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B PREFACE TO THE
THIRD EDITION

The objectives of the second edition have been maintained and updated
to 2005 in the current volume where users will find that one third of the
references, now totaling more than 1300, are new to this edition. At the same
time most of the in-depth Further Reading suggestions are new to this volume,
and production data of some 30 tables has been updated. Thirty percent of the
175 Review Questions are new to this edition. All have been tested by
students. The scope of this book has also been expanded by the addition of
two new appendices. The first comprises a select list of references relating to
soil pollution and remediation methodologies. The second covers an organ-
ized selection of web sites relevant to the topics covered in the book. All of
these changes have been achieved in a volume which is only slightly larger
than the second edition by summarizing less essential content, and by the
deletion of a few outdated technologies with referral of readers to the second
edition and other sources for details.

As with the earlier editions, I invite users of this book to offer their
suggestions for improvement.

Martin B. Hocking
May 2005
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B PREFACE TO THE
SECOND EDITION

The objectives which motivated the first edition, a unified treatment of the
fields of industrial and environmental chemistry, have been maintained here.
The result is intended to be of interest to senior students in applied chemistry,
science, engineering, and environmental programs in universities and colleges,
as well as to professionals and consultants employed in these fields.

This edition further develops, refines, and updates the earlier material by
drawing on progress in these fields, and responds to comments from users of
the first edition. Sections relating to air and water pollution assessment and
theory have been expanded, chapters on petrochemical production and basic
polymer theory and practice have been added, and the original material has
been supplemented by new data. In addition review questions have now been
added to each chapter. These will be primarily of interest to students but could
be of conceptual value to all users.

The new edition has been assembled to make it easy to use on any or all of
three levels. Basic principles and theory of each process are discussed initially,
followed by more recent refinements and developments of each process, finally
supplemented with material which relates to possible process losses and integral
and end-of-pipe emission control measures. The user’s interest can dictate the
level of approach to the material in the book, from a survey of a selection of
basic processes to an in-depth referral to one or more particular processes, as
appropriate. Chemical reactions and quantitative assessment are emphasized
throughout, using worked examples to aid understanding.

Extensive current and retrospective production and consumption data has
been maintained and expanded from the first edition to give an idea of the
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PREFACE TO THE SECOND EDITION

scale and volume trends of particular processes, and an indication as to
regional similarities and differences. This material also provides a basis for
consideration of technological changes as these relate to changes in chemical
processes. Specific mention should be made of the difficulties in providing
recent information for Germany and the region encompassed by the former
U.S.S.R. because of their political changes during this period.

The author would appreciate receiving any suggestions for improvement.

Martin B. Hocking



B PREFACE TO THE
FIRST EDITION

This text of applied chemistry considers the interface between chemistry
and chemical engineering using examples of some of the important process
industries. Integrated with this is a detailed consideration of measures which
may be taken for avoidance or control of potential emissions. This new
emphasis in applied chemistry has been developed through eight years of
experience gained from working in industry in research, development and
environmental control fields, plus twelve years of teaching here using this
approach. It is aimed primarily towards science and engineering students as
well as environmentalists and practising professionals with responsibilities or
an interest in this interface.

By providing the appropriate process information back to back with
emissions and control data, the potential for process fine-tuning is improved
for both raw material efficiency and emission control objectives. This ap-
proach emphasizes integral process changes rather than add-on units for
emission control. Add-on units do have a place when rapid action on an
emission problem is required, or when control is not feasible by process
integral changes alone. Fundamental process changes for emission contain-
ment are best conceived at the design stage. This approach to control should
appeal to industrialists in particular since something more substantial than
decreased emissions may be achieved.
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PREFACE TO THE FIRST EDITION

This book provides a general source of information on the details of
process chemistry and air and water pollution chemistry. Many references
are cited in each area to provide easy access to additional background mater-
ial. Article titles are given with the citation for any anonymous material to aid
in retrieval and consultation. Sources of further information on the subject of
each chapter, but generally not cited in the text, are also given in a short
Relevant Bibliography list immediately following the text. Tradenames have
been recognized by capitalization, when known. It would be appreciated if
any unrecognized tradenames are brought to the author’s attention.

Martin B. Hocking
From Modern Chemical Technology
and Emission Control
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B BACKGROUND AND
TECHNICAL ASPECTS

Take calculated risks. That is quite different from
being rash.
—George S. Patton

1.1. IMPORTANT GENERAL CHARACTERISTICS

The business niche occupied by the chemical industry is of primary import-
ance to the developed world in its ability to provide components of food,
clothing, transportation, accommodation, and employment enjoyed by mod-
ern humanity. Most material goods are either chemical in origin or have
involved one or more chemicals during the course of their manufacture. In
some cases, the chemical interactions involved in the generation of final
products are relatively simple ones. In others, such as the fabrication of
some of the more complex petrochemicals and drugs, more complicated and
lengthy procedures are involved. Also, most chemical processes use raw
materials naturally occurring on or near the earth’s crust to produce the
commodities of interest.

Consider the sources of some of the common chemical raw materials and
relate these to products that are accessible via one or two chemical trans-
formations in a typical chemical complex. Starting with just a few simple
components—air, water, salt (NaCl), and ethane—together with an external
source of energy, quite a range of finished products is possible (Fig. 1.1).
While it is unlikely that all of these will be produced at any one location,
many will be, and all are based on commercially feasible processes [1]. Thus, a
company which focuses on the electrolytic production of chlorine and sodium
hydroxide from salt will often be sited on or near natural salt beds in order to
provide a secure source of this raw material. A large source of freshwater,
such as a river or a lake will generally be used for feedstock and cooling water
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requirements. Quite often an oil refinery is one of a cluster of companies,
which find it mutually advantageous to locate together. This can provide a
supply of ethane, benzene, or other hydrocarbon feedstocks. In this manner all
the simple raw material requirements of the complex can flow smoothly into
the production of more than a dozen products for sale (Fig. 1.1).

A rapid rise in the numbers of chemicals produced commercially, and a
steady growth in the uses and consumption of these chemicals historically
(since the 1930-1940 period), has given the chemical industry a high growth
rate relative to other industrial activities. In current dollars, the average
annual growth rate in the U.S.A. was about 11% per year in the 1940s and
just over 14% per year through the 1970s, seldom dropping below 6% in the
intervening period. Plastics and basic organic chemicals have generally been
the stronger performing sectors of the chemical industry. Basic inorganic
chemicals production, a “mature” area of the industry, has shown slower
growth. World chemical export growth has been strong too, having averaged
just over a 17% annual growth rate during the 1968-1978 interval. However,
growth rates based on current dollar values, such as these are, fail to recognize
the salutary influence of inflation. Using a constant value dollar, and smooth-
ing the values over a 10-year running average basis gives the maximum for the
real growth rate of about 9% per year occurring in 1959, tapering down to
about 1-3% per year by 1990. The slowing of the real growth rate in recent
years may be because the chemical industry is gaining maturity. More recently,
there may also have been a contribution from the global business recessions.
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Most of the machinery and containment vessels required for chemical
processing are expensive, in part because of the high degree of automation
used by this industry. This means that the labor requirement is relatively low,
based on the value of products. Put in another way, in the U.S., the investment
in chemical plant per employee has amounted to about $30,000 per worker at
the time when the average for all manufacturing stood at $14,000 per worker.
In the U.K., this ratio of capital investment per employee in the chemical
industry versus the investment by all manufacturing is very similar to the
experience in the U.S.A. In 1963, these figures stood at 7,000 and 3,000
pounds, and in 1972, 17,000 and 7,000 pounds, respectively [2].

Yet another way of considering the relationship of investment to the
number of employees is in terms of the “value added per employee.” The
value added is defined as the market price of a good minus the cost of raw
materials required to produce that good [3]. It can be used as a measure of the
worth of processing a chemical in terms of its new (usually greater) value after
processing than before. When the gross increase in value of the products of a
chemical complex is divided by the numbers of employees operating the com-
plex, one arrives at a “value added per employee,” one kind of productivity
index. Using this index, the productivity of a worker in the chemical industry is
at the high end of the range in comparison with the productivity of employees
in all manufacturing within any particular country. There are also quite sig-
nificant differences in relative productivity when the values added per employee
in the chemical industry of countries are compared. In 1978 and 1999, the
values added for the U.S.A. stood at $58,820 and $161,290/employee/year, as
compared to values of $17,800 and $62,390 for Spain, the extremes of the
range among the countries compared in Table 1.1. This comparison also

Il TABLE I.I Employment in Chemicals Production, and Value Added per

Employee”

Thousands employed Value added per employee, US$
Country 1978 1999 1968 1978 1999
Austria 61 29 - 19,670 78,520
Belgium 62.6 71 8,410 37,100 115,170
Canada 84.7 91 18,020 39,130 92,630
France 305 218 9,540 32,540 117,140
Germany (West) 548 522 11,350 46,220 76,860"
Italy 292 231 7,890 20,000 81,450
Japan 470 451 9,460 33,600 176,920
Netherlands 87.1 77 9,810 44,100 99,520
Norway 17.4 n/a 8,290 23,800 n/a
Spain 144.1 141 5,780 17,800 62,340
Sweden 39.7 n/a 12,180 36,500 n/a
U.K. 467 250 8,110 19,800 98,780
US.A. 1,088 1,037 24,760 58,820 161,290

“Data from Cairns [4] and OECD [5], and calculated for 1999 from the “OECD STAN
database for industrial analysis”[6].
bGermany.
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reflects the much higher investment per employee and the higher degree of
automation generally used by American chemical companies versus their Span-
ish counterparts. However, the range of values given here is also dependent on a
number of other factors such as scale and capacity usage rates, which have not
yet been discussed. Relative positions may also change in 10- or 30-year spans,
as shown by Canada and West Germany, from other factors.

The products of the chemical industry tend to have a high rate of obso-
lescence, because of the steady stream of better performing products being
developed. During 1950s and 1960s, most of sales by chemical companies
were from products developed in the preceding 15 years. Since the 1990s, the
pace of product development has accelerated with Du Pont achieving 22-24%
of sales from products developed in the last § years and setting its sights on
33% by 2005, and Kraton Polymers achieving 31% for the same period [7, 8].
Corning, in 2003, recorded 88% of products sold were developed in the
previous 4 years [9]. To provide the steady stream of improved products
required to maintain these records requires a substantial commitment to
research for a company to keep up with its competition. This requirement
also provides the incentive for a chemical company to employ chemists,
engineers, biologists, and other professionals to help ensure the continuing
discovery and development of new products for its success.

From 2.5 to 3.5% of the value of sales of U.S. chemical companies is
spent on research and development activity, about the same proportion of
sales as spent by all industry. The German companies tend to place a some-
what greater emphasis on research and development, and show an expend-
iture of 4-5% of sales in this activity. Drug (pharmaceutical) companies
represent the portion of the chemical sector, which spends the largest fraction
of sales, about 6%, on research and development programs [10]. This is
probably a reflection of the greater costs involved in bringing new, human
use drugs to market, as well as the generally higher rate of obsolescence of
drugs compared to commodity chemicals.

1.2. TYPES AND SIGNIFICANCE OF INFORMATION

With the moderately high growth rate of the chemical industry and its high
rate of obsolescence of both products and of the processes leading to them, the
competition in this industrial area is vigorous. Technological and market
success of a chemical company is a composite of the financial resources,
raw material position, capabilities and motivation of staff, and the informa-
tion resources that the company has at its disposal. The information resource
is a particularly important one for the chemical processing industry. Informa-
tion, or “know-how,” may be derived from many kinds of prior experience. It
may be generated from self-funded and practiced research or process devel-
opment. It may also be purchased from appropriate other companies if this is
available. Thus, sale of the results of research by a company, even if not used
by that company to produce a product, may still produce an income for it in
the form of licensing agreements, royalties per unit of product sold, and other
considerations. In many ways this is a highly desirable component of a
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company’s earnings since it does not require any capital investment, or raw
material and product inventories, as are ordinarily required to generate an
income from chemical processing.

Patents and the patenting system represent the orderly system of public
documents used in most parts of the world to handle much of this kind of
information. Patent protection is of substantial importance to chemical as well
as other companies. Patents must be applied for in each country or region (e.g.,
the European Union) for which protection is desired. Otherwise, the subject of a
patent may be practiced and the product sold without license in any country
in which this precaution has not been taken. “Composition of matter” patents,
which relate primarily to newly discovered chemical compounds, are issued on
successful application by an inventor (individual or company). Utility (i.e., some
type of useful function of the compound) must be demonstrated before a patent
application of this type can be filed. In return this class of patent provides the best
kind of protection for a new compound because the compound itself is protected
from its sale by others for the 17- to 20-year life of a patent, regardless of the
synthetic route developed to produce it.

“Process” patents are used to protect a new process or refinements to an
established process, which is employed to produce an existing compound.
This type of patent also provides useful protection against the commercial use
by others of an improved, completely distinct process, which may be devel-
oped by a company. Process development may lead to lower product costs
achieved from higher conversion rates or better selectivity, or more moderate
operating conditions, and the like. In these ways, it provides the company
with an economic advantage to practice this improvement.

Other patent areas are used by chemical and other companies, such as
those covering machines and registered designs, trademarks and symbols,
and copyright, but these are generally less fundamental to the operations of
chemical companies than the composition of matter and process patent areas
[11]. Trademarks and symbols are generally of more importance for sales,
since company and product recognition comprise significant marketing fac-
tors. Trademarks and symbols have no expiry date, as long as the required
annual maintenance fee is paid.

A patent comprises a brief description of the prior art (the narrow
segment of technology) in areas related to the subject of the patent. Usually
this is followed by a brief summary of what is being patented. A more detailed
description of what is involved in the invention is then given, accompanied
by descriptions of some detailed examples that illustrate the application of the
invention. Usually at least one of the examples described is a description of an
experiment, which was actually carried out, but they need not all have been
actually tested. Differentiation between actually tested examples and hypo-
thetical examples described in the body of the patent is made on the basis of
the tense used in the description. If it is described in the past tense (i.e., “was”
is used throughout), then it is a description of a tested example. If it is given
in the present tense, it describes a hypothetical example. To be able to
differentiate the two types of examples is of particular interest to synthetic
chemists, for example, who are likely to be more successful if they follow a
procedure of a tested rather than a hypothetical example. The last, and most



I BACKGROUND AND TECHNICAL ASPECTS

important part of a patent is the claims section. Here, numbered paragraphs,
each of which by custom is written all in one sentence, cover the one or more
novel areas to be protected by the patent in order of importance. In the case of
any contest of the patent by other parties, these claims must be disproved in
reverse order, (i.e., the last and least important claim first followed by the
others) if the last claim is successfully contested.

The granting of a patent confers on the holder a time-limited monopoly in
the country of issue, for a period of about 17 years, to cover the novel compos-
ition of matter or advance in the art that is claimed by the patent. This country-
by-country process has been recently simplified by the availability of European
Union (EU) patents, which now cover all the member countries with one
application [12]. During this time, the company or individual may construct a
plant using the patented principles, which may take 6 or 7 years. Once produc-
tion has begun, a product can be marketed from this plant at a sufficiently high
price that the research and development costs involved prior to patenting, as
well as reasonable plant write-off expenses, may be met. This stage of marketing
can proceed without competition from others for the 10-11 years remaining
from the original patent interval. Or a company may choose to license the
technology to collect product royalties from another interested company. Or it
may follow both options simultaneously, if it reasons that the market will be
large enough to sustain both. For these reasons, the patent system encourages a
company to carry out its own research since it provides a reasonable prospect of
the company being able to recover its early development costs while it is using
the new art, protected from competition.

Seventeen years (20 years in European countries) from the date of issue of
a patent, however, the subject matter of the patent comes into the public
domain. In other words, it becomes open to any other person or company
who wishes to practice the art described in the patent and sell a product based
on this technology. At this time, the price of the product will normally fall
somewhat as the product starts to be produced competitively by others. But
the originating company still has some production and marketing advantages
from its longer experience in using the technology, from having one or more
producing units, which may be largely paid for by this time, and from having
already developed some customer confidence and loyalty.

The new regulatory requirements that must be met before marketing new
drugs and pesticides are now taking up to 7-8 years to satisfy. This has
increased the new product development costs, simultaneously decreasing the
period of time available for monopoly marketing to allow recovery of devel-
opment costs. Realization of this has led to moves in the U.K. and in the
U.S.A. to extend the period of monopoly protection granted by the patent by
the length of time required by a company to obtain regulatory clearance.
These moves should at least encourage maintenance of the current level of
research and development effort by companies even if it does not increase
innovation.

Patent protection for an idea is for a limited time only, but even during the
protected time the information in the patent becomes public knowledge.
There may be some technological developments, which a company wishes to
keep completely to itself, or which are so close to prior art (already practiced)
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that there is some doubt of the likelihood of success of a patent application.
Information falling into these categories may be simply filed in company
records for reference purposes and not be patented or otherwise publicized
at all. This type of know-how is termed “proprietary information,” useful to
the company but kept within the company only. Agreements signed by all new
employees working for a company ensure that this proprietary information
does not become public knowledge. In return for risking possible eventual
leakage and use of this information by others, the company gains the advan-
tageous use of the information. In the meantime, it saves patenting costs (even
if feasible) and avoids the certainty of public disclosure on issuance of a patent
covering this information. But the ideas involved are not directly protected
from use by others, whether or not the knowledge is lost via “leaks” or via
independent discovery by a second company working on the same common
knowledge premises as the first company, hence the value of the patent system
in providing this assurance of protection.

