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OVERVIEW
Having discussed the air pollution control aspects with regard to particulate matter in Units 7 and 8, in the present Unit (i.e., Unit 9), we will discuss the air pollution control aspects of the volatile organic compounds (VOCs), which are the second most widespread and diverse class of air pollutants.  VOCs can be toxic by themselves or they can form explosive mixtures with air or oxygen, and they remain in the atmosphere for a long period of time. Further, they contribute to the formation of photochemical compounds (which are toxic and contribute to the formation of smog), the greenhouse effect and lead to the depletion of ozone layer. VOCs possess a lower explosive limit (LEL) and they should be kept at that limit to avoid explosions. In fact, it is generally suggested to keep it below 0.25 of this limiting concentration.

Against this background, we will begin the Unit with the discussion on the need for the control of VOCs. We will then discuss the various methods for removal of VOCs. The first method we will discuss in this context is absorption in suitable liquids. If the organic pollutants are soluble in water, they can be removed by absorption in water, and if they are insoluble in water, suitable oils or solvents can be used for absorption. The next method is condensation. In other words, we will discuss how we can condense out some of the organic pollutants, if they are present in high concentration. Note that we can use both indirect and direct contact condensers for carrying out condensation. We will then discuss control of volatile organics by adsorption, i.e., through adsorbents such as activated carbon, zeolites or polymeric materials, which possess very large surface area. The fourth and last method we will discuss is incineration of organic vapour and its three modes – direct flame, thermal and catalytic. 

LEARNING OBJECTIVES

After completing the Unit, you should be able to:

· explain the need for the removal of VOCs;

· select a method for the removal of a volatile organic compound from a mixture with air or gas;

· critically examine the performance of pollution control equipment for air pollution control. 

 

9.1
NEED FOR CONTROLLING VOC EMISSIONS

Traditionally, the word hydrocarbon is used to depict emissions of organic materials to the atmosphere. However, for our present purposes, we find this somewhat misleading since many of the compounds contained in the emissions go beyond carbon and hydrogen and include sulphur, oxygen, nitrogen and chlorides. A more relevant expression to designate these compounds, therefore, is volatile organic compounds (VOC), and this is how we use the term VOC in this Unit. 

The volatile organic compounds are emitted to the atmosphere from natural sources, household use, vehicles and industrial processes. These are probably the second most widespread and diverse class of emissions after the particulate matter. The variety of sources of VOCs is quite large. For example, the small sources of VOCs emissions include fingernail polish remover, spray paints and hair sprays.

VOCs lead to increased risk for health effects in workplaces as well as external environment. Further, they contribute to an increase in the formation of photochemical oxidants, the greenhouse effect and result in the depletion of the ozone layer. The formation of photochemical oxidants has, for example, dominated the debate on the need to reduce the emissions of VOCs. Note that photochemical oxidants are substances that are formed by reactions in the atmosphere between VOCs and nitrogen oxides in the presence of sunlight. These oxidants are complex compounds. Some of the important ones are ozone, aldehydes, nitrogen oxides and nitric acid. Apart from the ill-health effects, it has been found that atmospheric ozone can damage trees and other vegetation including crops.

The ill effects on health caused by the VOCs in the workplace atmosphere include headaches, odour problem, dizziness and even cancer. Therefore, the concentrations of VOCs must be kept below the threshold limit value (TLV) that relates to safe exposure day after day at the workplace. The concentration of the VOCs should be kept well below the lower explosive limit (LEL), which is the lowest concentration of an organic material in the vapour phase that will support propagation of the flame. 

Table 9.1 below gives the physical properties of the VOC along with the lower explosive limits.

