
2 Air Quality and Emission Control 

2.1 Significance of Man's Activity 
on Atmospheric Quality 

In the early days of habitation of this planet, when 
the human population was small and its per capita 
consumption of energy was primarily as food 
(8,400-12,600 kJ/day; 2-3,000 kcal/day), total hu
man demands on the biosphere were consequently 
small. Early requirements of goods were minimal 
and quite close to direct (requiring little fashioning) 
so that this early society's total demands and 
wastes were easily accommodated and assimilable 
by the biosphere, with little impact. 
Today, with advances in technology providing an 
ever increasing range of appreciated and expected 
goods and services, it has been estimated that the 
individual consumption of energy of all forms has 
risen some 100-fold from the requirements of 
primitive man [1]. Of the one million kJ per person 
per day (230,000 kcal/person/day) that this collec
tive consumption now represents, more than half, 
or 645,000 kJ (154,000 kcal) is estimated to be 
consumed by collective industrial, agricultural, 
and transportation needs. About a quarter is 
produced and consumed per person through the 
medium of electrical generation and consumption, 
either directly, for individual domestic use, or by 
the prorated industrial power consumption on their 
behalf [1]. All of the major fields of human endeav
our, high technology agriculture, industrial 
production, and thermal electricity generation, use 
combustion processes to provide a major fraction 
of their energy requirements. When this gross in
crease in per capita energy consumption is coupled 
to a global population growth increase of a thou
sand or more times the population of primitive 
societies, it becomes easy to see how the total de
mand placed on the biosphere by modern industrial 
societies has now become so significant and evi
dent. 
Most of the world's population growth has taken 
place since the Middle Ages, and the industrial de
velopment has accelerated since about 1850, so 
that most of the increase in demand for energy and 
materials has occurred during the period when 

these two component increases coincided. Man's 
activities now contribute similar volumes of the 
minor gaseous constituents of the atmosphere as do 
natural processes. From a world fossil fuel con
sumption of about 5 billion tonnes per year, we 
now contribute about 1.5 x lOlD tonnes of carbon 
dioxide to the atmosphere annually [2], a signifi
cant fraction of the natural contribution, now es
timated to be about 7 x lOlD tonnes/year [3, 4]. Of 
man's annual atmospheric contributions of sulfur
containing gases of about lOlD tonnes [5], of ox
idized and reduced nitrogen compounds of about 
50 million tonnes [6], and of carbon monoxide of 
about 200 million tonnes, all are estimated to be 
ranging in a similar order of magnitude to the 
natural contributions ofthese constituents. The old 
jingle "The solution to pollution is dilution" no 
longer holds true, particularly for atmospheric dis
charges. There is just too large a total mass of at
mospheric contaminants being discharged, or too 
small an atmosphere to accept these, to still be able 
to discharge at the same rate and obtain sufficient 
dilution. This is particularly the case when natural 
air movement is sluggish for any reason so that 
little pollutant mixing occurs. Under these cir
cumstances discharged pollutants simply remain in 
the same local air mass, greatly exaggerating the 
immediate effects of the discharge. 

2.1.1 Natural Contaminants 

Natural sources of many common air contaminants 
also make a contribution to this overall at
mospheric pollutant loading. The seas contribute 
large masses of saltwater spray droplets to the air 
as a result of wave action. As the water evaporates 
from these droplets very fine particles of salts are 
left suspended in the moving air, one of the con
tributing factors to the sea "smell". It has been es
timated that some 13 million tonnes of sulfate ion 
alone is contributed to the atmosphere annually 
from the oceans of the world [5]. 
Volatile organic compounds are contributed to the 
atmosphere by many forms of plant life, conifers 
such as cedar and pine, eucalyptus, and herbs such 
as mint. Extensive tracts of such plants, such as the 
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CH 2=C (CH3)-CH =CH2 ®--
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isoprene a-pinene 

pine forests of New England, contribute a large 
mass of terpenes to the air above them. Terpenes, 
plant products biosynthetically derived from 
isoprene, have a type formula (CsHg)n based on the 
isoprene multiplicity of the compound (Equation 
2.1). 
In general all terpenes have one or more reactive 
double bonds so that interaction of these natural 
terpene vapours with sunlight and air causes a de
velopment of a photochemically-promoted blue 
haze over these forests during periods of little air 
movement [7]. Estimates of the global atmospheric 
contribution by plants of terpenes and oxygenated 
terpenes alone range from 2 x 108 to 109 tonnes per 
year [7]. 
The world's deserts contribute significant masses 
of dust and particulate to the atmosphere, some of 
which is transported a considerable distance. Me
teoritic dust is estimated to be collected by the at
mosphere to the extent of more than 900 tonnes an
nually [8]. However, an active volcano is a far 
more significant particulate contributor, some 90 
million tonnes having been estimated to have been 
discharged into the atmosphere by the recent erup
tion of Mount St. Helens in Washington State [9, 
10]. When several eruptions take place at one time 
the gross dust contribution to the global atmosphere 
is massive. This dust loading is generally long
lived since it is forcefully injected as high as 40 kIn 
into the atmosphere [11]. Therefore, the global in
fluence of these events has more significance on at
mospheric quality than more localized dusting 
events. 
Sulfur dioxide and hydrogen sulfide are also con
tributed to the atmosphere on the scale of 1 to 2 
million tonnes per year by volcanic activity [5, 12]. 
Other contaminating gases [13], as well as metal 
vapours, are also discharged in significant quanti
ties during volcanic eruptions [14]. Emanations of 
the vapours of more volatile metallic elements such 
as mercury also occur continuously over ore 
bodies. Sensitive vapour detection instruments 
have been used as a prospecting method to con
verge on the ore body using this mercury vapour 
"halo" [15, 16]. 

~~£~2 limonene (2.1) 

Biological materials of many types do not represent 
a large mass of contamination but nevertheless 
comprise an important component of atmospheric 
pollution because of their potency. For example, 
very small quantities of the pollens from many 
types of wild flowers and grasses such as golden 
rod and ragweed, are sufficient to severely affect 
many people [17]. Bacteria, viruses, and the living 
spores of some of the common moulds can also 
cause problems, particularly when situations de
velop which promote a rapid, localized rise in 
numbers of the organism [18-20]. When this oc
curs in sea water, such as near sewer outfalls, dis
persal of micro-organisms in the aerosols released 
by vigorous wave action can aggravate the problem 
[8,21,22]. 
Little can be done about controlling most of these 
natural sources of atmospheric contaminants. 
However, it is still important to catalogue and 
quantify them to be able to quantitatively relate 
these components of atmospheric quality to the 
contributions from our own activities. Only in this 
way is it possible to compare the relative sig
nificance of the two sources of contaminants. This 
is a necessary preliminary to provide informed and 
appropriate guidance for the modification of our 
own activities to decrease their negative impact on 
atmospheric quality where this is necessary. 

2.2 Classification 
of Air Pollutants 

Air pollutants can generally be classified into one 
of three main categories. By doing so, potential 
emissions may be grouped as to their appropriate
ness for one or more types of emission control de
vices, based on their mode of action. 
The coarse particles, or the particulate class of air 
pollutants, comprise solid particles or liquid 
droplets which have an average diameter greater 
than about lOJlm (l0-3 mm). Particles or droplets 
of this class of air contaminant are large enough 
that they fall out of the air of their own accord, and 
more or less rapidly. 



Air pollutants of the aerosol class can also com
prise solid particles or liquid droplets, but this time 
of a size range generally less than about 1O.um 
average diameter. The important consideration for 
this class is that the particles or droplets are small 
enough in size that there is a strong tendency for 
the substance to stay in suspension in air [23]. Thus 
for the powders of denser solids, sUch as mag
netite, the average particle size would have to be 
smaller than this IO.um guideline for the particle to 
stay in suspension. A suspension of a finely divided 
solid in air is referred to as a "fume", and that of a 
finely divided liquid as a "fog", each term being 
only a more specific representation within the aer
osol classification. 
The gases comprise the third major classification 
of air pollutants, which includes any contaminant 
that is in the gaseous or vapour state. This includes 
the more ordinary "permanent" gases, such as 
sulfur dioxide, hydrogen sulfide, nitric oxide 
(NO), nitrogen dioxide (NO:z), ozone, carbon mon
oxide, carbon dioxide (pollutant?) etc., as well as 
the less common ones such as hydrogen chloride, 
chlorine, tritium dH) and the like. It also includes 
materials which are not ordinarily gases, such as 
hydrocarbon vapours, volatile non-metal or metal 
vapours (e.g. arsenic, mercury, zinc) when these 
are in the vapour state. 
The dividing line between the particulate/aerosol 
classes, and the gaseous classes is clear enough be
cause of the phase difference. But the position of 
the dividing line between the particulate and the aer
osol classes, being based on whether or not a sec
ond phase stays in suspension in air, is far less ob
vious. However, consideration of the terminal ve
locities for particles of differing diameters helps to 
clarify this distinction. It can be seen from Table 
2.1 that, for a substance with a density of 1 g/cm3, 

a significant terminal velocity begins to be ob
served at a particle diameter of about 10 .urn. 
Hence the approximate dividing line between these 
two classes. Figure 2.1 gives examples of typical 
particle size ranges for some common industrial 
and domestic substances. 

2.2.1 Quantification and Identification of 
Particulates 

The particulate class of air pollutant, since it repre
sents particles or droplets which more or less 
rapidly settle out of air, is also one of the easiest 
classes to measure. If a source particulate deter-

2.2 Classification of Air Pollutants 25 

Table 2.1 Gravitational settling velocity for spheres 
of unit density in air at 200ca 

Particle 
diameter, I-lm 

0.1 
0.5 
1.0 
5.0 

10 
20 
50b 

100e 

a From [174 and 275]. 

Terminal 
velocity, mmlsec 

8.5 X 10-4 

1.0 X 10-2 

3.5 X 10-2 

0.78 
3.0 

12 
72 

250 

b Roughly equivalent to a powder which would pass 
through a No. 325 sieve (325-mesh, 54 I-lm average 
opening size) and be retained on a No. 400 sieve 
(400-mesh, 45 I-lm average opening size). 

C Roughly equivalent to a powder which would pass 
through a No. 170 sieve (170-mesh, 103 I-lm averge 
opening size) and be retained on a No. 200 sieve 
(200-mesh, 86 I-lm average opening size). 

mination is to be carried out, that is if the par
ticulates in the flue gases of a chimney or the 
exhaust gases of a vent stack are to be sampled, 
then special holes are required in the ductwork. 
Probes with associated equipment and a means of 
reaching the sampling holes with this equipment 
are necessary. More details of this procedure are 
given in connection with aerosol determination. 
It is also possible, however, to gain a useful quan
titative record of source information by observa
tion of the opacity of a plume. The Ringelmann 
system was set up by Maximilian Ringelmann in 
about 1890 to accomplish this for black smokes 
[24]. According to this system, Ringelmann num
bers 1,2,3,4, and 5 represent 20,40,60,80, and 
100 % opaque plumes respectively [8]. A circular 
card with shaded opacities corresponding to these 
Ringelmann numbers which surround a central 
viewing hole is available to assist in visual assess
ments. But a trained observer is able to reprodu
ceably estimate plume opacity to within half a Rin
gelmann Number without this assistance. The ob
scuring properties of white smokes are specified 
simply on a percent opacity basis. 
Another common type of particulate determination 
method uses the particulate fallout from ambient 
air as a measure of the particle loading. This 
method can be as simple as a series of glass jars 
placed in suitable areas for which dustfall measure-
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Figure 2.1. Typical particle size ranges of some types of precipitation, industrial and mineral processing streams and 
ambient air biologicals. From L.C. McCabe, ed., Air Pollution, Chap. 16 by H.P. Munger, p. 159, McGraw-Hili 
Book Co., New York, 1952, by courtesy of the publisher 

ments are desired. The jars may be used dry, or 
may contain a liquid collecting agent to assist in 
trapping the fallout as it is collected. After a 
suitable interval, usually 30 days, the collected ma
terial is filtered (if wet collection was used) dried, 
and weighed. The weight obtained may be used to 
calculate a fallout value for each of the areas in 
which the collections were carried out. The result 
is specified as short tons per square mile per 
month, or more usually today as mg/m2/day. 
Essentially the same procedure is used with a 
plastic dustfall canister on a stanchion (upright 
stand) specially designed for the purpose, except 
that a few collection refinements are used to in
crease the reliability of the results. The stanchion, 
which places the top of the canister 4 feet above the 
base, is also sited a reasonable distance away from 
trees, buildings, or roof fixtures so as to minimize 
the interference of fallout by anomalous air cur
rents [25]. It is also usually fitted with a bird ring to 
discourage the contamination of the canister con
tents by birds resting on the edge of the canister it
self. A further modification, a series of vertical 

spikes welded to the bird ring, is necessary in areas 
frequented by larger species such as gulls and 
crows, to prevent their roosting on the edge of the 
canister or the bird ring. 
The amount of fallout normally obtained with ei
ther device in relatively undisturbed open country 
is often a surprise to those who have not previously 
worked in the area of air pollution studies. For ex
ample, if 100 mg of dustfall is collected during a 30 
day period by a glass container having a 10 cm 
diameter opening, this does not sound like much. 
But in conventional fallout units this amounts to 
424 mg/m2 day, or more impressively as 36.4 
tons/(mile)2 month (Equations 2.2, 2.3), actually 
quite a heavy fallout. Table 2.2 gives a range of 
some recent fallout values for the U.K. and Can
ada, to give a basis for comparison. The Canadian 
figures are somewhat high since they were ob
tained for an industrialized, relatively high popula
tion density area. 
An early Canadian particulate guideline stipulated 
that no discharge was to result in a fallout exceed
ing 20 tons per square mile per month for any area 
[26]. 

