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Other Pollutants

11.1 INTRODUCTION

This chapter contains discussions of pollutants that generally receive less attention
than NOx, unburned combustibles, SOx, particulates, and noise. Specifically, the
chapter discusses carbon dioxide, thermal radiation, and dioxins and furans. There
are a number of other pollutants that are of interest in waste incineration, but are
rarely encountered in other types of industrial combustion processes. Therefore,
discussion of those pollutants is given in the chapter on waste incineration
(Chap. 16). In a limited number of industrial combustion processes, odor may also
be considered a pollutant, such as when H2S is present. However, odor pollution is
not considered here as it is not generally due to the industrial combustion process,
but rather due to chemicals in the incoming feed materials.

11.2 CARBON DIOXIDE

Carbon dioxide (CO2) has recently been gaining prominence as an important factor
in global warming. At this time, its affect on the environment is somewhat disputed,
but most agree the rapid rise in the ambient levels of CO2 in the atmosphere has been
a leading cause in the rise in atmospheric temperatures. The rise in CO2 levels has
been caused by both a rise in the burning of hydrocarbon fuels and the cutting down
of vast forests of trees that naturally remove CO2 from the atmosphere via
photosynthesis. Because of the prominence of hydrocarbon fuels in nearly all
industrial processes, either directly or indirectly, CO2 emissions may need to be
considered as another pollutant to be regulated. Paul and Pradier [1] have edited a
book dedicated to the environmental issues associated with CO2.

Carbon dioxide is somewhat usual compared to other pollutants for a variety
of reasons. First, it is inert and not directly harmful to humans and in fact is required
by plants. Second, there is disagreement as to whether it is actually a pollutant.
Third, it is the natural by-product of hydrocarbon combustion processes and
therefore is very difficult to reduce without dramatically affecting throughput rates.
Fourth, the primary treatment after CO2 is produced is sequestration where the
pollutant is captured and then stored elsewhere. It is likely that this ‘‘pollutant’’ will
continue to gain prominence in the future due to global warming.
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11.2.1 Introduction

Carbon dioxide is a colorless, odorless, inert gas that does not support life since it
can displace oxygen and act as an asphyxiant. CO2 is found naturally in the
atmosphere at concentrations averaging 0.03% or 300 ppmv. Concentrations of

3–6% can cause headaches, dyspnea, and perspiration. Concentrations of 6–10%
can cause headaches, tremors, visual disturbance, and unconsciousness. Concentra-
tions above 10% can cause unconsciousness eventually leading to death.

Carbon dioxide is a naturally occurring element that is part of the natural cycle
in the atmosphere. CO2 enters the global atmosphere from vegetative decay and

methane oxidation. The CO2 is removed from the atmosphere by photosynthesis and
solution in bodies of water. This balance of sources and sinks has been thrown out of
balance by the increase in CO2 generation from fossil-fuel combustion.

Carbon dioxide emissions are produced when a fuel containing carbon is
combusted near or above stoichiometric conditions. Some studies indicate that CO2

is a greenhouse gas that may contribute to global warming. Some believe that CO2 is

the main culprit causing global warming although that is disputed by some scientists
who argue other gases such as chlorofluorocarbons, methane (CH4), and nitrous
oxide (N2O) are the key culprits [2]. The petrochemical industry is particularly
interested in this debate because of the implications for its primary products, which

contain hydrocarbons that produce CO2 when burned [3]. The veracity of the
historical global CO2 and temperature data is questionable at best. There does not
appear to be a satisfactory explanation for the cooling trend observed during the
early 1900s as no significant pollution control methods were introduced, nor were

any large-scale climatic changes identified.
Many schemes have been suggested for ‘‘disposing’’ of CO2, including injection

deep into the ocean [4–6] or deep-well injection for oil recovery. In Europe, CO2

emissions are considered a pollutant and as such are regulated. Any technique that
improves the overall thermal efficiency of a process can significantly reduce CO2

emissions because less fuel needs to be burned for a given unit of available heat
output. Some predict that reductions in CO2 emissions will become increasingly
important for the petrochemical industry [7].

11.2.2 Formation Mechanisms

This section discusses some of the important variables that impact CO2 formation
including fuel composition and temperature, oxidizer composition and temperature,

equivalence ratio, and exhaust gas temperature.

11.2.2.1 Fuel Composition and Temperature

There are many factors that affect the amount of CO2 produced during the
combustion of fossil fuels in industrial processes. The global simplified reaction of a

hydrocarbon with air can be written as follows:

CxHy þ aðO2 þ 3:76N2Þ ! xCO2 þ 0:5yH2Oþ bO2 þ 3:76aN2 þminor species

ð11:1Þ
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where x and y are determined by the fuel, and the minimum a for complete
combustion can be calculated from an O atom balance where b¼ 0:

2a ¼ 2xþ 0:5y

a ¼ xþ y=4 ð11:2Þ

In reality, there will be some excess O2 (b>0) to ensure complete combustion. For
simplicity, b and the minor species will be assumed to be zero here. Then, the global
reaction can be rewritten as

CxHy þ ðxþ y=4ÞðO2 þ 3:76N2Þ ! xCO2 þ 0:5yH2Oþ 3:76aN2 ð11:3Þ

so there will be x scf of CO2 produced per scf of CxHy. Table 11.1 shows the
calculated amount of CO2 produced per 106 Btu for some common gaseous fuels.
There are two extremes for hydrogen and carbon monoxide where either no CO2 is
produced or 3226 scf CO2/10

6 Btu, respectively. In between these two fuels, the
amount of CO2 produced is approximately in the range of 1200 scf CO2/10

6 Btu for
the fuels considered. This is relatively independent of the hydrogen:carbon ratio
(x/y) in the fuel.

Figure 11.1 shows the predicted volume per cent of CO2 in the exhaust gas
from the adiabatic equilibrium combustion of CH4/H2 and C3H8/H2 fuel blends with
ambient air. As the hydrogen content in the blend increases, the fraction of CO2 in
the exhaust gas decreases. The graph also shows that more CO2 is produced for
propane compared to methane as discussed above. Figure 11.2 shows that the
predicted fraction of CO2 in the exhaust stream decreases slightly with fuel preheat
temperature. This is primarily due to dissociation.