Table 9.1 

Properties of Some Common VOCs

	Organic Compound
	Boiling Point, oC
	Solubility in Water
	Whether Flammable
	Lower Explosive Limit

(Volume %)

	Benzene

Acetone

Toluene

Methyl alcohol

Hexane

Carbon Tetrachloride

Trichloroethane

Ethyl acetate

Isopropyl alcohol

Methyl-ethyl ketone

Heptane

Perchloroethylene
	80

56

110

67

69

77

87

77

96

79

98

121
	No

Yes

No

Yes

No

No

No

Yes

Yes

Yes

No

No
	Yes

Yes

Yes

Yes

Yes

No

No

Yes

Yes

Yes

Yes

No
	1.4

2.15

1.27

6.1

1.36

-

-

2.2

2.5

1.81

1.0

-


For safety considerations, the concentration of a vapour mixture should not exceed 25% of the LEL. You can see from Table 9.1 that for benzene, the LEL of 1.4% is equivalent to 14000 ppm. That means that LEL of the benzene vapour at the workplace should be kept below 3500 ppm with the use of appropriate ventilating ducts and air pollution control devices.

In India, there are a number of industrial operations where large quantities of organic vapour are emitted to the atmosphere. Refinery operations, coated fabric units, polymer-processing units, synthetic-fibre industries and plastic processing, combustion of fossil fuels in boilers, furnaces and internal combustion engines add to the atmospheric pollution.

Note that once the organic materials escape into the atmosphere, there is hardly any method by which they can be fixed as with nitrogen and carbon dioxide. They can escape into the upper regions of the earth’s atmosphere and deplete the ozone layer, a protection from unwanted solar radiation’s reaching the earth. Therefore, pollution due to organic compounds is not a local problem. It transcends national boundaries and has repercussions on vegetation and living bodies alike. 

Thus, considering both environmental and health effects, the environment legislation in different countries gives high priority to the emission reduction of alkenes and their oxides, aromatic compounds, aldehydes and chlorine and bromine containing compounds. What this suggests is that we should control emissions of VOCs, on priority basis, from industrial and other applications before they find their way into the atmosphere. Adequate arrangements should, therefore, be made to remove the organic vapour – air mixture – from the process area by suction so that LEL is not reached. 

Before we proceed any further, let us work out Learning Activity 9.1.


Having discussed the need for controlling VOCs, we will next explain the different methods of control of VOCs.


9.2 
METHODS FOR REMOVAL OF VOCs

There are a number of methods for the removal of VOCs making use of properties of absorption, adsorption, condensation and catalytic conversion. Thus, one or more of the following methods can be used for the removal of organic pollutants from effluent gases:

· Absorption of vapour in suitable liquids.

· Condensation of vapour at low temperatures.

·  Adsorption of vapour in suitable media.

· Thermal and catalytic destruction.

We will discuss these methods in some detail in Subsections 9.2.1 to 9.2.4. 

9.2.1
Absorption in suitable liquids

In this method, the vapours in the gases are scrubbed using water or liquids in which they are soluble. The contact between the scrubbing liquid and the gases can be carried out in spray columns, plate columns, packed columns or venturi scrubbers. The commonly used scrubbing liquids are water, methanol or higher alcohols, ketones, esters and ethers. By appropriate choice of conditions, almost complete removal of vapour is possible by this method. The organics so removed in a mixture with the solvent may require further purification by extraction or distillation for the recovery of the material and the scrubbing liquid. For vapour present in gases at concentrations corresponding to the lower explosive limit, the theoretical requirement of water for scrubbing in terms of moles water per mole of organic vapour is given in Table 9.2:

Table 9.2

Requirement of Water for Absorption of 

Some Organic Vapour
	Organic Vapour
	Lower Explosive Limit, %
	Water requirement moles water/mole organic vapour

	Acetone

Benzene

Methyl alcohol

Ethyl alcohol

Ethyl acetate

n-butyl acetate

Ethyl ether
	2.15

1.4

6.1

3.3

2.2

1.7

1.8
	80.7

Not soluble in water

4.3

9.4

364

883

2780


We can see from Table 9.2 that the requirement of water for absorption of an organic vapour is relatively large for materials that are less soluble in water. It is, therefore, recommended that water should be used for absorbing those organic vapours that are readily soluble in it. It has also been observed that the process is economic only when the concentration of the vapour in the gases is more than one percent by volume. Oils and other organic solvents should be used for absorption in the case of organic vapours that are not soluble in water.