(100 mg x 10 000 cm2/m2) -7 (3.1416 x (5 cm)2 x 30 days) (2.2) 

(0.10 g x (2.54 cm/in)2 -7 (1; inlft)2 x (5280 ftlmile)2 -7 (3.1416 x (5 cm)2 x 9.27 x 105 g/ton (2.32 
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Table 2.2 Average values for the particulate fallout experienced by areas of 
differing urban activity in the United Kingdom and Canada a 

United Kingdom, 1962-3 Canada, 1968 
Particulate fallout Particulate fallout 

Type of area mg/m2 day ton/mi2 monthb mg/m2 day2 ton/me month 

industrial 159 13.6 233 - 350 20-30 
high density housing 116 9.95 
town center 112 9.60 210 - 256 18 -22 
town park 90 7.7 
low density housing 82 7.0 117-163 10-14 
suburbs, town edge 70 6.0 
open country 38 3.3 82 -140 7 -12 

a Compiled from [174 and 276]. 
b Calculated using the factor (tons/mi2/month) -T (mg/m2/day) = 0.08575. 

2.2.2 Quantification and Identification of 
Aerosols 

Since the aerosol class of air pollutants represent 
particles and droplets too small to fall out of their 
own accord, sampling and measurement of this 
class requires dynamic sampling equipment. Work 
has to be done on the gas to force it through the re
covery or analyzing equipment so that the sus
pended matter can be captured. Again the analysis 
can be a source test, where a stack or waste vent is 
sampled directly, or it can be an ambient air 
survey, where the general condition of the outside 
air is determined. 
Source testing requires the placing of a probe into 
the stack or waste vent through a sampling port in 
the side of the stack. A vacuum pump at the 
exhaust end of the sampling train provides the 
means for drawing the test gas sample into the train 
(Figure 2.2). Also important for good source 

To stock exit I Sampling 
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Gloss
fiber filter 

Multistoge 
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Figure 2.2. Simplified layout of an impactor sampling 
train [31] 

sampling technique is that the gas flow rate into the 
end of the probe is the same as the gas flow rate in 
the stack at the point being sampled, referred to as 
iso-kinetic sampling [27]. Otherwise some sorting 
of the particles sampled inevitably occurs making 
the results unrepresentative and unreliable [28, 
29]. Also different points in the cross section of the 
stack must be sampled to correct for any variation 
in particle concentrations across a section, so
called "equal area sampling" [30]. This is 
necessary because, even in a long straight vertical 
duct, gas flow rates close to the wall of the duct 
will be lower, due to frictional effects. This flow 
rate difference, in turn, affects the relative particle 
loadings in the gases moving at the center, and at 
the edge of the duct. 
As the sampled gases flow into the first series of 
large jets in the impactor used for collection, large 
particles with significant momentum strike the im
pactor plate, many of which remain stuck there for 
later analysis [31]. Smaller particles with less mo
mentum are diverted away from this plate, still car
ried by the diverted current of gases. As the gases 
proceed further into the impactor they reach 
smaller and smaller jet sizes forcing the gas to 
move at higher and higher velocities. As the gas 
velocities increase, smaller and smaller particles 
receive sufficient kinetic energy to impinge on the 
collector plates, and stick there. For some kinds of 
test the sticking tendency may be increased by ap
plication of a thin wipe of petroleum jelly [8]. In 
this manner particles are collected roughly clas
sified as to size. On completion of the test the im
pactor is carefully disassembled. The sorted col
lected material will give some information about 
the particle size distribution of the tested source (or 
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Figure 2.3. Enlarged longitudinal section of a portion 
of a cascade impactor for source testing [31] 

ambient air). The samples are also available for 
other tests, such as microscopic examination [32, 
33] and wet chemical or instrumental tests if de
sired. This system does not permit good quantita
tive information to be obtained, unless it is fitted 
with a fine pore fllter (membrane or the like) for 
fmal passage of the sampled gas. A fllter would, 
however, impose gas flow rate restrictions onto the 
system which in turn could limit its use for iso
kinetic sampling. 
Filters are, however, separately useful in the 
sampling of ambient air for suspended matter. The 
high volume "high vol" sampler is one ofthe com
monest and simplest devices used for this purpose. 
An air turbine driven by a vacuum cleaner motor is 
used to provide the suction to pull an air sample of 
2,000 m3 or more through a thick 12 x 15 cm fllter 
sheet during a predetermined test period, usually 
24 hours. A recording flowmeter is used to keep 
track of the volume of air flltered, since the flow 
rate gradually declines during the test period as 
material collected on the fllter gradually impedes 
air flow . The quantities (flow rate) x (time) give 
the volume of air flltered, and the gross weight 
minus the tare weight of the fllter, dried to standard 
conditions, gives the mass collected. A quantitative 

mass per unit volume result for ambient air is thus 
obtained, limited only at the lower end of the par
ticle size range by the pore size of the fllter used. 
The large particles, plus the medium to larger size 
range of the aerosol classification will be collected. 
The result is usually specified in units of mass per 
unit volume, e.g . mg/m3 or /.lg/m3• 

A refinement of the high vol sampling technique 
enables separation of the collected sample into 
coarse (2.5 to 15,um) and fine (>2.5/.lm) particle 
fractions with the help of different Teflon fllter ele
ments [34]. Ambient air sampling rates of about 
1 m3 per hour are claimed for this device. 
None of the preceding methods is very efficient at 
retaining particles of 1 /.lm diameter or less [8]. For 
information on this particle size range, ultraflltra
tion on dense cellulose or molecular membrane fll
ters of cellulose acetate (e.g. Millipore, Isopore) is 
necessary [35]. Cellulose is fme for qualitative 
filtration work but is difficult to use in quantitative 
studies because of weight variations caused by the 
variable extent of moisture adsorption. Cellulose 
acetate, which is much less affected by at
mospheric moisture, is also close to 100 % effi
cient at retaining particles larger than about 
O.I,um, and has the further advantage that the 
filter element can be used for direct examination 
under a light transmission inicroscope for size dis
tribution or particle identification studies [8] . The 
fine pore size of this filter requires a pressure differ
ential of nearly an atmosphere to obtain adequate 
air flltration rates, and a good filter element sup
port to enable the membrane to tolerate these pres
sures without rupture. Even using these conditions 
only about 0.03 m3 of air per minute can be flltered 
through the standard 5 cm disk [8], one of the lim
itations of the method. 
A Mine Safety Appliance development, an an
alytical scale electrostatic precipitator, provides 
one further technique for collection of fine aerosol 
material, particularly useful under low loading 
conditions. By prior taring of the removable glass 
tube of this device it is possible to determine par
ticle loadings of as low as 10,ug/m3 after the pas
sage of 10 m3 of air [8]. This, or even larger 
volumes of air may easily be sampled with this de
vice since there is negligible resistance to air flow 
through the glass collection tube of this design. 
Identification of particles and aerosols can fre
quently be made using direct microscopic examina
tion coupled with a knowledge of the collection cir
cumstances. Particle features such as transpar-



entlopaque, colourless/coloured, rounded/angular, 
isotropic/anisotropic, density, and refractive index 
all may be determined in this way. When these 
properties are combined with the general visual 
features such as are catalogued in one of the par
ticle atlases [36], this examination can very often 
be unequivocal for identification. Particles below 
about 0.2.um diameter, the limit for the best light 
microscopes, may be studied using electron mi
croscopy [8, 33, 37]. Various destructive wet 
chemical, or instrumental techniques such as ion 
chromatography [38], neutron activation analysis 
[39, 40], or atomic absorption [41] may also be 
used to provide confirmation of the identities provi
sionally established by the visual process. Details 
are available from a variety of standard texts and 
review articles [42-46]. 

2.2.3 Analysis of Gaseous Air Pollutants 

A wide variety of methods exists for the analysis of 
gaseous air pollutants within the realms of wet 
chemical, instrumental, and biological procedures. 
The analytical method of choice will depend on a 
number of factors among which the purpose (ac
curacy and number of results required), budget, 
equipment available, and level of training of availa
ble staff will all have a bearing. As an example of 
the spread of possibilities within these choices, an 
air (and water) pollution survey was conducted in 
the United Kingdom during 1972-73 which was 
publicized by the Sunday Times Magazine. 
Hardware and methods literature were made avail
able at cost through the Advisory Centre for 
Education, Cambridge. The unique aspect of this 
survey was that it was conducted predominantly by 
school children. Yet it produced a set of results that 
has been classed as one of the most comprehensive 
overviews of air quality yet conducted in the Bri
tish Isles. 
The chief difference between the two "particle 
classes" of air pollutants and the gaseous air pollu
tants, as far as analysis is concerned, is that for the 
latter normal flltration methods can not be applied. 
Physical adsorption, such as on activated charcoal 
[47], or silica, or absorption into such matrices as 
silica gel, rnbber, zeolites or the like can be used to 
capture many gaseous air pollutants [48]. Recovery 
of the gases or vapours required for later analysis, 
or for recycle depending on the scale, is frequently 
achieved by warming the bed of adsorbent or ab
sorbent while passing air or an inert gas through 
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the bed. Sometimes this desorption is assisted by a 
pressure reduction. Wet absorption methods are 
also used, with a reagent dissolved in the liquid 
(usually water) to obtain reaction with and hence 
retain the pollutant of interest in the liquid as the air 
contaiuing it is sparged through it. Sulfur dioxide, 
which is not well retained when contaminated air is 
sparged through water alone [49], is efficiently 
trapped when a solution of hydrogen peroxide or 
sodium hydroxide in water is used (Equations 2.4-
2.6). 

S02 + H20 -+ H2S03 (2.4) 

H2S03 + H20 2 -+ H2S04 + H20 (2.5) 

H2S03 + 2NaOH-+ Na2S03 + 2 H20 (2.6) 

2.2.3.1 Wet Chemical Analysis of Gases 

Sometimes the chemical capture reagent actually 
forms a part of the wet chemical analytical scheme 
to be used. For example, if hydrogen peroxide is 
used as the sulfur dioxide capture reagent, then 
titration using standard alkali gives the final 
sulfuric acid concentration obtained in the capture 
solution (Equation 2.5). Relating the measured 
acid concentration back to the original volume of 
air passed through the absorbing solution then 
gives the sulfur dioxide concentration originally 
present in the air. The answer obtained by this 
method is subject to errors when other acidic or 
basic gases (e.g. NO, N02, NH3) or aqueous aer
osols contaiuing sulfuric acid, nitric acid, 
ammonium hydroxide or the like are present in the 
air being sampled. The influence of these inter
ferences can be greatly decreased if the determina
tion is carried out gravimetrically by the addition of 
barium chloride rather than by titration (Equation 
2.7). 

H2S04 + BaC12 -+ 2HCl + BaS04 ~ (2.7) 

When sodium hydroxide in water is used as the me
dium to trap sulfur dioxide it allows a separate re
sult to be obtained for the sulfur dioxide content, 
independent of any sulfur trioxide or sulfuric acid 
present in the sampled gas. This distinction is not 
possible when using hydrogen peroxide. To obtain 
this separate result requires addition of an invol
atile acid to the collection medium after collection. 
This is followed by heating, or sparging of the acid
ified solution with inert gas while heating, to re
lease the sulfur dioxide from solution (Equation 
2.8). 
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Na2S03 + H2S04 -+ Na2S04 + H20 + S02 t (2.8) 

Capture of this sulfur dioxide in fresh aqueous 
base, followed by titration with standard iodine 
solution then gives the concentration of sulfur diox
ide present in this second solution [50] (Equations 
2.9,2.10). 

S02 + 2 NaOH -+ Na2S03 + H20 (2.9) 

SO~- + 12 -+ S03 + 2 r (2.10) 
brown colourless 

Similar wet chemical techniques have been de
veloped for many other polluting gases, but are 
beyond the scope of this presentation. The general 
features of wet chemical analysis are such that the 
investment in equipment and materials required is 
generally low, but the skill level required of the an
alyst, particularly for some of the tests, is high. 
While it is possible to streamline some of the wet 
chemical methods so as to enable many results to 
be obtained in a working day, these methods are 
generally slow relative to other alternatives. Com
prehensive accounts of suitable methods are availa
ble from many sources [50-52]. 
There is one gas analysis technique which borrows 
from the colourimetry of manual procedures but 
with which the technology of the determination is 
prepackaged in sealed adsorbent tubes. Draeger, 
and now also the Gastec and the Matheson-Kita
gawa systems for gas analysis all use glass tubes 
packed with a solid support coated with an ap
propriate colourimetric reagent for the gas of inter
est. Company literature assesses the coefficient of 
variation for the tubes with most readily dis
cernable colour changes as 10 %, and for the less 
efficient tubes as 20 to 30 % [53] (Equations 2.11-
2.13). 
This is certainly sufficient level of precision for the 
occasional determination of the less common 

Standard deviation = 
[(XI2 + xl + .... xn 2)/(n _1)]°.5, (2.11) 

where Xj, X2, ... Xn are the deviations of individ
ual determinations from the mean of all deter
minations in the series being measured, and n 
represents the number of individual determi
nations in the series. 

Mean deviation = (Xl + X2 + ... xJ/n, (2.12) 
absolute values of the individual deviations are 
used, without regard to sign. It is also referred to 
as the average deviation. 

Table 2.3 Some examples of the gases which may 
be determined by prepacked colouri-
metric tubes a 

Measurementrangeb 

Gas or vapour Minimum Maximum 

ammonia Sppm 10% 
benzene vapour 5 ppm 420 ppm 
carbon monoxide 5 ppm 7% 
chlorine 0.2 ppm SOOppm 
ethylene oxide Sppm 3.S% 
formaldehyde O.S ppm 40 ppm 
hydrogen sulfide 1 ppm 7% 
mercury vapour 0.1 mg/m3 2mg/m3 

methane thiol 
(methyl mercaptan) 2 ppm 100 ppm 
nitrogen dioxide O.S ppm SO ppm 
oxygen S% 23% 
ozone O.OSppm 300 ppm 
perchloroethylene Sppm 1.4% 
phenol Sppm c 
sulfur dioxide 0.1 ppm 2000 ppm 
tetrahydrofuran 100 ppm 2S00ppm 
vinyl chloride O.S ppm SO ppm 
xylene Sppm 1000 ppm 

a Compiled from [S3, 277 and 278]. 
b Concentrations are specified by volume (see text). 

Wider concentration ranges are covered with two to 
five detector tubes of differing sensitivities. 

C Not specified. 