11.2.2.2 Oxidizer Composition and Temperature

The oxidizer composition affects the percentage of CO2 in the exhaust stream. This is
important when considering ways to capture the CO2 for other uses or for storage

Table 11.1 Flow Rate of CO2 Produced per 106 Btu

Fuel

Formula

(CxHy) x y x
y

Heat of

combustion

(Btu/scf)

scf

Fuel/106

Btu

scf

CO2/scf

fuel

scf

CO2/10
6

Btu

Hydrogen H2 0 2 0.000 320 3125 0.0 0

Methane CH4 1 4 0.250 985 1015 1.0 1015

Ethane C2H6 2 6 0.333 1712 584 2.0 1168

Propane C3H8 3 8 0.375 2450 408 3.0 1224

Butane C4H10 4 10 0.400 3300 303 4.0 1212

Ethylene C2H4 2 4 0.500 1480 676 2.0 1351

Propylene C3H6 3 6 0.500 2310 433 3.0 1299

Butene C4H8 4 8 0.500 3150 318 4.0 1270

Acetylene C2H2 2 2 1.000 1450 690 2.0 1379

Carbon monoxide CO 1 0 1 310 3226 1.0 3226
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(sequestration). The higher the concentration of CO2, the easier it is to separate the
CO2 from the other components in the exhaust stream. Figure 11.3 shows the CO2

concentration (wet basis) in the exhaust gases for methane and propane combusted
adiabatically with oxidizers consisting of oxygen and nitrogen, where the oxygen
concentration varies from 21% (air) to 100% (pure oxygen). The CO2 concentration

Figure 11.1 Adiabatic equilibrium CO2 (wet basis) as a function of the hydrogen content in

CH4/H2 or C3H8/H2 blends combusted with ambient air at an equivalence ratio of one.

Figure 11.2 Adiabatic equilibrium CO2 (wet basis) as a function of the fuel preheat

temperature for the combustion of CH4 or C3H8 with ambient air at an equivalence ratio of one.
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increases with the oxygen concentration in the oxidizer. Figure 11.4 shows a similar

effect for the CO2 concentration on a dry basis (water removed from the exhaust

gases).
Since real combustion processes are not adiabatic, the exhaust gases will be at a

much lower temperature than the predicted adiabatic flame temperature. For

illustration purposes, the exhaust gas temperature will be assumed to be 2400�F
(1300�C). The actual exhaust gas temperature will be a function of many factors

including the burner design, the operating conditions, the flame heat-transfer

characteristics, the combustor design, the geometrical configuration between the

flame and the load, the load heat-transfer characteristics, and the exhaust gas

ducting configuration and properties among other things. Figure 11.5 shows there is

a significant increase in the wet-basis concentration of CO2 as a function of the

oxidizer composition when the flue gas temperature is assumed to be 2400�F
(1300�C). The peak CO2 concentration on a wet basis in Fig. 11.5 is over 40%

compared to less than 14% in Fig. 11.4. Even more striking is that the dry-basis

concentration in Fig. 11.5 is approximately 100% when the oxidizer is pure O2. This

is important because the exhaust gas stream can be used in applications requiring

high-purity CO2. Figure 11.6 shows that there is little difference in the dry-basis

concentration of CO2 in the exhaust stream produced by combusting methane or

propane with varying oxidizer compositions. Since removing water from an exhaust

gas stream is straightforward and relatively inexpensive, using oxidizers with higher

O2 concentrations makes it easier to capture the CO2 for other uses or for storage

because it is more concentrated.

Figure 11.3 Adiabatic equilibrium CO2 concentration (wet basis) as a function of the

oxygen content in the oxidizer for the combustion of CH4 or C3H8 with the oxidizer in

ambient conditions at an equivalence ratio of one.
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Figure 11.5 Equilibrium CO2 concentration (wet and dry basis) as a function of the oxygen

content in the oxidizer for the combustion of C3H8 with the oxidizer in ambient conditions for

a gas temperature of 2400�F (1300�C) at an equivalence ratio of one.

Figure 11.4 Adiabatic equilibrium CO2 concentration (dry basis) as a function of the

oxygen content in the oxidizer for the combustion of CH4 or C3H8 with the oxidizer in

ambient conditions at an equivalence ratio of one.
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Figure 11.7 shows that the predicted concentration of CO2 on a wet basis

declines with air preheat temperature. This is due primarily to dissociation where

more CO and less CO2 are produced at the higher adiabatic equilibrium

temperatures caused by air preheating. Figure 11.8 shows that the predicted CO2

Figure 11.6 Equilibrium CO2 concentration (dry basis) as a function of the oxygen content

in the oxidizer for the combustion of CH4 or C3H8 with the oxidizer in ambient conditions for

a gas temperature of 2400�F (1300�C) at an equivalence ratio of one.

Figure 11.7 Adiabatic equilibrium CO2 concentration (wet basis) as a function of air

preheat temperature for the combustion of CH4 or C3H8 at an equivalence ratio of one.
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concentration on either a wet or dry basis is independent of the air preheat tempe-
rature for an assumed gas temperature of 2000�F (1100�C) where the effects of
dissociation are negligible.

11.2.2.3 Mixture Ratio

Figure 11.9 shows the effect of the equivalence ratio on the predicted CO2

concentration in the exhaust stream resulting from the combustion of methane or
propane with ambient air. As the air/fuel mixture becomes more fuel rich
(equivalence ratio increasing above 1.0), the CO2 concentration decreases. There,
more CO is formed due to the lack of sufficient oxygen to combust fully the carbon
in the fuel to CO2. As the air/fuel mixture becomes more fuel lean (equivalence ratio
decreasing from 1.0), the CO2 concentration again decreases. In that case, excess
oxygen and more diluent nitrogen are present in the exhaust gases, which dilute the
concentration of CO2. In either the fuel rich or lean case, the lower concentration of
CO2 makes it more expensive to separate the CO2 for other uses or for storage.

11.2.2.4 Exhaust Gas Temperature

Figure 11.10 shows how the gas temperature affects the predicted CO2 concentration
in the exhaust gas stream for the combustion of methane or propane with ambient
air at stoichiometric conditions (equivalence ratio equals one). As previously shown
above, the adiabatic equilibrium predictions compared to those at an assumed gas
temperature of 2400�F (1300�C) were significantly different where all other factors
were the same. This is graphically shown in Fig. 11.10 where the predicted CO2

concentration is essentially constant for gas temperatures up to about 2400�F

Figure 11.8 Equilibrium CO2 concentration (wet and dry basis) as a function of the air

preheat temperature for the combustion of CH4 with air in ambient conditions for a gas

temperature of 2000�F (1100�C) at an equivalence ratio of one.
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(1300�C), but then significantly decline for higher temperatures due to dissociation.

Since the thermal efficiency declines as the exhaust gas temperature increases, most

combustion systems operate at exhaust gas temperatures below 2400�F (1300�C) for
the combustion of fuels like methane or propane with ambient air in or near

stoichiometric conditions. Therefore, at typical exhaust gas temperatures below

2400�F (1300�C), the CO2 concentration is essentially constant as a function of gas

temperature.

Figure 11.10 Equilibrium CO2 concentration (wet basis) as a function of the exhaust gas

temperature for the combustion of CH4 or C3H8 with ambient air at an equivalence ratio of one.

