 ppm), the gases were absorbed in NaOH solution to produce sodium nitrite/nitrate. It was, therefore, possible in this case to produce useful substances, solving at the same time the problem of air pollution. 

Pollution prevention can also be achieved by bringing about changes in the raw materials used. We will discuss this aspect in Subsection 4.2.2.  Before we do so, let us complete Learning Activity 4.2.


4.2.2
Raw material changes

Raw material changes, which include material substitution and material purification, help produce less quantity of pollutant and may result in a waste that is less hazardous, while ensuring that the quality of the product remains unaffected.  Consider the following examples in this context:

· A large part of the reduction in sulphur dioxide emissions accomplished by the electric power industry has been the result of switching over to low sulphur fuels.  That is to say, low sulphur coal has replaced high sulphur coal and natural gas has replaced coal. Greater reliance will also be needed in future on desulphurisation of fuels than that at present.

· Switching vehicles from gasoline or petrol to compressed natural gas (CNG) has contributed to reduced vehicular air pollution emissions.  And, an addition of oxygenated compounds to motor fuels (about 2%) changes the combustion enough to lower CO emissions significantly.

Emissions from fuel oil combustion depend upon the composition of the oil, the type and size of the boiler and the level of equipment maintenance. Kerosene gives out lower particulate emissions than fuel oils. Sulphur oxides are largely dependent on the sulphur content of the fuel and are not affected by the boiler size, burner design, etc. On an average, more than 95% of sulphur appears as SO2, 1-5% as SO3 and 1-3% as particulate sulphate. The SO3 readily reacts with water vapour to form sulphuric acid mist. 

Nitrogen oxides are formed from the combined nitrogen in the fuel and thermal fixation of nitrogen with oxygen in the combustion air.

Natural gas is considered a clean fuel with no particulate or sulphur dioxide emissions at normal operating conditions. There is an increasing pressure on motor vehicle manufacturers to develop vehicles that are powered by energy sources other than petrol. 

The ultimate aim is to reduce CO2 and volatile organic compounds (VOC) and the green-house gases and to generally reduce dependence on crude oil. Various estimates have been made of how effectively different fuels would contribute towards reducing these gaseous pollutants. It is estimated that the use of electric automobiles could reduce hydrocarbon and carbon monoxide emissions but that emissions of oxides of nitrogen, sulphur dioxide and particle matter would increase by at least 55%, 500% and 400%, respectively, due essentially to increased electric power production for recharging of batteries in the vehicles.

The ultimate case of raw material changes or material substitution occurs when a substance is banned. DDT, for example, was banned and other insecticides were developed in its place. Now, the emphasis is on eliminating chlorofluoro carbons (CFC’s) that have been widely used as refrigerants and propellants. We seek to reduce these and other solvents that affect ozone depletion. About 1.5 million tons per year of chlorinated hydrocarbons are used in the world. They possess properties that make them suitable for a host of industrial applications. They are non-inflammable and have boiling points near the room temperature. The environmental regulations related to the prevention of smog formation, ozone depletion and global warming require their use in reduced quantities.  

Notable successes in reducing emissions by material substitution have also been due to replacement of solvent-based cleaning and coating materials with water-based ones.  Now, consider Table 4.2 that lists a few typical examples of raw material changes as they pertain to volatile organic compounds (VOCs):

Table 4.2

VOC Reduction Through Substitution

	Application
	Technique

	Printing
	Substitute solvent-based ink with water-based ink.

	Furniture
	Use water-based paint in place of solvent-based paint.

	Printed circuit boards
	Use solvent-based developing in place of solvent-based system.

	Pharmaceuticals
	Replace solvent-based tablet coating process with water-based one.

	Household appliances
	Use alkaline degreaser in place of solvent one.



4.2.3
Operational changes

Operational changes can be broadly classified as follows:

(i)
Operational settings: These involve changes in the way the process equipment operate including adjustments to parameters such as temperature, flow rate, pressure and residence time. These changes often represent the easiest and least expensive ways to reduce waste generation. Additional controls and/or automation will result in better monitoring and adjustment of the operating parameters. Human error can be reduced as a result of automation.