C ffi · f .. (standard deviation) 
oe lClent 0 vanatton = -'----------'-

mean 

(2.13) 

gases, and provides a much more convenient 
method for this purpose than most alternatives 
(Table 2.3). However, it should be noted that in the 
early days of the development of these systems a 
tube for carbon tetrachloride vapour was ques
tioned as to its capability to achieve a precision 
within 50 % of stated values [54]. Nevertheless, 
even this level of accuracy is still adequate for 
many regulatory and industrial hygiene require
ments. 

2.2.3.2 Instrumental Methods for Gas 
Analysis 

Instrumental analysis of air samples can frequently 
be conducted directly on the air or gas sample, par
ticularly when either the concentration of the 
contaminant is high or when the analytical method 
being used is sensitive. Otherwise, prior concen
tration of the component of interest is necessary. 



This may be accomplished by adsorption onto a 
substrate from low concentrations, to be later re
leased at higher concentrations by heating, evacua
tion or the like. Or the concentration step may be 
accomplished by absorption from the air, as fine 
bubbles discharged under the surface of an en
trapping liquid. The sampling method will be se
lected on the basis of the type of information re
quired from the sample and the instrumentation 
that is to be used for analysis. 
Spectrophotometric methods, both ultraviolet and 
infrared, are useful for air analysis in a wide va
riety of formats. Either a solution or a gas sample 
cell may be used. For good ultraviolet sensitivity 
the component of interest must have two or more 
double bonds present, preferably conjugated. Thus 
sulfur dioxide, acrolein (CHz = CH - CHO), and 
benzene all give very good ultraviolet sensitivity, 
by measurement at suitable wavelengths near their 
absorption maxima. In contrast acetone, phosgene, 
and gasoline all have direct atmospheric measure
ment detection limits of only about 5 ppm, too high 
to be useful for many situations [8]. However, even 
if direct measurement sensitivities are poor, a 
colourimetric method coupled with ultraviolet 
spectrophotometry may be used to obtain good sen
sitivity. For example, ultraviolet absorption is suf
ficiently more sensitive for the purple complex for
med by reaction of formaldehyde with chro
motropic acid than it is for formaldehyde itself to 
enable solution detection limits of 1 f.1,m 
(0.1 f.1,g/mL) to be achieved [55] (Equation 2.14). 
For a 10 L air sample this corresponds to an am
bient air sensitivity of 0.1 mg/m3• 

Ultraviolet absorption by sulfur dioxide may also 
be usefully applied in the field for direct plume ob
servation. In a novel technique developed for the 
observation of the colourless discharge of sulfur 
dioxide and water vapour from a natural gas 
cleaning plant vent stack, use of silica optics and a 
special film allow the clear photographic differ
entiation and observation of plume behaviour [56, 
57]. 
The infrared spectrum of many air pollutants is 
generally more complex than its ultraviolet 
spectrum, showing several absorption maxima. 
But for many single components the pattern of 
maxima obtained can permit positive identification 
of the material at the same time as obtaining the 
concentration from the absorbance. Any compound 
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absorbs infrared energy although the intensity of 
the absorption varies greatly from compound to 
compound. This affects the relative sensitivity of 
the method for different compounds. However, re
cently developed multiple path cells compensate 
for this somewhat by providing effective absorp
tion path lengths of 20 m or more in a complex but 
compact gas cell which uses internal reflections 
(Figure 2.4). Typical infrared detection limits 
quoted for this system are 1.2 ppm for carbon mon
oxide, 1.5 ppm and 0.08 ppm for nitric (NO) and 
nitrous (NzO) oxides, respectively, 0.1 ppm for 
sulfur dioxide and 0.05 ppm for carbon tetra
chloride [58]. Some of these infrared instruments 
are conveniently portable and fitted for 12 volt 
power, suitable for operating from an ordinary car 
battery. These field capabilities avoid many of the 
problems faced by sample containment systems re
quired for field collection and then transport to the 
laboratory for analysis. 
Rapid multiple scans, signal storage, plus fourier 
transform capabilities have combined to push in
frared detection limits to about 11100 of the con
centrations possible with these more conventional 
infrared instruments, but at about 10 times the cost 
[59-62]. 
The really significant spectroscopic developments 
that are moving air pollutant analysis into the fore
front of new capabilities are closely linked to de
velopments in laser technology [63]. The 
coherence and high resolution possible with a laser 
source, coupled with the high power available with 
some configurations makes inherently high sensi
tivities possible, particularly where the match be
tween laser and absorbing frequencies is good. For 
example, it has been estimated that sensitivities of 
the order of 1 ppb should be possible with nitrous 
oxide, using a 100 m path length. Even lower sen
sitivities are reasonable for more strongly absorb
ing gases [64, 65]. The high source powers availa
ble also allow the use of lasers for remote sensing 
of air pollutants, such as in smog situations, or for 
discharge plumes, or even for ambient air pollutant 
concentrations [64, 66-68]. 
Various laser instrument arrangements are possible 
depending on the particular remote sensing ap
plication (Figure 2.5). The direct absorption mode, 
a, is the simplest, but suffers from the inconvenience 
that source and detector units must be sited sep
arately, and aligned for each particular test situa-

H2CO (colourless) + chromotropic acid --+ purple complex (2.14) 
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tion. Retroreflection, either from a surface-silv
ered mirror or from a geographical feature such as 
a tree or rock, b, at least allows source and receiver 
to be operated from the same site. In the back
scatter mode, c, the reflections from aerosol par
ticles which have passed through the target air 
sample are picked up by the receiver-detector 
operating at the same location. In this situation the 
laser is tuned to a high absorption frequency of 
interest and then to a low absorption frequency 
near this . The concentration of the component of 
interest may be computed from a comparison of the 
relative absorption signals, the basis of the so
called DIAL (differential absorption lidar) system 
[64,67]. 
One other non-spectroscopic instrumental technique 
which should be mentioned as being particularly 
appropriate to the analysis of gaseous air pollutants 
is gas chromatography, particularly when this is 
coupled to an efficient mass spectrometer. Gas 
chromatographic techniques allow efficient separa
tion and detection of many common and less com
mon air pollutants. With the more sensitive col
umns and an electron-capture or similar sensitivity 
detector it can give a measurable signal with as 
little as 10-12 g of separated component [69]. But 
gas chromatography itself does not permit une
quivocal identification of the separated component. 
Coupling a quadrupole mass spectrometer to the 
exit of a gas chromatograph allows both functions 
to be performed, the gas chromatograph to carry 
out separations of constituents, and the rapid acting 
mass spectrometer to identify them from their frag
mentation patterns or molecular ions [70, 71]. The 
value of this combination to provide rapid answers 
for the real time tracking of gases, vapours, and 
fumes released from a train derailment emergency 
involving released chemicals has been well dem
onstrated [72-74]. 

n 
Figure 2.4. Diagram of the operating de
tails of a portable infrared gas analyzer 
which uses a long path, multiple internal re
flection gas cell. Adjusting the angle of the 
objective mirror alters the number of inter
nal reflections obtained, before the beam 
enters the detector [58) (Foxboro Co.) 

Many other instrumental methods are also used 
for gas analysis, the details of which are 
available elsewhere [69, 75-77] . Development, 
standardization and validation of the various 
methods used for particular pollutants of interest 
are continuing and on-going processes [78 , 79]. 

Loser source largel 
plume 

Receiver -detector 

- ------l00m -------
a 

loser source 

b 

loser source L:y:tSedbeom 
Plume = (or other air moss) 

~=:; /' ",/ :::> ~ 
Receiver-detector .// ..... ..... -:. __ ::._ - :::::::: 

~~---- - -

c - ----- -3km 

Figure 2.5. Some possible configurations of laser source 
and receiver detectors for use in remote sensing of air pol
lutants. a Simple direct absorption mode b Retroreflective 
direct absorption mode c Backscatter from aerosols mode 



2.2.3.3 Concentration Units for Gases in Air 

The concentration of a gas or vapour in air or any 
other gas phase, may be specified on a volume for 
volume basis, a weight for volume basis or on a 
partial pressure basis. Each of these concentration 
units has one or more features which makes its use 
convenient in particular situations. 
Concentrations of one gas in another, specified on 
a volume for volume basis, are normally corrected 
to 25°C and 1 atmosphere (1.01325 bar, 
760mmHg) pressure for reporting [80]. Under 
this system relatively high concentrations are spec
ified in percent (%) so that 3 % sulfur dioxide in air 
would correspond to 3 mL of sulfur dioxide mixed 
with 97 mL of air, both specified at 25°C and 1 
atmosphere. In more general terms this also corre
sponds to 3 parts by volume of sulfur dioxide in 
100 parts by volume of the sulfur dioxide/air mix
ture, both specified in the same volume units. 
Lower concentrations are specified in smaller un
its, ppm for parts per million (1 in 101), ppb for 
parts per billion (1 in 10\ and now that adequate 
sensitivity has been developed for the analysis of 
some air pollutants at these low concentrations 
occasionally even ppt for parts per trillion (1 in 
1012) [7]. 
This volume for volume system of specifying gas 
gas concentrations is in essence unitless, i.e. it re
presents a pure ratio of quantities given in the same 
volume units which thus allows the units to divide 
out. To a chemist this system has the further ad
vantage that comparisons made on a volume for 
volume basis are also on a molecular, or molar 
basis, i.e. a mole of any gas at normal temperature 
and pressure (N.T.P. or S.T.P.; O°C and 1 at
mosphere) occupies 22.4. L. This volume for 
volume comparison is true for most gases and va
pours when existing as mixtures at or near ambient 
conditions of pressure and temperature, and only 
deviates significantly from this molar equivalency 
when the conditions (pressure and/or 
temperature) become extreme. But it must be re
membered that volume for volume data are correc
ted to 25°C and 1 atmosphere, under which 
conditions a molar volume corresponds to 24.5 
(24.46) L (298K1273 K x 22.41 L). 
These combined properties of this volume for 
volume concentration unit are such that, if the tem
perature or pressure is changed, there is no change 
in the concentration specified in this manner, 
within reasonable limits. Any correction which 
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may be necessary as a result of a minor variation of 
the measuring conditions is generally smaller than 
the experimental error of the analysis. Since many 
analyses of air samples are conducted at tempera
tures close to 25 ° C and normal atmospheric pres
sure, corrections are only seldom necessary. Be
cause of this feature the temperature or pressure 
does not normally need to be specified when using 
volume for volume units for quoting concentrations 
of a gas in air or another gas. 
Increasingly often, however, the concentration of a 
gas (or vapour) in air is being specified on a weight 
per unit volume basis, common units for which are 
mg/L, mg/m3, andJ.lg/m3 (Equation 2.14). 

1 mg/L = 1000 mg/m3 = 106lLg/m3 (2.14) 

Knowing the concentration of an air pollutant spec
ified in this way allows easier determination of 
mass rates of emission, which are important for reg
ulatory purposes and for exposure hazard calcula
tions. But using this system, there is no direct 
molecular basis for comparison of the concentra
tions of any two gases, which makes it more diffi
cult to visualize chemical relationships with this 
system. Also the concentration of a gas in a gas, 
specified in these units, changes with changes in 
temperature or pressure. This happens because the 
mass (or weight) of a minor component per unit 
volume in this system becomes smaller as the tem
perature of the gas mixture is raised, whereas the 
volume of the air (or other main component) in the 
mixture becomes larger. Both influences tend to 
make the specified concentration smaller with a 
rise in temperature. Since O°C has been used as 
"standard temperature" by some authorities [81, 
82] and 25°C by others [7, 83] for specifying 
weight per unit volume gas concentrations, to 
avoid ambiguity in specifying results in these units 
the temperature or the standard temperature basis 
used must also be specified. Data presented in this 
format are normally corrected to one atmosphere 
pressure. 
The common usage of both volume for volume, 
and weight for volume units in the quoting of air 
pollution results frequently makes it necessary to 
,be able to inter-convert between these units. To ob
tain a value in mg/m3 from a value in ppm one has 
to multiply the ppm value by the molecular weight 
in grams, of the component of interest and divide 
by 24.46, the molar volume at 25°C (Equation 
2.15). 
The conversion process is similar for J.lg/m3 and 
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3 11106 (ppm) x mol.wgt. (g/mol) x 103 (mg/g) 
mg/m = ----"'--''------''--------=---''=---;;--''----:;-------'---=--=-- (2.15) 

24.46 (Llmol) x 10-3 (m3/L) 

= (ppm x mol.wgt. (g/mol»124.46 (Llmol), at 25 0c. 

Ilg/m3 = (ppm x mol.wgt. (g/mol) x 103)124.46 (L/mol) 

mg/L = (ppm x mol.wgt. (g/mol) x 10-3)/24.46 (Llmol) 

(2.16) 

(2.17) 

ppm of constituent 
(partial pressure of constituent) x 106 

(total barometric pressure) 
(2.18) 

mg/L from ppm, again both at 25 ° C (Equations 
2.16,2.17). 
For weight for unit volume values at temperatures 
other that 25 ° C the molar volume for the tem
perature of interest must be used in place of 
24.46 Llmole. 
The partial pressure system is also occasionally 
used to specify the concentration of a gas in a gas 
(e.g. Equation 2.18). 
Common pressure units are used for the partial 
pressure of the component of interest and total ba
rometric pressure readings, so that the units divide 
out. Thus, in all important respects the partial pres
sure system is equivalent to the volume per unit 
volume system for specifying concentrations of a 
gas in a gas. This system is of particular value, for 
instance, when making up synthetic mixtures of 
gases on a vacuum line, where the partial pressure 
of each component is known, and can be used to 
determine the relative concentrations. 

2.2.3.4 Biological Methods for Air Pollution 
Assessment 

High concentrations of air pollutants are known to 
kill many annual plants and trees. This amounts to 
a biological indicator, albeit a coarse one. Less 
severe exposures can cause premature senescence 
(early leaf drop) of sensitive species of trees and 
shrubs [84, 85]. For example aspen poplar, Pop
ulus tremuloides drops its leaves after exposure to 
as little as 0.34ppm of sulfur dioxide for 1 hour 
[86]. Early leaf drop slows tree growth, a meas
urable result which can be qualitatively determined 
by examining growth ring widths from tree cores 

. [87]. The olefactory membranes, as another kind 
of biological indicator, also provide an odour 
warning of air pollutant exposure to man and many 
animals which in some cases rivals the sensitivity 
of the most sophisticated instrumentation [88] . 
Since many toxic gases also possess a more or less 
intense odour the avoidance response that a smell 
activates is also useful in this way [7]. 