A second approach to decrease the impact of public disclosure when a
patent is filed is to apply for many patents on closely related technologies
simultaneously. Some will relate to the core technology for which protection is
desired. The others serve as distractors to those who would wish to discover
and explore the new technology competitively.

1.3. THE VALUE OF INTEGRATION

Integration, as a means of consolidation by which a company may improve its
competitive position, can take a number of forms. Vertical integration can be
“forward” to carry an existing product of the company one or more stages closer
to the final consumer. For instance, a company producing polyethylene resin may
also decide to produce film from this resin for sale, or it might decide to produce
both film, and garbage bags from the film. By doing this, more “value-added”
manufacturing stages are undertaken within the company. If these developments
are compatible with the existing activities and markets of the company, they can
significantly enhance the profitability of its operations.

Vertical integration may also be “backward” in the sense that the com-
pany endeavors to improve its raw material position by new resource discov-
eries and acquisition, or by purchase of resource-based companies strong
in the particular raw materials of interest. Thus, it can explore for oil, or
purchase an oil refinery to put itself into a secure position for ethane and
ethylene. Or it can also purchase land overlying beds of sodium chloride or
potassium chloride with mineral rights, or near sodium sulfate rich waters and
develop these to use for the preparation of existing product lines. Either of
these routes of backward integration can help to secure an assured source of
supply and stable raw material pricing, both helpful in strengthening the
reliability of longer term profit projections.

Horizontal integration is a further type, where the technological or infor-
mation base of the company is applied to improve its competitive position in this
and related areas. When a particular area of expertise has been discovered and
developed, this can be more fully exploited if a number of different product or
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service lines are put on the market using this technology. For instance, Procter &
Gamble and Unilever have both capitalized on surfactant technology in their
development of a range of washing and cleaning products. Surface-active agents
of different types have also been exploited by the Dow Chemical Company with
its wide range of ion exchange resins, and cage structures by the former Union
Carbide (now owned by Dow) with its molecular sieve-based technology. It can
be seen from these examples that judicious application of one or more of these
forms of integration can significantly strengthen the market position and prof-
itability of a chemicals based company.

1.4. THE ECONOMY OF SCALE

The size or scale of operation of a chemical processing unit is an important
competitive factor since, as a general rule, a large-scale plant operating at full
capacity can make a product at a lower per unit cost. This is the so-called
“economy of scale” factor. How does this lower cost product from a larger
plant arise? First, the labor cost per unit of product is lower for a very large
plant than for a small one. This is because proportionally fewer staff are
required per unit of product to run a 1,000 tonne/day plant than, say, a 100
tonne/day plant. Secondly, the capital cost of the plant per unit of product is
lower, if the plant is operating at full capacity.

Reduced labor costs result from the fact that if one person is required to
control the raw material flows into a reactor in a 100 tonne/plant; in all
likelihood, they can still control these flows in a 1,000 tonne/day plant. In fact
an empirical expression has been derived by correlation of more than 50 types
of chemical operations which, knowing the labor requirement for one size of
plant, allows one to estimate with reasonable assurance the labor requirement
for another capacity [13] (Eq. 1.1).

M = M(Q/Qo)", 1.1

where M =labor requirement for plant capacity Q of interest,
My =known labor requirement for a plant capacity Q,, and
n =exponent factor, normally about 0.235, for the estimation of
labor requirements.

If 16 staff are required to operate a 200 tonne/day sulfuric acid plant,
this expression allows us to determine that only about 24 staff (16 x
(1,000/200)0‘25) should be needed to operate a 1,000 tonne/day plant. Thus,
when operating at full capacity, the larger plant would only have three-tenths
the labor charge of the smaller plant, per unit of product.

The lowered plant capital cost per unit of product comes about because of
the relationship of capital costs of construction to plant capacity, which is an
exponential, not a linear relation (Eq. 1.2).

capital cost oc (plant capacity)*/? 1.2

The approximate size of the fractional exponent of this expression
results from the fact that the cost to build a plant varies directly as the area
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(or weight) of metal used, resulting in a square exponent term [14]. At the
same time, the capacity of the various components of the processing units
built increases in relation to the volume enclosed, or a cube root term. Hence,
the logic of this approximate relationship.

In actual fact, a skilful design engineer is generally able to shave just a bit
off this descriptively derived exponent, making capital cost relate to scale
more closely in accord with Eq. 1.3 for whole chemical plants.

capital cost o (plant capacity)’’ 1.3

In order to use (Eq. 1.3) to estimate the capital cost of a larger or smaller
plant, when one knows the capital cost of a particular size of plant, one has to
insert a proportionality constant (Eq. 1.4).

C=GCo(Q/Qu)", 1.4

where C =capital cost for the production capacity Q of the plant to be
determined,
Co = is the known capital cost for production capacity Q,, given
in the same units as C, and
n =scale exponent, which is usually in the 0.60 to 0.70 range
for whole chemical plants.

Thus, if it is known that the capital cost for a 200 tonne/day sulfuric acid
plant is $1.2 million ($1.2 mm) then, using this relationship, it is possible to
estimate that the capital cost of an 1800 tonne/day plant will be somewhere in
the range of $4.49 mm to $5.59 mm (Eq. 1.5).

C = $1.2mm (1,800/200)>¢° C = $1.2mm (1,800/200)%7°
=$1.2mm (3.7372) =$1.2mm (4.6555) 1.5
= $4.485 mm = $5.587 mm

From construction cost figures the actual capital cost of construction of an
1,800 tonne/day sulfuric plant is about $5.4 mm, when taken at the time of
these estimates. This figure agrees quite well with the two values estimated
from the known cost of the smaller sized plant.

Of course, if one has recent capital cost information on two different sizes of
plant for producing the same product, this can enable a closer capital cost
estimate to be made by determination of the value of exponent n from the
slope of the capital cost versus production volume line plotted on log-log axes
for the two sizes of plant. For the particular example given, this experimentally
determined exponent value would be 0.685. Note also that this capital cost
estimation method is less reliable for plant sizes more than an order of magnitude
larger or smaller than the plant size for which current costs are available [15].

From a comparison of the foregoing capital cost figures, it can be seen
that nine times as much sulfuric acid can be made for a capital cost of only 3.7
to 4.7 times as much as that of a 200 tonne/day plant. Obviously if the large
plant is operated at full capacity, the charge (or interest) on the capital which
has to be carried by the product for sale by the larger plant is only about half
(4.7/9.0) or even less than half (3.7/9.0) of the capital cost required to be
borne by the 200 tonne/day plant, per unit of product.
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To make the decision regarding the size of plant to build in any particular
situation, careful consideration has to be given to product pricing, market size
and elasticity, and market growth trends. Also it is a useful precaution to
survey the immediate geographical area and public construction announce-
ments for any other plans for a plant to produce the same product. The final
decision should be based on a scale of operation which, within a period of 5-7
years, could reasonably be expected to be running at full capacity. That is, it
should be possible to stimulate a sufficient market, within this period of time,
to sell all of the product that the plant can produce. If the final size of plant
built is too small, not only are sales restricted from inadequate production
capacity but also the profit margin per unit of product is smaller than it
potentially could have been if the product were being produced in a somewhat
larger plant. If the final result is too large, and even after 10 years or so the
plant is required to operate at only 30% of capacity to provide for the whole
market, then the capital and frequently also labor costs per unit of product
become higher than they would have been with say one-half or even one-
quarter of the plant size. In this event, planning too optimistically can actually
decrease the profitability of the operation. It is the significance of decisions
such as these as to the financial health of a chemical company that justify the
handsome salaries of its senior executives.

One remaining point to consider regarding scale is that the capital cost
exponential factor of 0.60 to 0.70 relates to most whole plants. If considering
individual processing units this factor can vary quite widely (Table 1.2). With
a jaw crusher, for example, a unit with three times the capacity costs 3.7 times
as much. Obviously, here, scaling up imposes greater capital costs per unit of
product for a larger than for a smaller unit. But other associated costs may
still be reduced. A steel vent stack of three times the height costs about three
times as much, (i.e., there is no capital cost economy of scale here), and these
capital cost increases with height may still have to be borne by the plant.

TABLE 1.2 Typical Values for the Exponent Scale Factor and How These
Relate to the Cost Factor for Chemical Processing Equipment”

Typical value of Cost factor for
Type of equipment exponent n three times scale
Jaw crusher 1.2 3.74
Fractionating column, bubble cap 1.2 3.74
Steel stack 1.0 3.00
Fractionating column, sieve tray 0.86 2.57
Forced circulation evaporator 0.70 2.16
Shell and tube heat exchanger 0.65 2.04
Jacketed vessel evaporator 0.60 1.93
Stainless steel pressure reactor, 300 psi 0.56 1.85
Industrial boiler 0.50 1.73
Drum dryer, atmospheric pressure 0.40 1.55
Storage tank 0.30 1.39

“Exponent values for use with Eq. 1.4, C = C,(Q/Q,)", and selected from those of Peters
and Timmerhaus [15] and Allen [16].
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However, for very simple components of processing units such as storage
tanks, the value of this exponent is small, about 0.30, which allows a tank
of three times the capacity to be built for only about 1.4 times the price. Thus,
a composite of the scale-up exponent factors for individual units averages out
to the 0.60 to 0.70 range for a whole chemical plant.

1.5. CHEMICAL PROCESSING

The chemistry side of the chemical process industries is concerned with the
change of raw materials into products by means of chemical conversions.
A single-reacted starting material rarely gives only pure product, so it is
usually necessary to use physical separations such as crystallization, filtration,
distillation, or phase separation to recover the product(s) from the unreacted
starting materials and by-products. By-products are materials other than the
product, which are obtained from reacted starting materials. These physical
separation processes are often called unit operations to distinguish this from
the chemical conversion. Similar features of unit operations may be compared
from process to process, unlike chemical conversions [17]. The combination
of the chemical conversion step, with all of the unit operations (physical
separations) that are required to recover the product of the chemical conver-
sion, is collectively referred to as a unit process.

Unit processes may be carried out in single-use (dedicated) equipment
used solely to generate the particular product for which it was designed. Or
they may be carried out in multiuse equipment used to produce first one
product, followed in time by switches to produce one or more related prod-
ucts that have similar unit process requirements. Single-use equipment is
invariably used for large-scale production, when 90% of full-time usage
rates are required to obtain sufficient products to satisfy the market require-
ments. Multiuse equipment is more often chosen for small-scale production,
and particularly for more complicated processes such as required for the
manufacture of some drugs, dyes, and some speciality chemicals.

Proper materials of construction with regard to strength and toughness,
corrosion resistance, and cost must all be kept in mind at the design stage for
construction of a new chemical plant. Early experiments during the concep-
tion of the process will usually have been conducted in laboratory glassware.
Even though glass is almost universally corrosion resistant (and transparent,
and thus useful in the lab), it is too fragile for most full-scale process use. Mild
steel is used wherever possible, because of its low cost and ease of fabrication.
But steel is not resistant to attack by many process fluids or gases. In these
cases titanium, nickel, stainless steel, brass, Teflon, polyvinylchloride (PVC),
wood, cement, and sometimes even glass (usually as a lining) among other
materials may be used to construct components of a chemical plant. The final
choice of construction material is based on a combination of experience and
accelerated laboratory tests. Small coupons of the short-listed candidate
materials are suspended in synthetic mixtures prepared to mimic those to
be found in the process. These are then heated to simulate anticipated
plant conditions. Preliminary tests will be followed by further tests during
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small-scale process test runs in a pilot plant, wherever possible. Even when the
final full-scale plant is completed, there may still be recurring corrosion
failures of a particular component, which may require construction material
changes even at this stage of process development.

1.5.1. Types of Reactors

Industrial reactor types can use the analogy between laboratory manipula-
tions and a full-scale production plant. Very often in the laboratory a synthe-
sis will be carried out by placing all the required reactants in the flask and
then imposing the right conditions, heating, cooling, light, etc., on the con-
tents to achieve the desired extent of reaction. At this stage, the contents of
the flask are emptied into another vessel for the product recovery steps to be
carried out. Operating an industrial process in this fashion is termed a batch
process or batch operation. Essentially this situation is obtained when all
starting materials are placed in the reactor at the beginning of the reaction,
and remain in the vessel until the reaction is over, when the contents are
removed. This mode of operation is the one generally favored for smaller scale
processes, for multiple use equipment, and for new and untried, or some types
of more hazardous reactions.

On the other hand, an industrial process may be operated in a continuous
mode, rather than in a batch mode. To achieve this, either a single or a series of
interconnected vessels may be used. The required raw materials are continu-
ously fed into this vessel or the first vessel and the reaction products continu-
ously removed from the last so that the volume of material in the reactor(s)
stays constant as the reaction proceeds. The concentrations of starting mater-
ials and products in the reactor eventually reach a steady state. One or more
tanks in series may be used to conduct the continuous process. Another option
for a continuous process is to use a pipe or tube reactor, in which the starting
material(s) is fed into the tube at one end, and the product(s) is removed at the
other. In this case, the reaction time is determined by the rate of flow of
materials into the tube divided by the length of the tube.

Since, in general, the labor costs of operating a large-scale continuous
process are lower than for a batch process, most large-scale industrial pro-
cesses are eventually worked in a continuous mode [18]. However, because of
the more complicated control equipment required for continuous operation,
the capital cost of the plant is usually higher than for the same scale batch
process. Thus, the final choice of the mode of operation to be used for a
process will often depend on the relative cost of capital versus labor in the
operating area in which the plant is to be constructed. Most developed
countries opt for a high degree of automation and higher capital costs in
new plant construction decisions. For Third World nations, however, where
capital is generally scarce and labor is low cost and readily available, more
manual and simpler batch-type operations will often be the most appropriate.
A smaller scale of operation could be sufficient to supply the smaller markets
in these economies. Maintenance and repair operations for batch operations
in less developed economies are also more easily accomplished than with the
more complex control systems of continuous reactors.
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There are several common combinations within this broad division into
batch and continuous types of reactors, which use minor variations of the
main theme. The simplest and least expensive of these subdivisions is repre-
sented by the straight batch reactor, which is frequently just a single stirred
tank. All the raw materials are placed in the tank at the start of the process.
There is no flow of materials into or out of the tank during the course of the
reaction (i.e., the volume of the tank contents is fixed during the reaction)
(Table 1.3). Usually there is also some provision for heating or cooling of the
reacting mixture, either via a metal jacket around the reactor or via coils
placed inside the reactor through which water, steam, or heat exchange fluid
may be passed for temperature control. However, the temperature is not
usually uniform in this situation since the initial concentrations and reaction
rate of the two (or more) reactants are at a maximum, which taper to lower
values as the reaction proceeds. Thus, heat evolution (or uptake) is going to be
high initially and then gradually subside to coincide with a slowing of the
reaction rate. At the end of the reaction, the whole of the reactor contents is
pumped out for product recovery.

Il TABLE 1.3 A Qualitative Comparison of Some of the Main Configurations of Batch and
Continuous Types of Liquid Phase Reactors

Uniformity of
Composition Temperature
lllustration Composition  within throughout
Type of reactor of concept with time reactor? process®
a. Batch no yes no
b. Semi-batch no yes yes
c. Continuous stirred tank yes yes yes
(CSTR) sometimes
“tank flow reactor”
= product
d. Multistage CSTR yes partly partly
product  yes no no

e. Tubular flow, sometimes
“pipe reactor” or
roduct

“plug flow reactor” uo_[:g:ﬁ_.

feeds

“Meaning the composition within the reactor at any particular point in time.
bReferring to temperature constancy during the whole of the reaction phase.
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A semibatch reactor is a type of batch configuration used particularly for
processes, which employ very reactive starting material. Only one reactant,
plus solvent if required, is present in the reactor at the start of the reaction.
The other reactant(s) is then added gradually to the first, with continued
stirring and control of the temperature. Through control of the rate of
addition of one reactant, the temperature of the reacting mixture may be
kept uniform as the reaction proceeds.

Continuous reactor configurations are generally favored for very large-
scale industrial processes. If the process is required to produce only 2 million
kg/year or less, the economics of construction will generally dictate that a
batch process be used [19]. If, however, 9 million kg/year of product or more
is required, there is a strong incentive to apply some type of continuous
reactor configuration in the design of the production unit.

The stirred tank is the main element of the simplest type of continuous
reactor, the continuous stirred tank reactor (CSTR). Continuity of the process is
maintained by continuous metering in of the starting materials in the correct
proportions, and continuous withdrawal of the stream containing the product
from the same, well-stirred vessel. In this way the concentration and tem-
perature gradients shown by simple batch reactors are entirely eliminated
(Table 1.3). This type of continuous reactor is good for slow reactions, in
particular, since it is a large, simple, and cheap unit to construct. However,
reactors of the CSTR type are inefficient at large conversions [19]. For a process
proceeding via first-order kinetics and requiring a 99 % conversion a seven times
larger reactor volume is needed than if only 50% conversion is desired.