(ii)
Equipment changes: These can reduce waste generation either by including additional operations or by replacing out-of-date operations. Many equipment changes can be simple and very inexpensive (e.g., installing better seals to eliminate leakage, putting drip pans to collect leaking material for collection and reuse, etc.). Another modification may be to increase the agitation rate and alter temperatures to prevent the formation of deposits, etc.

(iii)
Procedural changes: These include loss prevention, improvements in material handling, improved management practices, better production schedule, segregation of gas streams and improved personnel deployment. These often require very little capital cost and result in better return on capital. Loss prevention can minimise wastes by avoiding spills of volatile materials and their leaks from equipment. Some of the potential sources of material loss are: loading, storage and processing. A most effective way to reduce the amount of waste generated through spills is to take ample precautionary measures, ensuring that spills never occur in the first place. We should handle the waste and manage it like a misplaced resource. It should not be contaminated further before it has been processed for recovery of useful materials for recycle or reuse.

(iv)
Inventory management: This includes inventory control and material control. Inventory control involves techniques to reduce inventory size and hazardous chemical use while at the same increasing inventory turnover.  For example, purchasing only the exact amount of raw materials needed for a set period of time is the key to proper inventory control. Another step in establishing a proper inventory control system is to develop review procedures for all materials purchased.  Material control involves employing methods to reduce raw material and finished product loss and damage during handling, production and storage.  We should pay the attention it deserves to this aspect of inventory management.

(v)
Waste stream segregation: This includes the separation of hazardous and recoverable wastes from the combined gas waste-stream. This increases recoverability, and decreases the volumes and the disposal costs.

(vi)
Changes in production schedule: These can reduce, for example, the frequency of equipment and tank cleaning in batch production runs. To reduce cleaning frequency, batch sizes should be maximised or batches of one material should be followed by the same or similar product so that no solvent cleaning is required between batches.

(vii)
Location of new projects:  It is difficult to move an existing plant but a new plant can be located where the emissions do not affect thickly populated areas. This reasoning forms the basis of industrial zoning and land-use planning. If a region has a severe problem of pollution due to a given pollutant, we should not generally allow a new source of that pollutant in the same region. This should be the practice even if best of controls are available to control the air pollutant because even a well-controlled new pollution source can add to the current problem of pollution. If, for example, a new coal-fired power plant is desired to be built in India, no useful purpose will be served in trying to get air pollution permissions to build it in or near a major city. Instead, we should look for a location away from major population centres and promise to incorporate all available effective air pollution control equipment. 

Air pollutants are generally diluted with atmospheric air using very tall stacks.  However, note that by dilution, we are still keeping the pollutants in the air at low concentrations and not removing them. Even though it is not an effective way to reduce air pollution, it still plays a major role in the air pollution control regulation in India. It is the final step, after all the possible preventive approaches, recovery/recycle methods and control equipment have been considered or actually employed.

4.2.4
Add-on devices

In Table 4.1, we had listed a number of air pollution control methods. Out of this list, condensers, absorption columns, adsorption columns, filtration and the inertial separators offer convenient opportunities for recovering materials for reuse. These equipment/devices can, therefore, be added in an existing production process or a proposed new scheme so that recovery of a pollutant could be practised with advantage.  (Note that we will discuss this aspect in Units 7 to 10.)  For the present, let us explain the advantage of add-on devices with a case from the automobile industry.  Modifications can be made in automobiles in order to reduce the contents of NOx, CO and hydrocarbons.

Let us explain some of the possibilities of modifications, next.

Tail-pipe emissions of automobiles
Tail-pipe emissions refer to the gases coming out from automotive exhausts and contain CO, NOx and hydrocarbons as pollutants. The cheapest and the simplest approach for controlling air pollution is to minimise the formation of these pollutants.