The rate of transfer of an organic pollutant from gases, by absorption, depends on the relative concentration of the organic pollutant in the gas and liquid. The greater the concentration difference, the faster will the transfer be. The concentration difference becomes more, if the gas and liquid flow in the opposite direction (i.e., when the flow is counter-current). It is also important to have the contact area between the gas and the liquid phases as large as possible. It is possible to meet the above requirements by making use of counter-current packed bed absorption columns.

A reactive type absorbent removes the pollutant by means of a chemical reaction, transforming the pollutant into relatively less toxic form. Both reactive as well as not reactive absorbents can, often, be regenerated and recycled.  For satisfactory absorption operation, it is necessary to cool the gases to less than 100oC temperature because at lower temperatures, the solubility of gases/vapour is more.

The physical solubility is used to transfer the organic vapour from the gas phase to the liquid phase. The contact between the phases occurs in a counter-current manner in a plate or packed columns or in spray or venturi scrubber type of units. The absorbent should meet the following requirements:  

· possess good chemical and thermal stability;

· have low vapour pressure and viscosity at the operating temperature;

· have high solubility for the organic pollutant to be absorbed.

Water can, generally, be used as an absorbent for low molecular weight organic compounds that are soluble in water (e.g., Acetone, formaldehyde, ethanol etc.)  In other cases, organic solvents should be used. The four solvents that are widely used for the absorption of organic vapour in gases are water, kerosene, silicon oil and polyethylene glycol dimethyl ether. 

After the absorption, the absorbed organic compound should be separated from the absorbent by distillation at low pressure. We can also carry out chemical oxidation of the organic compound by oxidising agents. Oxidation of formalin using bisulphite and styrene using acidified potassium permanganate are the two examples where the absorbed organic matter is removed from the absorbent before the latter can be reused. 


9.2.2
Condensation

Conversion of organic vapour into liquid by cooling is called condensation. Here, the vapour-gas mixture is cooled to its dew point temperature (i.e., temperature at which the first drops of liquid appear) when the vapour condenses out and can be collected. The dew point of the organic vapour-gas mixture depends upon the concentration of the vapour. The dew point of the vapour-gas mixture, therefore, keeps on decreasing as the concentration of the vapour in the gas decreases. It is, therefore, necessary to progressively reduce the temperature of the gas mixture so that more and more material is recovered. The final concentration of the vapour in the exit gas or the extent of recovery of the organic material from the gas depends on the final temperature to which the gases are cooled. If it is indirect cooling (e.g., in a shell and tube condenser), the material recovered is in pure form. The following points should be considered while selecting a method of control of organic vapour by condensation:

(i)
As the cost of cooling the gases is very high and the final concentration of gases is highly dependent on the temperature of the vapour-gas mixture, it is likely that we may not be able to recover the material totally by condensation alone.

(ii)
Condensation of vapour from gases as a method of recovery is applicable only in those cases where the vapour-gas mixture is rich in vapour or is saturated with it.

(iii)
It is most desirable that as much of the material as possible is recovered by condensation by cooling the gases to a temperature that is economically viable.

(iv)
At best, condensation of the organic vapour can, therefore, serve as a preliminary method of removal prior to treatment by methods such as adsorption or combustion.

(v)
For low concentration of organic vapour in the gas, the temperatures required are so low that one-stage refrigerators may not serve the purpose of complete removal. 

(vi)
More often that not, the temperatures necessary for the removal of organic vapour from gases having very low concentrations are below the freezing temperature of the material being removed. Therefore, the material freezes on the cooling coils, necessitating frequent defrosting.

(vii)
If the gases also contain appreciable amount of water vapour, the latter will freeze on the cooling coils contaminating the recovered organic liquid.

There are two types of condensers that we normally use, and these are:

(i)
Indirect-type: In the indirect type shell and tube condensers, the cooling medium (e.g., water, refrigerant, refrigerated water or brine) passes through the tubes, whereas the vapour is kept on the shell side. (See Table 9.3 for a typical overall heat transfer coefficients for condensation.) 