Figure 11.9 Adiabatic equilibrium CO2 concentration (wet basis) as a function of

equivalence ratio for the combustion of CH4 or C3H8 with ambient air.
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11.2.3 Environmental Concerns

The primary environmental concern for CO2 emissions is their impact on global

warming as CO2 is a greenhouse gas [8]. However, as stated in Chap. 1, this is a

controversial topic that does not have universal acceptance in the scientific

community because of problems both with the data and their interpretation [9]. In

fact, some scientists argue that increased levels of CO2 are actually beneficial,

particularly to plant life [10].
One of the effects of global warming would be a potential yield loss in

agricultural production [11]. While yield production would initially improve due to

the higher temperatures caused by global warming, yield loss would eventually result

from the more rapid depletion of nutrients in the soil, causing lower plant fertility

[12]. Related to this would be the possible use of fragile and marginal land to make

up for the crop yield loss. This could mean the transformation of forests and

wetlands into cropland. There could also be a significant increase in the insect

population, due to the warmer temperatures, that would be a problem for both

plants and animals. Soil erosion could be accelerated by the increased rainfall

associated with warmer temperatures.

11.2.4 Regulations

One strategy to reduce CO2 emissions is through government legislation. One

method is through a carbon tax so that any usage of fuels that produce CO2 (e.g.,

natural gas) would be taxed and therefore cost more. This would encourage fuel

conservation to reduce fuel usage and therefore CO2 emissions. It would also

encourage investigating alternative fuels and energy sources. It would indirectly

make alternative energy sources like solar and wind power more cost competitive as

these would not be taxed. In fact, these alternative energy sources often receive tax

credits to encourage their use.
Another strategy for using legislation to control CO2 emissions is through

emissions trading [13]. Willis et al. [14] discuss preparation for an internal

emissions trading within a cement company if and when carbon emissions trading

would become a reality. This encourages free-market forces to develop new

technologies that can be employed to reduce emissions. However, these new

technologies may only be economically feasible in certain applications. For

example, maybe they are only economic on a large scale, which limits their use to

fewer end-users. Those large end-users can improve the economics of the new

process by reducing their own emissions and selling the credits to other, smaller

users who cannot justify employing some of the newer reduction technologies

themselves. Since regulations normally get stricter over time, the available

emission credits will decline and become more valuable. This in turn gives

economic incentive to continue developing new technologies. Therefore, this free-

market system can lead to reduced emissions based on a combination of stricter

regulations and new technology development. Flavin and Lenssen [15] note that

CO2 and global warming are particularly challenging legislative problems that

need to include policies governing energy efficiency and continued development of

renewable energy resources.
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11.2.5 Measurement Techniques

EPA Method 3 [102] is used to determine the dry molecular weight of an exhaust gas
stream. This is needed, for example, to calculate the exhaust gas flow rate used in
calculating the pollutant emission rates. The method specifically refers to
determining the CO2 concentrations in a gas stream. The technique uses single-
point grab sampling (batch extractive sample), single-point integrated sampling, or
multipoint integrated sampling. The sample is typically analyzed using an Orsat
analyzer. This method is not commonly used in industrial combustion applications
where instrument analyzers are typically used.

Method 3A concerns the determination CO2 using instrument analyzers that
are commonly used in industrial combustion systems. This method discusses test and
calibration procedures. Method 3B is specific to gas streams that contain significant
quantities of gases other than O2, CO2, CO, and nitrogen (excluding water which can
be easily removed from the stream), which could affect the gas analysis results. For
example, significant quantities of SO2 or HCl can interfere with CO2 measurements
using an Orsat analysis.

11.2.6 Control Strategies

Most of the abatement and control strategies for CO2 involve either improving the
thermal efficiency of the combustion system so that less fuel needs to be consumed
for a given level of production, or to sequester the resulting CO2 in some form so
that it does not contribute to the growing increase in CO2 concentration in the
atmosphere. A key factor when improving thermal efficiency is to ensure that there is
an overall reduction in fossil-fuel energy consumption. For example, if some fossil
fuel is replaced by electrical energy, there may not be an overall fuel savings as fuel
must be burned at the power plant to generate the electricity. The methods to control
CO2 from combustion fall into the following broad categories [16]:

1. Increased system efficiency
2. Revolutionary new combustion processes
3. Sequestration

11.2.6.1 Pretreatment

One of the most effective pretreatment strategies for controlling CO2 emissions is to
remove as much of the diluent from the system as is feasible. The primary diluent in
most industrial combustion processes is the nitrogen in the combustion air.
Removing some or all of this N2 can dramatically increase the thermal efficiency of
the system [17]. As shown in Chap. 6, using a high-purity O2 oxidant can have the
added benefit of reducing NOx emissions as well.

Diluent in the combustion process absorbs heat, which is then carried out with
the exhaust gas stream. Nitrogen in the combustion air puts a very large heat load on
the system. Depending on the exhaust gas temperature, half or more of the energy
released during combustion may be carried out of the exhaust stack. Available heat is
defined as the gross heating value of the fuel minus the energy carried out of the system
by the exhaust gases. Not all of the available heat normally goes into the heat load as
some is usually lost by heat conduction through the walls and by radiation and
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convection through openings in the combustor. Ideally, these heat losses are minimi-

zed to maximize the thermal efficiency of the system. The available heat is a

convenient way of showing trends related to thermal efficiency. Figure 11.11 shows

how removing nitrogen from the combustion air can significantly increase the

available heat in a combustion system. As the oxygen content in the oxidant increases,

the available heat also increases because less energy is carried away by the diluent

nitrogen.
Reducing the diluent then reduces the sensible heat load on the combustion

process. One problem with nitrogen is that it does not radiate its heat back into the

combustor [18]. It does transfer heat by convection but this is often not as efficient or

desirable in many types of industrial heating processes, especially those that are not

designed with integral heat recovery systems.
Removing some or all of the nitrogen from the oxidant comes at some energy

cost, normally in the form of electricity used in the separation process. An overall

energy analysis must be done to show that less fossil fuel is used both in the process

and at the power plant to generate the higher O2 oxidant.
Another strategy for reducing CO2 emissions is to use fuels that produce less

CO2 per unit of heat output. For example, replacing a fossil fuel with hydrogen can

completely eliminate CO2 as the products of combustion from a hydrogen fuel are

H2O and N2 and some O2. Liakos et al. [19] showed a reduction in CO2 emissions

when methane was used as a fuel instead of propane.

11.2.6.2 Process Modification

The primary process modification strategy to minimize CO2 emissions is reduced

combustion of fossil fuels. Reduced fuel burning is advocated for many reasons, not

Figure 11.11 Available heat as a function of the oxygen content in the oxidizer where

exhaust gases are at 2400�F (1600K).
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just CO2 emission reductions. There are other pollutants like CO and NOx that are
also reduced if less fossil fuel is consumed. Reserves of important fuels like natural
gas and oil continue to dwindle, so reducing fuel consumption will help conserve
these limited resources. The problem is that demand for energy continues to rise
around the world. Therefore, fuel conservation would make other energy sources,

particularly renewable sources like solar, wind, and hydroelectric energy, more
attractive and cost competitive as usage increases. More research is likely to be
funded for these alternative sources if fossil fuel use is restricted.