Most of NOx formation takes place in the combustion zone during the burning of fuel in the internal combustion engine. The concentration of NOx depends mainly on the flame temperature and the availability of oxygen at that temperature. The mode of operation also decides the amount of NOx formed. Thus, the NOx emission is the highest during acceleration due to the large volume of exhaust gases and also during steady running of the engine at high speeds when the air to fuel ratio is also high.

Diesel engines, both mobile and stationary, exhaust combustion gases at a much higher rate than petrol engines do. Maximum NOx is emitted when the temperature of the charge, due to combustion in the engine, is augmented by the compression of the rising piston.

Recycle of exhaust gases
The present-day combustion systems are designed for a high degree of performance efficiency and reduced levels of CO and hydrocarbons. Any changes in the design variables to reduce NOx will have an impact on the efficiency of combustion and will increase CO and hydrocarbons. A possible solution, therefore, is to have indirect injection of fuel at as slow a rate as possible. 

Recycling a part of exhaust gases back into the engine has been known to be the best way to control NOx emissions for both petrol and diesel engines. The temperature of the recycled gases should be brought down by cooling, but it should be well above the ambient temperature to prevent condensation of the volatiles. The recycle ratio can be as high as 25% of the volume of air-fuel mixture. It has been reported that the recycling of exhausts can bring about a reduction of 80% in NOx concentration and 50% in CO levels. A slight add-on modification in the engine will be required for incorporating the recycling of gases. 

Table 4.3 gives typical concentrations of pollutants in vehicular exhaust emissions:

Table 4.3

Typical Concentration of Air Pollutants in 

Vehicular Exhaust Emissions

	Type of engine
	Air Pollutant
	Idling Condition
	Acceleration Condition

	Petrol
	CO

HC

NOx
	69000

5300

30
	29000

1600

1025

	Diesel
	CO

HC

NOx
	2000

400

60
	1000

200

350


Note from Table 4.3 that concentrations of CO and hydrocarbons are higher in idling condition than those in acceleration mode because in the former case, the combustion of fuel is not complete. Diesel engines, however, emit lower CO and HC in their exhausts as compared to petrol engines. 

Catalytic treatment of gas emissions
Almost all-automobile manufacturers have come to the conclusion that they will not be able to meet the current and future emission standards by modifying the engine alone. Instead, they find that it is best to modify the engine in such a way as to produce the right mix of emission products for effectively treating catalytically.  For example, a three-way catalyst has been developed that promotes the following reaction:
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NOx + CO + HCN2 + CO2 + H2O

The catalyst used is platinum-rhodium. The above reaction requires a close control of the NOx : (CO+HC) concentration ratio along with the air-fuel ratio.

The catalyst for the treatment of the auto-exhaust gases is a 5:1 mixture of platinum with rhodium supported on an Al2O3 layer that is deposited on a ceramic base.

One requirement of the three-way catalyst is that it requires operating the engine at air to fuel ratio of nearly stoichiometric. With the computer control in the new automobiles, it is now possible to operate the engines closer to the limits of stable combustion over a range of air to fuel ratios so that overall fuel economy is maintained. At the same time, with an effective exhaust gas recirculation (EGR) and oxidizing catalyst, the concentrations of pollutants in the exhausts of automobiles can be controlled.  

The three-way catalysts are effective only at a temperature of about 600oC. This means that the catalysts become operative only after several minutes after the car has started. Leaded petrol cannot be used as it destroys the noble metal catalyst. Even with unleaded petrol, the lifetime of the catalyst is only about 100,000 km. 

Computer control devices
In relatively older vehicles, the control of air-fuel ratio, spark timing and exhaust recirculation rate are usually carried out by mechanical or pneumatic devices that sense engine speed, throttle setting and different temperatures. Today, auto manufacturers have switched over to computer control.  The controls can react to changes much faster than the mechanical or pneumatic devices. The improved engine control thus opens up new possibilities for better fuel economy and emission control than hitherto possible. 