However the lichens, as a group, have been far 
more generally useful as indicators of pollution 
levels over time and as measures of air pollution 
trends for both city [89] and rural study areas [90]. 
Lichens represent a slow growing symbiosis be
tween an alga, which photosynthetically manufac
tures carbohydrate, and a fungus, which aids the 
alga in water storage in an otherwise inhospitable 
site and uses the manufactured carbohydrate for its 
own metabolism and growth. Their very slow 
growth, and their high reliance on the air for most 
of the lichens' nutrient requirements, makes for ef
ficient uptake and retention of many air pollutants. 
Hence, the level of air pollution more significantly 
affects the growth and reproduction of lichens than 
that of most other, faster-growing forms of plants 
which rely on a soil substrate [91, 92]. Also, heavy 
metal fumes or other particulate air pollutant ex
posures tend to accumulate to higher concentra
tions in lichens than in most other forms of plants 
[87]. In the hands of skilled botanists a lichen di
versity and distribution study of an area can give 
useful long term exposure information regarding 
continuous or intermittent fumigation by pollutants 
such as sulfur dioxide which would be difficult to 
obtain in any other way [93, 94]. 
Even in the hands of the relatively uninitiated but 
careful observer it is possible to determine up to 6 
or 7 zones of relative air pollutant exposures by re
cording the diversity and types of lichens found 
growing in an area [95]. Thus, in a relatively pol
luted area few, or no healthy lichen varieties will 
be found. Those more resistant varieties that do oc
cur in this exposed situation, such as Pleurococcus 
species, will be forms which are closely associated 
with their support and recumbent, a habit that min
imizes exposure of the lichen to air pollutants. At 
the other extreme, in areas little exposed to air 
pollutants, both the species diversity and the 
number of specimens of each species found will be 
larger. There will also be a better representation of 
the more pollution sensitive foliose (leafy) forms 



such as Parmelia and Letharia species, or the 
fruiticose (shrubby) forms such as Usnea or AJec
toria species. Biological methods based on lichen 
surveys such as this represent an important com
plement to the information obtained from wet 
chemical and instrumental analysis fot determining 
the integrated levels of air pollution over time for 
an area. 

2.3 Effects of Air Pollutants 
Much has been said and written about the effects of 
air pollutants on plants and animals so that only a 
brief summary needs to be presented here. The 
health effects on man probably comprise the most 
direct, even if somewhat anthropocentric, concern 
with air pollutants. The primarily nuisance effect 
of the smell emanating from a fish packing plant re
presents an example at the minor end of the effects 
range. However, since the average person takes in 
some 22,000 breaths per day, amounting to some 
14 to 16 kg (30 to 351b) of air per day [8], even a 
relatively low concentration of most air pollutants 
is sufficient in this large mass of inspired air to be
gin to have a noticeable effect. For this reason 
alone the air environment has to be the most impor
tant of the biospheric elements to be worth striving 
to maintain or improve in qUality. 
The elevated air pollutant levels which occur dur
ing localized smog episodes tend to severely im-
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pact on the ill, and the young and the old, causing 
effects all the way from excessive lachrymation 
and restricted breathing, to an aggravation of re
spiratory illnesses in particular, even to a no
ticeable rise in the death rate recorded for the af
fected area in the most severe episodes [96, 97]. 
London, England, the Donora valley, Pennsyl
vania, and the Meuse valley, Belgium, are just a 
few of the fairly well documented older examples 
of occurrences of this last level of severity [7, 98-
100]. 
Today, two clearly differentiated types of smogs 
are recognized. In the classical variety of smog, re
presented by the pollution episodes mentioned 
above, the problem was caused by the accumula
tion of primary air pollutants such as sulfur diox
ide, particulates, and carbon monoxide contributed 
by smoke, complicated by the presence of fog 
(Table 2.4). The fog also tended to slow air pollu
tant dispersal by cutting off sunlight, preventing 
the normal mixing process which is stimulated via 
the warming of air close to the earth's surface by 
the sun. The characteristics and time of occurrence 
of a classical smog differ markedly from the more 
recent phenomenon of photochemical smog which 
was first described for Los Angeles, but which is 
also experienced by Tokyo, Mexico City and other 
major centers with similar circumstances [101]. 
In photochemical smog episodes, secondary air 
pollutants such as ozone, nitrogen dioxide, and 

Table 2.4 Distinguishing features of classical and photochemical smogs a 

Classical smog Photochemical smog 

Location example London, early Los Angeles 
Peak time of 
occurence winter summer 
Conditions early a.m., 0 to 5 cC, around noon, 22-35 cC, 

high humidity low humidity, 
plus fog clear sky 

Atmospheric primarily reducing, oxidizing, nitrogen 
chemistry S02, particulates, dioxide, ozone, 

carbon monoxide, peroxyacetylinitrate 
moisture 

Human effects chest, bronchial primarily eye 
irritation irritation 

Underlying fog plus stable high, sheltered basin, 
causes surface inversion, frequent stable highs, 

emission dispersal accumulation of 
of primary pol- secondary polutants 
lutants is prevented from photochemical 

oxidation 

a Compiled from [7 and 101]. 
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peroxyacetylnitrate play the dominant role in the 
effects felt by plants and man [101-105]. These are 
formed as a result of the chemical interaction of the 
primary air pollutants, principally nitric oxide and 
hydrocarbon vapours, with sunlight and air [106]. 
The interesting recent development is that the au
thorities of the London area have been successful . 
in reducing emissions of sulfur dioxide and par
ticulates sufficiently via the regulations of their 
Clean Air Act that classical smogs are a thing of 
the past in this area [10 1]. But the more frequent 
and intense sunshine experienced as a result of this 
improvement coupled with the recent increase in 
automobile traffic in this city now means that 
London, too, occasionally experiences the irritat
ing effects of phot6chemical smog occurrences 
[107, 108]. 
Air pollutant concentrations such as occur in either 
type of smog episode are also sufficient to affect 
plants more or less severely from a combination of 
interactions [84]. When this occurs in conjunction 
with mist or rain, the pH of wetted surfaces is 
dropped low enough to seriously damage statuary 
and stone or masonry buildings from a simple solu
tion reaction of the stonework with the acidic water 
(e.g. Equation 2.19). 

CaC03 + 2HN03 -+ Ca(N03)2 + H20 (2.19) 
soluble 

Similar processes cause the attack of ironwork and 
other metalwork, and accelerate the decay of ex
posed wood. Even aluminum, which is highly fa
voured for use in exterior metalwork because of its 
resistance to corrosion, is now showing the classic 
pits and erosion scars of corrosion when used in 
areas which have severe air pollution. 

Table 2.5 Contributions of sulfuric and nitric acidity 
of acid rain a 

Substance Concentration Contribution to 
(mg/L) total acidityb 

H2SO4 5.10 57 
HN03 4.40 39 
NH4 + 0.92 51 
H2C03 0.62 20 
all others ca. 0.4 ca. 12 

a Data selected from that of [110]. Determined for a 
sample of rain of pH 4.01 collected at Ithaca, N.Y. in 
October 1975. 

b Microequivalents per liter. Ammonium by titration 
to pH 9.0. 

The lowered pH caused by rainout and washout of 
nitrate and sulfate from the atmosphere has also re
sulted in the now well known "acid rain" phenom
enon (Table 2.5) [109-111]. When it is realized 
that a pH of as low as 2.4, about the acidity of 
lemon juice, or vinegar, has been measured for the 
rainwater of individual storms (Pitlochry, Scot
land), and an annual pH value for precipitation of 
3.78 has also been recorded in the Netherlands 
[112, 113], it is evident that this trend can only 
serve to further aggravate structural damage to 
buildings. This lowered pH of precipitation is also 
having a particularly serious effect on the biota of 
those lakes which have a limited carbonate-bi
carbonate natural buffering capacity [113, 114]. 
When the ionic exchange capacity of soils becomes 
exhausted it can result in reduced growth, or actual 
die-back offorests [115]. 
Related to smogs but only relatively recently 
noticed by the scientific community is the phenom
enon of Arctic haze, a brownish turbidity occurr
ing in the atmosphere of Arctic regions from late 
fall to March or April of each year [116]. A sus
pended aerosol of primarily sulfates, 2 /-lg/m3 , 

organic carbon, l/-lg/m3 and black carbon, 0.3-
0.5/-lg/m3 reduces the visibility of the region to 3 to 
8 km, over an area of several thousand square ki
lometers and up to an altitude of about 3,000m 
during this period. The novelty here is that this re
presents an accumulation of pollutants, remote 
from the original points of discharge, which by the 
idiosyncracies of atmospheric movements and 
conditions resides over and adversely influences a 
site not responsible for the emissions [117]. 
This tendency of aerosols to reduce visibility dur
ing Arctic haze episodes is also a very general ef
fect of atmospheric particles, caused by the scatter
ing of light by particles or droplets in the aerosol 
size range [7]. Apart from aesthetic considerations, 
high loadings of solid and liquid (fogs) atmospheric 
aerosols also influence flight conditions at airports, 
and have been implicated in rainfall promotion pat
terns for St. Louis [118]. 
Another important consideration related to at
mospheric loadings and particulate size distribu
tions concerns the potential for human effects on 
inhalation. The body's defences in the upper re
spiratory system are adequate to trap more than 
50 % of particles larger than about 2/-lm in 
diameter which are present in the air breathed. 
However, particles smaller than this that are not ef
ficiently captured by the upper respiratory tract, 



the "respirable particulates", penetrate the lungs 
to the alveolar level [119]. Here, the more 
vigorous Brownian motion of these small aerosols 
increases their collision frequency with the moist 
walls of the alveoli, thus trapping a large propor
tion of them. This occurs in a region of the respira
tory system poorly equipped to degrade or flush 
out accumulated material, particularly if the ae
rosol is inert or insoluble. Hence, any phy
siological effect of the presence of these foreign 
substances is aggravated, increasing the incidence 
of respiratory illness experienced in areas with 
high concentrations of polluting aerosols. The con
trol efficiencies of many types of air pollution con
trol equipment for the lower aerosol size range is 
poor, an important consideration when the decision 
is made re process emission control options [120]. 
Proceeding from the local and regional effects of 
air pollutants to the global scale, there is no doubt 
that our escalating use of fossil fuels coupled with 
the widespread cutting of forests have contributed 
to a steady rise in the atmospheric carbon dioxide 
concentration, now averaging about 0.7 ppm per 
y'ear (Figure 2.6) [121-124]. Carbon dioxide is 
virtually transparent to the short wavelength (ca. 
l.um) maximum in the incoming solar radiation, 
but has a substantial absorption band in the region 
of the longer wavelength infrared irradiation 
emanating from the relatively low surface tempera
ture of the earth. Thus, an increase in the concen
tration of atmospheric carbon dioxide does not sig
nificantly affect the energy gained by the earth's 
surface from incoming solar radiation, because of 
the atmospheric absorption "window" in this re-
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Figure 2.6. Estimated past perspectives and present 
trends of atmospheric carbon dioxide concentrations 
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gion. But the carbon dioxide of the atmosphere 
does absorb a significant fraction of the energy in 
the outgoing long wavelengths, a fraction which is 
increasing with the increasing concentration of 
carbon dioxide. This net energy gain, coupled with 
other related influences which are sometimes col
lectively dubbed the "greenhouse effect", is pre
dicted to cause a warming trend in the earth's 
climate [7, 125-129]. 
While the increase in average global temperatures 
that this thermal effect brings about may be only a 
Celsius degree or less, it could still cause a gradual 
decrease in water storage in the earth's ice caps. 
This in turn could raise the world's ocean levels, 
causing changes to low lying coastlines [122]. 
Also, an increase in average global temperatures 
would be likely to increase the rate and extent of 
desertification of marginally arable land, reducing 
the already limited agricultural resource. Recently, 
however, there appears to have been a global 
downturn in surface temperatures, thought possibly 
to arise from an increased loading of sunlight-ob
scuring aerosols in the atmosphere [128, 130]. 
Thus, consideration of atmospheric carbon dioxide 
concentrations in isolation is inadequate to predict 
overall climatic trends, even though it may be pos
sible to predict the climatic influence of this com
ponent. Much further study and more detailed 
modelling of the global energy balance is necessary 
before the conclusions from carbon dioxide con
centration trends will be any more than speculative 
(e.g. reference 131). 
The other potential global problem from increased 
atmospheric pollutant levels, and of halocarbons 
and fixed nitrogen in particular, concerns the per
ceived negative influence ofthese gases on the stra
tospheric concentrations of ozone [132, 133]. This 
potential problem relates to the interference by 
these gases in the ozone-forming and degrading 
processes which normally contribute to the natural 
steady state concentration of ozone in the stra
tosphere. When first recognized, it was predicted 
that this interference would cause a decrease in the 
equilibrium ozone concentration present [132, 134-
136]. The ozone content of the stratosphere serves 
as an important atmospheric fIlter for damaging 
short wavelength ultraviolet. So the net effect of a 
decrease in the ozone concentration was predicted 
to cause an increase in the global exposure to short 
ultraviolet which, in turn, was anticipated could 
cause in increase in the incidence of human skin 
melanomas [137]. Fortunately the apparent down-
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ward trend in atmospheric fluorocarbon concentra
tions in recent years resulting from voluntary use 
curtailment by the industry promises to minimize 
the influence of these effects [138, 139]. 