The extended surface or fin-type air-cooled condensers make use of ambient or cooled air as a cooling medium on the shell side and the vapour-gas mixture on the tube side. The heat transfer coefficient is very low as we have non-conducting gases on both shell as well as tube sides. It can vary between 10 and 25 kcal/h.m2.K

Table 9.3

Typical Overall Heat Transfer Coefficients in 

Tubular Condensers

	Condensing Vapour
	Cooling liquid
	Heat Transfer Coefficient

	Alcohol

Organic solvents

Low boiling hydrocarbons

Vegetable oil
	Water

Water

Water

Water
	150 – 300

150 – 300

120 – 300

30 – 75


(ii)
Direct type:  In direct type contactors such as spray, packed, venturi or cyclonic units, direct contact takes place between water or liquid (i.e., the cooling medium) and the vapour-gas mixture. The heat transfer coefficients tend to be much higher – between 2000 and 3100 kcal/m2h.K. The main disadvantage of direct-contact cooling is that, in almost all applications, a mist of fine droplets is formed, which is difficult to separate from the gases. One may require the use of demisters to separate the fine mist from the gases. The organic material can be recovered from water/liquid by distillation or extraction and even continuous decantation.  


9.2.3 
Adsorption

Condensation and absorption of solvent vapour from mixtures with air or gas are economically feasible only if the concentration of the vapour is high. Therefore, one or both of these methods can be used for preliminary recovery or removal of major portion of the vapour. The amount of solvent left in the gas after carrying out condensation or absorption may still be fairly high to be let out into the atmosphere. As such, further polishing of the gases for the residual solvent vapour becomes necessary. Adsorption is by far the best method of separation when the solvent in the gas is present in very small quantities (i.e., 600ppm or less). Figure 9.1 below shows a typical adsorption scheme:

Figure 9.1

A Typical Adsorption Scheme Showing Two 

Activated Carbon Beds
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Adsorption is based on the fact that gaseous compounds get bound or attached (i.e., adsorbed) on a solid porous material (i.e., adsorbent) by forces of molecular attraction. The active surface area of the adsorbent is made very large. The typical specific surface area (i.e., the area per unit mass of adsorbent) can range between 500 and 2000 m2/g of adsorbent. In the past, activated carbon was the only adsorbent available, but during the last 20 years, new porous polymer adsorbents and hydrophobic synthetic zeolites have been made available for use in adsorption applications.

After the adsorption, the adsorbent (e.g., activated carbon) must be regenerated for reuse or the solvent desorbed from the adsorbent.  Generally, desorption is performed by increasing the temperature by heating by steam, hot air or nitrogen. If air or nitrogen is used, the concentrated gas should be treated for recovering the solvent by condensation or otherwise got rid of solvent by thermal or catalytic combustion. In case, the steam is used and solvent, not water soluble, the solvent can be easily recovered by decantation under gravity or centrifugal force. If the solvent is water soluble, we can carry out separation by extraction or distillation.

When the relative humidity of the air is high, the adsorption capacity of all the adsorbents gets reduced. 

Break through curve
When the solvent-air mixture is passed through a bed of activated carbon, all the solvent from the gas is adsorbed and no solvent vapour is noticed at the end of the bed. After some time, depending on the concentration of solvent vapour in the incoming air, the bed gets saturated with the solvent and is not in a position to adsorb any more solvent. Thus, after some time, the unadsorbed solvent vapour appears in the outlet gas for the first time. This is referred to as the breakthrough time, and the curve or plot of outlet concentration vs. the time of adsorption is called the break-through curve. Figure 9.2 shows a typical breakthrough curve: 

Figure 9.2

Ideal and Real Breakthrough Curves for 

Adsorption in a Fixed Bed 
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For the design and operation of an adsorption column, the breakthrough curve is quite important.

Table 9.4 below lists the advantages and disadvantages of the three types of adsorbents, viz., activated carbon, zeolites and polymers: 

Table 9.4

Advantages and Disadvantages of Polymeric Adsorbents

	Adsorbent type
	Advantages
	Disadvantages

	Activated carbon

Zeolites

Polymers
	Established, reliable technology

Design data available

Can be desorbed at high temperature, less sensitive to relative humidities 

Favourable desorption; low pressure drop in fluidized beds
	Sensitive to ketones, high boiling liquids. High humidity reduces capacity 

Expensive

Medium expensive


We can notice that polymeric adsorbents possess better desorption qualities and offer low-pressure loss.