A solution to the large volume requirement for high conversions in a
single reactor is to use two or more CSTRs in series [19]. Use of two CSTRs
in series allows the first reactor to operate at some intermediate degree of
conversion, the product of which is then used as the feed to the second reactor
to obtain the final extent of reaction desired (Fig. 1.2). From the diagrams it
can be readily seen that the total reactor volume required to achieve the
desired final degree of conversion is significantly reduced compared to the
volume required to achieve the same degree of conversion in a single reactor.
Carrying this idea further, it can also be seen that increasing the number of
CSTRs operating in series to three or more units contributes further to the
space-time yields and allows further reductions in reactor volume to be made
to still obtain the same final degree of conversion. Therefore, multiple CSTRs
operating in series allow either a reduction in the total reactor volume used to
obtain the same degree of conversion as with a single CSTR, or a higher
degree of conversion for a given total reactor volume. In either case, the
engineering cost to achieve these changes is in the additional connecting
piping and fluid and heat control systems required for multiple units, over a
single reactor. This generally is the factor that limits the extent to which
increased numbers of reactors are economic to use for improvement of process
conversions.

Taking the multiple CSTR concept to its logical extreme, a very large
number of small tank reactors connected in series can be likened to carrying
out the same process in a very long, narrow-bore tube, referred to as a tubular
flow, or pipe reactor. By placing sections or all of this tube in externally heated
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Approximate
mean rate

Terminal degree of
conversion for batch
system : equivalent to
single CSTR conversion
Single CSTR ~

Reaction rate

a Conversion (time)

Approximate
mean rate

Approximate
mean rate

Reaction rate

Same overall degree
of conversion as in
single CSTR

Second CSTR

b Conversion (time)

B FIGURE 1.2 A comparison of the “space-time” yields, or saving in reactor volume
achieved by carrying out a continuous process to the same degree of conversion in a single
stirred tank reactor, versus two CSTRs operating in series. (Adapted from Wynne [19], with
permission.)

(or cooled) sections, any desired processing temperature of the fluid mixture
flowing inside the pipe can be obtained. If a high enough flow rate is used to
cause turbulent flow, or if in-line mixers (streamline flow splitters employing
an interacting series of baffles) are used, components of even immiscible
mixtures may be made to mix thoroughly as they move down the tube.
Turbulent flow conditions also help to obtain good heat transfer between
the liquid mixture flowing inside the tube, and the tube wall. If the heat
transfer fluid or gas flowing outside the tube is also moving vigorously, the
temperature difference between the external heat transfer medium and the
contents of the tube is also kept to a minimum.

The concentrations of starting materials flowing in a tube reactor
decrease, and the concentration of product increases, as the mixture flows
down the tube and the reaction proceeds. Thus reaction times for the raw
materials flowing into a tube reactor can be calculated from the relation
(distance from the inlet)/(reactant velocity). The induced turbulence in the
tube occurs mostly in the cross-sectional dimension and very little along the
length of the tube (i.e., there is little or no “backmixing,” or mixing of newly
entering raw materials) with raw materials that have already reacted for some
time. This feature has led to the names plug, or plug flow reactor as other
descriptive synonyms for tubular flow or pipe reactor.
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Most industrial processes using the interaction of fluids to obtain chem-
ical changes can be classified into one, or sometimes more of the preceding
five liquid reactor types. Variations on these themes are used for gas—gas,
gas-liquid, or gas-solid reactions, but these variations parallel many of the
processing ideas used for liquid-liquid reactors [20]. A new continuous,
spinning disk reactor concept has recently attracted interest for some intrin-
sically fast organic reactions and for possible application in crystallizations
[21]. Modular microreactors have also become of interest to fine chemicals
producers and pharmaceutical companies for their faster reactions, ease of
scale-up, and low cost [22].

1.5.2. Fluid Flow Through Pipes

To understand the mechanism of the turbulent mixing process occurring in
pipe reactors, we have to consider first some of the properties of fluid flow in
pipes. Resistance to fluid flow in a pipe has two components, the viscous
friction of the fluid itself within the pipe, which increases as the fluid viscosity
increases, and the pressure differential caused by a liquid level difference or a
pressure difference between the two vessels.

At relatively low fluid velocities, particularly for a viscous fluid (where
turbulence is damped) in a small pipe one will normally obtain streamline
flow (Fig. 1.3a). Under these conditions, the fluid is in a continuous state of
shear with the fastest flow in the center of the pipe with low to zero flow right
at the wall. The fluid velocity profile, along a longitudinal section of the pipe,
is parabolic in shape.

At high fluid velocities, particularly for low viscosity fluids in large
diameter pipes, small flow disturbances create eddies in the fluid stream,
which fill the whole of the cross-sectional area of the pipe (Fig. 1.3b). Only
a residual boundary layer against the inside wall of the pipe will maintain

— Flow —u

Streamline flow throughout Parabolic velocity

a profile
==,

FEECE 333:“3“} —]

3;7:} Flow jj;}ﬁ:? \}‘}\} —u—*

——u =
Main stream turbulent flow (eddies) Uniform flow profile
Streamline flow only in boundary layer

b

FIGURE 1.3 Fluid flow characteristics and profiles of fluid flow in pipes: (a) At low
Reynolds numbers, where streamline flow is obtained throughout the cross section. (b) At
high Reynolds numbers, where turbulent flow is obtained for most of pipe volume. Stream-
line flow is only obtained in a thin boundary layer adjacent to the pipe wall where the
influence of the wall and viscous forces control turbulence.
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streamline flow under these conditions. This turbulent condition is more
common for fluid movement in pipes since smaller pipes, which cost much
less, may be used when high fluid velocities are used [23]. The cost saving
obtained by using smaller pipe usually exceeds the small increase in pumping
cost required to achieve the higher fluid velocities. There are also other
reasons for this [22].

The development of turbulent flow depends on the ratio of viscous to
inertial (density and velocity) forces, a ratio known as the Reynolds number,
R. (Eq. 1.6).

R, = -, 1.6

where u = fluid velocity,
p = fluid density,
d = pipe diameter, and
p = fluid viscosity.

Either metric or English units (i.e., the g/cm sec, or the Ib/ft sec system) may
be used for substitution, as long as the usage is kept consistent. Also, the same
concept applies whether the “fluid” is a liquid or a gas [24]. In either case the
result comes out to the same, dimensionless (unitless) Reynolds number, that
is, a pure ratio. Whenever the Reynolds number for fluid flow in a pipe
exceeds about 2100, one obtains turbulent flow. However, this is not a
sharp dividing line. The division between streamline and turbulent flow
situations is also dependent on factors other than those used in the Reynolds
number calculation, such as the proximity of bends and flow-obstructing
fittings, and the surface roughness of the interior of the pipe. So, normally,
a Reynolds number range is given. If it is 2,000 or less, this is indicative of a
streamline flow situation. If it is 3,000 or more, turbulence is expected [25].
Tubular or pipe reactors are designed to take advantage of this phenom-
enon to obtain good mixing. This means that relatively small bore tubes and
relatively high flow rates are used for this type of continuous reactor. The
dependence of good mixing on high flow rates may set a lower limit on the
fraction of the design production rate at which the plant can operate. Turbu-
lent flow of the raw materials in the pipe not only contributes good mixing,
but also assists in maintaining good heat transfer conditions through the pipe
wall separating the reactants flowing in the pipe from the jacketing fluid.

1.5.3. Controlling and Recording Instrumentation

Many kinds of sensors are needed to measure the process parameters important
for effective operation of any type of chemical process. The principles of
manual or automated process control require, first of all, an appropriate
variable, which needs to be measured—temperature, pressure, pH, viscosity,
water content, etc.—in order to study the progress of the reaction or separation
process. For the measured variable to be significant in the control of the process
it must represent a control parameter, such as steam flow, pump speed, or acid
addition rate which, when altered, will cause a response in the measured
variable. Finally, there must be some actuating mechanism between the
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variable, which is sensed and the process condition which requires adjustment.
In simple processes and where labor costs are low the actuation may be carried
out by a person who reads a dial or gauge, decides whether the parameter is
high, low, or within normal range, and if necessary adjusts a steam valve, pump
power or cooling water to correct the condition. For automated plants, the
means of actuation may be a mechanical, pneumatic, electric, or hydraulic link
between the sensor and the controlled parameter.

The amounts of materials fed to a chemical reactor are usually sensed
by various types of flowmeters (Fig. 1.4). The proportions of raw materials
reacting are known from the ratios of the metered flow rates of raw mater-
ials moving into the reactor, which may be adjusted if necessary. Today, flow
control and many other variables are designed to be proportional, to control a
process more readily. Valves may be set to different flow rates, pump speeds
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may be altered, conveyors moving solids may be adjusted, and heat input
as electrical energy or steam or cooling water flows may be varied at will.
The development of proportional control of process variables has greatly
improved the refinement of process operation that is now possible. Occasion-
ally, raw material quantity measurement is carried out using measuring tanks
or bins, with a float, sight tube, or electrically activated tuning fork as level
indicators. Sometimes, piezoelectric mass measurement of the bin plus con-
tents is used, which is more like the usual laboratory method used for mass
proportions.

Actuation of process controls in response to a measured process variable
was initially pneumatic, using low pressure air, because of the reliability
and inherent ignition safety of this system. However, with the growth of
computer process control interfacing with electric or electronic actuation is
easier, and the improved reliability and safety of these systems against ignition
hazards have contributed to the growth in their use. Increased use of
computer-based technology for plant automation has helped to refine process
operations, improve yields and product quality and also provide savings in
labor costs.

Automation of plant control using a computer to match ideal process
parameters to the readings being taken from measured process variables
allows close refinement of the operating process to the ideal conditions
(Fig. 1.5). Manually, a process reading may be compared to the ideal condi-
tion every hour or half hour as a reasonable operating procedure. However,
under computer control, it is possible to program the operating system so that
20 (or more) variables are monitored, compared to their ideal ranges, and
process parameters adjusted, if necessary, every minute or even shorter inter-
vals as required. The computer is given override management of the main
process loop. Very short monitoring intervals provided by computer control
make the process control easier because the process is never allowed to
deviate far from ideal operating conditions.

Optimum
process
conditions
Computer Optimizing
loop
Override Process
power information
Actuators and ; ]
controls: valves Main control loop Continuous
power, heat etc. Sensors
Parameters Operating
changed conditions
Operating
process

Il FIGURE 1.5 Outline of scheme used for computer control of a chemical processing unit.
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The frequent monitoring capability of the computer has also provided
a stimulus to the design and implementation of rugged, more sophisticated
online process analyzers such as infrared and mass spectrometers, turbidity
sensors, and gas chromatographs, that can provide quicker and more frequent
information on the progress of a reaction than is possible from conventional
sampling and laboratory analysis. Conventional analysis could take an hour
or two before reporting of a laboratory analysis. Thus under manual analysis
conditions the process could deviate substantially from ideal causing a reduc-
tion in yields and the quality of product.

Whether equipped with online analyzers or not, all chemical processes
also rely heavily on the information obtained from periodic manual labora-
tory analyses. These provide the resilience of a check on the performance of
the online analyzers. More importantly, they also provide quality control
checks on all raw materials that move into the plant site and all products
and waste streams that move out. Sampling frequency retention time will be
geared to the size of the shipment lot, the method of delivery, and the time to
when all shipped product is likely to be consumed. Process and product
quality monitoring will depend on the operating stability of the process and
the quality control requirements (allowed impurity concentrations) of the
product.

A part of the analytical planning for a chemical complex is the setting up
and maintenance of a “sample library,” where analyzed samples from each
tank car load or reactor lot are stored for reference purposes. The retention
time for these samples is set to exceed the probable delay between the time of
product shipment and time of final consumption. Thus, if a customer is
having difficulty with a particular batch of product, the retained samples
enable the company to check the specifications and render rapid technical
assistance. Reanalysis of the sample may also be used by the company to
accept or reject claims regarding the quality of a product shipment. Thus,
proportional process control, raw materials and product, analysis, sample
retention, and careful record-keeping all comprise important parts of an
operating chemical complex necessary for the maintenance of product quality
and customer satisfaction.

1.5.4. Costs of Operation

Since the primary purpose for the existence of a chemical company is to make
a profit for its owners and shareholders, it is vital to be able to determine
accurate operating costs so that product pricing and marketing can achieve
this objective. Today, of course, this profit picture is complicated by the fact
that it has to be achieved while other company obligations relating to
the welfare of its employees, to safety, to environmental quality, and to the
community and country of operation as a corporate good citizen are also met.

Since the tragic events at Bhopal in 1984 and other accidents in the
chemical industry, the first three of these objectives have received increased
emphasis. The concept of “Product Stewardship,” which originated in the late
1960s, was broadened and adopted by more practitioners with the develop-
ment of the “Responsible Care” program launched in 1985 by the Canadian
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Chemical Producers Association [26]. Other related policies such as a drive
towards improved safety and sustainability of industry [27], and a reduction
of the environmental impact of chemical processing contribute to this concept
[28].

It is, of course, possible to produce an uneconomic chemical commodity,
such as when required under the exigencies of war or with particular political
objectives. But to achieve this objective requires artificial inducements such as
tax concessions, subsidies, or the economics of an organized economy.

As a rough rule of thumb, the chemical process industries aim at an 8 to
10% after-tax profit (earnings), stated as percent of sales [29, 30]. If the
financial decision regarding construction of a new plant relates to a process
for a new product, the economic projections required for construction
to proceed will require a slightly higher margin than this, for construction
to proceed. If, however, the plant is to produce a well known commodity
chemical that is already a large volume product (i.e., a less risky venture) then
lower profit projections may be acceptable. This is particularly true if the
company is intending to use a substantial fraction of the product in its own
operations since its transfer costs are low. This “captive market” is a favorable
economic “value-added” practice. However, these are just profit projections.
The ever variable nature of business cycles places significant perturbations
onto the realization of these projections so that actual, after-tax profit mar-
gins more usually range from 4 or 5% up to 12% in any particular year, and
sometimes outside both extremes including a possible net loss.

What should be remembered, however, is that a profitable company earns
not only an income in its own right (part of which goes to investors who put
up the money to construct the plant), it also provides jobs and salaries to its
employees who spend much of their earnings locally, stimulating further
business activity. The company also pays local and federal taxes on a corpor-
ate basis and through employee income taxes, together providing large and
direct and indirect sources of income to different levels of government. Sales
taxes levied against many types of chemical commodities also provide gov-
ernment with direct income. These “multiplier effects” provide a large local
and country-wide benefit from the operation of a profitable commodity-based
company.

To accurately determine the costs of operation for any particular pro-
cess, the effective stoichiometry, or quantity of product(s) to be expected
from the raw materials consumed by a process must be accurately known. It
can be helpful to know something about the mechanism or chemical path-
way to the materials being produced since this knowledge help suggest
process changes, which can increase reaction rates or raise process yields.
However, it is not unusual to have a process which operates profitably
producing salable product long before anything significant is known about
the mechanism.

As examples of this, the early facilities to produce phenol by chloroben-
zene hydrolysis and by cumene oxidation were both constructed when the
stoichiometry demonstrated acceptable economics. It was long after the prod-
uct had been on the market before anything was known about the respective
mechanisms involved [31]. Secondary aspects of the process, such as capital
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costs, heat requirements, electric power, labor, and water needs must also be
quantified to determine the product pricing structure necessary for profitable
operation.

1.5.5. Conversion and Yield

Description of the quantitative aspects of a reaction often differ, using the same
facts, when discussed in a research or academic context as compared to
discussion in an applied, or industrial setting when detailed economic aspects
are far more important. Probably the best way to understand these distinctions
is to define the various terms used, employing a general example, Eq. 1.7.

A — B 4+ A 4+  Dby-products
1.00 mol 0.60 mol 0.30 mol 0.10 mol
starting product  unreacted from reacted A 1.7
material starting
material

The yield which would be reported in a research or academic setting would be
based on the definition given in the word Eq. 1.8.

(moles of B formed) x 100
(theoretical moles of B which could
be formed from moles of A charged)

1.8

% research yield =

The wording of the denominator of this equation takes into account the fact
that not all reactions yield 1 mole of product for each mole of a starting
material charged (placed in the reactor). Hydrolysis of a carboxylic anhyd-
ride, for example, may yield 2 moles of product per mole of raw material, and
cracking reactions, two or more. Polymerizations usually yield very much less
than a mole of product per mole of raw material (monomer).

Calculating a yield from the information of Eq. 1.7 using this definition
gives a value of 60% ((0.60/1.00) x 100) for the result, which would be
reported using this system. This result takes no account of any starting
A which did not react. This is in keeping with the primary quantitative
objective in a research setting, the synthesized product of interest. The amount
of any unreacted starting material in the residues from a reaction is seldom
measured, and is usually discarded with any by-products, etc., once the
product of interest has been isolated.

In contrast, the definition of yield in an applied or industrial setting
differs somewhat from that described above. Here, the amount of unreacted
starting material remaining after a reaction is carried out is measured, and is
nearly as important in the economics of the process as the amount of product
obtained. This parameter forms part of the definition used for industrial yield
(Eq. 1.9).