2.4 Air Pollutant Inventories, and 
Pollutant Weighting 

In order to best apply pollution control strategies, it 
is an important preliminary, from a cost-benefit 
standpoint, to start with an inventory of the 
sources, mass emission rates, and types of pollu
tants being discharged in the area of concern. This 
is accomplished by a detailed analysis of the emis
sions from each point source of the inventory area. 
Data obtained by actual measurements are used 
wherever possible. But where measured data are 
not available, chemical and engineering theory is 
applied to come up with the best possible emission 
estimates within the time frame required for the in
ventory. Moving sources, such as automobiles, air
craft and the like are tallied by averages per unit, 
times the number of miles per unit, times the 
number of units to come up with good estimates 
for the contributions from these sources. 
The final pollutant inventory obtained gives an 
overview of the total current emission picture for 
the study area. Table 2.6 presents this data for Los 
Angeles, where the inventory was conducted to as
sist in determining the origins/causes of the pho
tochemical smog problem. For comparison, paral
lel data is presented for the whole of Canada which 
also has incipient smog problems in some of the 
major centers [140]. The best foundation for mean-

ingful planning of abatement measures, with re
gard to the cost and ease of control of the various 
alternatives relative to the extent of improvement 
likely to be seen from instituting these measures, is 
obtained from inventories of this kind. 
From the tabulated data it is evident that auto
mobiles rather than industrial activity are the 
source of by far the largest mass of pollutants over
all (Table 2.6). Road transport, consisting of mul
tiple moving sources under the control of indi
viduals makes emission abatement for this classi
fication difficult to achieve. Nevertheless, by 
fundamental engine design changes coupled to ac
cessory control units installed at the manufacturing 
stage, significant reductions have been achieved. 

2.4.1 Automotive Emission Control 

As much as 70 % of the hydrocarbons, 98 % of the 
carbon monoxide, and 60 % of the nitrogen oxides 
(NOx), have originated from the operation of auto
mobiles (Table 2.6). Hence, these are the principal 
automotive emissions of concern. The hydro
carbons and carbon monoxide arise from the fact 
that the most power for a given engine capacity 
(displacement) is obtained with enough air for only 
70 to 80 % complete combustion. Nitrogen oxides 
are formed from the interactions of atomic oxygen 
and atomic nitrogen, which are formed against hot 
metal surfaces at high temperatures, with the cor
responding elements [141] (Equations 2.20, 2.21). 

N2 + [0] --+ NO + [N] 

O2 + [N] --+ NO + [0] 

(2.20) 

(2.21) 
These emission problems are not easy to solve. To 
run with a leaner tuned engine (a higher air to fuel 

Table 2.6 Air emission inventory for Los Angeles in November 1973 compared on an percentage basis 
to the annual inventory for Canada, 1974 a 

Emissions to the atmosphere, tonnes/day Percent of total 

Emission Hydro- Nitrogen Sulfur Carbon Totals, Los 
-Source carbons oxides dioxide monoxide by source Angeles Canada 

Automobiles 1750 445 27 9375 11597 86.9 47.9 
Organic solvent use 450 450 3.4 
Oil refining 200 41 41 154 436 3.2 27.1 
Chemicals production 50 60 110 0.8 
Combustion of fuels 13 245 280 1 539 4.1 9.1 
Miscellaneous 37 27 5 144 213 1.6 15.9 

Totals, by pollutant 2500 758 413 9674 13 345 100.0 100.Ob 

a From [142 and 279]. 
b Canadian air pollutant inventory total for the listed categories for 1974 was 25.8 million tonnes. 
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Figure 2.7. Plot of the approximate effect of various air 
to fuel ratios on the composition of automotive exhaust gas 
[142] 

ratio) does obtain more complete fuel combustion 
and in so doing decreases the hydrocarbon and 
carbon monoxide concentrations in the exhaust, as 
would be expected. But at the same time the higher 
combustion temperatures obtained in the process 
raises the concentrations of nitrogen oxides ob
tained in the exhaust, and decreases the power 
output per liter of engine displacement [142] (Fig-
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Figure 2.8. Block diagrams of two automotive emission 
control configurations. a Thermal reactor plus exhaust gas 
recirculation (EGR) . b Catalytic exhaust purification 

ure 2.7). It also affects driveability or smooth en
gine response at various throttle settings. 
Early emission control methods were based on the 
use of a thermal reactor, for hydrocarbon and car
bon monoxide oxidation, combined with exhaust 
gas recirculation (EGR) for reduction of nitrogen 
oxide emissions [143] (Figure 2.8 a). Hydro
carbons and carbon monoxide in the hot exhaust 
fed to the reactor, once heated, were rapidly ox
idized to carbon dioxide and water by the addition
ally pumped air which was fed to the reactor (re
presentative Equations 2.22, 2.23). 

HC (= hydrocarbon) + O2 -+ CO2 + H20 (2.22) 

2 CO + O2 -+ 2 CO2 (2.23) 

Some of the relatively inert exhaust gas, before it 
entered the reactor, was used to dilute the air fed to 
the carburettor by some 15 %, in so doing decreas
ing the peak combustion temperatures during 
normal engine operation [141]. This effectively de
creased the concentrations of nitrogen oxides form
ed. These combined measures were effective in 
achieving significant emission reductions (Table 
2.7), but at the same time caused a noticeable in
crease in fuel consumption and loss of performance 
[144, 145] . 
While thermal reactors have been used extensively 
[146], two-stage catalytic exhaust purification ap
proached these emission problems in a different 
way. Here the first stage of control, NO, reduc
tion, is achieved catalytically using the reserve 
chemical reducing capacity of the residual hydro
carbons and carbon monoxide already present in 
the exhaust [147] (Figure 2.8 b), (e.g. Equations 
2.24-2.27). 

2NO + 2CO -+ N2 + 2C02 

2N02 + 4CO -+ N2 + 4C02 

(2.24) 

(2.25) 

2 NO + HC (= hydrocarbon) -+ N2 + CO + H20 
(2.26) 

(2.27) 

All of these NO, -reducing reactions are much more 
rapid and effective than even the catalyzed direct 
redox reaction (Equation 2.28), 

(2.28) 

and hence accomplish most of the NO, conversion 
to nitrogen. Subsequent to NO, reduction, second
ary air injection and passage of the hot mixture into 
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Table 2.7 Typical automotive emissions before and after regulation, related to U.S. legislated standards a 

!---"Gc:.ram'---.:..s.!Cp.:..er=-m'---ilc:.e ________________ -l Gasoline 
Carbon Hydro- Nitrogen evapn, 
monoxide carbons oxides Particulates gltest 

Before control 80 
1970 average 23 
1975 standard 15 
1980 standard 7.0 
Thermal reactor + EGRb 4.5 
Catalytic, + cyclone 0.85 

a Compiled from [142, 143, 150 and 151]. 

11 
2.2 
1.5 
0.41 
0.2 
0.11 

4 
4-5 
3.1 
3.1 
1.3 
1.65 

0.3 

0.1 

0.1 

60 

2 

1-2 

b EGR short for exhaust gas recirculation, referring to the practice of recycling of about 10 to 15% of exhaust 
gases to the intake of the engine to decrease peak combustion temperatures. 

a second catalytic converter accomplish complete 
oxidation of the residual hydrocarbons and carbon 
monoxide not used for NOx reduction in the fIrst 
converter [142, 148] (Equations 2.22, 2.23). One 
or two grams of platinum or palladium fInely dis
tributed on a ceramic matrix provides the catalytic 
activity of both converters [149, 150]. This com
bination exhaust treatment achieves better control 
of the hydrocarbons and carbon monoxide, and al
most as good control of nitrogen oxides as achieved 
with the thermal reactor, and at the same time re
stores much of the lost fuel economy and per
formance [151] (Table 2.7). If a limited exhaust 
gas recirculation circuit is integrated with this dual 
converter system, the NOx emission rate can be 
further improved. 
Since lead-containing antiknock additives of leaded 
gasolines rapidly destroy the activity of the cat
alytic emission control system, non-leaded gas
olines have to be used in automobiles fItted with 
this or related systems. However, since using this 
fuel modifIcation also eliminates lead emissions 
this trend also has a highly favourable impact on 
the major source of lead particulate discharges to 
the atmosphere [152-157]. Before non-leaded gas
olines were on the market it was common to fInd 
high lead levels in the core areas of busy cities 
[158, 159] and alongside freeways [160-163], a 
trend which is gradually reversing as the propor
tion of automobiles on the road equipped to burn 
non-leaded gasolines increases. 
Whilst it is possible to signifIcantly reduce par
ticulate lead discharges from automobiles using 
leaded gasolines by employing cyclone-type par
ticle collectors in the exhaust train [164-166], these 
methods only achieve incremental reduction, not 
elimination, of lead dispersal from this source. 

Today, to maintain or further improve the gaseous 
emission characteristics of internal combustion en
gines the trend is towards integral improvements in 
engine design, such as fuel injection and various 
stratifIed charge modifIcations which accomplishes 
the chemistry of the add-on units but as an integral 
part of engine operation [146, 167-169]. These de
velopments are leading to more driveable, fuel effi
cient automobiles. 
Combinations of these control measures have re
sulted in a decrease in ambient carbon monoxide 
concentrations, and in the severity and frequency 
of photochemical smog incidences, where they 
have been applied, even though there has been a 
concurrent increase in the number of automobiles 
on the road. 

2.4.2 Air Pollutant Weighting 

Accumulation of emission data on a mass basis is a 
required step to assess the overall impact of air 
pollutant discharges of a region on this basis. But 
for development of the most effective control stra
tegy for a control area, the contributing pollutants 
should be considered on the basis of their relative 
signifIcance in terms of health effects, smog oc
currences, and the like, and not solely on a mass 
basis. Two of the various weighting factors which 
have been proposed to do this are given in Table 
2.8. While the weightings of these two systems dif
fer signifIcantly from each other, particularly for 
hydrocarbon vapours, they both assign the lowest 
weighting to carbon monoxide [170, 171]. 
If the weighting factors based on California stand
ards are used to recalculate the relative sig
nifIcance of the Los Angeles emission sources on 
this basis, transportation still remains as the largest 
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Table 2.8 Examples of weighting factors used for 
primary air pollutants 

carbon monoxide 
hydrocarbons 
sulfur oxides, SOx 
nitrogen oxides, NOx 
particulates 
oxidants 

Weighting factors based on: 

California u.s. federal 
ambient air secondary air 
standards· quality 

1.00 
2.07 

28.0 
77.8 

106.7 
186.9 

standardsb 

1.00 
125 
21.5 
22.4 
37.3 

• Used as the basis of the proposed Pindex air pollu
tant rating system [170]. 

b Based primarily on federal standards with health ef
fect considerations [171]. 

single sector, but now only just larger than the 
combustion sources sector (Table 2.9). This treat
ment thus has the effect of redistributing the sig
nificance of emission control strategies among the 
transportation, oil refining and chemicals produc
tion, and combustion source sectors to obtain max
imum effectiveness of ambient air improvement for 
this control area. It can be seen that a similar treat
ment of the Canadian data would give even higher 
emphasis to the industrial and power production 
sectors than found for Los Angeles. 

2.5 Methods and Limitations of 
Air Pollutant Dispersal 

Chimneys and vent stacks have been, and still are 
popular for waste gas discharge from all types of 
stationary sources, large and small [172]. Thermal 
power stations, smelters, refineries and even do
mestic heating appliances all use discharge and dis
persal methods to dispose of their waste gases. 
Serious problems can arise, however, if the source 
is a very large one (i.e. has a high mass rate of 
emission) discharging into a stable air mass, par
ticularly in the absence of control of the more nox
ious components of its waste gas. With the oc
currence of a long term inversion a temporary shut
down of the facility may be necessary to protect 
public health. 
Simple dispersal of the flue gases of large sources, 
when operated without emission controls, is be
coming less and less acceptable today because of 
the limited capability of the atmosphere of highly 
industrialized regions of the globe to accept further 
loading. Particulate matter discharged in this way 
only falls out again on the immediate area, and 
more or less rapidly [173]. Discharged fumes, 
fogs, and mists too, although they are more widely 
dispersed, also eventually return to the earth's 
surface as they coagulate or coalesce into larger ag
glomerated particles, or are washed out of the at
mosphere in precipitation. Discharged gases too, 
which have the best prospect of efficient dispersal, 
eventually return adsorbed onto, or reacted with 
other gases, particles, or water and also return in 

Table 2.9 Comparison of actual versus weighted a daily air pollution inventory for Los Angeles, 
November 1973. 