The activated carbon has a specific surface area of 600-1600 m2/g: the larger the area, the higher the adsorption capacity. Table 9.5 gives the adsorption capacity of activated carbon for selected solvent vapour: 

Table 9.5

Adsorption Capacity of Activated Carbon for 

Selected Solvent Vapours

	Solvent
	Adsorption Capacity, 

g solvent/g carbon

	Trichloroethylene

Acetone

Heptane

Isopropyl alcohol

Perchloroethylene

Methylene chloride

Trichloroethane

Naptha

Trichlorfluoroethane
	0.15

0.08

0.06

0.08

0.20

0.10

0.12

0.07

0.08



9.2.4 
Incineration of organic vapour

Depending upon the nature of components in the vapour, their composition and concentration, we can adopt one of the three methods of incineration – direct flame incineration, thermal incineration and catalytic incineration – which we will study, next.

Direct flame incineration

Direct flame incineration of the vapor-air mixture can be carried out when the combined mixture has a calorific value of 900 kcal/m3 or more. We can preheat the gases, if the calorific value is low, but higher than 450 kcal/m3. The devices for flame combustion include fume and vapour incinerators, after burners and flares. The factor affecting the efficiency and economy of the flame incinerators are the temperature of combustion, the time of contact of gases, the concentration of oxygen in the gases and the turbulence of gases. The device for direct flame combustion is often a conventional burner, firing into an enclosure or even into the open, if practicable. Petroleum refineries and the petrochemical plants make use of vertically oriented open-fired combustors. They are called flares. We should take care that the flashback of the flame up to the upstream of the channel does not take place. This can be achieved by making the solvent-vapour gas-mixture velocity on the upstream side well above the flame propagation velocity.

A complete combustion can normally be achieved in the after burner so long as the temperature is maintained well above 500oC. 

Thermal incineration

Incineration is one of the best-known methods of volatile gas disposal. Almost all gaseous organic materials can be incinerated safely and cleanly. Unlike the other three methods discussed (see 9.2.1 to 9.2.3), incineration represents an ultimate destruction method for the volatile pollutants. On the other hand, we can see that there is also no possibility of recovery and re-use.

It is common that a waste gas stream is a mixture of volatile organic compounds rather than a single component. Knowing the contents of carbon, hydrogen, oxygen and other elements, we can develop an empirical formula of its composition. We can then represent combustion by an overall exothermic reaction of the type:

Cx Hy Oz + ( x + y/4 - z/2) O2 ® x CO2 + 
[image: image3.wmf]2

y

H2O

The known end products are CO2 and water. If the substance to be burnt contains an atom of inert material, it will simply pass through the incinerator after being liberated from the mother molecule. Atoms like Cl and S will give gases like Cl2 and SO2, which will form corresponding acids in combination with moisture. These acids formed in the incinerator present a number of problems of corrosion and should, therefore, be avoided. For very low levels of chlorinated VOCs in the gas mixture, scrubbing to remove HCl may not be necessary but if the concentration of HCl in the combustion gas is high (e.g., in the gases from a hazardous waste incinerator facility), an additional protection may be necessary. 

The heart of the any incinerator assembly is the combustion chamber in which the oxidation reaction occurs. The inlet waste gas temperature is, generally, much lower than that required for combustion. Therefore, heat energy must be supplied to the incinerator to raise the gas temperature. The exothermic heat released by the oxidation reaction is normally insufficient to raise the gas temperature to the combustion temperature. Auxiliary heat source such as natural gas would, therefore, be required. Depending upon the contents of organic vapour stream, we may require auxiliary air to obtain complete combustion of waste gas stream and of the auxiliary fuel. At the same time, the amount of excess air needed should be kept low.

Most thermal incinerators are designed to provide no more than 1 second of residence time with the typical reactor temperature ranging from 650oC to 1100oC. When the concentration of the vapour in the gases is below the lower explosion limit, recuperation (i.e., exit hot gases are made to flow through units called recuperators in order to store heat) to increase the temperature of incoming vapour-gas mixture is also practised. No additional fuel may be necessary to support combustion in this case. This scheme has been applied to solvent-gas mixtures from coating applications where the concentration of solvent is as low as 20 per cent of the lower explosive limit (LEL).