% industrial yield (moles of B formed) x 100
(or selectivity) ~  (theoretical moles of B which could
be formed from moles of A consumed)

1.9
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Unreacted starting material is important in an industrial process because it is
usually recovered from the product(s) and by-products. It is then recycled to
the front end of the process with the fresh starting material just entering the
process so that less new starting material is required. Its value is not lost
(Fig. 1.6). Again, using the information from the example just given, the
industrial yield works out to 85.7% [(0.60/(1.00 — 0.30) x 100] or, rounded,
86%. Thus, when taking into account the unreacted starting material, a more
favorable yield picture is presented.

Having just worked through the industrial yield example allows one to
visualize another important aspect. It tells us the fraction of the converted
starting material that is product, a sort of efficiency term for avoidance
of byproducts. For this reason, “selectivity” or “efficiency” are often used
synonymously with industrial yield. From sustainability, economic, and emis-
sion control points of view, the selectivity of a process is a very important
concept, and well worth the research effort toward maximization.

To an applied chemist or an engineer, one further piece of information
related to the performance of a reaction is needed to estimate the quantitative
results of a process, and that is the conversion. A good working definition of
conversion is given by Eq. 1.10.

[(initial moles of A) — (final moles of A)] x 100
(initial moles of A)

Using this equation, a value of 70% ((1.00 — 0.30) x 100/(1.00)) is obtained
for the conversion for the sample problem. In practical terms, what this means
is that 70% of the initial raw material is no longer starting material and has
been converted to something. It doesn’t tell us what it has been converted to.
The industrial yield (selectivity) tells us that.

It is worth noting that because percent conversion deals only with one
reactant (usually the limiting one), exactly the same numerical value is
obtained by rewriting Eq. 1.10 in mass terms, and using the resulting
Eq. 1.11 for calculations.

% conversion = 1.10

Recycle A

A ) <|) Distillin
L g

column

Recovered A

Reactor

—= Product, B

F—— Byproducts, for

“disposal or reuse

Il FIGURE 1.6 Anillustration of the importance of recycle of recovered starting material in
the industrial definition of yield.
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[(initial mass of A) — (final mass of A)] x 100

(initial mass of A) L1

% conversion =

One needs to use the definitions of both the industrial conversion and the
yield in order to determine how much of product B we can expect. This can be
determined when having only the amount of starting A and the conversion
and yield data for the process of interest. By multiplying the two fractions
together, one obtains the fractional yield of product to be expected from a
batch process, or the “yield per pass” (yield on one passage of the raw
materials through the process) for a continuous process (Eq. 1.12).

(fractional ~ x (fractional = (fractional product
industrial yield)  conversion) recovery) 1.12
0.86 0.70 0.60

Again, using the example, when the fractional product recovery is multi-
plied by the initial number of moles of A, one obtains a value of 0.60
((0.70 x 0.86) x 1.00 moles of A) moles of B, as the amount of product to
be expected. This is in agreement with the quantities specified in the original
example, and, it will be noted, is the same as the academic yield specified on a
fractional basis. Thus, we can write down the form of an additional relation-
ship, specified in fractional terms, which is often useful in quantitative calcu-
lations which relate to industrial processes (Eq. 1.13).

(industrial yield) x (conversion) = (research yield) 1.13

This can be further rearranged to another useful expression for calculations
involving process efficiencies (Eq. 1.14).

research yield (fractional) x 100
(fractional conversion)

% selectivity = 1.14

It is useful to consider the significance of the ability to carry out yield and
conversion manipulations. It is, of course, desirable to have any industrial
process operate with high yields and high conversions. If both of these
conditions prevail, more product will be obtained from each passage of
raw materials through a given size of reactor, and there will be less starting
material to separate and recycle, than if this were not true. Many industrial
processes do in fact operate with this favorable situation.

It is possible, however, to make a success of an industrial process which
only achieves low conversions, as long as high yields are maintained. Very
few industrial processes operate with industrial yields (selectivities) of less
than 90%, and many operate with yields of 95% or better. Yet some of
these, for example the vapor phase hydration of ethylene to ethanol and
the ammonia synthesis reaction, both of which have low conversions in the
5 to 15% range. If one only had research yield information about these
processes, 4 to 5% and 15 to 20%, respectively, neither would appear to
be promising candidates for commercialization. However, both of these
processes are operated on a very large scale because they achieve selectivities
of better than 95% for the desired product. Thus, while it is desirable for an
industrial process to obtain high conversions with high yields (selectivity), it
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is vital for a successful industrial process to have a high selectivity for the
desired product.

1.5.6. Importance of Reaction Rate

Fast reactions, in general, are conducive to obtain a large output from a
relatively small volume of chemical processing equipment. For example, the
ammonia oxidation reaction, which is the first stage of production of nitric
acid from ammonia, is essentially complete in 3 x 10~* seconds at 750°C.
This is sufficiently rapid so that the catalytic burner required to do this
occupies only about the volume of a file cabinet drawer for the production
of some 250 tonnes of nitric acid daily. Except for the cost of the catalyst
inventory (which is platinum), the fabrication cost of the ammonia burner
itself is relatively low. Follow-up reactions for the process are much slower
than this so that the volume of equipment required to contain these parts of
the process are much larger and more costly (Chap. 11).

Ammonia oxidation represents a process with which it was realized, early
in the design stage, that carrying out this step at 600-700°C instead of at near
ambient temperatures speeded up the process sufficiently to allow large con-
version volumes to take place in a relatively small reactor. This same philoso-
phy is followed whenever feasible with all chemical processes (i.e., a saving in
reactor volume decreases capital costs). With some processes, such as the
esterification of glycerin with nitric acid, technical complications put an
upper limit on feasible reaction temperatures. This effectively prevents the
use of higher temperatures to increase the rate of the reaction. Consequently,
under the normal operating temperature of about 5°C this process, has a
60- to 90-min reaction time requirement. So to produce even 20 tonnes of
nitroglycerin/day would require a batch reactor of 2 tonnes or so capacity,
much larger than the ammonia oxidation unit required for a 250 tonne/day
nitric acid plant.

These examples illustrate the principle that, wherever feasible, reaction
conditions, catalysts, etc., are selected and developed in such a way that the
rate of a commercial process is maximized. In doing so the size of the
processing units required for a given volume of production is reduced, in
this way decreasing the costs of construction. Reducing the capital costs
also reduces the capital charge per unit of product, which decreases the
price required from the product to still operate at a profit. In these ways,
improvement of the rate of a chemical process becomes a further contributing
factor in the market competitiveness of the chemical industry.

1.6. CHEMICAL VOLUME PERSPECTIVES

The chemicals listed in Table 1.4 are presently produced on the largest scale
and are examples (Table 1.4, refs. [32-36]) of the so-called commodity, heavy,
or bulk chemicals. Sodium chloride is not always classified as a produced
chemical since most salt production is basically extractive in nature. Sulfur,
too, is sometimes ranked with produced chemicals and sometimes with
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Il TABLE 1.4 World and American Production of Large Scale Chemicals, in
Millions of Metric Tonnes”

United States World data

U.S. rank,

1995 Chemical 1980 1995 1980 1995

1 Sulfuric acid 40.1 43.3 132.4 87.7

2 Nitrogen 15.5 30.9 - -

3 Oxygen 15.6 24.3 - -

4 Ethylene 12.5 21.3 ca. 60° 77.45¢

5 Lime 16.0 18.7 118.0 108.9

6 Ammonia 17.2 16.2 89.4 121.4

7 Phosphoric acid 9.9 11.9 139.64 130.0¢

8 Sodium hydroxide 10.3 11.9 31.5 192

9 Propylene 6.2 11.7 9.1 41.5
10 Chlorine 10.2 11.4 27.9¢ 36.4°
11 Sodium carbonate 7.5 10.1 28.1 30.3
12 Methyl-z-butyl ether <0.1 8.0 1.5 15.0°
13 Ethylene dichloride 4.5 7.8 - -
14 Nitric acid 7.8 7.8 29.7 50-60°
15 Ammonium nitrate 7.8 7.3 6.7 8.62"
16 Sugar 4.3¢ 7.0 84.4 116.8

“Data compiled from Chemical and Engineering News [32, 33], U.N. Statistical Yearbook
[34], Minerals Yearbooks [35], and the Kirk-Othmer Encyclopedia [36].

Estimated for 1982 from [36].

“For 1993.

dStated as phosphate rock, for lack of phosphoric acid data.

“Estimated from sodium hydroxide production.

Methyl-t-butyl ether http:/www.inchem.orgldocuments/ebclebclehc206.htm by WHO.

8For 1999.

PFrom FAO Statistical Database. Available: http://aps1.fao.org/servlet32 and follow the links.

extracted minerals, depending on the origin of the sulfur. If one leaves these two
chemicals aside, sulfuric acid emerges as the leading volume chemical product,
both in the U.S. and worldwide. The availability of world production data for
many chemicals is somewhat sporadic, but the world ranking for most of these
lies near the U.S. ranking. American production of most of the chemicals on this
list represents the largest single contribution to the world figure. The U.S.
ranking data can often be used to estimate both world rankings and world
production levels when these data are not available directly.

A number of other interesting observations can be made concerning these
particular bulk chemicals. First, they are all not far removed, in terms of
processing steps, from the natural raw materials from which they are derived.
Virtually, all of the oxygen and nitrogen and a significant proportion of the salt,
sulfur, and sodium carbonate are all obtained relatively directly from natural
sources. Also, these commodities interrelate quite closely to one another, in
chemical terms. Thus sulfuric acid, largely produced from sulfur is, in turn
used, to produce phosphoric acid from phosphate rock. A large fraction of the
nitrogen produced goes into the production of synthetic ammonia. Ammonia,
in turn, is used for nitric acid production and also is combined with much of the
nitric acid product in an acid-base reaction for the preparation of ammonium
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nitrate. Chlorine and sodium hydroxide are mostly obtained from the elec-
trolysis of a solution of sodium chloride in water. It is interrelationships of this
kind, coupled with very large world fertilizer markets for some of the second-
ary and tertiary products of these sequences, in particular ammonia, ammo-
nium nitrate, and phosphoric acid (as salts), that keep many of these chemicals
on this large volume production list.

If all American chemical companies are ranked by annual chemical sales,
one obtains a list which includes a significant number of oil companies
(Table 1.5). This exercise shows that in 1995, six of the 15 largest US
chemical companies were oil companies which were also producing chem-
icals. By 2002, the number of oil companies in this group was reduced to two
from mergers and reorganizations, which also substantially affected their
rankings in this list. Listing the world’s largest chemical companies in 2002
produces a similar picture (Table 1.6). The dominant positions of Germany,
the U.S., and the U.K. in chemicals production is evident from this ranking,
with three companies from each of these countries represented on this list.
Four oil companies, each producing chemicals as a small fraction of their total
sales, also show up on this list. Total, Exxon/Mobil, Shell, and BP had gross
sales in 2002 of 97.14, 205.1, 178.9, and 179.0 billion US$, respectively [43].
Clearly, oil and gas production and processing are the dominant business
areas of these companies.

Il TABLE 1.5 The Fifteen Largest Chemical Processing Companies in the
United States Ranked on the Basis of Chemical Sales® in 2002

Overall rank Chemical Sales (10? US$)

1980 1995 2002 Company 1995 2002
2 1 1 Dow Chemical” 19.2 27.6
1 2 2 Du Pont 18.4 26.7
3 3 3 Exxon/Mobil® (2002) 11.7 16.4
n/a 6 4 General Electric 6.6 7.6
n/a 14 N Huntsman Chemical 4.3 7.2
n/a 40 6 PPG Industries 1.6 6.0
- - 7 Equistar Chemicals - 5.5
- 18, 269 8 Chevron Phillips 6.7¢ 5.5
17 11 9 Eastman Chemical 5.0 5.3
- 24 10 Praxair 3.1 5.1
- 22 11 Air products 3.5 5.1
- 16 12 Rohm and Haas 3.9 5.0
- 28 13 Lyondell Chemical 2.5 3.3
- - 14 Honeywell - 3.2
5 S 15 Monsanto 7.2 3.1
21 7 b Mobil Oil 6.2 b
4 8 - Union Carbide 5.9 -

“Compiled from Chemical and Engineering News [40], Peaff [41], and Tullo [38].
*Merged with Exxon.

“Union Carbide merged with Dow Chemical.

dRankings of the separate companies, and their total chemical sales.
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Il TABLE 1.6 The World’s 12 Largest Chemical Companies Based on 2002
Chemical Sales”

Rank, Rank, Chemical 2002 chemical
2002 1995 Company business area sales (107 US$)
1 3 Dow Chemical® Chemicals, plastics 27.6
2 N Du Pont (U.S.A.) Chemicals 26.7
3 1 BASF (Germany) Chemicals, plastics 25.3
4 39 Total (France) Chemicals 18.3
5 4 Bayer (Germany) Chemicals, drugs 17.8
6 8 Exxon“/Exxon Mobil (U.S.A.) Chemicals 16.4
7 6 Shell (U.K., Netherlands) Chemicals 15.2
8 33 BP (UK.) Chemicals, plastics 13.1
9 49 Degussa (Germany) Chemicals 11.1
10 20 Akzo-Nobel (Netherlands) Chemicals, resins 9.4
11 7 ICI (U.K.) Chemicals, plastics 9.2
12 434 Mitsui Chemicals (Japan) Chemicals 8.4

“Compiled from Layman [42] and Short [43].
*Merged with Union Carbide since 1995.
‘Merged with Mobil since 1995.

4Mitsui Toatsu Chemicals.

REVIEW QUESTIONS

1. What minimum flow rate in cm/sec is required in a 10-m length of
open straight pipe of 2 cm inside diameter to obtain a uniformly
mixed paint from two components of combined density 1,100 kg/m’
and 1.912 centipoise viscosity?

2. A 100 tonne/day electrolytic chlorine plant, complete with caustic
soda facilities costs about 12 million dollars.

(a) What would be the approximate capital cost of a 600 tonne/day
facility?

(b) What capacity chlorine plant could be built for $6 million?

(c) If an operating staff of eight is required to run a 100 tonne/day
plant, what staffing would be needed for plants with capacities of
1,000 tonne/day and 2,500 tonne/day?

3. The labor requirement for a chemical processing unit can also be
related to size (capacity). If 32 people are required to operate a 100
tonne/day sulfuric acid plant, what would be the estimated labour
requirement for a 1,000 tonne/day plant?

4. A tube reactor is to be used to contact an aqueous sugar solution with
5% by volume of a solvent of density 0.780g/cm’ for extraction. The
aqueous solution has a density of 1.080g/cm?’, and a viscosity of
1.201 centipoise.

(a) If the tube to be used is 2 cm in diameter and the mixture of the
aqueous solution and solvent is to flow at a combined velocity of
50 cm/sec, in the tube, would there be efficient contact (i.e., turbulent
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flow) between the sugar solution and the other liquid phase? Very
briefly describe the criterion for your answer.

(b) If the liquids to be contacted have a combined bulk density of
681b ft > and a viscosity of 7.923 x 10~*1b ft ! sec™!, what flow
velocity in feet per second would be required to ensure turbulent flow
conditions in a 1-in. pipe (inside diameter)?

(c) What would be the daily rate (kg/24 hr) of sugar production in
part (a) if the sugar concentration was 2% by weight and extraction
efficiency was 99.9%?

The capital costs of 200 million kg/year and 500 million kg/year
styrene plants are $18 million and $28 million.

(a) From a plot of log capital costs versus log capacities from this data,
determine the specific value of the exponent n which could be used for
more accurate estimation of costs for construction of other capacities
of styrene plant.

(b) Using the exponent value determined in part (a), what would be
the approximate capital cost of a 100 million kg/year plant?

(c) What would have been the estimated capital cost of a 100 million
kg/year plant using the 0.60 mean value for the exponent n and each
one of the two known capital costs given in the preamble?
Naphthalene (C19Hg) can be converted microbiologically to salicylic
acid (C;HgO3) on a 94%, weight for weight basis, in one pass. (CO;
and H,O are also produced.)

(a) At 100% conversion, what is the percent selectivity (industrial
yield) of this process?

(b) What is the “academic” or research yield for this process?

(c) Airis 21% oxygen (take as mole ratio 1 O;:4 N3). Assuming 25%
conversion of the oxygen content of the air in this process, what mass
of air would be required to produce 1,000 kg of salicylic acid? Ignore
the oxygen consumed in the formation of byproducts.

To produce acetic acid (CH3CO,H) from the oxidation of
acetaldehyde (CH3CHO) with air, conversions of 26% and

industrial yields (selectivities) of 95% on acetaldehyde are obtained.

CH3CHO + 1/202 — CH3CO,H (+ CH3CHO + O, + by-products)

ca. 70°C
Reactor charge
acetaldehyde 2.200 tonne
Mn(OAc), (catalyst) 6.6 kg
Air 4.48 x 10° m3(1 atm.,0°C)

(a) Calculate the acetic acid and acetaldehyde content expected in
the reactor at the end of the reaction.

(b) Assuming that air is exactly 1 mole:4 moles, O,:N;, what
would be the percent conversion of oxygen to acetic acid in
accordance with the equation given?
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FURTHER READING

American Chemical Society, “Chemical Abstracts,” Columbus, OH, published continuously since
January, 1907. Chemistry, technology, and patent indices for all countries.