Total mass of Estimated mass of Weighted mass of 
gaseous primary particulates and primary pollutant 
air pollutantsb aerosols tonnes/day emissionsc 

Emission source tonnes/day % of total Actual Weighted tonnes/day % of total 

Automobiles 11597 86.9 74 7896 56271 41.5 
Organic solvent use 450 3.4 0 0 930 0.7 
Oil refining 436 3.2 123 13124 19714 14.6 
Chemicals production 110 0.8 
Combustion of fuels 539 4.1 245 26142 53108 39.2 
Miscellaneous 213 1.6 27 2881 5371 4.0 

13 345 100.0 469 50043 135394 100.0 

a Weightings from California Standards, Table 2.6. See also [170]. 
b Includes hydrocarbon vapours, nitrogen oxides, sulfur oxides and carbon monoxide. 
C Includes the primary gaseous air pollutants, plus particulates and aerosols. 
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precipitation. So a higher chimney merely spreads 
the combined fallout from these processes over a 
wider area; it does not decrease the gross at
mospheric loading or fallout rate . 
Multiple high chimneys in a single · area tend to 
produce plume overlap some distance downwind of 
the original discharge points. This effect begins to 
negate the reduction in ground level concentrations 
of air pollutants, the original objective of the high 
stack (Figure 2.9 a) . 
If stack dispersal is to be used, it is important that 
the stack be sited in such a way that adjacent build
ings or natural features such as hills or gullies do 
not serve to trap discharged waste gases close to 
the ground. Also to be avoided are backwash, a 
downdraft obtained on the leeward side of any 
large surface feature, or eddies which may occur in 
the same plane around the corners of obstructions . 
Any of these factors, if not allowed for, can cause 
plume impingement close to the point of discharge 
and hence cause highly elevated concentrations of 
the components of the discharged exhaust gases 
close to the ground. 
A primary objective of stack discharge of waste 
gases is to obtain the minimum or zero elevation of 
the ground level concentrations of the discharged 
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Figure 2.9. Horizontal(a) and vertical sections(b) of 
stack discharges showing how overlapping plumes, and 
virtual stack effects increase ambient air concentrations of 
pollutants at ground level above that to be expected from 
simple diffusion cone calculations 

gases in the immediate area of the stack. The stack 
discharge point should be high enough that suffi
cient diffusion of the discharged gases occurs to 
make the concentrations of these gases acceptable 
at the point the diffusion cone intersects the 
ground. For any given mass emission rate, Equa
tion 2.28 

ground level concentration = K(m/uW) (2.28) 
where m = mass rate of emission 

u = wind velocity 
H = effective stack height 

may be used as a rough guide to the effect on the 
ground level concentration of a discharged gas 
which would be expected for different stack heights 
and wind velocities at the point of discharge [8 , 
174]. In this expression the "effective stack 
height" , corresponds to the physical stack height 
plus the plume rise. The plume rise is obtained 
from a combination of thermal (buoyant) rise and 
momentum rise and the height component from this 
factor is defined as the vertical distance between 
the top of the stack and the point at which the centre 
line of the plume levels off to within 10 0 of the hor
izontal [7]. In the case of a warm or fan-forced dis
charge this plume rise can add considerably to the 
actual stack height, significantly raising the effec
tive height of the discharge [175, 176]. Most real 
situations, however, are far more complex than can 
be reasonably approximated using this expression, 
so that more complex expressions are usually re
quired to accommodate the greater number of 
variables [7, 8]. 
The point of impingement for particulates, or the 
location on the ground where discharge products of 
the stack are at a maximum, corresponds to about 3 
or 4 times the effective stack height. For gases this 
corresponds to about 10 times the effective stack 
height. Because of the influence of the "virtual 
stack effect", further downward diffusional dilu
tion of flue gases beyond the point of impingement 
is prevented by the presence of the ground (Figure 
2.9 b). Therefore, at points further from the stack 
than this the concentration of any discharged gases 
at ground level still continues to decrease, but is 
found to be roughly double what would be pre
dicted from simple diffusion cone calculations [7]. 
The effective height of a chimney, or the efficiency 
of effluent dispersion may be improved by any of a 
number of measures. Addition of a jockey stack, a 
smaller diameter supplementary stack installed on 
top of an existing installation, can help . Or im-



provement may be gained by raising the flue gas 
temperature or velocity to obtain greater plume 
rise. Valley inversions may be avoided by running 
ductwork up a hillside for discharge via a stack at 
the top, taking advantage of both the increased 
height above the inversion layer and the higher 
windspeeds for more efficient dispersal [177]. Dif
fusion and dispersal rates under stable air condi
tions may also be improved by the use of vortex 
rings [178], or super high stacks [179, 180]. But 
ultimately, particularly with very large installations 
discharging in areas where inversions are frequent, 
containment measures of one sort or another in 
conjunction with stack discharge have to be 
considered [181]. 

2.6 Air Pollution Abatement by 
Containment 

With the increasing dilution and dispersal burdens 
being placed on a finite volume of atmosphere it is 
becoming more and more clearly evident that 

,containment, or neutralization of air pollutants is 
'required before discharge in order to prevent fur
ther deterioration in air quality [115, 182]. Air 
emission control measures which fall into this cat
egory may be precombustion or predispersal meas
ures, which clean up a fuel or combustion process 
or modify a chemical process in such a way that the 
pollutant of concern is never dispersed into the 
exhaust gases. Or they may comprise measures 
taken to remove or neutralize the particulates, aer
osols, and gases to be discharged after the com
bustion or chemical processing step. The choice of 
which action or combination of actions to be taken 
in any particular case depends on whether the proc
ess is already in operation or in the planning stage 
for construction, and the type of pre- or post -com
bustion emission control strategies which are avail
able or may be readily developed. These options 
are each discussed separately. 

2.6.1 Pre-combustion Removal Methods 

If the technology is accessible and the cost of ap
plying it is not too great, pre-combustion removal 

Leaching: 
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of potential air pollutants has a great deal of merit 
[183]. At this stage not only is the offending sub
stance (or substances) present in the highest con
centration but it has not as yet been dispersed into 
the combustion or process exhaust gases. 
For example the incombustibles in coal, which can 
contribute significantly to the particulate content of 
the flue gases on combustion (as well as to the bot
tom ash volume), are now removed before com
bustion for more than half of the coal produced in 

.North America [8]. This is accomplished by using 
one or more of the following cleaning methods 
with coal that has been previously fmely ground 
[184, 185]. It may be washed with water on riffle 
boards, during which the less dense coal particles 
are carried by the water stream while the more 
dense rock particles tend to sink and are captured in 
the cavities. In air jigs the powdered mixture is sus
pended on a bed of air in a fluidized form. In the jig 
the heavier rock particles tend to sink and may be 
drawn off the bottom, and the cleaned coal is 
drawn off the top. Or an actual liquid or fluidized 
dense solid may be used to obtain a more direct 
sink-float or froth flotation separation of the coal, 
of density about 1.5 g/cm3 , from the denser rock 
particles and other impurities. 
In the process of the pre-combustion cleaning of 
powdered coal a significant proportion of the sulfur 
is also removed. Since about half of the sulfur com
pOlJnds present in uncleaned coal reside in in
organic pyrite and sulfates, and about half in 
organic sulfur compounds present in the coal, it is 
much of the inorganic sulfur that is removed by the 
particulate cleaning methods [186]. This level of 
improvement can be further increased to some 
80 % or so of the total sulfur present by using var
ious aqueous leaching chemicals such as ferric 
sulfate [187-189] or sodium hydroxide [190], in the 
coal cleaning procedure, or by extraction with an 
organic solvent such as molten anthracene, after 
conventional coal cleaning [191-193] (Equations 
2.29, 2.30). 
Microbial methods of coal desulfurization have 
also been tested [194]. By precombustion cleaning 
measures such as these the emission characteristics 
of coalburning installations may be dramatically 

FeS2 + 8 H20 + 14 Fe3+ -> 15 Fe2+ + 2 HS04- + 14 H+ 
Regeneration of leach solution: 

(2.29) 

(2.30) 2 FeS04 + 11202 + H2S04-> FeiS04)3 + HP 
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improved. Coal conversion to a liquid or gaseous 
fuel permits much greater improvement in the re
sidual pre-combustion impurities present [195-
198], but also at greater cost [199]. 
The same kinds of considerations apply in the pre
combustion emission control measures used for the 
non-distilled fractions of petroleum, the residual 
fuel oils, which are used as utility fuels. The re
sidual fuel oils contain all of the involatiles of the 
original crude oil, concentrated by a factor of 6 to 
10 times since the volatile fractions have been re
moved. As a result, these fuels possess a signifi
cant potential for particulate and sulfur oxides 
emission on combustion. Normal refmery crude oil 
desalting practice is capable of removing 95 % or 
more of the particulate discharge problem before 
the crude is ever distilled [8]. But to lower the 
sulfur dioxide emission requires either use of only 
low sulfur crude oils for residual fuel formulation 
[200, 201], or more complicated and expensive 
catalytic de-sulfurization processing of the residual 
feedstocks prior to formulation as a fuel [201-204]. 
Even the volatile petroleum fractions present in 
natural gas, principally methane and ethane, are 
not without their sulfur gas polluting potential if 
burned directly in the state in which it is obtained 
from the well head. But this is normally thoroughly 
de-sulfurized using an amine scrub before it is 
piped to industrial and domestic consumers as an
other pre-combustion cleaned fuel [205, 206] . 
More details of this process are given later. 

2.7 Post-combustion Emission 
Control 

2.7.1 Particulate and Aerosol Collection 
Theory 

Of the two non-gaseous air pollutant classifica
tions, particulates and aerosols, the aerosols are 
much more difficult to control because they do not 
readily settle out of a gas stream of their own ac
cord. The separation of aerosols from a waste gas 
stream is however greatly improved if the very 
small particles or droplets are agglomerated (coag
ulated or coalesced) to larger particles or drops, 
before removal is attempted. There are four 
primary means by which the agglomeration of aer
osols can occur. Being aware of these contributing 
factors can provide a useful background to enable 
measures to be taken to accelerate the process. 
Brownian agglomeration, an important contribut-

ing process to the natural removal of aerosols from 
the atmosphere, is the first of these. The mi
croscopic particles of fumes and fogs are so small 
that the frequent collision of gas molecules with 
them causes them to move in an erratic path, com
monly called Brownian motion. When this occurs 
with reasonably high concentrations of aerosol par
ticles, i.e. high particle numbers, it results in fre
quent particle particle collisions. Particle collisions 
usually result in agglomeration by poorly under
stood mechanisms, forming loose clusters or 
chains with solid particles and larger drops with 
liquid droplets. The coagulation rate for any par
ticular aerosol system is predictable to a significant 
extent [8] (Equation 2.31). 

Coagulation rate -> KbC2, where (2.31) 
~ is the rate constant for Brownian 

coagulation of the particular type of 
particle, and 

c is the number of particles per cm3• 

The coagulation rate is seen to be proportional to' 

the square of the particle concentration, making the 
number of particles per unit volume the single most 
important factor affecting the rate of Brownian 
coagulation. Table 2.10 not only illustrates this as
pect, but also gives the indication that concentra
tions of aerosols above about 106/cm3 are unstable, 
and concentrations above this will rapidly drop to 
near this concentration range by agglomeration 
processes. As particles larger than ca. 5-1O.um 
form, i.e. in the particulate rather than the aerosol 
size range, they are removed by sedimentation. It 
is a combination of processes such as these which 
contribute to keeping the aerosol concentration in 

Table 2.10 The relationship of coagulation time to 
the original particle concentration a 

Initial concentration Time for the number of 
of particles particles to be decreased 
per cm3 to 1,110 initial conc. 

1012 0.03 sec 
1011 0.3 sec 
1010 3.0 sec 
109 0.5 min 
WS 5.0 min 
107 50 min 
106 8.3 hours 
105 17 hours 
104 1.3 days 

a Data cited and extended by calculation using the 
methods given in [8]. 



the earth's atmosphere in the range below about 
104 to 105 particles per cm3 [7]. 
Turbulent coagulation occurs when particles in 
multiple flow line intersections collide, a process 
stimulated by turbulent flow, or eddy conditions. 
The turbulent coagulation rate is again propor
tional to the square of the particle concentration [8] 
(Equation 2.32). 

Coagulation rate = K,c2, where (2.32) 
K, is the rate constant for turbulent 
coagulation. 

The magnitude of Ks, the proportionality constant 
for turbulent coagulation, is in the range of 10 to 
4,000 times Kb . Hence, turbulent coagulation can 
be used to greatly accelerate the natural agglomera
tion processes useful for emission control. 
In natural situations, such as when burning wood 
out-of-doors, a smoke containing 106 particles/cm3 

may be generated. By a combination of Brownian 
and turbulent coagulation processes the average 
particle size in this smoke can increase from 
0.2,um to OA,um before it has travelled 1,000m 
[8]. 
Sonic agglomeration applies to the use of high in
tensity sound waves to accelerate particle coagula
tion [207]. This procedure is based on the premise 
that particles of different sizes will tend to vibrate 
with different amplitudes, increasing the oppor
tunities for collision and coagulation [8]. Also, the 
particle concentration in the compression zone of a 
high intensity sound wave will temporarily be 
raised, artificially increasing Brownian coagulation 
rates. Applying this technique involves the ex
posure of a particle-laden gas stream for a fraction 
of a second to a high intensity siren or oscillation 
piston, operating at 300 to 500 Hz and 170 decibels 
in a sound insulated chamber [208]. After exposure 
the particulate collection efficiency of downstream 
containment devices is significantly improved from 
the greater proportion of large particles produced. 
Electrostatic methods, the fourth class, may also be 
used to obtain efficient coagulation of particles of 
the aerosol size range and larger. By passing a par
ticle-laden gas stream past the negative side of a 
high D.C. voltage corona (intense electric field), 
the particles become negatively charged. They are 
then efficiently attracted and coagulated against 
positively charged plates which are in close prox
imity. Periodic rapping of the plates or a trickle of 
water dislodges the large particles into collection 
hoppers. People involved with stack sampling of 
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gases downstream of an operating electrostatic pre
cipitator should remember that the 20,000 to 
30,000 volts normally used is high enough to leave 
a hazardous residual charge in the very small frac
tion of particles not retained by the precipitator. 