Catalytic incineration

We can use catalytic incineration when the waste gases contain low concentration of combustibles (i.e., total concentration is less than 0.25 LEL). The catalyst is, generally, a noble metal such as platinum or palladium dispersed on the surface of a catalyst support such as a silica honeycomb or a screen of nichrome wire. The use of catalyst permits a low operating temperature, which reduces the auxiliary fuel cost.

In principle, a catalyst system of incineration can be used to destroy by oxidation almost any organic compound in the waste gas stream. In practice, however, the nature of the catalyst limits the type of compounds that can be catalytically oxidised.  Gases that contain chlorine and sulphur elements deactivate or poison the noble metal catalysts such as platinum and palladium. 

Chlorinated VOCs can, therefore, be treated only by special metal oxide catalysts. Lead, arsenic and phosphorus compounds are poisonous to most of the oxidation catalysts and should be avoided in the waste gases to be treated. Fine particles, including aerosols, also deactivate the catalysts by blinding its active surface and should, therefore, be removed before catalytic oxidation.

For catalytic oxidation, the volumetric flow rate and the concentration of the combustibles of the gas to the incinerator should be constant. If variations are expected, we should employ thermal incineration in place of catalytic incineration.

The waste gas to be treated is usually preheated before sending to the catalytic chamber. This can be done by exchanging heat with the incinerator's effluent gas or some other process steam. Typically, the minimum temperature at the catalyst bed inlet is kept at 300oC; the temperature at the bed outlet is about 575oC. The residence time of the gases in the incinerator is kept at about 0.75 seconds to 1 second. Here, the flow of the gas includes waste gas stream, supplementary fuel, combustion air and the excess air.


SUMMARY

We began this Unit with the discussion on the need for the control of VOCs. We then discussed the various methods for removal of VOCs. The first method we discussed was absorption in suitable liquids. In this context, we said that if the organic pollutants were soluble in water, they could be removed by absorption in water, and if they were insoluble in water, suitable oils or solvents should be used for absorption. In discussing the second method, i.e., condensation, we showed how we could condense out some of the organic pollutants, if they were present in high concentration. We then discussed control of volatile organics by adsorption, i.e., through adsorbents such as activated carbon, zeolites or polymeric materials, which possess very large surface area. Finally, we discussed incineration of organic vapour and its three modes – direct flame, thermal and catalytic. 
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(LEARNING ACTIVITY 9.5





The total flow rate of gases including waste gas stream, supplementary gas-fuel, combustion air and the excess air at the entry point to the catalytic incinerator of volume 6.5 m3 is 5.6 m3/s at 25oC. Calculate the residence time of the gases in the incinerator if the temperature in the incinerator is 800oC.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with your tutor.














(LEARNING ACTIVITY 9.4





A typical activated carbon was found to have a total surface area (both internal and external) of 900 m2/g. If the activated carbon were in the form of a square sheet having the same area as 1 g of activated carbon, how thick is the sheet of carbon?  (Note that the density of carbon equals 2500 kg/m3.)





Note:


a)	Write your answer in the space given below.


b)	Check your answer with your tutor.














(LEARNING ACTIVITY 9.3





In the direct condensers used for condensing out the organic pollutants, identify the correct statements from the following list:





The organic pollutant is obtained in a pure form.


The heat transfer coefficient is very high.


The gases coming out are at high temperatures.


Operating cost is less.


No separations are required after condensations.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with your tutor.














(LEARNING ACTIVITY 9.2





For absorption of methyl alcohol and ethyl ether in mixtures with air, we require 4.3 and 2780 moles of water per mole of the concerned organic pollutant, respectively (as per Table 9.1). Keeping this in view, calculate the corresponding requirement of water in litres per kg in the two cases.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with your tutor.














(LEARNING ACTIVITY 9.1





In a pollution control device, we have been advised not to exceed 25% of the lower explosive limit (LEL) for hexane. Calculate this value in ppm.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with your tutor.

















224
225

_1087202093.unknown