“Applied Science and Technology Index.” H.W. Wilson Company, Bronx, NY, since 1958;
formerly The Industrial Arts Index, published since 1913.

“Business Periodicals Index.” H.W. Wilson Company, New York, published since January, 1958.
Current economic data.

“Chemical Market Reporter” (formerly Oil, Paint, and Drug Reporter, & Chemical Marketing
Reporter) Schnell Publishing Co., New York, published 2 volumes per year since October
1871, gives weekly chemical prices.

Library Association, “British Technology Index,” London, published since January 1962.

P.J.T. Morris, W.A. Campbell, and H.L Roberts, eds., “Milestones in 150 years of the Chemical
Industry,” The Royal Society of Chemistry, Cambridge, U.K., 1991.

Patent Office, “Patent Office Record,” Patent Office, Ottawa, Ontario, published since 1872.
Available: http://patents1.ic.gc.ca/intro-e.html

P. Tundo and P. Anatas, “Green Chemistry: Challenging Perspectives,” Oxford University Press,
Oxford, 2000.

U.S. Patent Office, “Official Gazette,” Washington, DC, published weekly since 1872, (replaces
“Patent Office Reports.” Available: http://www.uspto.gov/patft/

L. Wilson and D. McCutcheon, “Industrial Safety and Risk Management,” The Canadian Society
for Chemical Engineering, Ottawa, 2003. p. 176.
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2

B AIR QUALITY MEASUREMENT

AND EFFECTS OF POLLUTION

We have first raised a dust and then complain we
cannot see.
—Bishop Berkeley (1685-1753)

2.1. SIGNIFICANCE OF HUMAN 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 in the
form of food (8,400-12,600 kJ/day; 2,000-3,000 kcal/day), the total human
demands on the biosphere were relatively insignificant. Early requirements
of goods were minimal and simple (requiring little fashioning) so that this
early society’s total demands and wastes were easily assimilated by the
biosphere.

Advances in technology today provide an ever-increasing range of goods
and services. This has been estimated to increase the individual consumption
of energy some 100-fold from the requirements of primitive man. Of the
1 million kJ/person/day (230,000 kcal/person/day) that this consumption
now represents, more than half, or 645,000 kJ (154,000 kcal) is estimated
to be consumed by society’s industrial, agricultural, and transportation needs.
About a quarter is consumed per person through the medium of electricity
generation and consumption, either for their own use, or by the prorated
industrial power consumption on their behalf. High-technology agriculture,
industrial production, and thermal electricity generation all use combustion
processes to provide a major fraction of their energy requirements. When this
gross increase in per capita energy consumption is coupled to the global
population growth of more than a thousand times the population of primitive
societies, it is easy to see how the total human demand placed on the bio-
sphere by modern industrial societies has become so significant.

33
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Most of the world’s population growth has taken place since the Middle
Ages. Industrial development 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. Human activities now
contribute similar volumes of some minor gaseous constituents of the atmos-
phere as do natural processes. From a world fossil fuel consumption of about
5 billion tonne/year, we now contribute about 1.5 x 10'° tonnes of carbon
dioxide to the atmosphere annually. This is a significant fraction of the
natural contribution of about 7 x 10'° tonne/year. Annual human contribu-
tions of sulfur-containing gases to the atmosphere are now about 10'° tonnes,
oxidized and reduced nitrogen compounds about 50 million tonnes, and
carbon monoxide about 200 million tonnes. All are now a similar order of
magnitude to the natural contributions, which has invalidated the old jingle
“The solution to pollution is dilution.” There is just too large a total mass of
atmospheric contaminants being discharged, and too small an atmosphere to
accept these, to be able to obtain sufficient dilution. It becomes particularly
noticeable when natural air movement is sluggish for any reason so that there
is little pollutant mixing. Discharged pollutants build up in the local air mass,
greatly exaggerating the immediate effects of the discharge.

2.2. NATURAL CONTAMINANTS

Natural sources of many common air contaminants make a contribution to
the overall atmospheric pollutant loading. Oceans 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, contributing to sea “smell” and atmospheric chemistry. Some
13 million tonnes of sulfate ion and similar masses of chloride are contributed
to the atmosphere annually in this manner.

Volatile organic compounds are contributed to the atmosphere by many
forms of plant life, by way of conifers such as cedar, pine, and eucalyptus, and
aromatic plants such as lavender, mint and sage. The pine forests of New
England and the eucalyptus forests of the Blue Mountains in Australia con-
tribute large masses of terpenes to the air above them. Terpenes are plant
products biosynthetically derived from isoprene and have a formula of the
type (CsHg),, where n is based on the number of isoprene units in the
compound (Eq. 2.1).

CH, CH,
CH,=C(CH;)—-CH=CH, lﬁ - o~ limonene
. l \\
1soprene a-pinene H,C” NCH,

All terpenes have one or more reactive double bonds. Reactions of terpene
vapors in the presence of sunlight and air photochemically generate a blue
haze over these forests when there is little air movement; hence the name Blue
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Mountains. The same naturally occurring reactive compounds have been
found to also contribute to urban photochemical smogs [1]. Estimates of the
global atmospheric contribution by plants of terpenes and oxygenated terp-
enes range from 2 x 108 to 10” tonne/year.

The world’s deserts contribute significant masses of dust and particulate
matter to the atmosphere, some transported across considerable distances.
More than 900 tonnes of meteoritic dust is estimated to be collected by the
atmosphere annually. Active volcanoes contribute many orders of magnitude
more than this. For example, some 90 million tonnes of dust and particles
were estimated to have been discharged into the atmosphere by the eruption
of Mount St. Helens in Washington State [2]. Not infrequently, several erup-
tions take place simultaneously, measurably increasing the dust loading in the
global atmosphere. These contributions are long lived since some is forcefully
injected as high as 40 km into the atmosphere. As a result, the global influ-
ence of these events has much more significance on atmospheric quality, even
to the extent of lowering average world temperatures.

Sulfur dioxide and hydrogen sulfide from volcanic activity also contribute
pollutants to the atmosphere on the scale of 1-2 million tonne/year. Other
contaminating gases such as metal vapors are also discharged in significant
quantities during these events [3]. Vapors of the more volatile metallic elem-
ents such as mercury are also lost continuously over ore bodies. The extent of
these losses is sufficient to permit the use of sensitive vapor detection instru-
ments as a prospecting method to locate the extent of the ore body by using
this mercury vapor “halo” [4].

Biological contaminants in the atmosphere may not represent a large mass
but are, nevertheless, an important component of atmospheric pollution
because of their potent effect. For example, the pollens from many wild
flowers and grasses such as golden rod and ragweed severely affect a large
proportion of the population. Bacteria, viruses, and the living spores of some
of the common molds are distributed through air, and can cause problems,
particularly when a rapid, localized rise in numbers of the organism occurs.
For example, marine waters near sewer outfalls can become contaminated by
microorganisms. These can be dispersed by vigorous wave action on these
waters, changing a water pollutant into an aerosol [5].

Little can be done about controlling most natural sources of atmospheric
contaminants. However, it is still important to catalog these to quantitatively
relate their importance to atmospheric quality. Only in this way is it possible
to compare the relative significance of the two sources of contaminants. This
is a necessary preliminary to provide appropriate guidance for the our own
activities to decrease any negative impact on atmospheric quality when
necessary.

2.3. CLASSIFICATION OF AIR POLLUTANTS

Air pollutants can be classified into one of three main categories based on
their physical characteristics. This enables potential emissions to be grouped
SO as to assess appropriate measures for avoidance of production, or emission
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control. On this basis, one or more types of emission control devices may be
selected for use, based on their mode of action.

The first of these classes of air pollutants is called coarse particulate
matter (PM), and comprises solid particles or liquid droplets which have an
average diameter greater than about 10 um(1073 mm), (i.e., > PMyp). Par-
ticles or droplets of this class of contaminants are large enough to fall more or
less rapidly out of the air of their own accord.

The second group of air pollutants is the aerosol class. This can also
comprise solid particles or liquid droplets, but they are limited to a size range
generally less than about 10 pm average diameter (e.g., a median diameter of
2.5 wm, PM, ). This class has particles or droplets small enough in size that
there is a strong tendency for them to stay in suspension in air [6]. Powders of
the denser solids, such as magnetite, would have to have a particle size of
2.5 um or less to stay in suspension. This size range is also referred to as the
Respirable Fraction, since these are not readily captured by ciliated mucous of
the nasal passages and penetrate to the unciliated alveoli of the lungs [7].
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.”

The gases comprise the third major classification of air pollutants, which
includes any contaminant in the gaseous or vapor state. This comprises the
more ordinary “permanent” gases, such as sulfur dioxide, hydrogen sulfide,
nitric oxide (NO), nitrogen dioxide (NO,), ozone, carbon monoxide, carbon
dioxide (pollutant?), etc., as well as the less common ones such as hydrogen

chloride, chlorine, tritium (?H) and the like. It also includes materials which

TABLE 2.1 Gravitational Settling Velocity for Spheres of Unit Density in Air
at 20°C*

Particle Terminal
diameter Particles per Micrograms velocity®
Examples (mm) microgram per particle (mm/sec)
Carbon black 0.1 10° 1x107° 8.5x107*
Clay 0.5 1.0x1072
Clay 1.0 10° 1x10°¢ 3.5x1072
Paint pigments 5.0 0.78
Silt, fog, flour 10 103 1x1073 3.0
Fine sand, flour 20 12
Pollens 50°¢ 72
Medium sand, pollens 1004 1 1 250

“From Barrett [8], Spedding [9], and calculated results.

bThe final speed of a particle through are from the force of gravity, slowed by the drag
imposed by air.

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

4Roughly equivalent to a powder which would pass through a No. 170 sieve (170-mesh,
103 wm average opening size) and be retained on a No. 200 sieve (200-mesh, 86 um average
opening size).
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are not ordinarily gases, such as hydrocarbon vapors, and volatile nonmetal
or metal vapors (e.g., arsenic, mercury, zinc) when these are in the vapor state.

The dividing line between the particulate/aerosol classes, and the gaseous
classes is clear enough because of the phase difference. However, the position
of the dividing line between the particulate and the aerosol classes is less
obvious, since it is based on whether or not a second phase stays in suspension
in air. Consideration of the terminal velocities or speed of fallout of particles
of differing diameters helps to clarify this dividing line. Table 2.1 illustrates
that a significant terminal velocity in air begins to be observed at particle
diameters of about 10 um for a substance with a density of 1g/cm’® and
larger. This is the physical basis of 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 that may become airborne.

2.4. PARTICULATE MEASUREMENT AND IDENTIFICATION

The particulate class represents particles or droplets which more or less
rapidly settle out of air, and is also the easiest class to measure. For a source
particulate determination, that is, if the particulates in the flue gases of a
chimney or 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 are necessary. More details of this procedure
are given in connection with aerosol determination.

-
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pPigments
C 5 ]
Sulfide ore for flotation NH,Cl fume
C 1 J —
__ Pulverized coal Spray -dried milk 0il smoke
_Stoker f'ly ash
Pulverized -coal fly ash gingt_e_rfif_g_ﬂs__
Foundry dusts Zinc oxide fume “molecules
C .
Cement dust Alkali fume |
Magnesium oxide smoke
C - -
Metallurgical dust [
Metallurgical fume
Tyler Pollens Bacteria Virus & protein
screen C ] | sebnd——n
mesh 35 00 | 200 325
11 Lo il i I L1 1 L1 1 L1 ] L1 I 1
1000 100 10 1 0.1 0.01 0.001

Particle size, um

Il FIGURE 2.1 Typical particle size ranges of some types of precipitation, industrial and

mineral processing streams and ambient air biologicals. (From Munger [10], with permission
from McGraw-Hill.)
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It is also possible, however, to gain a useful semi-quantitative record of
source discharge information by observation of the opacity of a plume. The
Ringelmann system was set up by Maximilian Ringelmann in about 1890 to
accomplish this for black smokes [11]. Ringelmann numbers 1, 2, 3, 4, and §
represent 20, 40, 60, 80, and 100% opaque plumes, respectively. A circular
card with shaded opacities corresponding to these Ringelmann numbers
which surround a central viewing hole is available to assist in these quantita-
tive visual assessments. A trained observer is able to reproducibly estimate
plume opacity to within half a Ringelmann number (+10% opacity) without
this assistance. The obscuring properties of white smokes are referred to
simply on a percent opacity basis.

A quantitative method for particulate determination uses fallout from
ambient air as an indicator of the particle loading. This method can be as simple
as a series of glass jars placed in flat collection areas without obstructions for
sites for which dustfall measurements are desired. The jars may be used dry, or
they may contain a liquid collecting agent to prevent any fallout from being
swept out again by turbulence. After an interval of usually 30 days, the collected
material 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. Older data was usually specified as short tons
per square mile per month. Today, mg/m?/day is more common.

Essentially, the same procedure is used with a plastic dustfall canister on a
special stanchion, with a few collection refinements to increase the reliability
of the results. The stanchion places the top of the canister 4 ft above the base,
and must be sited a reasonable distance away from trees, buildings, or roof
fixtures to minimize the interference of fallout collection by anomalous air
currents. A bird ring is used to discourage contribution to the collection by
birds resting on the rim of the canister itself. A series of vertical spikes is
welded to the bird ring for areas frequented by larger species such as gulls and
crows, to prevent their roosting on the rim of the canister or the bird ring.

The amount of fallout obtained in relatively undisturbed open country is
often a surprise to those who have not worked in the area of air pollution
measurement. For example, collection of 100 mg of dustfall during a 30-day
period by a glass container having a 10-cm-diameter opening, does not sound
like much. But in conventional fallout units this amounts to 424 mg/m? day,
or more impressively as 36.4 ton/(mile)* month (Eqs. 2.2 and 2.3).

(100 mg x 10,000 cm?/m?) + (3.1416 x (5cm)? x 30 days) 22
(0.10 g x (2.54 cm/in)* + (12 in/ft)* x (5280 ft/mile)?)

2.3
+(3.1416 x (5 cm)? x 9.07 x 10° g/tonne)

This is actually quite a heavy fallout. Table 2.2 gives ranges of some recent
fallout values for the U.K. and Canada, to give a basis for comparison. The
Canadian figures are somewhat higher since they were obtained for an indus-
trialized area with a relatively high population density.

An early Canadian particulate guideline stipulated that no discharge
would be permitted in an area that would cause the fallout to exceed 20
tons per square mile per month.
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Il TABLE 2.2 Average Values for the Particulate Fallout Experienced by Areas
of Differing Urban Activity in the United Kingdom and Canada“

United Kingdom, 1962-1963 Canada, 1968
Particulate fallout Particulate fallout
Type of area mg/m? day  ton/mi? month® mg/m? day®  ton/mi? 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

“Compiled from Barrett [8] and International Joint Commission [12].

bCalculated using the factor (ton/mi?/month) + (mg/m?2/day) = 0.08556.

“Calculated from the values in (tons/mi*/month) by multiplying by the factor 11.68
(1/0.08556).

2.5. AEROSOL MEASUREMENT AND IDENTIFICATION

Sampling and measurement of this class requires dynamic sampling equip-
ment since this class of air pollutants represents particles and droplets too
small to fall out of their own accord. Work has to be done on the gas to force
it through the recovery or analytical equipment to capture the suspended
matter. The analysis can be a source test for which 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. A vacuum pump at the exhaust end of the
sampling train draws the test gas sample into the train (Fig. 2.2). Good source
sampling technique requires 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

To stack exit | Sampling
b port
Rubber tubing
Glass- connections
fiber filter $
[ 1
VAR
Multistage
impactor
7
L1
I
Sampled r
gases
b * Impingers
Source gases | Insulated ice-water bath

Il FIGURE 2.2 Simplified layout of an impactor sampling train. (From Pilat et al. [13], with
permission.)
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iso-kinetic sampling [14]. Without this, some sorting of the particles sampled
can occur which would produce unrepresentative results. For large ducts,
different points along a cross section of the stack must be sampled to correct
for any variation in particle concentrations across a section, a procedure re-
ferred to as “equal area sampling” [15]. This is necessary because even a long
straight vertical duct will have lower gas flow rates closer to the wall than the
center due to frictional effects. This flow rate difference will affect the relative
particle loadings in the gases moving at the center, and at the edges 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
impactor plate and remain stuck there for later analysis (Fig. 2.3). Smaller
particles with less momentum are diverted away from the plate by the
diverted gas stream. As the gases proceed further into the impactor, smaller
and smaller jet sizes force the gas to move at higher velocities. As the gas
velocity increases, smaller particles receive sufficient kinetic energy to impinge
on the collector plates, and stick there. The tendency to stick may be increased
by application of a thin wipe of petroleum jelly. In this manner, collected
particles are roughly classified as to size. On completion the impactor is
carefully disassembled. The sorted collected material will give some informa-
tion about the particle size distribution of the tested source, or the ambient air,
whichever is being sampled. The collected material is also available for
microscopic examination, or wet chemical and instrumental tests if desired.
Good quantitative information for the whole range of particle sizes is not
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I FIGURE 2.3 Enlarged longitudinal section of a portion of a cascade impactor for source

testing. (From Pilat et al. [13], with permission.)
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possible with this system unless it is fitted with a fine pore filter (e.g.,
membrane) for final collection from the sampled gas. This type of filter has
a large pressure drop across it so that it is rarely used for this purpose.