2.7.2 Particulate and Aerosol Collection 
Devices 

Gas cleaning devices vary in their removal effi
ciencies, but almost invariably are more efficient at 
removing particulate, rather than aerosol size 
range material. But even the least efficient device 
for removing small particle sizes, the gravity 
settling chamber (Figure 2.10), still plays an 
important role in emission control. When the gas 
stream to be cleaned has only large particles pre
sent which can be effectively removed by the de
vice, then this device alone represents an inex
pensive method of control. When the particle size 
range to be collected is wide, and a dry cyclone is 
to be used for final particle collection, very large 
particles (100 to 200 ,um) should be removed prior 
to the gas stream entering the cyclone. Otherwise 
the interior of the cyclone is subjected to very high 
abrasion rates. 
Since the efficiency of gas cleaning devices is al
most inevitably better for larger particles than for 
small and since the number of particles represented 
by any given mass goes up exponentially as the par
ticle size goes down, mass removal, rather than 
particle removal efficiencies have become the 
standard method of specifying air cleaning capa
bilities. In one example, a particulate control de
vice with a 91 % mass efficiency worked out to 
have only 0.09 % particle count efficiency for the 
same hypothetical dust-laden gas sample [28]. 
Thus, to be fully aware of the collection character
istics of an air cleaning device one must have both 
mass removal efficiencies, plus the particle size 
range over which the mass removal efficiency was 
measured [201] . Typical characteristics of a 
number of particle collection devices have been 
collected in Table 2.11. 
The operating characteristics of some common par
ticulate emission control units are illustrated in Fig
ure 2.10. Cyclones, which are extensively used in 
industry for this purpose, are most efficient in 
small diameters which forces the entering gas 
stream through higher tangential velocities. It is 
high tangential velocities which most efficiently 
separate particles from the gas. To obtain the same 
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Figure 2.10. Simplified diagrams of 
some of the common types of particu
late and aerosol emission control de
vices. Some of these are also useful for 
gas or vapour emission control. See 
text for details 

Table 2.11 Examples of typical collection efficiencies for some common types of particulate and aerosol 
gas cleaning devices a 

Air cleaning device Particle size range Remarks 
for 90% removal, 11m 

Gravity settling chamber 50 -100 
Balle chamber 20 -100 
Dry cyclone 10 - 50 

Spray washer 5 - 20 
Packed tower scrubber 1 5 

Intensive rotary scrubber 0.1 - 1 
Cloth filter 0.2 - 1 
Absolute filter 0.Q1- 0.1 
Electrostatic precipitator 0.Q1- 10 

Activated charcoal molecular 

a Compiled from data in [7, 8, 28 and 280]. 

effective only at low gas velocities, <200m/min 
gas velocity ca. 300 m/min 
gas velocity 300 to 1500 m/min 2 - 750 cm diameter, 
smaller are more efficient 
gas velocity 70 -100 m/min 
gas velocities to 4000 m/min 
high resistance to gas flow (pressure drop) 
high restistance to flow, energy intensive 
used in bag houses or continuous roll filters 
highly efficient but considerable resistance to flow 
must have low gas flow rates, very low pressure drop, 
very large units (> 3000 m3/min) 
normally for control of gases, vapours, and odours; 
also retains particles, about as cloth filter 



high efficiencies with very large gas volumes a 
large number of small cyclones are connected in 
parallel, rather than using a single, very large 
cyclone. 
Absolute fIlters, developed by the U.S. Atomic En
ergy Commission for containment of radioactive 
particles, are extremely efficient for retention of 
very fine particles but require considerable operat
ing energy because of a large pressure drop across 
the fIlter element. 
Electrostatic precipitation is also very efficient for 
retention of very fme particles, as long as these are 
not highly electrically conductive. But the 
structural features of these units are such that they 
are only cost effective for particulate and aerosol 
emission control for very large volumes of gas, 
hence their typical use in fossil-fueled power 
plants. 

2.7.3 Hydrocarbon Emission Control 
Adoption of automotive control devices has had the 
most significant effect on the gross hydrocarbon 
emissions for regulated areas, because of the large 
contribution to the total mass of hydrocarbons orig
inating from this source (Tables 2.6,2.7). But this 
measure on its own will not necessarily be effective 
for photochemical smog abatement since it is the 
reactive hydrocarbons, rather than total hydro
carbons which are of greatest significance [210, 
211] . 
Measures which can reduce the ventilation losses 
of hydrocarbons from the tank farms and other 
points of an operating oil refinery are discussed 
with the technology related to this industry, Plate 
2.1. 
In the drycleaning business or in vapour degreasing 
plants, losses of hydrocarbon, or chlorinated hy
drocarbon vapours occur from the use and re-
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covery of solvents. These losses can be prevented 
by the use of activated adsorbent systems to capture 
the organic vapours from the vents or hoods of 
these devices [212]. Activated carbon, which is 
available in versions providing up to 1,000 m2 / g 
(ca. 8 acres/oz) of adsorption area is one of the best 
adsorbents for this purpose because of its selectiv
ity for organic vapours. Solvent present in high 
concentrations in air may also be recovered by 
cooling the air to liquid nitrogen temperatures to 
condense the solvent [213] . 
Air contaminated with low concentrations of or
ganic vapours, which can also arise from a number 
of processes, may be economically controlled by 
using this air stream as boiler feed air. Any com
bustibles present are burned to provide fuel value, 
in the process destroying any hydrocarbons present 
before discharge [214, 215]. This method is par
ticularly appropriate when the concentration of 
organic vapours in air is too small for economic 
containment using adsorption [216, 217]. 
The paint industry, with its high dependence on 
solvents and active, fIlrnforming components some 
of which come into the regulatory "reactive hydro
carbon" class, has also been hard pressed to meet 
air quality tests [218-220]. But by the further de
velopment of water-based coatings, even for many 
metal-finishing applications [221-223], and by in
novations into such areas as high solids, or even 
dry powder coating technologies the industry is de
creasing its dependence on organic solvents for 
many finishing applications [224-226] . In turn 
these measures have decreased the emission of hy
drocarbons when the coating is applied, and when 
combined with electrostatic application technology 
to better direct the coating particles or droplets 
onto the surface being coated these techniques si
multaneously result in much less wastage as well. 

Plate 2.1. Floating roof petroleum 
storage tank for the control of hydro
carbon vapour loss. Roof is sunk below 
the rim of this partially empty tank, 
shown by inclined service walkway. 
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2.7.4 Control of Sulfur Dioxide 
Emissions 

Total sulfur dioxide discharges for the U.S.A. for 
1981 amounted to 22.5 million tonnes [227]. Com
bustion sources concerned with power generation 
produced about 60 % of this, and a further 37 % 
was evenly split between other stationary combus
tion sources (mainly space heating) and industrial 
processes [228]. More than half of that originating 
from industrial processes, or about 11 % of the 
total, arose from the smelting of sulfide minerals 
and metal refining activities. Only about 3 % of the 
total originated with the transportation sector. 
The extent of sulfur dioxide emission is of im
portance for the direct effect it has On the ambient 
air levels, for which guidelines have been laid 
down to protect public health (Table 2.12). How
ever, the atmospheric half life of discharged sulfur 
dioxide is estimated to be short, of the order of 3 
days [229]. This rapid return of sulfur dioxide to 
the earth's surface, both as sulfur dioxide itself 
[230] and as its oxidized and hydrated products is 
the reason for its significance as a contributor to the 
acidity of rainfall, about which comment has al
ready been made [109-113]. "Sulfurous acid", 
from hydrated sulfur dioxide, and sulfuric acid, 
formed from the oxidation of sulfurous acid or the 
hydration of sulfur trioxide, both contribute to low 
pH rain. Sulfur trioxide forms through the gas 
phase and heterogeneous oxidation of sulfur diox-

ide On particulate matter, which occurs to a signifi
cant extent both in plumes and in the ambient air 
[231-233]. 
The industrial origins of two of the major sulfur 
dioxide discharges, combustion sources, and sour 
gas plants (in Canada) generally produce waste gas 
streams containing 0.15 to 0.50 % sulfur dioxide, 
too low to be economically attractive for contain
ment. Only with the smelter sources, which com
monly produce roaster exhaust gas streams con
taining 2 to 5 % sulfur dioxide and with modem 
equipment up to about 15 % sulfur dioxide, is it 
anywhere near an economic proposition to contain 
the sulfur dioxide. This will either be sold as liquid 
sulfur dioxide, or converted to sulfuric acid for 
sale. The smelter acid product, being less pure than 
sulfuric acid from sulfur burning sources, com
mands a much lower market price but is still a use
ful grade for such applications as metal pickling 
and the manufacture of fertilizers. 
A number of solutions exist for decreasing the 
sulfur dioxide emissions from sources where tb.e 
concentrations present are too low for economic 
containment. The choice in any particular situation 
depends On the existing ambient air quality (par
ticularly with regard to public health) in the operat
ing area, and the time frame within which abate
ment action has to be taken. 
Temporary shutdown or a reduced level of opera
tion may be required of a fossil-fueled power sta-

Table 2.12 Ambient air quality standards for Canada and the U.S.A., given in IJg/m3 and parenthetically 
in ppm a 

Primary standards Secondary standards 
(Health related, or (Welfare related, or 
maximum acceptable) maximum desirable) 

Pollutant Averaging time Canada U.S.A. Canada U.S.A. 

Total suspended annualb 70 75 60 60 
particulate 24 hour 120 260 150 

Sulfur dioxide annualc 60 (0.02) 80 (0.03) 30 (0.01) 
24 hour 300 (0.11) 365 (0.14) 150 (0.06) 
3 hour 1300 (0.50) 
1 hour 450 (0.17) 

Carbon monoxide 8 hour 15 (13) 10 (9) 6(5) 10 (9) 
Nitrogen dioxide annualC 100 (0.05) 100 (0.053) 60 (0.03) 100 (0.053) 

24 hour 200 (0.11) 
Ozone 24 hour 50 (0.025) 30 (0.015) 

1 hour 160 (0.08) 235 (0.12) 100 (0.05) 235 (0.12) 
Lead 3 month 1.5 1.5 
a Compiled from [227 and 281] . 

• b Annual geometric mean. 
C Annual arithmetic mean. 



tion or smelter to avoid producing local, danger
ously high ambient concentrations of sulfur diox
ide during a severe, inversion-promoted smog 
situation. Over a longer time frame temporary cur
tailment requirements of this kind may be anticipat
ed, by a power station for instance, by having sep
arate stockpiles of low-cost, relatively high sulfur 
content coal for periods of power generation during 
normal atmospheric conditions, and alternative 
more expensive lower sulfur coal (or even coke, or 
natural gas, if suitably equipped) which may be 
burned during severe inversion episodes. With this 
latter option available emission curtailment by re
duction of power production or temporary shut
down, which can be quite costly and inconvenient 
alternatives, will be required less often. 
Emission reduction measures which have greater 
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lead times to institute involve process modifica
tions to avoid generating the sulfur dioxide
containing waste gases. For smelters this might 
mean adoption of hydrometallurgical technology 
such as is now available for copper, nickel, and 
zinc, in order to bypass the older roasting methods 
of sulfur removal from ores [234-237]. For power 
stations this option might mean the installation of 
more rigorous pre-combustion sulfur removal tech
niques for their coal or residual fuel oil, or in
creased emphasis on natural gas firing, or selection 
of hydro-electric, nuclear, or solar-related tech
nologies in the utility's long term plans for power 
generation. 
A third choice to a company faced with a need to 
practise emission reduction is to remain with the 
existing front end process, which continues to 

Table 2.13 The chemical details of some examples of stack gas desulfurization processes a 

Reaction Process examples Regeneration Product(s) 
phases method 

Gas-gas Homogeneous: 
- gaseous ammonia injection none (NH4)2S03, 

plus particle collection (NH4)2S04 

Heterogeneous: 
- S02 reduction with H2S + catalyst (Claus) none S 
- S02 reduction with CH4 + catalyst to H2S, 

then amine scrub (e.g. Girbotol), or none conc. H2~ 
aqueous AQ (Stretford) recoveryb air S 

- S02 catalytic oxidation with air (chamber, none H2SO4 
or contact processes), plus hydration 

Gas-liquid Absorption, plus chemical reaction: 
- by aqueous ammonia solution none (NH4)2S03, 

(NH4)2S04 
- dimethylaniline solution (ASARCO) heat conc. S02 
- aqueous sodium sulfite (Wellman-Lord) heat conc. S02, 

Na2S04 

- citrate process, U.S. Bureau of Mines H2S S 
- citrate process, Flakt-Boliden version heat conc. S02 
- eutectic melt(Na2CO/K2COl ), gives dry plume water gas conc. H2S 
-limestone (or lime) slurry scrubbing, none CaSOl • nH2O, 

inexpensive, throw-away slurry product CaS04·2H2O 
Gas-solid Physical adsorption: 

- S02 onto activated charcoal or alkalized alumina heat conc. S02 
Adsorption, plus chemical reaction: 
- powdered limestone injection, 20 - 60% none dry CaS03, 

efficient capture with particle collection and CaS04 
(precipitator), waste product 

- CuO (or other metal oxides) methane conc. S02 
Chemical reaction: 
- S02 reduction in heated coal bed, Resox process none S 

a Compiled from sources cited in the text, where further details are available, plus the reviews of[228, 242, 282 -
285]. 

b AQ, short for anthraquinone disulfonic acids, see text for details. 
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produce a sulfur dioxide-containing waste gas 
stream, and move to some system which can effec
tively remove the sulfur dioxide from this waste 
gas before it is discharged. Many methods are 
available, each with features which may make one 
of them more attractive or suitable than the others 
for the particular sulfur dioxide removal require
ments of the process (Table 2.13). Some of the 
factors to be considered in arriving at an ap
propriate process choice are the waste gas volumes 
and sulfur dioxide concentrations which have to be 
treated and the degree of sulfur dioxide removal re
quired, remembering that the trend is towards a 
continuing decrease in allowable discharges. Fur
ther considerations are the type of sulfur dioxide 
capture product which is produced by the process 
and the overall cost of it, considered with any prod
uct credit which may help to decrease process 
costs. Finally the type of controlled gas discharge 
required for the operating situation, i.e. warm or 
ambient temperature, moist or dry etc., also has to 
be taken into account. Chemical details of the proc
esses of Table 2.13 are outlined below. 
Only one control procedure, ammonia injection, 
relies solely on gas phase reactions. The moist flue 
gas containing hydrated sulfur dioxide undergoes a 
gas phase, acid-base reaction to produce particulate 
solids (Equations 2.33,2.34). 

S02 + H20 +NH3 -> NH4HS03 (2.33) 

S02 + H20 + 2NH3 + 11202 

particulate 
->. (NH4)2S04 

catalYSIS 
(2.34) 

The solid product, now a separate phase, can be 
readily captured by electrostatic precipitation or 
any other particulate collection device which is al
ready normally in place for fly-ash control. 
Heterogeneous reduction processes still involve the 
reaction of gases, but in these cases the reaction oc-

Al20 3 
3S02+2CH4 -> 2H2S+2C02+2H20+S 
Absorption: + 

curs in the presence of a suitable solid phase cat
alyst. Sulfur dioxide may be reduced to sulfur with 
hydrogen sulfide, if this is available, and the sulfur 
vapour condensed out of the gas stream by cooling, 
the second half of the Claus process [238, 239] 
(Equation 2.35). 