In some countries, particularly in Europe, CO2 emissions are being reduced by
taxing fuels containing carbon. This is commonly referred to as a carbon tax.
Another indirect method of reducing CO2 emissions is by imposing minimum
efficiency regulations on equipment that directly or indirectly uses the energy

produced by burning fossil fuels. This includes making electrical devices more
efficient as most electricity in most countries is produced by burning fossil fuels. The
more efficient the electrical devices, the less electricity is needed, which means less
fuel is consumed at the power plant. Improving efficiency reduces fuel consumption,
which then reduces CO2 emissions. This is always a preferred method to reduce

emissions as it simultaneously conserves precious resources. Improving the thermal
efficiency of an industrial combustion process reduces the amount of fossil fuel
burned for a given production rate and therefore reduces CO2 emissions indirectly.
Brune et al. [20] note that using heat recuperation is a method to increase system
efficiency and reduce CO2 generation. A complication arises when dealing with

existing low-efficiency equipment and how to impose and enforce standards in that
case. Some recommend a combination of mandatory CO2 emissions reductions
combined with a market-based emission trading system, where the emissions would
be controlled in part based on permitting fuel sources [8].

Another suggested combustion modification strategy is to use fuels with less
carbon than other fuels so less CO2 is generated per unit of energy produced. One
recommendation is to replace some or all of the coal used in large power plants for

producing electricity with natural gas [21]. The simplified global reaction for the
combustion of methane, which is the primary component in most natural gases, can
be written as

CH4 þ 2O2! CO2 þ 2H2O ð11:4Þ
where the diluent nitrogen in the combustion air has been ignored as it carries

through on both sides of the equation. A variant of this technique is to use pure O2

as the oxidizer instead of air, which makes it easier and simpler to recycle, capture,
and/or separate CO2 from the exhaust gas stream [22]. Notice that the combustion
products (excluding nitrogen) consist of one-third CO2 and two-thirds water on a
volume basis. Compare this to the simplified global combustion reaction of coal:

CþO2! CO2 ð11:5Þ
where again the diluent nitrogen has been ignored. Notice that, excluding the
nitrogen, all of the combustion products are CO2. An even better fuel for reducing
CO2 emissions is hydrogen:

2H2 þO2! 2H2O ð11:6Þ
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where no CO2 is produced. However, it must be realized that some type of

hydrocarbon fuel is normally burned to produce the hydrogen in the first place so a

system analysis is required to determine how much CO2 is generated overall.
A variation of fuel switching is to use a biomass fuel, such as corn husks, or to

use fuels derived from plants, such as methanol or methane (see Fig. 11.12) [23]. The

idea here is that using biofuels or fuels derived from biomass balances CO2

generation with photosynthetic consumption so there is no net gain in CO2

production. At this time, the technology has not progressed sufficiently, nor are the

economics favorable yet, to make this a viable option at this time for industrial

combustion processes. However, this is likely to change in the future.
A more dramatic process modification strategy is to use completely different

sources of energy such as nuclear, wind, or solar, which do not generate any CO2

emissions. However, in the case of nuclear power, there are other environmental

issues such as the disposal of the used fuel rods that must be considered. At this time,

‘‘green’’ sources of energy like wind and solar have not been developed to the point

to be economic or practical for the large quantities of energy that would be needed

for large industrial users. Continued advances in technology should make these

options more viable in the future.

11.2.6.3 Combustion Modification

A major objective in combustion modification is to increase the overall thermal

efficiency so that less fuel will need to be burned for a given level of production.

Reducing fuel consumption simultaneously reduces CO2 emissions. The U.S.

Department of Energy has funded major research projects designed to mitigate

Figure 11.12 Process for production of CH4 from biomass. (From Ref. 23. Courtesy of

CRC Press.)
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CO2 generation by combustion modification processes [24]. Most of the research is
targeted at power generation, which produce the largest portion of CO2 emissions.

One common method for increasing thermal efficiency is flue-gas recirculation.
Weber et al. [25] experimentally demonstrated a furnace design methodology for
using air preheating by external flue-gas recirculation to increase thermal efficiency
and substantially decrease CO2 emissions.

11.2.6.4 Post-Treatment

Pradier [26] believes that catalysis is the only viable option for moderating the
accumulation of CO2 generated by fossil-fuel combustion. Seo et al. [27] describe the
absorption of CO2 into aqueous mixtures of 2-amino-2-methyl-1-propanol with
monoethanolamine.

ThermoEnergy with the support of the Department of Energy and the EPA
has developed a patented process called TIPS (ThermoEnergy Integrated Power
System), which is designed to capture CO2 emissions from large power plants [28]. The
process involves separating the carbon from the fuel and the nitrogen from the
oxidizing air and combusting the combination in such a way as to produce high-purity
CO2 that can be more easily captured and used in a variety of applications such as
enhanced oil recovery. The power needed for the various separation and scrubbing
operations is self-generated in the process. However, this method will only be
economical for the foreseeable future in very large processes such as in power plants.

11.2.6.5 Alternative Uses

The basic problem with most post-treatment processes designed to capture CO2 is
what to do with the collected gas. Most strategies involve some type of sequestration
[29] where the CO2 is permanently stored, rather than used. Some examples include
deep-well injection and deep-water storage in the ocean [30]. The world’s first
commercial-scale storage of CO2 is 800m under the Norwegian North Sea in a
sandstone aquifer referred to as the Sleipner West field run by Statoil [31]. Another
variation is referred to as mineral sequestration or mineral carbonation where CO2 is
reacted with silicates of alkaline earth metals to form thermodynamically stable
carbonates that are environmentally benign [32]. White et al. (2003) have written an
extensive review on the capture and sequestration of CO2 in geological formations,
particularly unmineable coalbeds and deep saline aquifers [32a]. There are many
potential capture techniques, including physical adsorption, cryogenic separation,
membrane separation, and electrochemical pumps. Much work remains before large-
scale CO2 capture and sequestration is economically and environmentally feasible.

One unique strategy for handling CO2 emissions compared to other pollutants
is to recover the CO2 and use it in other processes or convert it into another
chemical. In order to do that, it is usually necessary to separate the CO2 out of the
exhaust gas stream, which typically contains large quantities of nitrogen and water
vapor. The water is very easy to remove and requires very little energy, but
separating the CO2 from the nitrogen is not as simple and requires a significant
amount of energy. Exxon has developed a process called FLEXSORB� that can
separate CO2 using sterically hindered amines [33]. Monoethanolamine has been
successfully demonstrated to separate CO2 from combustion flue gases [34]. While

Other Pollutants 505

Copyright © 2004 Marcel Dekker, Inc.



membranes have been demonstrated for CO2 separation, commercial membrane

systems are not yet available on a large scale to be viable for industrial combustion

processes [35]. Zeolite adsorbents are being developed for separating CO2 [36].