SUMMARY

In this Unit, our focus was on pollution prevention. We said one of the ways of preventing pollution was source reduction. This being what it is, we began the Unit by introducing the concept of source reduction. We then discussed at length the four main means for source reduction, i.e., process change, raw material change, operational change and add-on devices. Under process changes, we discussed the selection of a process involving the least potential of air pollution, minimisation of the quantity of different effluent streams, segregation of emission streams for recovery and reuse. Among the raw material changes, we discussed material substitution and material purification. Under operational changes, we included operational settings, procedural changes, inventory management, etc. Finally, we discussed add-on devices by considering the case of automobile industry.
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Unit 4


Model Answers to Learning Activities
LEARNING ACTIVITY 4.1
Stream (ii) will have a better potential for sulphur recovery. This is because we have higher concentration of SO2 in case (ii). At higher concentrations of SO2, the rate of reaction as well as the rate of the physical transfer will be higher. It may be noted that for the recovery of sulphur, we have to carry out some reactions as well as some physical operations involving sulphur dioxide.

LEARNING ACTIVITY 4.2
	Concentration of the particles in the gases
	= 600 (g/m3

	Flow rate
	= 1000m3/minute

	Weight of particles collected
	= 600 x 1000

= 6 x 105 (g/minute

= 0.864 kg/day


LEARNING ACTIVITY 4.3
If we run all vehicles, including trains on electricity or batteries, the electrical energy required for driving the electrical motors or charging of batteries will have one of the following sources:

· Thermal heat from the combustion of fossil fuels.

· Hydroelectric energy.

· Nuclear energy.

Combustion of fossil fuels will produce carbon dioxide, particles, hydrocarbons, NOx and other air pollutants. Besides, only about 30% heat energy will be converted into electricity or mechanical energy and rest 70% will be wasted.

Hydroelectric stations lead to silting of dams, submergence of land, shifting of population, etc. 

Nuclear energy produces hazardous waste products that are highly radioactive, and their disposal is a big problem.  This means the use of electricity alone may solve the air pollution problem in a local area.  But it does leave environmental effects in other locations.

LEARNING ACTIVITY 4.4
Dilution of air pollutants using tall stacks does move the pollutants away from their sources of generation and reduce their exposure to populations living nearer the sources of generation. But places away from the sources of generation are still adversely affected through exposure at a lower concentration level. Dilution essentially disperses the pollutant; but the overall quantity of pollutants still remains the same in the atmosphere or environment. Therefore, the dilution of air pollutants using tall stacks is not the ideal solution because no removal or recovery of pollutants takes place by their use.

LEARNING ACTIVITY 4.5
In the idling mode, we have lower air to fuel ratios than in the accelerating mode. This results in more of hydrocarbons and carbon monoxide in the exhaust gases as compared to those obtained during the accelerating mode. As a result of an incomplete combustion, lower peak temperatures are obtained in the idling mode, wherein the combination of oxygen and nitrogen is hindered. Therefore, in the idling mode, we get lower concentrations of nitrogen oxides compared to those obtained during the accelerating mode.







































































































(LEARNING ACTIVITY 4.5





In Table 4.3, we showed that NOx formed in idling condition in petrol driven vehicles is less than that in accelerating condition. Why is it so?





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 4.4





Dilution of air pollutants by making use of tall stacks, though useful, is not the ideal solution for air pollution problems. Can you say why this is so?





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 4.3





It is stated that if all the vehicles including trains run on electricity in a country, it may solve the air pollution problem in local areas but it may have adverse environmental effects in other locations. Do you subscribe to this view?  Explain.





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 4.2





In an insecticide-manufacturing unit, the gases coming out of a micro-fine grinding unit, containing 600 (g of sulphur/m3 of gas, are sent to a bag filter. If the flow rate of the gases through the bag filter is 1000 m3/minute, how much sulphur will be separated in the bag filter in kg/day? Assume that all sulphur particles are separated in the bag filter.





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 4.1





Suppose in a copper smelter two streams containing sulphur dioxide have been identified as follows:





(i) 	1000 m3/minute containing 2000 ppm of SO2


(ii) 	1000 m3/minute containing 5 percent of SO�2





Which one of the above two streams has a better potential of sulphur recovery and why?





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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