Fe203 
S02 + 2H2S -> 3 S + 2 H20 (2.35) 

Or the sulfur dioxide may by reduced catalytically 
with methane or other hydrocarbons to hydrogen 
sulfide [240]. The hydrogen sulfide produced by 
this method is captured by amine scrubbing of the 
reduced gas stream (Equations 2.36-2.38). 
The high concentration of hydrogen sulfide ob
tained by heating the amine salt may then be easily 
and economically converted to elemental sulfur via 
the Claus process. The Stretford process, which 
may also be used for hydrogen sulfide capture, ac
complishes both capture, using an aqueous mixture 
of 1,5- and 1,8-disulfonic acid of 9,1O-anthra
quinone (AQ), and conversion of the hydrogen 
sulfide to sulfur in a single step [241] (Equation 
2.39). 
Regeneration of the quinone from the quinol is ac
complished with air (Equation 2.40). 
Heterogeneous catalytic oxidation of sulfur dioxide 
with air, via the contact or the chamber process, so 
serves to improve the collection efficiency of the 
sulfur oxides. Sulfur trioxide has a very strong af
finity for water, unlike sulfur dioxide [49, 227], 
so that collection of sulfur trioxide by direct ab
sorption into water is extremely efficient, and the 
product sulfuric acid is a saleable commodity . 
Sulfur dioxide containment by gas-liquid interac
tions can be as simple as flue, or process gas 
scrubbing with dilute ammonium hydroxide [242] 
(Equations 2.41,2.42). 
The ammonium salt products crystallized from the 
concentrated spent scrubber liquors may be used as 

(2.36) 

H2S + H2NCH2CH20H -> HS- + H3NCH2CH20H 
Regeneration: 

(2.37) 

+ 
HS- + H3NCH2CH20H -> H2S + H2NCH2CH20H 

heat 

Absorption - chemical conversion: 
AQ=C=O + H2S -> AQ=C(SH)(OH) -> AQ=C(H)(OH) + S 

(2.38) 

(2.39) 



Regeneration: 

2 AQ=C(H)(OH) + O2 -+ AQ=C=O + 2 H20 
(2.40) 

2NH40H + S02 -+ ~hS03 (2.41) 

2 ~OH + S02 + 112 O2 -+ ~)2S04 (2.42) 

valuable constituents of fertilizer formulations. Or 
they may be first reduced to ammonia and hy
drogen sulfide with natural gas, followed by con
version of the hydrogen sulfide to sulfur by a 
Claus-type sequence [243, 244]. In this French de
signed modification, the ammonia is recycled to 
the scrubbing circuit. 
Similar acid-base chemistry is involved in the 
American Smelting and Refining Company's 
(ASARCO's) sulfur dioxide capture process using 
aqueous dimethylaniline (Equation 2.43). 
However, in this case the sulfurous acid-amine salt 
is heated to regenerate the much more expensive 
dimethylaniline solution for re-use, and obtain a 
concentrated sulfur dioxide gas stream. The more 
concentrated sulfur dioxide is now economic for 
acid production. 
The Wellman-Lord process effectively uses the so
dium sulfite/sodium bisulfite equilibrium to cap
ture sulfur dioxide from flue gases [240,245-247] 
(Equations 2.44, 2.45). 
Most of the sodium bisulfite produced is converted 
back to sodium sulfite on regeneration, but some 
sodium sulfate inevitably forms from irreversible 
oxidation. This is crystallized out, dried, and sold 
as pulping chemical ("salt cake"). 
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The citrate process, in which much development 
work has been invested by the U.S. Bureau of 
Mines and by Pfizer, Inc., uses an aqueous solution 
of citric acid to capture sulfur dioxide [248, 249] 
(Equations 2.46, 2.47). 
Regeneration of the uncomplexed citric acid at the 
same time as formation of an elemental sulfur 
product from the bisulfite anion is obtained by 
treating the absorption solution with hydrogen 
sulfide [250] (Eqnation 2.48). 
If hydrogen sulfide is not conveniently available 
from local process sources it may be produced on 
site for this requirement by reducing a part of the 
sulfur product of the process with methane (Equa
tion 2.49). 
The Flakt-Boliden version of the citrate process 
uses thermal regeneration of the citrate absorbing 
solution to obtain stripped citrate solution and a 
stream of up to 90 % sulfur dioxide at this stage 
[251, 252]. Recovery of a sulfur dioxide product 
gives flexibility to the final stage of processing as 
to whether liquid sulfur dioxide, sulfuric acid, or 
sulfur are obtained as the final product. 
A further gas-liquid interaction process to a useful 
product is the sodium carbonate-potassium 
carbonate eutectic melt process, which operates at 
a temperature of about 425°C, above the melting 
point of the eutectic [253]. Sulfur dioxide absorp
tion takes place with loss of carbon dioxide (Equa
tion 2.50). 
The original eutectic is regenerated plus a hy
drogen sulfide product obtained in a separate unit 
by treating the sodium sulfite with "water gas" 
(Equation 2.51). 

+ 
PhN(CH3h + S02 + H20 -+ PhN(H)(CH3)2 + HS03- (2.43) 

Absorption: 
S02 + H20 + Na2S03 -+ 2 NaHS03 

Regeneration: 
2 NaHS03 + heat -+ S02 + H20 + Na2S03 

citric acid -+ HO-C(CH2C02H)2C02H -+ H2Cir + H+ 

Absorption: 
H2 . Cir + HS03 - -+ (HS03 . H2Cit)2-

Regeneration: 
(HS03 . H2Cit)2- + H+ + 2 H2S -+ 3 S + H2Cir + 3 H20 

A120 3 
4S + CH4 + 2 H20 -+ 4H2S + CO2 
Absorption: 
Na2C03 + S02 -+ Na2S03 + CO2 

(2.44) 

(2.45) 

(2.46) 

(2.47) 

(2.48) 

(2.49) 

(2.50) 
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Regeneration: 

Na2S03 + CO + 2 H2 -> Na2C03 + H2S + H20 

CaC03 + S02 -> CaS03 + CO2 

CaC03 + S02 + 112 O2 -> CaS04 + CO2 

Ca(0H)2 + HP + S02 -> CaS03 . 2 H20 

Ca(0H)2 + H20 + S02 + 112 O2 -> CaS04 . 2 H20 

The hydrogen sulfide initial product can be subse
quently converted to more useful sulfur via the 
Claus process. In return for the high operating tem
peratures required for this process, it gives a sub
stantially dry plume, unlike the other gas-liquid 
interaction processes mentioned, which may be an 
important consideration if the process is to be 
operated in a fog susceptible area. 
A finely powdered limestone or lime slurry in 
water used in a suitably designed scubber is an ef
fective and relatively low cost sulfur dioxide 
containment method [228, 245] (Equations 2.52-
2.55). 
With either reagent, however, a throw-away prod
uct is obtained which requires the allocation of land 
for lagoon disposal of spent scrubber slurries, or 
other systems set up to handle the waste solid 
[254]. A recent variation of this approach is to 
employ the alkalinity of flyash itself, in a water 
slurry, as a means of capturing sulfur dioxide 
[255]. 
The simplest gas-solid containment systems con
ceptually are the direct adsorption ones. These ac
complish adsorption on solids such as activated 
carbon, or alkalized alumina at relatively low tem
peratures and ordinary pressures [256-259]. In a 
separate unit, when the absorbent is regenerated by 
heating, a more concentrated sulfur dioxide stream 
is produced. The more concentrated stream is now 
attractive as feed to an acid plant, or for liquefac
tion or sulfur generation. 
Among the simplest systems, at least for power sta
tions already burning powdered coal, is the use of 
powdered limestone injection [260]. Essentially the 
same burner assembly is required, and the heat of 
combustion of the coal is sufficient to form calcium 
oxide (lime) from the limestone (Equation 2.56). 

CaC03 -> CaO + CO2 (2.56) 

The alkaline lime, in a gas-solid phase reaction, 
reacts with sulfur dioxide in the combustion gases 
to form solid particles of calcium sulfite and cal-

(2.51) 

(2.52) 

(2.53) 

(2.54) 

(2.55) 

cium sulfate which are captured in electrostatic 
precipitators (Equations 2.57, 2.58). 

CaO + S02 -> CaS03 

CaO + S02 + 112 O2 -> CaS04 

(2.57) 

(2.58) 
The process is simple in concept, and to operate, 
but the gas-solid reaction is only about 20 to 60 % 
stoichiometrically efficient so that an excess of 
limestone is required for moderately efficient col
lection [261]. This procedure also imposes a 
heavier solids handling load on the precipitators, a 
factor which has to be considered, and it yields a 
throw-away product. It does, however, produce a 
dry plume, which may be an advantage in some 
situations. 
Other gas-solid containment systems, in which a 
significant amount of the original development 
work was invested by Shell, are based on copper 
oxide on an alumina support [262]. The absorption 
step of this system both oxidizes and traps the 
sulfur dioxide on the solid support as copper sulfate 
(Equation 2.59). 

Uptake: 

CuO + S02 + 112 O2 -> CUS04 (2.59) 

Regeneration by methane reduction is conducted in 
a separate unit returning sulfur dioxide, but now in 
more useful high concentrations (Equation 2.60). 

Regeneration: 

2CUS04 + CH4 -> 2Cu + CO + 2H20 + 2S02 t 
(2.60) 

Finely divided copper on the solid support is 
rapidly re-oxidized to cupric oxide when it comes 
into contact with the hot flue gases on its return to 
the absorption unit (Equation 2.61). 

Cu + 112 O2 (hot flue gas) -> CuO (2.61) 

Ferric oxide on alumina has also been tested in a 
very similar process [263]. 
A final gas-solid interaction process involves pri-



marily chemical reaction for sulfur dioxide con
tainment. A bed of crushed coal, kept at 650 to 
815 0 C, is used to reduce a stream of concentrated 
sulfur dioxide passed through it, to elemental 
sulfur and carbon dioxide [264] (Equation 2.62). 

S02 + C -> CO2 + S (2.62) 

2.7.5 Control of Nitrogen Oxide 
Emissions 

Discharges of nitrogen oxides in the U.S.A. in 
1981 totalled 19.5 million metric tonnes, only 
slightly less than the total discharges of sulfur diox
ide for the same year [227]. But the transportation 
sector was much more significant for this classi
fication, contributing about 8.4 million tonnes of 
this total. Stationary combustion sources, how
ever, were still the most significant contributor to 
this classification with a total of 10.2 million 
tonnes, followed by industrial sources which to
talled about 950 thousand tonnes. 
While both the primary and secondary ambient air 
quality standards for nitrogen oxides are somewhat 
higher than for sulfur dioxide the rationales behind 
the need for control measures are very similar, 
namely health effects and their influence on the pH 
of precipitation (Table 2.12). In addition, however, 
the significance of the role of nitrogen oxides in 
photochemical smog episodes is a further factor in 
the matrix of information used to set up the am
bient air quality standards [265]. 
The mechanism of formation of nitrogen oxides 
(NOx) in flue gases or combustion processes gener
ally, is a composite of the relative concentrations of 
nitrogen and oxygen present and the combustion 
intensity (peak temperatures). Thus, small space 
heaters operating at lower temperatures typically 
produce combustion gases containing about 50 ppm 
NOx, while large power plant boilers can produce 
flue gas concentrations of as high as 1,500 ppm 
[141, 266]. The formation reactions are relatively 
simple, involving a combination of atoms of ox
ygen with nitrogen and atoms of nitrogen with ox
ygen, both elements having finite concentrations 
present in atomic form at high combustion tem
peratures (Equations 2.20, 2.21). Because of the 
higher concentration of atomic species present at 
high temperatures rather than low, and because of 
the very rapid reaction rates at high temperatures, 
the equilibrium of these reactions is established 
rapidly. A small further contribution to the 
nitrogen oxides in exhaust gases can come from the 
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oxidation of nitrogen-containing organics (com
bined nitrogen) in the fuel. 
To decrease nitrogen oxide emissions anyone or a 
combination of measures may be used. In utility 
applications one of the simplest measures, which 
also serves to reduce average fuel combustion and 
hence the costs of power generation, is to take 
some care over the matching of combustion rate to 
load requirements [267]. Fuel combustion at any 
rate greater than the heat removal (or load require
ment) tends to produce excessive boiler and flue 
gas temperatures and higher nitrogen dioxide 
concentrations. 
More fundamental equipment modifications are 
necessary to adopt staged combustion, or larger 
flame volume changes as means of decreasing 
NOx formation [268]. Measures using a fuel-rich 
combustion core the gases from which partially re
duce nitrogen oxides formed near the fuel-lean 
walls to nitrogen are also being tested [269] (e.g. 
Equations 2.24-2.27,2.63). 

(2.63) 

A second significant factor which can assist in de
creasing nitrogen oxide formation is a reduction of 
the excess air used in combustion processes. This 
option requires the installation of oxygen analyzers 
for the continuous monitoring of the oxygen con
tent of flue gases coupled to automatic controls or 
manual reset alarms, to ensure that the excess air 
used for combustion stays within pre-determined 
limits. Changing from a practice of operating with 
a 15 % excess of theoretical combustion air to a 2 
to 3 % excess can alone serve to decrease nitrogen 
oxide emissions by some. 60 %, and at the same 
time increases energy recovery efficiency [270]. 
Other kinds of process changes can also serve to 
decrease NOx emissions by avoiding formation to a 
significant extent. Among these are recirculation of 
a fraction of the flue gas to decrease peak combus
tion temperatures [271], a measure which has also 
had some success in decreasing automotive NOx 
emissions [142]. Use of pure, or enriched oxygen 
instead of air for combustion can also help when 
used with flue gas recirculation, by decreasing the 
concentration of nitrogen available for oxidation. 
Use of fuel cells for power generation could 
eliminate utility-originated NOx emission, but the 
pure gas requirement for present fuel cell technolo
gy makes this option prohibitively expensive ex
cept in special circumstances [272]. 
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Post-formation nitrogen oxide emission control 
measures include adsorption in packed beds, with 
which some decrease is observed [272]. But this 
method is not particularly effective. It is also not a 
very practical method either for utilities or for 
transportation sources. Ammonia or methane re
duction of NOx to elemental nitrogen is also an ef
fective method, which is cost-effective for high 
concentration sources such as nitric acid plants 
[273]. Details of this procedure are discussed with 
nitric acid technology. Two stage scrubbing, the 
first stage using water alone, and the second using 
aqueous urea, has also been proposed as an effec
tive post-formation NOx control measure [274]. 
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