A hollow-fiber gas–liquid contactor (microporous membrane) is being developed for

CO2 removal from flue gas streams [37]. Regenerable polymeric sorbents have been

demonstrated for separating CO2 from gas streams [38].
One example of an alternative use of CO2 is in preparing new chemicals such as

the hydrogenation of CO2 to make methanol [39]:

CO2 þ 3H2! CH3OHþH2O ð11:7Þ

Palladium-promoted Cu/ZnO catalysts promote the reactions [40]. Again, it must be

remembered that there is an energy cost to make the hydrogen for this process. CO2

can also be reacted with hydrogen to make formic acid in the presence of a transition

metal catalyst [41].

CO2 þH2! HCO2H ð11:8Þ

CO2 can be reacted with methane to form a synthesis gas [42]:

CO2 þ CH4! 2CO þ 2H2 ð11:9Þ

Rhodium [43] and nickel-based [44] catalysts promote this reaction. Schmidt [45]

describes a process for converting CO2 into methane in an electrochemical cell. CO2

can also be converted into methane in a catalytic reaction with hydrogen [46]:

CO2 þ 4H2! CH4 þ 2H2O ð11:10Þ

using a rare earth alloy catalyst. CO2 can also be used in deep-well injection to help

in the recovery of natural gas and oil.
Another example of using CO2 in the production of other chemicals is for the

production of hydrogen peroxide (H2O2) [47]. This process requires the use of liquid

or supercritical CO2, which is used as a solvent in the traditional anthraquinone/

anthrahydroquinone technique. Use of CO2 eliminates the organic solvent normally

used, produces less waste due to the minimization of side reactions, eliminates the

gas phase in the hydrogenation reactor along with the associated safety hazards, and

significantly reduces pollutant emissions. There are also some significant economic

benefits of this new process.
There are a number of emerging techniques for converting CO2 into other

forms. Some of these are biological. CO2 is naturally converted by plants into

carbohydrates through the process of photosynthesis where the energy is provided

by the sun. There are a variety of other biological processes where CO2 can be

converted into organic matter [48–51]. There are also some emerging techniques for

converting CO2 including electrochemical [52], photon-assisted reduction [53],

photoelectrochemical [54], and using CO2 as both a solvent and a monomer in

copolymerizations [55].
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11.3 THERMAL RADIATION

Thermal radiation is a necessary and important phenomenon in nearly all industrial
combustion processes [56]. It is typically the predominant form of heat transfer from
the flame to the combustor walls and heat load. Most combustion engineers design
systems to optimize the radiation heat transfer to get the proper temperature
distribution in the flame. Burners are deliberately designed to maximize the radiation
from the flame by creating luminous flames [57].

11.3.1 Formation Mechanisms

While thermal radiation inside the combustor is normally highly desirable, thermal
radiation outside of the combustor is usually undesirable and considered a pollutant.
The three primary sources of this radiation are flames occurring outside the
combustor, energy radiating through openings in the furnace, and from the outside
combustor walls being too hot. The first source is usually a symptom of a significant
problem that needs to be corrected. The second source may be from radiation
coming through viewports (see Fig. 11.13). The last source is usually due to improper
insulation, a defect in the combustor design, or some type of failure in the
combustor. In some cases, the nature of the high-temperature processes necessarily
lead to high external wall temperatures. For example, speaking from personal
experience, two large glass furnaces next to each other inside a building (not air-
conditioned) located in a plant in Texas in August produce high ambient
temperatures in the vicinity of the furnaces. Workers doing maintenance on top of
these high-temperature glass furnaces have to wear special insulated clothing to

Figure 11.13 Radiation from a viewport.
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protect them from excessive radiation. In general, this source of radiation is limited
to specific applications or circumstances. It is usually either easily fixed or personnel
can be properly protected from it.

The source of external thermal radiation, caused by flames outside the
combustor, is also generally rare except in the case of flares that are designed to burn
large quantities of fuel in the open atmosphere [58]. Thermal radiation from flares
can be a significant environmental problem and is discussed further in Chap. 15.
Exterior flames normally indicate a major problem and usually necessitate
immediate action.

11.3.2 Environmental Concerns

Excessive external thermal radiation can cause equipment damage and injure
personnel. Electronic equipment in particular is susceptible to damage from high
heat loadings. External radiation can melt plastic parts such as valve seals, dry out
lubricated parts such as motors, and make equipment operation more difficult where,
for example, operators may need to wear gloves to open or close valves. An even
more serious concern is premature ignition of fuels prior to reaching the burners,
where the fuel and oxidant are premixed upstream of the burners.

Personnel injury from excessive thermal radiation should be considered in most
industrial combustion applications. Heat stress can cause illnesses ranging from
behavioral disorders to heat stroke and even death [59]. Heat stress is the mildest
form and is temporary in nature. It could include heat rashes sometimes referred to
as ‘‘prickly heat’’ and to dehydration. High-humidity ambient conditions can
exacerbate the problem for personnel in the vicinity of high thermal radiation
conditions. Skin can be damaged from excessive heat (see Chap. 15). Even lower
thermal radiation loadings can cause worker fatigue and reduce performance. Older,
overweight, or out-of-shape workers are particularly at risk from high thermal
radiation loads.

11.3.3 Regulations

Thermal radiation is not generally directly regulated, except in the case of radiation
from flares, which may have a specific permitted limit. However, general worker
safety laws require that personnel be adequately protected from excessive heat. In
some cases, this is somewhat subjective as workers respond differently to thermal
radiation loads. Therefore, allowable radiation limits may vary according to the
specific needs of the operating personnel. While not strictly regulatory, equipment
manufacturers often have specifications for maximum allowable temperatures, which
are indirectly determined by thermal radiation loading.

11.3.4 Measurement Techniques

Thermal radiation is typically measured with some type of radiometer [56]. Several
different radiometers may be used. One is referred to as an ellipsoidal radiometer
which has a hollow, gold-plated cavity in the shape of an ellipse [60]. Radiation
enters through a small opening located at one of the foci of the ellipsoidal cavity. The
radiation is reflected inside the ellipsoid on to a thermopile located at the other focal
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point. The thermopile converts the radiant flux into an electrical signal. Proper

calibration of the radiometer equates the signal to a thermal flux. Another technique

for measuring radiation is with heat-flux gauges. One common transducer used

to measure thermal radiation is referred to as a Gardon gauge [61]. These are

sometimes positioned in water-cooled housings with specific view angles and a glass

window to prevent convection heating of the probe. They are calibrated in a similar

way to ellipsoidal radiometers. Figure 11.14 shows a radiometer with a hemi-

spherical plastic dome over it to prevent convective heating of the probe in order to

capture only thermal radiation. Highly sophisticated measurements can be made

with spectral radiometers; however, these are usually not required for external

radiation measurements.
Thermal radiation can also be calculated based on surface temperatures and

geometric view angles. The surface temperature of the radiating surface, for example,

an external furnace wall, can be measured. The radiation from that surface can then

be calculated using the surface temperature, surface emissivity, and configuration

view factor [62].