Filters are also useful on their own for the sampling of ambient air for
suspended matter. The high-volume (“high-vol”) sampler is one of the most
common devices used for this purpose. An air turbine driven by a vacuum
cleaner motor provides the suction to pull an air sample of 2000 m® or more
through a thick 12 x 15-cm filter sheet during a predetermined test period,
usually 24 hr. A recording flowmeter is used to keep track of the volume of air
filtered, since the flow rate gradually declines during the test period as
collected material gradually impedes air flow. The quantities (flow rate) x
(time) give the volume of air filtered, and the gross weight minus the tare
weight of the filter, dried to standard conditions, gives the mass collected.
A quantitative mass per unit volume result for ambient air is thus obtained,
only limited at the lower end of the particle size range by the pore size of the
filter used. The result is usually specified in units of mass per unit volume
(e.g., mg/m® or pg/m’). A refinement of the high-vol sampling technique
enables separation of the collected sample into coarse (2.5-15 um) and fine
(<2.5 pm) particle fractions with the help of Teflon filter elements with
different pore sizes. Much slower ambient air sampling rates of about
1m3/hr are claimed for this device.

None of these methods are efficient at retaining particles of 1 pm diameter
or less. For this particle size range, ultrafiltration on dense cellulose or molecular
membrane filters of cellulose acetate (e.g., Millipore, Isopore) is necessary [16].
Cellulose is fine for qualitative filtration work but is difficult to use in quanti-
tative studies because of a sensitivity to moisture adsorption which affects filter
mass. Cellulose acetate is much less affected by moisture and is also close to
being 100% efficient at retaining particles larger than about 0.1 wm. It has the
further advantage that the filter element can be directly examined under a light
transmission microscope for size distribution or particle identification studies.
The fine pore size of this filter requires a pressure differential of nearly an
atmosphere to obtain adequate air filtration rates, and a good filter support to
enable the membrane to tolerate these pressures without rupture. Even using
these conditions, only about 0.03 m? of air per minute can be filtered through
the standard 5-cm diameter disk, one of the limitations of the method.

An analytical scale electrostatic precipitator developed by the Mine Safety
Appliance Corporation, provides a technique for collection of fine aerosol
material without requiring such a large pressure drop. This is particularly
useful under low loading conditions. The removable glass tube of this device is
tared prior to starting the test. Weighing again on completion of the test
enables determination of particle loadings as low as 10 pg/m? after passage
of 10m? of air. It is easy to increase the sensitivity by using larger volumes
of air.

Identification of many particles and aerosols can be made using direct
microscopic examination coupled with a knowledge of the collection circum-
stances. Particle features such as transparent/opaque, colorless/colored,
rounded/angular, isotropic/anisotropic, density, and refractive index may all
be determined in this way. When these properties are combined with the
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general visual features such as those cataloged in one of the particle atlases
[17], it can very often identify particles unequivocally. Particles below about
0.2 pm in diameter, which is the limit for the best light microscopes, may be
studied using electron microscopy [18]. Various destructive wet chemical, or
instrumental techniques such as ion chromatography, neutron activation
analysis, or atomic absorption are also used to confirm identities established
by the visual process. Details are available from a variety of sources [19].

2.6. ANALYSIS OF GASEOUS AIR POLLUTANTS

A wide variety of wet chemical, instrumental, and biological procedures exist
for the analysis of gaseous air pollutants. The method of choice will depend
on the objective (accuracy and number of results required), budget, equipment
available, and level of training of available staff. As an example of the
possibilities within these choices, an air (and later also water) pollution survey
was conducted in the U.K. during 1972-1973, which was publicized by the
Sunday Times. Hardware and methods literature were made available 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
the number and geographical distribution of the results obtained has been
classed as one of the most comprehensive overviews of low-level ozone
pollution ever conducted in the British Isles.

The chief difference between the two “particle classes” of air pollutants
and the gaseous air pollutants, as far as analysis is concerned, is that for the
latter normal filtration methods cannot be applied. Physical adsorption, such
as on activated charcoal, or silica, or absorption into matrices such as silica
gel, rubber, or zeolites, are used to capture many gaseous air pollutants [20].
Recovery of the gases or vapors required for later analysis, or for recycle
depending on the scale, is frequently achieved by warming the bed of adsorb-
ent or absorbent while passing a slow air or an inert gas stream through the
bed, sometimes assisted by reduced pressure. Wet absorption methods are also
used, with a suitable reagent dissolved in liquid (usually water) to obtain a
reaction with the pollutant of interest to trap it in the liquid, as the air
containing it is sparged (bubbled) through it. Sulfur dioxide is not well
retained when contaminated air is sparged through water alone, [21] but is
efficiently trapped when a solution of hydrogen peroxide or sodium hydrox-
ide in water is used (Egs. 2.4-2.6).

SO, + H,O — H,;S03 2.4
H,SO;3; + H, O, — H,SO4 + H,O 2.5
H,;SO3 + 2NaOH — Na,S0O3; + 2H,0 2.6

2.6.1. Concentration Units for Gases in Air

The concentration of a gas or vapor 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
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basis. Each of these concentration units has one or more features which makes its
use convenient and informative for particular situations.

Reporting of concentrations of one gas in another on a volume for volume
basis is normally corrected to 25°C and 1 atm (760 mm Hg) pressure [22,
23]. Under this system, relatively high concentrations are specified 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 atm. This also corres-
ponds to 3 parts by volume of sulfur dioxide in 100 parts by volume of the
sulfur dioxide/air mixture, both specified in the same volume units. Lower
concentrations are specified in smaller units, ppm (or ppmv, v for volume) for
parts per million (1 in 10°), ppb for parts per billion (1 in 10%), and even ppt
for parts per trillion (1 in 10'?), now that adequate sensitivity has been
developed for the analysis of some air pollutants at these low concentrations.

The volume for volume system of specifying concentrations of a gas in a
gas is dimensionless (without units) (i.e., it represents a pure ratio of volumes
in the same volume units) which, thus, allows the units to divide out. To a
chemist, this system has the further advantage 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-NTP or STP; 0°C and 1 atm)
occupies 22.41 L. This volume for volume comparison is true for most gases
and vapors when existing in the form of mixtures at or near ambient condi-
tions of pressure and temperature, and only deviates significantly from this
molar equivalency when the conditions (pressure and/or temperature) become
extreme. When using this system it must be remembered that volume for
volume data are corrected to 25°C and 1 atm, when a molar volume corres-
ponds to 24.5 (24.46) L (298 K/273 K x 22.41 L).

Specifying concentrations on a volume for volume basis is also convenient
because a change in the temperature or pressure does not change the concen-
tration, within reasonable limits. Any correction necessary due to a change in
the measuring conditions is generally smaller than the experimental error of
the analysis, since many air samples are analyzed at temperatures close to
25°C and 1 atm. The insensitivity of volume for volume units to small
changes in temperature or pressure mean that these do not normally need to
be specified when using this method.

Frequently, however, the concentration of a gas (or vapor) in air is specified
on a mass (weight) per unit volume basis, common units for which are mg/L,
mg/m?, and pg/m?, when 1 mg/L = 1000 mg/m’ = 106 ug/m>. Knowing the
concentration of an air pollutant specified in these units allows easier deter-
mination of mass rates of emission, which are important for regulatory pur-
poses and for exposure hazard calculations. However, these units do not
provide any molecular basis for comparison of the concentrations of any two
gases, which makes it more difficult 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 temperature 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
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temperature. As already stated, standard temperature for the mass per unit
volume measure is generally taken to be 25°C [22, 23]. However, 0°C has also
been used [24]. Therefore, to avoid ambiguity in specifying results in these
units, the temperature basis used must also be specified. Data presented in this
format are also normally corrected to 1 atm pressure.

Since both volume for volume and weight for volume units are in com-
mon use for regulations and quoting air pollution results, it is necessary to be
able to interconvert between these units. To obtain a value in mg/m? from a
value in ppm one has to multiply the ppm value by the molecular weight of
the component of interest in grams, and divide by 24.46, the molar volume at
25°C (Eq. 2.7).

1/10% (ppm) x mol.wgt. (g/mol) x 103 (mg/g)
24.46 (L/mol) x 10—3 (m3/L) 2.7
= (ppm x mol.wgt.(g/mol))/24.46 (L/mol), at 25°C

mg/m’=

The conversion process is similar for wg/m?® and mg/L from ppm, again
both at 25°C (Eq. 2.8, 2.9).

pg/m’> = (ppm x mol.wgt. (g/mol) x 10%)/24.46 (L/mol) 2.8
mg/L = (ppm x mol.wgt. (g/mol) x 1073)/24.46 (L/mol) 2.9

For weight for unit volume values at temperatures other that 25°C, the
molar volume for the temperature of interest must be used in place of
24.46 L/mol.

The third gas concentration method is the partial pressure system, which is
occasionally used to specify the concentration of a gas in a gas (e.g., Eq. 2.10).

(partial pressure of constituent) x 10° 510

ppm of constituent = (total barometric pressure)

The same pressure units are used for the partial pressure of the component of
interest and for the total barometric pressure readings, so that the units divide
out. Thus, the partial pressure system is also dimensionless (a pure ratio) so
that in all important respects it is equivalent to the volume per unit volume
system for specifying concentrations of a gas in a gas. This system is particu-
larly useful for making up synthetic mixtures of gases on a vacuum line when
the partial pressure of each component is known. The carefully measured
mixture(s) are useful for such purposes as calibration of instrumentation.

2.6.2. 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 (Eq.
2.5). Relating the measured acid concentration back to the original volume of
air passed through the absorbing solution then gives the sulfur dioxide con-
centration originally present in the air. The answer obtained by this method is
subject to errors when other acidic or basic gases (e.g., NO, NO,, NHj3) or
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aqueous aerosols such as sulfuric acid, nitric acid, or ammonium hydroxide
are present in the air being sampled. The influence of these interferences can
be decreased if the determination is carried out gravimetrically by the addition
of barium chloride rather than by titration (Eq. 2.11).

H,S04 + BaCl, — 2 HCl + BaSOy4 | 2.11

When sodium hydroxide in water is used as the medium to trap sulfur
dioxide, it allows a separate result to be obtained for the sulfur dioxide
content, independent of any sulfur trioxide or sulfuric acid which may be
present in the sampled gas. This distinction is not possible when using hydro-
gen peroxide. To obtain this as a separate result requires addition of an
involatile acid to the collection medium after collection. This is followed by
heating, or sparging of the acidified solution with inert gas while heating, to
release the sulfur dioxide from solution (Eq. 2.12).

Na,SO3 + H,SO4 — NaSO4 + HyO +S0O;, 71 2.12

Any sulfur trioxide forms sulfate which is involatile on acidification, unlike
sulfite. Capture of the released sulfur dioxide in a fresh aqueous base, fol-
lowed by titration with standard iodine solution, then gives the concentration
of sulfur dioxide present in this second solution (Eq. 2.13, 2.14).

SO, + 2 NaOH — Na,S0O3 + H,O 2.13
SO} +1, »S0; + 217 2.14
brown colorless

Similar wet chemical techniques have been developed for many other
polluting gases, but are beyond the scope of this outline. The investment in
equipment and materials required for wet chemical analysis is generally low,
but the skill level required of the analyst, particularly for some of the tests, is
high. While it is possible to streamline some of the wet chemical methods to
enable many results to be obtained in a working day, these methods are
generally slow relative to other alternatives. Details of suitable methods
are available from many sources [25].

One gas analysis technique using sealed adsorbent tubes borrows from the
colorimetry methods of manual procedures. Draeger and now also the Gastec
and the Matheson-Kitagawa systems all use glass tubes packed with a solid
support which is coated with an appropriate colorimetric reagent for the gas
of interest. Company literature assesses the coefficient of variation for the
tubes with most readily discernable color changes as 10%, and for the less
efficient tubes as 20-30% [26] (Egs. 2.15-2.17).

Standard deviation = [(X% + X% +...+ xﬁ)/(n —1)]%, 2.15

where x1, X5, ...Xx, are the deviations of individual determinations from the
mean of all determinations in the series being measured, and n represents the
number of individual determinations in the series.

Mean deviation = (x1 + X3 + ...+ X,)/n, 2.16

where only the absolute values of the individual deviations are used, without
regard to sign. It is also referred to as the average deviation.
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(standard deviation)

coefficient of variation = 217

(mean deviation)

This level of precision is sufficient for most purposes, even for the less
common gases, and is much more convenient than most alternatives when the
number of tests required is small (Table 2.3). In the early days of the devel-
opment of these systems a tube for testing carbon tetrachloride vapor was
questioned as to its capability to achieve a precision within 50% of stated
values [29]. Even if true, this level of accuracy is still adequate for many
regulatory and industrial hygiene requirements.

2.6.3. Instrumental Methods for Gas Analysis

Instrumental analysis of air samples can be frequently conducted directly on
the air or gas sample, particularly when either the concentration of the
contaminant is high or with a sensitive analytical method. Failing this, prior
concentration of the component of interest is necessary. This may be accom-
plished by adsorption onto a substrate from low concentrations, to be released
at higher concentrations later by heating, or by a gentle stream of inert gas. Or
the concentration step may be accomplished by absorption from the air, as fine
bubbles discharged under the surface of an entrapping liquid. The sampling

TABLE 2.3 Some Examples of the Gases Which may be Determined by
Prepacked Colorimetric Tubes®

Measurement® range

Gas or vapor Minimum Maximum
Ammonia S ppm 10%
Benzene vapor S ppm 420 ppm
Carbon monoxide 5 ppm 7%
Chlorine 0.2 ppm 500 ppm
Ethylene oxide 5 ppm 3.5%
Formaldehyde 0.5 ppm 40 ppm
Hydrogen sulfide 1 ppm 7%
Mercury vapor 0.1 mg/m3 2 mg/m?3
Methane thiol (methyl mercaptan) 2 ppm 00 ppm
Nitrogen dioxide 0.5 ppm 50 ppm
Oxygen S % 23%
Ozone 0.05 ppm 300 ppm
Perchloroethylene S ppm 1.4%
Phenol S ppm -

Sulfur dioxide 0.1 ppm 2,000 ppm
Tetrahydrofuran 100 ppm 2,500 ppm
Vinyl chloride 0.5 ppm 50 ppm
Xylene S ppm 1,000 ppm

“Compiled from Leichnitz [26], Matheson-Kitagawa [27], and Gastec Corp. [28].

bConcentrations are specified by volume (see text). Wider concentration ranges are covered
with two to five detector tubes of differing sensitivities.

“Not specified.



2.6. ANALYSIS OF GASEOUS AIR POLLUTANTS 47

method will be selected on the basis of the type of information required from
the sample and the instrumentation that is available for analysis.

Ultraviolet and infrared spectrophotometric methods are useful for air
analysis in a wide variety of formats. Either solution or gas sample cells may
be used. For good ultraviolet sensitivity, the component of interest must have
two or more double bonds present, preferably conjugated. Thus, sulfur diox-
ide, acrolein (H,C=CH-CHO), and benzene all give very good ultraviolet
sensitivity, when measured near their absorption maxima. In contrast, acet-
one, phosgene, and gasoline all have direct atmospheric measurement detec-
tion limits of only about 5 ppm, too high to be useful for many situations.
Even if direct measurement sensitivities are poor, however, a colorimetric
method coupled with ultraviolet spectrophotometry may be used for some
pollutants to obtain improved sensitivity. For example, the purple complex
formed by the reaction of formaldehyde with chromotropic acid is signifi-
cantly more sensitive to ultraviolet measurements than is formaldehyde itself.
Using this method solution detection limits of 3 uM (0.1 mg/L) can be
achieved (Eq. 2.18).

H,CO (colorless) + chromotropic acid — purple complex 2.18

For a 10-L air sample this sensitivity corresponds to an ambient air detection
limit of 0.1 mg/m> (0.08 ppm).

Ultraviolet absorption by sulfur dioxide may also be usefully applied in
the field for direct plume observations. In a novel technique developed for the
observation of the colorless discharge of sulfur dioxide and water vapor from
a natural gas cleaning plant vent stack, the use of silica optics and a special
UV sensitive film allowed the clear photographic observation of plume be-
havior from the ultraviolet absorption of the sulfur dioxide component [30].

The infrared spectra of many air pollutants are usually more complex
than their ultraviolet spectra, since the infrared usually reveals several absorp-
tion maxima. However, for many single components the pattern of maxima
obtained, its “fingerprint,” can permit positive identification while the con-
centration is determined from the absorbance readings. All organic com-
pounds absorb infrared energy, although the intensity and pattern of the
absorption varies greatly from compound to compound. This affects the
relative sensitivity of the method for different compounds. However, recently
developed compact cells compensate for this by providing absorption path
lengths of 20 m or more via multiple internal reflections (Fig. 2.4). Typical
infrared detection limits for this system are 1.2 ppm for carbon monoxide,
1.5 ppm and 0.08 ppm for nitric (NO) and nitrous (N,O) oxides, respectively,
0.1 ppm for sulfur dioxide, and 0.05 ppm for carbon tetrachloride. The
wavelengths at which different compounds absorb vary, a feature which is
used in dispersive infrared instruments to identify the absorbing species. Some
of these infrared instruments are portable and fitted for 12-volt DC power,
suitable for operating from an ordinary car battery. These field capabilities
avoid the sample deterioration problems caused by poor field collection
sample containment systems, or sample instability.