11.3.5 Abatement Strategies

There are two general abatement strategies used to mitigate and control external

thermal radiation loading: reducing the source of the radiation or shielding

personnel and equipment from the source.

Figure 11.14 Radiometer.
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11.3.5.1 Source Reduction

This technique involves reducing the external radiation source. One way is to

insulate the source, for example, a furnace wall, to reduce the external surface

temperature and hence the radiation. Another way is to reduce the energy source

causing the radiating surface to be heated. The easiest way to do that is to reduce the

firing rate; however, this will also reduce the production rate which is normally not

desirable. Another way to reduce the radiation source is to cool it, for example, by

water cooling the external furnace walls. Any unplanned external flames should be

immediately eliminated because of the safety risks. Viewports should have some type

of shutter to minimize the heat escaping through them when they are not in use (see

Fig. 11.15). Furnace leaks should be repaired, not only to reduce external thermal

radiation, but also to improve the process efficiency.

11.3.5.2 Shielding and Cooling

This technique involves shielding personnel and equipment from the external

radiation source. This can be done with some type of physical barrier such as a wall.

It can be done with screens around the radiation source to prevent personnel from

getting too close. Individual pieces of equipment can be shielded with insulation, a

reflective surface, or some type of solid material. Personnel can be shielded by

Figure 11.15 Viewport with shutter.
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wearing appropriate protective clothing designed for high heat environments (see

Fig. 11.16).

11.4 DIOXINS AND FURANS

This class of pollutants includes the carbon–hydrogen–oxygen–halogen compounds,

chemically classified as halogenated aromatic hydrocarbons, and has received

considerable attention from both the general public and from regulatory agencies

because of the potential health hazards associated with them. Dioxins generally refer

to compounds that are structurally and chemically related to chlorinated congeners

(members of the same chemical family):

. Polychlorinated dibenzo-para-dioxins (PCDDs)

. Polychlorinated dibenzofurans (PCDFs)

. Coplanar polychlorinated biphenyls (co-PCBs)

There are over 400 types of dioxin compounds that have been identified so far, with

about 30 having significant toxicity, with 2,3,7,8-TCDD (tetrachlorodibenzo-para-

dioxin) being the most toxic. Many regulations are written in terms of 2,3,7,8-TCDD

equivalent toxicity, commonly referred to as TEQ for toxic equivalent. Table 11.2

shows toxic equivalency factors developed by the World Health Organization for

Figure 11.16 Protective clothing for high-heat environments.
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some of the more common dioxins and furans [63]. Compared to 2,3,7,8-TCDD,
most of the other dioxins and furans are orders of magnitude less toxic.

Furans generally refer to polychlorinated dibenzofuran (PCDF) compounds.
Some of the potential health risks include toxicity because of the poisoning effect on
cell tissues, carcinogenicity because cancerous growth may be stimulated, mutageni-
city because of possible mutations in cell structure or function, and teratogenicity
because of the potential changes to fetal tissue [64]. Over 200 dioxin/furan
compounds are regulated in certain industries, particularly in waste incineration,
and also in certain geographical locations for a wide range of applications, especially
in Europe.

Polychlorinated biphenyls (PCBs) are a special class of dioxins that have
received considerable attention recently. PCBs were first manufactured in 1929 and
were particularly popular because of their nonflammability, chemical stability, and
electrical insulating characteristics [65]. They were used in numerous industrial
applications requiring fluids with these properties and were even used as an additive
to paints, plastics, and rubber products. The problem arose when laboratory animal
studies seem to suggest that PCBs may be carcinogenic although there are not
enough data yet to be irrefutable.

In the vast majority of cases, dioxin/furan emissions result from some
contaminant in the load materials being heated in the combustor. A quick scan of
most of the textbooks on combustion shows that these emissions are essentially
ignored because they are not generally produced in the flame, except in certain
limited cases. This is primarily because there are not usually any halogens in either

Table 11.2 Toxic Equivalency Factors (TEFs) Established by the World Health

Organization for Various Dioxins and Furans

Congener TEF value Congener TEF value

Dibenzo-p-dioxins Non-ortho PCBs

2,3,7,8-TCDD 1 PCB 77 0.0001

1,2,3,7,8-PnCDD 1 PCB 81 0.0001

1,2,3,4,7,8-HxCDD 0.1 PCB 126 0.1

1,2,3,6,7,8-HxCDD 0.1 PCB 169 0.01

1,2,3,7,8,9-HxCDD 0.1

1,2,3,4,6,7,8-HpCDD 0.01

OCDD 0.0001

Dibenzofurans Mono-ortho PCBs

2,3,7,8-TCDF 0.1 PCB 105 0.0001

1,2,3,7,8-PnCDF 0.05 PCB 114 0.0005

2,3,4,7,8-PnCDF 0.5 PCB 118 0.0001

1,2,3,4,7,8-HxCDF 0.1 PCB 123 0.0001

1,2,3,6,7,8-HxCDF 0.1 PCB 156 0.0005

1,2,3,7,8,9-HxCDF 0.1 PCB 157 0.0005

2,3,4,6,7,8-HxCDF 0.1 PCB 167 0.00001

1,2,3,4,6,7,8-HpCDF 0.01 PCB 189 0.0001

1,2,3,4,7,8,9-HpCDF 0.01

OCDF 0.0001

Source: Ref. 63.
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the fuel or the oxidizer to produce dioxins or furans. An exception is the case when
waste materials are burned as a fuel by direct injection into a flame. One example is

the destruction of waste solvents that may be injected into an incinerator through the
burner.

Koshland [66] has written a comprehensive review article on air toxics

produced by combustion reactions including dioxins and furans. Much more
research is needed to better understand dioxin/furan formation, artificial sources,

long-term effects on humans and the environment, what parts of the population are
at highest risk, and the ultimate fate in order to determine appropriate regulations

and control techniques.