Rapid multiple scans, signal storage, plus Fourier transform capabilities
have combined to push infrared detection limits to about 1/100 of the
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FIGURE 2.4 Diagram of the operating details of a portable infrared gas analyzer, which
uses a long path, multiple internal reflection gas cell. Adjusting the angle of the objective
mirror alters the number of internal reflections obtained before the beam enters the
detector. (From Wilks Scientific [31], courtesy of the Foxboro Company.)

concentrations possible with the more conventional infrared instruments just
discussed, but at about 10 times the cost [32].

The most significant recent spectroscopic developments that relate to air
pollutant analysis are closely linked to progress in laser technology. 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 between laser and absorbing
frequencies is good. For example, these methods enable sensitivities of the
order of 1 ppb for nitrous oxide, using a 100-m path length. Even lower
sensitivities are possible for more strongly absorbing gases [33]. With high
source powers, lasers may be used for remote sensing of air pollutants in real
time in smog situations, discharge plumes, or even for ambient air pollutant
concentrations in open countryside [34].

Various laser instrument arrangements are possible depending on the
particular remote sensing application (Fig. 2.5). The direct absorption mode
(Fig. 2.5a) is the simplest, but suffers from the inconvenience that source and
detector units must be sited separately, and aligned for each particular test
situation. Retroreflection, either from a surface-silvered mirror or from a
geographical feature such as a tree or rock (Fig. 2.5b) at least allows the
source and receiver to be operated from the same site. In the backscatter mode
(Fig. 2.5¢), the reflections from aerosol particles 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 com-
parison of the relative absorption signals, the basis of the so-called DIAL
(differential absorption lidar) system [35].

Gas chromatography (GC) is another nonspectroscopic instrumental tech-
nique which is used for the analysis of gaseous air pollutants, particularly
when it is coupled to a mass spectrometer. Gas chromatography provides
efficient separation and detection of many common air pollutants, and can
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 Receiver-detector

Laser source
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Laser source

Receiver-detector

ﬁ Retroreflector
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Pulsed beam:
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Receiver -detector
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[

I FIGURE 2.5 Some possible configurations of laser source and receiver detectors for use
in remote sensing of air pollutants: (a) Simple direct absorption mode. (b) Retroreflective
direct absorption mode. (c) Backscatter from aerosols mode.

give a measurable signal with as little as 1072 g of separated component.
However, unequivocal identification of the separated component is not pos-
sible with gas chromatography alone. Coupling a quadrupole mass spectrom-
eter to the exit of a gas chromatograph allows both functions to be performed
simultaneously; the GC separations, and the rapid mass spectrometer provid-
ing identification of each constituent from their fragmentation patterns or
molecular ions. This combination of instruments is able to provide rapid
answers for the real time tracking of gases, vapors, and fumes released from
a train derailment, or other emergencies which could involve released chem-
icals [36].

Many other instrumental methods are also used for gas analysis, the
details of which are available elsewhere [37]. Development, standardization,
and calibration of the various methods used for air pollutants of interest are
continuing and ongoing processes.

Real-time measurements of gas concentration changes in plume chemistry
can involve some ingenuity in the delivery of instrumentation to the site of
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interest. Full sized, fixed wing aircraft or helicopters cause extensive mixing of
the plume which would make the concentrations measured unrepresentative
with considerable risk to the aircraft and stack. A small, unmanned radio-
controlled aircraft carrying a compact gas chromatograph can take measure-
ments without disturbing the plume and without risk. Freely rising helium-filled
balloons can be used to lift instrumentation through the various layers of the
atmosphere in order to obtain a snapshot of readings. A continuous profile of
readings from one location and approximate altitude may be obtained from a
Kevlar tethered balloon (to 2 km), or a box-kite (to 10 km) [38]. Freely floating
tetroons designed to have neutral buoyancy with their instrument load can give
longer term results at an approximately constant altitude over a horizontal
distance which is determined by wind speed and direction.

2.6.4. Biological Methods for Air Pollution Assessment

High concentrations of air pollutants are known to kill many annual plants
and trees. This amounts to a coarse biological indicator. Less severe exposures
can cause premature senescence (early leaf drop) of sensitive species of trees
and shrubs [39], which can be used as an indicator [40]. For example, the
aspen poplar, Populus tremuloides, drops its leaves after exposure to as little
as 0.34 ppm of sulfur dioxide for 1 hr. Early leaf drop slows tree growth,
which can be qualitatively assessed by examining the growth ring widths from
the tree cores. Several leaf drops in quick succession can kill trees or annual
plants.

An odor warning of air pollutant exposure is provided to man and many
animals by the olfactory membranes, another example of a biological indica-
tor. In specially trained dogs, the sense of smell can rival the sensitivity of the
most sophisticated instrumentation [41, 42]. Tamed bees have also been used
to locate mines and explosives without hazard, and can be trained to seek out
target chemicals in waste dump sites [43].

Since many toxic gases also possess an odor, an avoidance response can
help to reduce exposure. Some examples of gases for which this warning effect
is pronounced and some for which it is nonexistent are given in Table 2.4.
One must keep in mind that the sensitivity of the sense of smell can vary
widely with individuals and also that olfactory membranes are subject to
narcosis (anesthesia) by some of these gases. Hydrogen sulfide and formalde-
hyde, for example, lose their odor for a gradual increase of concentration or
for longer term exposures, which removes their safety warning.

Lichens can be a generic useful, semi-quantitative indicator of pollution
levels over time and space in both city and rural study areas [44]. Lichens
comprise a slow-growing symbiosis between an alga, which photosynthetic-
ally manufactures carbohydrate, and a fungus, which aids the alga in water
storage in an otherwise inhospitable site and uses the manufactured carbohy-
drate for its own metabolism and growth. Their very slow growth, and their
high reliance on the air for most of their nutrient requirements, makes for
efficient uptake and retention of many air pollutants. Hence, the level of air
pollution affects the growth and reproduction of lichens more significantly
than that of most other, faster growing forms of plants which rely more on a



2.7. EFFECTS OF AIR POLLUTANTS 51

Il TABLE 2.4 Examples of Extent of Warning Given from Relationship of
Human Olfactory Thresholds of Some Common Gases to the Time Weighted
Average Industrial Hygiene Standards®

Olfactory Industrial hygiene Warning effect,
Gas or vapor threshold (OT) standard® (HYG) (HYG) = (OT)
H,S 25 ppb 10 ppm 400
O3 <10 ppb 100 ppb 10
SO, 0.3 ppm 2 ppm 7
NH; 16 ppm 25 ppm 1.6
H,CO 1 ppm 1 ppm 1
CO, 1% 1% 1
CCly 540 ppm 2 ppm 0.004
CcO odorless 35 ppm 0

“No effect level for a healthy adult for time-weighted average exposures for an 8-hr working
day over a 40-hr work week.

soil substrate. For these reasons, heavy metal fumes or other particulate air
pollutant exposures also tend to accumulate to higher concentrations in
lichens than in most other forms of plants.

In the hands of skilled botanists, a lichen diversity and distribution study
of an area can give useful long-term exposure information regarding continu-
ous or intermittent fumigation by pollutants such as sulfur dioxide which
would be difficult to obtain in any other way. Even in the hands of a relatively
inexperienced but careful observer, it is possible to determine upto six or seven
zones (levels) of relative air pollutant exposures by recording the diversity and
types of lichens found growing in an area. Thus, in a heavily polluted area,
few or no healthy lichen varieties will be found. Those more resistant varieties
that do occur in this exposed situation, such as species of Pleurococcus, will
be squamulose (recumbent) forms which are closely bound to their support, a
habit that minimizes exposure of the lichen to air pollutants. At the other
extreme, in areas of little air pollutant exposure, both the diversity of species
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 species of the genera Parmelia and Letharia, or the fruiticose
(shrubby) forms of species of the genera Usnea or Alectoria. Biological
methods based on lichen surveys such as this represent an important comple-
ment to the information obtained from wet chemical and instrumental analy-
sis for determining the integrated levels of air pollution over time for an area.
The latter methods usually provide more reliable instantaneous (snapshot)
information.

2.7. EFFECTS OF AIR POLLUTANTS

Much has been said and written about the effects of air pollutants on plants
and animals and so only a brief summary needs to be presented here. The
health effects on man probably comprise the most direct, even if somewhat
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anthropocentric, concern with air pollutants. The primarily nuisance effect of
the smell emanating from a fish-packing plant or brewery represent examples
at the minor end of the effects range. However, since the average person takes
in some 22,000 breaths per day, amounting to some 14-16 kg (30-35 Ib) of
air per day, and this contacts the large area of efficient moist exchange
membranes of the alveoli in the lungs, even a relatively low concentration of
many air pollutants is sufficient to have a noticeable effect. For this reason
alone the air environment has to be the most important of the biospheric
elements to be worth striving to maintain or improve in quality.

One logical approach which may be used to organize the consideration of
air pollution problems and solutions is to start from the individual level of
exposure with treatment of indoor air pollution, where the problems are
usually more readily identified, and are of a scale more or less under the
control of individuals or small groups of people. From these we can move to
consideration of larger and larger scale macroscopic effects which become
progressively more complex to understand and model. The scale and scope of
these problems also become progressively more difficult for individuals, coun-
tries, or even the whole world to control. Topics covering this progression
include smogs, acid rain, arctic haze, climate effects, and damage to the
stratospheric ozone layer.

2.7.1. Indoor Air Pollution

Right from the time when people used natural shelters and lit poorly vented
fires for warmth and light, to the building of small or large and complex
facilities for living space, offices, factory operations, and warehousing, indoor
air pollution has existed to varying degrees. For structures of all kinds in
which involuntary air infiltration (drafts) and/or people and goods traffic,
significant air exchange occurs and the quality of indoor air is seldom a
problem. But with recent energy conservation concerns, tighter construction
of new buildings and adjustments to the ventilation equipment of existing
structures to provide lower levels of air exchange is in some instances sacri-
ficing indoor air quality to save energy. Both in the area of the enclosed space
of buildings and in the provision of fresh air in the transportation sector, (e.g.,
the passenger cabins of modern jet aircraft), there are instances where a small
savings in energy obtained by one stakeholder is being far exceeded by the
larger system costs (general malaise, loss of cognitive ability and attention
span, etc.) that are being experienced [45].

We can use conditions common to the individual home or apartment to
illustrate the concepts involved within a framework which most can relate to
their own experiences. The degassing of composite woods such as chipboards,
plywood, and hardboard as well as vapor loss from the more aromatic solid
woods such as cedar and pine can contribute to the vapor contaminants in
home air. The finishes on any of these woods or on wall surfaces also make
contributions, particularly in the period shortly after application. Carpeting
and the many easy-care flooring materials together with soft furnishings also
release small quantities of vapors, particularly when new. Human presence
and activities, as well as those of some pets in the residential space, also add to
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these static sources. Oxygen is consumed and carbon dioxide, moisture, and
heat are released by respiration in proportions which vary somewhat with the
composition of foodstuff being metabolized [40] (e.g., Egs. 2.19 and 2.20).*

(C6H1005)n +6n O — 6n CO;, + 5n H,O 2.19
starch
(Cs1Ho92 04 )n +71 O, — 51 CO, +46 H,O 2.20

a typical fat

Heat generated by a conscious person at rest is approximately 90 W. This
means that excessive heating is probably the most common discomfort factor
that builds up in the air of densely occupied indoor space such as auditoria, but
heat build-up from this source is seldom a problem in private accommodation.

Entering the space, movement, and cleaning activities within the space
raises dust levels, and cooking activities put moisture, heat (and with gas
stoves, carbon dioxide and additional moisture), aerosol droplets of fat, etc.,
into the air. Some of the pollutants (e.g., the smell of baking bread) are
appreciated by most. Even so, the U.S. Environmental Protection Agency
has required large commercial bakeries to install control equipment for the
volatile organic compounds produced to help reduce their contributions to
photochemical smog. Unvented combustion units such as gas stoves and space
heaters contribute their combustion gases to the indoor air, for which control
is usually recommended via ventilation. Less pleasant cooking smells may be
masked by room deodorizers or room ozonizers, which make their own
contributions. As a final component, plants exposed to light initiate photo-
synthesis, causing a net consumption of carbon dioxide (and some pollutants)
and production of oxygen. But at night, metabolism continues in the plants
consuming oxygen and producing carbon dioxide without the benefit of
oxygen from photosynthetic processes which occurs during the day.

Various indoor air quality guidelines exist. To determine whether or not a
guideline is being met, one can use the ventilation rate formula to evaluate the
situation (Eq. 2.21).

rate of contaminant loss

Allowable concentration of contaminant = — : 2.21
rate of dilution air supply

If the allowable concentration is specified in volume for volume units (e.g., %,
ppm, ppb, etc.), then, that is used (times the appropriate factor e.g., 100,
10°, 10, etc.) on the left-hand side. In this instance volume per unit time in
the same units should be used for both of the substitutions of the right-hand
side. The ventilation rate equation is also valid for use when contaminant
concentration allowed is specified in mass per unit volume units such as mg/L,
mg/m?, pg/m>, etc. In this case, mass per unit time units are used in the
numerator and volume per unit time in the denominator of Eq. 2.21. To use
Eq. 2.21 in either format does not require knowledge of the volume of
enclosed space being ventilated. However, it does assume perfect uniformity
of the gas mixture, and perfect mixing of the air with the contaminant.

Sometimes the rate of air exchange of an enclosed space is specified as air
changes per hour (ACH, Eq. 2.22).
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ventilation rate per hour

air changes per hour = 2.22

volume of enclosed space

In this instance, one can use the ventilation formula structured to use the
air changes per hour term (Eq. 2.23).

R = ke [Ci]v, 2.23
where R = rate of production of gas or vapor,
Kex = air changes per hour,
C; = interior equilibrium concentration, and
v = volume of enclosed space.

Use of this equation requires the same assumptions as Eq. 2.21. It is only valid
if there is essentially zero concentration of the contaminant of interest in the
outside air being used for ventilation.

If there is a significant concentration of the gas or vapor of interest in the
outside air, for example carbon dioxide, then Eq. 2.24 rather than 2.23 must
be used to account for this.

R + kex[Colv = kex[Ci]V 224

where C, is the concentration of gas or vapor in the outside air. Again, the
same assumptions as for Eq. 2.21 are necessary.

How are these equations used? Let us consider a propane-powered fork-
lift truck that is operating in a warehouse and producing 2.0 g/min carbon
monoxide. The industrial hygiene standard for carbon monoxide is 35 ppm.
What is the minimum ventilation rate required for the warehouse to ensure
safe working conditions? To convert the mass of CO per minute to a volume,
we can assume conditions of 1 atm pressure, 20°C.

~ 2.0g/min CO " 0.0821 Latm K~ 'mol~" x 293 K
~ 28.01g/mol 1atm

=1.72 L/min CO

The ventilation rate required for 35 ppm concentration is:

1.72 L/min CO
x L/min air
35 1.72 L/min CO

106 «x L/min air

35 ppm =

where x = 4.91 x 10* L/min air, or 49.1m?/min air

The same ventilation rate would be required for a small or a large warehouse.
A smaller warehouse would simply reach the equilibrium carbon monoxide
concentration more quickly than the large one, assuming the same ventilation
rates.

To convert the ventilation rate in m®/min to units of air changes per hour
requires:

49.1m?/min x 60 min/hr = 2948.6 m> /hr

For a nearly empty warehouse of 25 x 40 x 6m a ventilation rate of
2948.6 m3 /hr requires:
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2948.6 m3 /hr

20m x40m x 6m
As an example of the use of Eq. 2.24, use the 1000 ppm carbon dioxide
generally accepted comfort guideline for interior air quality. The same propane-
powered forklift produces 20 L/min carbon dioxide. What air change rate
would be required to maintain the carbon dioxide guideline for the warehouse?
Would it be the carbon monoxide or carbon dioxide requirement that would

dictate the ventilation rate required? First we rearrange Eq. 2.24 to the form:

R
(G~ [Go))

Taking the concentration of carbon dioxide in the outside air as 350 ppm
(350 x 107%), and substituting:

~ 20L/min x 10~ m?/L x 60 min/hr
~ 4,800m3 x ((1000 x 10-6) — (350 x 10~¢))
= 0.3846, or 0.385 air changes per hour

= 0.614 air changes per hour

kex =

Kex

Comparing the 0.385 ACH required for carbon dioxide control with the
0.614 ACH required for safe control of carbon monoxide levels, it is clear
that control of the carbon monoxide concentration dictates the safe ventila-
tion rate required.

2.7.2. Classical and Photochemical Smogs

Localized air pollution episodes tend to occur in areas subject to inversions.
These stagnant air events will tend to occur in regions with low or no winds.
A valley location or a plain bounded by mountains will tend to increase the
occurrences and persistence of inversions. In the normal daytime situation, the
sun warms the surface of the earth and the air mass immediately above it.
Warming lowers the density of this surface air causing it to rise and in the
process it mixes with the upper air levels. This dilutes any pollutants dis-
charged into the surface air.