11.4.1 Formation Mechanisms

Dioxins and furans are not typically found at the end of combustion processes

in waste incineration, but may be formed downstream in the exhaust gases
at temperatures between 250� and 350�C [67]. They are formed from precursor

compounds (predioxins) such as chlorinated benzenes, phenols, biphenyls, or
chlorinated biphenyl ether. Lenoir et al. [68] experimentally showed that

hexachlorobenzene is a likely precursor to chlorinated phenols and dioxins/furans.
A generally accepted mechanism for dioxin/furan formation is by heterogeneous

reactions in the cooler regions of a combustor involving gas-phase organic
precursors, a chlorine donor (e.g., HCl), and a flyash-bound metallic catalyst such

as copper chloride [69]. Dioxins/furans may be formed from nonchlorinated organic
substances plus chlorine, which is referred to as de novo synthesis [70,71]. Altwicker

[72] discussed the formation of dioxins and furans both from precursors and from de

novo reactions.
Dioxins/furans may also be formed from the incomplete combustion of

substances already containing dioxins. Dioxins and furans break down at higher

temperatures. Lighty and Veranth [73] argue that there is little or no correlation
between dioxin formation and chlorine in the feed or between dioxin formation and

furnace conditions. They showed the three major pathways for the formation of
dioxin-like compounds in Fig. 11.17. Instead, they argue that dioxin formation

occurs from heterogeneous synthesis reactions on fly ash surfaces downstream of the
flame in a low-temperature window around 300�C (600�F). Precursor synthesis is

theorized to occur when carbon from unburned fuel combines with chlorine in the
gas phase to form precursors and then the precursors condense on particle surfaces

and undergo catalytic recombination reactions to form aromatics. Another
formation mechanism, referred to as de novo synthesis, is theorized to occur when

a carbon source is bound to particulate carbon and chlorination occurs on the

particulate surface. Ring structures are liberated from the unburned carbon matrix
and may undergo recombination reactions to form larger ring structures. Further

research was recommended to understand dioxin formation better. Everaert and
Baeyens [74] showed experimentally that de novo synthesis is the predominant

formation mechanism for dioxins in large-scale thermal processes where conditions
that favor precursor formation are not present.

A review of dioxin formation and minimization in municipal solid-waste

incinerators discusses three primary formation theories [75]. The first is from dioxins
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and furans already present in the feedstock. The second is from precursor
compounds in the feed that can lead to dioxin and furan formation. The third is
by de novo synthesis, from smaller, relatively innocuous, chemical molecules
combining together, of dioxins and furans. The precursors may already exist and be
carried through the combustor adsorbed or absorbed on materials such as soot or
dust. The precursors can also be formed during the cooling process in conjunction
with heterogeneous catalytic reactions. Maximum formation rates for dioxins occur
in the temperature range 300�–400�C (600�–800�F). While most dioxins are formed
from combustion processes, they have also been shown to form naturally in soils and
sediments through biological processes. Tan and coworker [76,77] have assembled
three thermodynamic databases for use in simulating PCDD/F generation in
industrial combustion processes.

Blumenstock et al. [78] showed that the conditions in the postcombustion
chamber (650�–900�C or 1200�–1650�F) of a pilot-scale waste incinerator strongly
affected the formation of chlorinated and nonchlorinated aromatics including
dioxins and furans. Nonoptimal combustion conditions increased dioxins, furans,
and polycyclic aromatic hydrocarbons, while they had little effect on chlorinated
benzenes and PCBs, and higher chlorinated dioxins/furans were only weakly affected
or even decreased. It has been found that dioxin/furan formation is inhibited by the
presence of sulfur so that the higher the sulfur-to-chlorine ratio, the lower the
generation of dioxins/furans. The key parameter in dioxin/furan formation is
residence time in the postcombustion zone [79].

Hatanaka et al. [80] experimentally studied the effect of gas temperature on
dioxin/furan formation in a laboratory-scale fluidized-bed incinerator. The results
showed that dioxin/furan formation increased with temperature in the primary

Figure 11.17 Three major pathways of dioxin-like compounds based on recent literature.

(From Ref. 73. Courtesy of the Combustion Institute, Pittsburgh, PA.)
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combustion zone and decreased with temperature in the secondary combustion zone.
They used electrical heaters to control the temperatures accurately and used

polyvinyl chloride or sodium chloride as the chlorine sources and copper chloride as
a catalyst. The increase in formation with temperature in the primary zone was

explained by the devolatilization of the solid surrogate waste. Ohta et al. [81]
experimentally showed that gas temperatures above about 800�C (1500�F) produced
far less dioxins/furans than those produced at temperatures below about 750�C
(1400�F) .

Chang and Chen [82] developed a numerical tool based on genetic

programming and neural network modeling to predict the potential emissions of
dioxins/furans from municipal waste incinerators. The tool is especially suited to this

problem, which is highly nonlinear. Stanmore [83] also developed a model to
simulate dioxin/furan formation in solid-waste incinerators. Predicted results

compared favorably with experimental data.

11.4.2 Sources

In the vast majority of industrial combustion applications, there is no source to

produce dioxins and furans. The combustion products contain nitrogen, water
vapor, carbon dioxide, and trace pollutants like NOx. The main source of dioxins

and furans from industrial combustion applications is when hazardous wastes are
burned in some type of combustor. This is due to the incoming feed materials,

which may contain chlorine, especially from plastics. Katami et al. [84] showed a
clear correlation between the chloride content of incoming feed materials and the

levels of dioxins generated in the exhaust gases. On the other hand, an exhaustive
report done for the American Society of Mechanical Engineers, using data from

numerous actual commercial incinerators of all types, showed no clear and
convincing relationship between dioxin/furan formation and the amount of

chlorine in the waste stream [85]. The waste materials may be either solid or

liquid. Preto et al. [86] discuss dioxin and furan formation from solid-waste
incineration from straw or wood contaminated with salt water. They also showed a

direct correlation between the amount of dioxins/furans formed and both the
chlorine content in the waste feed and the amount of sulfur in the system. The

higher the chlorine content the more dioxins/furans and the lower the chlorine/
sulfur ratio the lower the dioxins/furans.

The most common potential source of dioxins and furans from an industrial

combustion application is from waste incineration. This is discussed in more detail in
Chap. 16. Other potential industrial combustion sources of dioxins are from cement

kilns, light aggregate kilns, sewage sludge treatment, ferrous and nonferrous metal
smelting operations, scrap metal recovery furnaces, high-temperature steel produc-

tion, kraft black liquor boilers, and boilers burning hazardous wastes. For example,
Buekens et al. [87] showed that dioxins/furans may be present in iron and steel

manufacturing, copper smelters, and aluminum plants. Anderson and Fisher [88]
showed that iron and steel production in the U.K. is a source of dioxins. Birat et al.

[89] showed that dioxins may be found in the exhaust gases from electric arc
furnaces. Zheng et al. [90] showed that dioxins/furans may be present in pulp mills.

All of these processes are typically highly regulated, continuously monitored, and
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carefully designed to minimize the emissions of these carcinogens. Interestingly,
Baker and Hites [91] argue that combustion is not the major source of dioxins/furans
in the environment. They believe that photochemical synthesis of a specific dioxin
congener (octachlorinated dibenzo-p-dioxin or OCDD) from pentacholorophenol in
atmospheric condensed water is the most significant source of OCDD in the
environment.

McKay [75] lists the following factors that affect dioxin emissions from
combustion sources:

1. PCDD in the feed (e.g., wood preservatives or pesticides).
2. Precursors in the feed (e.g., chlorinated phenols, chlorinated benzenes, and

PCBs that may be present in wood preservatives, herbicides, solvents, dyes,
and dielectric fluids formerly used in electrical transformers).

3. Chlorine in the feed.
4. Combustion temperature (from 500�–800�C or 900�–1500�F promotes

PCDD formation, while temperatures greater than 900�C or 1700�F
destroy PCDDs).

5. Residence time (the higher the gas temperature, the less residence time
needed to destroy PCDDs and vice versa).

6. Oxygen availability (insufficient oxygen for complete combustion of the
hydrocarbons or poor air/fuel mixing will promote poor combustion
conditions and PCDD formation).

7. Feed processing (liquid and gaseous fuels tend to be easier to mix with air
and combust so solid fuels may need to be dried, shredded, separated, or
treated in some other way to promote complete combustion to minimize
PCDD formation).

8. Supplemental fuel (when the heating value of the waste material being
burned is not sufficient and supplemental fuel is required, the combustion
process tends to be more efficient, and the temperature, is higher which is
less favorable for PCDD formation).

11.4.3 Environmental Concerns

A report issued by the U.S. EPA notes that dioxins are a serious public health threat
and that there do not appear to be any ‘‘safe’’ levels of exposure [92]. Dioxins are
known carcinogens that can cause severe reproductive and developmental problems.
Nursing infants, those eating fish as part of their basic subsistence, and those eating
their own livestock for subsistence appear to be at greater risk of having higher levels
of dioxins in their bodies than the average person and therefore at greater risk from
developing cancer.

Dioxins bind to sediment and organic material in the environment and tend to
be absorbed rapidly in animal and human fatty tissue. The most common method
for dioxins/furans to enter humans is through the food supply. A problem with
dioxins/furans is that they are very resistant to chemical and biological transforma-
tion processes (in or near ambient conditions) and therefore they persist in the
environment and accumulate in the food chain. As they are toxic in sufficient
quantity, they present a health risk for both humans and animals. The most noted
health effect in people besides cancer is that large amounts of dioxin/furan exposure
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can cause chloracne, which is a severe skin disease with acne-like lesions occurring

mainly on the face and upper body. Other effects include skin rashes, skin

discoloration, excessive body hair, and possibly mild liver damage.
The eventual fate of dioxins that get into the environment is not well

understood. They exhibit little potential for significant leaching or volatilization

once they have been adsorbed on to particulate matter. The only environmentally

significant transformation process for them is believed to be photodegradation of

nonsorbed species in the gaseous phase, at the soil–air interface or water–air

interface, or in association with organic cosolvents. Dioxins and furans entering the

atmosphere are either removed by photodegradation or by deposition. Burial

in-place, resuspension back into the air, or erosion of soil to water bodies appears to

be their predominant fate. The ultimate environmental sink for them appears to be

aquatic sediments. Since there is no current evidence that they eventually degrade

into benign species, but instead appear to accumulate, it is important to minimize

their generation because of their toxic characteristics.

11.4.4 Regulations

Dioxin emissions are highly regulated because of their harmful effects on humans.

Since there are relatively few applications where dioxins are an issue, these are

closely monitored. The main application where there may be dioxin emissions is

waste incineration (see Chap. 16), which tends to be highly regulated by nature

anyway. Exhaust gas emissions must be regularly, if not continually, monitored to

ensure permit limits are not exceeded. For this particular pollutant, European

regulations appear to be more well developed compared to U.S. regulations. This

may have to do, in part, to higher processing of contaminated materials that may

contain dioxins and furans.

11.4.5 Measurement Techniques

EPA Method 23 discusses how to measure the emissions of dioxins and furans from

stationary sources [93]. A sample is withdrawn isokinetically and collected on a glass

fiber filter. The sample is then separated using high-resolution gas chromatography

and measured by high-resolution mass spectrometry. A schematic of an approved

gas-sampling train is shown in Fig. 5.42. The condenser and adsorbent trap must be

specially designed for this application. Specific filters, reagents, adsorbents, and

sample recovery are required. The sample analysis is also extensive. These types of

measurements must be done by qualified professionals to ensure high accuracy,

especially because of the toxic nature of the constituents and the strict regulatory

requirements.
Everaert and Baeyens [94] note that it is not currently possible to measure

dioxins/furans in real time. They collected literature data from large-scale

municipal solid-waste incinerators to assess statistically possible correlations with

dioxin/furan emissions for use in controlling the emissions. They found that the

temperature in the electrostatic precipitator can be an important indicator of

dioxin/furan levels.
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11.4.6 Abatement Strategies

The most obvious way to prevent the formation of dioxins and furans is to avoid the
conditions that cause them to form. The most important would be the exclusion of
chlorine from the combustion system if this is possible. Other ways include
minimizing particulate formation where dioxins are believed to form, having high
combustion temperatures and long residence times to destroy any PCDDs that may
be present, and provide adequate oxygen and mixing to ensure destruction of any
PCDDs. Hunsinger et al. [95] recommend efficient flue-gas burnout and effective
combustor cleaning to minimize dioxin/furan generation.

Milosavljevic and Pullumbi [96] have shown that the use of oxygen-enriched
combustion air in a waste incinerator can reduce dioxin and furan emissions.
Modeling and experiments showed this was due to an improvement in the
combustion process, leading to higher destruction efficiencies of the dioxins and
furans. The overall global oxygen level due to enrichment was 23.8%, compared to
the typical 20.9% found in normal air.

Samaras et al. [97] experimentally demonstrated dioxin/furan prevention
through the use of inorganic sulfur and nitrogen solid compounds in the fuel (refuse-
derived fuel in this case). Reduction efficiencies of up to 98% were measured.

Liljelind et al. [98] experimentally showed in a laboratory-scale incinerator that
a titanium/vanadium catalyst can effectively destroy (>99.9% destruction
efficiency) dioxins/furans and also polycyclic aromatic hydrocarbons at tempera-
tures at or above 150�C (300�F) and gas hour space velocities of 8000 ft3/hr-ft3. This
low-temperature effectiveness is important because of the possibility of forming
dioxins/furans at low temperatures in electrostatic precipitators (ESPs). This catalyst
could be located after the ESP to clean up any dioxins/furans that may have formed.

Ruokojarvi et al. [99] demonstrated the use of urea as a dioxin/furan inhibitor
in a pilot-scale waste incinerator. An aqueous solution of urea was injected into the
flue gas, which was at a temperature of about 730�C (1350�F). The results showed
that proper urea concentrations and injection points can inhibit dioxin/furan
formation. Licht [100] describes the use of ammonia injection to control dioxin and
HCl emissions from secondary aluminum processes that use chlorine as a fluxing
agent and aluminum scrap that may contain chlorine compounds. A secondary
benefit is reduction of NOx emissions.

McKay [75] recommends high burnout of particulates, with low residual
carbon and low residence time for particulates in the low-temperature zone of 300�–
400�C (572–752�F) to minimize PCDD formation. This assumes that the appropriate
chemical species containing chlorine are present in the system so that PCDDs could
be formed if the conditions were right. Everaert et al. [101] discuss the use of
activated carbon to adsorb dioxins and furans, and then to capture the carbon by
fabric filtration. The carbon may be injected as particulates into the flue gas stream.
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