At night, or when there is fog or another meteorological event which
brings an inversion to the area, the situation changes. During the inversion,
the air close to the surface 100 to 300 m is relatively more dense than the
layers immediately above it, which creates a stable situation. There is little or
no mixing of any pollutants which may be discharged into the surface air. This
situation causes a gradual buildup of any discharges to the surface layer to
uncomfortable or dangerous concentrations in this layer.

The elevated air pollutant levels which occur during localized classical
smog episodes tend to severely impact on the chronically ill, the young, and
the old. They can cause effects ranging from watering of the eyes and
restricted breathing, to an aggravation of respiratory illnesses, and even to a
noticeable rise in the death rate recorded for the affected area during the most
severe episodes [46]. London, England, the Donora valley, Pennsylvania, and
the Meuse valley, Belgium, are just a few of the documented older examples of
occurrences of this last level of severity. A classical smog can also serve to
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drop the pH of wetted surfaces sufficiently to seriously damage statuary and
stone or masonry buildings from a simple solution reaction of limestone or
marble stonework with the acidic water (e.g., Eq. 2.25).

CaCOj3; + 2 HNO3; — Ca(NO3), +H,0 + CO, 2.25
soluble

Today, two clearly differentiated types of smogs are recognized. In the
classical variety of smog represented by the pollution episodes mentioned
above, the problem was caused by the accumulation of primary air pollutants
such as sulfur dioxide, particulates, and carbon monoxide contributed by
smoke, usually complicated by the presence of fog, hence the term “smog”
(Table 2.5). The fog component also tended to slow air pollutant dispersal by
cutting off sunlight, preventing 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 now also experienced
by Tokyo, Mexico City, and many other major urban centers that provide
similar conditions for its formation [48].

In photochemical smog episodes, secondary air pollutants such as ozone,
nitrogen dioxide, aldehydes, and peroxyacetyl nitrate are formed as a result of
the chemical interaction of the primary air pollutants, principally nitric oxide
and hydrocarbon vapors, with sunlight and air (Fig. 2.6) [49]. This interpret-
ation of the processes involved has been verified by smog chamber experi-
ments (Fig. 2.7), and has since been confirmed by field measurements as the
sensitivity of ambient air instrumentation has improved [50, 51]. In photo-
chemical smog episodes, it is the secondary pollutants that cause severe eye
irritation and upper respiratory effects felt by people and at the same time
causes serious damage to plants.

The authorities of the London area were quite successful in reducing
emissions of sulfur dioxide and particulates sufficiently via passage of their

TABLE 2.5 Distinguishing Features of Classical and Photochemical Smogs”

Classical smog Photochemical smog
Location example London, 1950s Los Angeles
Peak time of occurrence  winter summer
Conditions early a.m., 0 to 5°C, around noon, 22-35°C, low
high humidity plus fog humidity, clear sky
Atmospheric chemistry primarily reducing, SO,, oxidizing, nitrogen dioxide, ozone,
particulates, carbon peroxyacetyl nitrate
monoxide, moisture
Human effects chest, bronchial irritation eye irritation, (bronchial restriction)
asthmatic reaction
Underlying causes fog plus stable high, surface sheltered basin, frequent stable
inversion, dispersal of highs, accumulation of secondary
primary pollutant emission pollutants from photochemical
is prevented, accumulate of oxidation
hydrocarbons

“Compiled from Williamson [47] and Kerr et al. [48].
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Initiation (at sunrise, with high reactive hydrocarbon concentration):

O3, or
RH (hydrocarbon) + O, — R’ + HOO’
[O]

HOO' + NO — HO" + NO,
NO + NO, + H,0 — 2 HONO

HOO" + NO, - HONO + O,

HONO — 1, HO" + NO

290-400 nm

Propagation (converts reactive hydrocarbons to oxidized products):

HO' + RH — H,0, + R’
R + 0, » ROO’
HOO' + RH - H,0, + R’

Termination (dominates at sundown):

R"+R"->R—R
HO" + R" - ROH

0 o
Il Il
CH;— C— 00" + NO, —» CH;— C— OONO; (PAN)

I FIGURE 2.6 Generalized radical chain reactions for typical processes which occur during
a photochemical smog episode.

Clean Air Act so that classical smogs are a thing of the past in this area. But
the more frequent and intense sunshine experienced in the city as a result of
this improvement coupled with a rise in hydrocarbon concentrations from an
increase in automobile traffic means that London, too, now experiences the
irritating effects of photochemical smog events [53].

Similar processes cause the attack of wrought iron and other metalwork,
and accelerate the decay of exposed wood. Even aluminum, which is highly
favored for use in exterior metalwork because of its resistance to corrosion
under ordinary conditions, is now showing the classic pits and erosion scars of
corrosion when used in areas which have severe local air pollution.

2.7.3. Acid Rain

The normal pH of rain or melted snow in equilibrium with 360 ppm of
atmospheric carbon dioxide is 5.6 (Egs. 2.26 and 2.27).

H,0 + CO,; = H,CO; 2.26
H,CO; + H,O = H;0" + HCO3 2.27

When pHs of less than this value occur in precipitation above the freezing
point it is referred to as acid rain.
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FIGURE 2.7 Results of a typical smog chamber experiment in which initial 0.5 ppm
propylene, 0.45 ppm NO, and 0.05 ppm NO; in otherwise clean air is irradiated with
artificial sunlight and analyzed at intervals. (From Lloyd et al. [52], with permission.)

This lowered pH is caused by rainout and washout of nitrate and sulfate
from the atmosphere (Table 2.6) [54]. pHs of as low as 2.4, about the acidity
of lemon juice or vinegar, have been measured for the rainwater of an
individual storm in Pitlochry, Scotland. An annual pH value for precipitation
of 3.78 has also been recorded for the Netherlands. It is evident that these acid
pHs can cause structural damage to buildings of the type just described for
classical smogs. Lowered pH precipitation is also seriously affecting the biota
of those lakes which have a limited carbonate-bicarbonate natural buffering
capacity [56]. When the ionic exchange capacity of soils becomes exhausted it
too can drop in pH to result in reduced growth, or actual die-back of forests
[57]. Liming to raise the pH of affected lakes into the normal range has been
practiced successfully on an experimental scale [58]. But this measure can
only be a local and temporary solution.

TABLE 2.6 Contributions of Sulfuric and Nitric Acids to the Acidity of Acid
Rain“

Substance Concentration (mg/L) Contribution to total acidity®
H,S504 5.10 57
HNO; 4.40 39
NH4* 0.92 51
H,CO; 0.62 20
All others ca. 0.4 ca. 12

“Data selected from Likens [55]. Results determined for a sample of rain of pH 4.01
collected at Ithaca, New York, in October 1975.
[’Microequivalents per liter. Ammonium ion by titration to pH 9.0.
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2.7.4. Arctic Haze

Related to smogs but only relatively recently noticed by the scientific com-
munity is the phenomenon of Arctic haze, a brownish turbidity occurring in
the atmosphere of Arctic regions from late fall to March or April of each year.
A suspended aerosol of primarily sulfates (2ug/m’), organic carbon
(1 Mg/m3), and black carbon (0.3 — 0.5 Mg/m3) reduces the visibility in the
region to 3 to 8 km, over an area of several thousand square kilometers and
up to an altitude of about 3,000 m during this period [59]. The novelty here is
that this represents 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 sites not responsible for
the emissions.

This tendency of aerosols to reduce visibility during Arctic haze episodes
is also a very general effect of atmospheric particles. It is caused by the
scattering of light by particles or droplets in the aerosol size range. Apart
from aesthetic considerations, high loadings of solid and liquid (fogs) atmos-
pheric aerosols also influence flight conditions at airports, and have been
implicated in anomalous rainfall patterns of the St. Louis area.

2.7.5. Human Effects of Particulate Exposure

Another important consideration related to atmospheric loadings and particu-
late size distributions concerns the potential for human effects on inhalation.
The body’s defenses in the upper respiratory tract are adequate to trap more
than 50% of particles larger than about 2 pm in diameter when present in the
air breathed. However, particles smaller than this are not efficiently captured
by the upper respiratory tract. These “respirable particulates” penetrate the
lungs to the alveolar level. Here, the more vigorous Brownian motion of the
small aerosols increases their collision frequency with the moist walls of the
alveoli, thus trapping a large proportion of them at these sites. This occurs in
an un-ciliated region of the respiratory system which is unable to degrade or
flush out accumulated material, particularly if the inhaled aerosol is inert or
insoluble. Hence, any physiological effect of the presence of these foreign
substances is aggravated, which tends to increase the incidence of respiratory
illness experienced in areas that have high concentrations of polluting aerosols
in this size range. The efficiencies of many types of air pollution control
equipment for the lower aerosol size range is poor, an important consideration
when selecting from process emission control options.

2.7.6. Climatic Effects

Proceeding from the local and regional effects of air pollutants to the global
scale, 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, which now averages about 0.7 ppm per year (Fig. 2.8) [60].
Carbon dioxide is virtually transparent to the short-wavelength (ca. 1 pm)
maximum in the incoming solar radiation, but has a substantial absorption
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Il FIGURE 2.8 Past perspectives and present trends of atmospheric carbon dioxide con-

centrations at the Mauna Loa Observatory, Hawaii, compared with the recent periods of
high solar flux and ocean warming intervals. (Assembled from the data of Lepkowski [61],
Kerr [62], and the extrapolated carbon dioxide concentration data of Keeling et al. [63].)

band in the region of the longer wavelength infrared irradiation emanating
from the much lower surface temperature of the earth. Thus, an increase in
the concentration of atmospheric carbon dioxide does not affect the energy
gained by the earth’s surface from incoming solar radiation, due to the
atmospheric absorption “window” in this region. However, carbon dioxide
and some of the other atmospheric trace gases absorb a significant fraction of
the radiant energy in the outgoing long wavelengths that would otherwise be
lost (Table 2.7). This capture of infrared energy, dubbed the greenhouse effect,
is what keeps the biosphere of the earth sufficiently warm to sustain life as we
know it and is, therefore, vital for our continued existence. However, this is a
delicate energy balance, and as the concentrations of global warming gases
rise it is predicted from current climate models that this warming effect will
become incrementally greater. It is the extent and importance of this influence
in relation to a number of other conflicting factors that is still not well
understood.

Ice cores from Arctic and Antarctic ice caps have provided atmospheric
carbon dioxide concentration data for periods of up to 160,000 years before
the present [71]. During most of this period, when humans contributed little
to the atmospheric carbon dioxide, there were nevertheless wide fluctuations
in concentration [72, 73]. Climate studies have correlated warm periods with



Il TABLE 2.7 Concentrations, Trends, and Warming Effect of the Greenhouse Gases® °

Contrib. to Warming

Present atmospheric Rate of increase Atmospheric
Gas concentration (by vol.) per year (%) lifetime [70] Effect>® Relative to CO;
CO, 370 ppm 1.2 ppm (0.35) ca. 500 yeard 49% 1
CH4 1.7 ppm 0.018 ppm (1.2) 87 + 17 year 18% 20
03 < 12km 0.02-0.1 ppm variable < few hr see CCly below -
N,O 310 ppb 0.58 ppb (0.019) 122 + 24 year 6% 200
CFC 11 (CFCls) 230 ppt 8.9 ppt (0.056) 75 year 149 1.000
CFC 12 (CF,ClL) 380 ppt 5.0 ppt (0.018) 100 £ 32 year ° >
Methyl chloroform 130 ppt 5.8 ppt (0.058) 34 £+ 7 year - -
(CH3CCl3)
CCly 120 ppt 2.2 ppt (0.017) 34 + 7 year ca. 13% (incl. O3) -
Halons® <100 ppt - 25-110 year - -
Perfluoroalkanes:
CF4 (1997) 74 ppt 1.2 ppt (1.6 £ 0.6) >2,300 year <2% 3,600—8,500f
C,Fs 2.9 ppt - - - 3,600-8,500"
C;Fs 0.2 ppt - - - 3,600-8,500"

“Calculated and compiled from Ramanathan [64], Hileman [65], Johnston [66], Volk et al. [67], Khalil et al. [68], Zurer [69], and Fabian et al. [70].

bWater vapor and clouds are estimated to have twice the effect of all the gases listed here.

“Estimated in proportion to other greenhouse gases.

4Turnover rate is about 20% per year.

“Used in fire extinguishers and fire extinguishing systems. Bromine component provides powerful extinguishing action by quenching the propagating
radicals produced by a fire. Halon 1211 is CBr,F,, Halon 1301 is CBrF3, and Halon 2402 is C,Br,Fs.

3600 GWP for 20 years after release, and 8500 GWP for 500 years after release, from Zurer [69].
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the periods of high atmospheric carbon dioxide (180-300 ppmv), methane
(350-650 ppbv), and nitrous oxide (N,O, 190-280 ppbv) but the data are
inadequately resolved to establish which caused which. Regardless of caus-
ation, it is clear that the earth’s climate has had substantial warming and
cooling trends since long before the substantial impacts of human activity.
Since other major factors are also known to influence climate, it is possible
that one or several of these exerted the primary influence and that carbon
dioxide, methane, and nitrous oxide concentrations as well as climate changes
simply tracked this.

Computer-based climate models are constantly being refined as comput-
ing power increases, to try to provide more reliable predictions. Cloud cover
and atmospheric moisture content are currently estimated to have about
twice the warming effect of all the gases of Table 2.7, or about two-thirds
of the contribution from all atmospheric contributions. The effect of the
moisture component on warming is one of the more difficult factors to
model [74]. However, atmospheric moisture is not a realistically controllable
variable.

Many other complex interactions are involved in climatic effects, among
them lateral and vertical perturbations of ocean currents, changes in prevail-
ing winds, periodicity in the earth’s tilt (1 1/4°, 21,000-year cycle), position of
elliptical orbit (97,000-year cycle), and changes in the solar flux (correlated
with sunspots, ca. 13-year-cycle) [75]. As the periods of these factors differ,
the warming effect of some will be augmented by in-phase peaks at times, and
will be decreased or eliminated by out-of-phase peaks at others. So, the net
effect is at best difficult to predict. Again, like atmospheric moisture, these
variables are beyond our control.

An increase in average global temperatures from the greenhouse effect of
only a Celsius degree or less could still cause a decrease in water storage at the
earth’s ice caps. This, in turn, would decrease reflectivity of the polar regions,
and could contribute to a rise in the world’s ocean levels causing changes to
low lying coastlines [76]. An increase in average global temperatures could
also increase the rate and extent of desertification of marginally arable land
from changes in wind and rainfall patterns, reducing an already limited
agricultural resource. Imperfect models predict the noticeable onset of some
of these effects by the year 2050. Thus, the possible effects are sufficiently
serious that we should take remedial action now that might decrease these
effects, at least with the less drastic measures.

Many nations are involved in active discussion concerning a decrease in
atmospheric carbon dioxide, which is estimated to contribute about 1/2 of the
warming effect of all the green house gases, or about 1/6 of the total atmos-
pheric contribution to global warming. The recent agreement struck by 38
industrialized countries in the Kyoto Accord gave a timetable for reduction
of carbon dioxide emission reduction [77, 78]. Examination of the annual
atmospheric fluxes of carbon dioxide into and out of the atmosphere estab-
lishes that human activity probably contributes less than 5% of the total
(Fig. 2.9). Consequently, truly drastic reductions in fossil fuel and biomass
combustion would be necessary to have a significant effect, if this was the
only measure undertaken (see Section 3.6.6).
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Il FIGURE 2.9 Estimated annual atmospheric fluxes of carbon dioxide into and out of the
atmosphere in billions of metric tonnes carbon dioxide. (Compiled from the data of Bolin
[79] and McHale [80].)

2.7.7. Stratospheric Ozone

The other potential global problem from increased atmospheric pollutant
levels, and of chlorofluorocarbons, stable chlorocarbons, and fixed nitrogen
in particular, concerns the destructive impact of these gases on the strato-
spheric concentrations of ozone [81, 82]. The ozone layer, consisting of ozone
(O3) concentrations of about 10! to 10'3 molecules/cm?, exists largely in the
stratosphere, 11-50 km above the earth’s surface. Ozone formation in this
region occurs by the interaction of molecular oxygen with sunlight, followed
by the reaction of the atomic oxygen with further oxygen (Fig. 2.10). The
details have recently been surveyed [83]. Its value to life on earth is the
powerful filtering function that it passively performs on the short-wavelength
UV-B (ca. 280-320 nm region) of sunlight before it reaches the earth’s surface
(Fig. 2.10). The equilibrium concentrations of ozone present are a resultant of
these primary ozone formation and photolytic removal processes.

Chlorofluorocarbons (CFCs) were first produced as the working fluid for
air conditioning and refrigeration systems because of their safety and stability
compared to NH; and SO, which were the common agents earlier. It is this
very stability that led to their contribution to damage of the ozone layer which
could not have been foreseen. Most waste gases and vapors discharged in the
troposphere are destroyed or returned to the earth’s surface in particulate form
long before they reach the stratosphere. The high stability of the CFCs permits
them to survive passage through the troposphere, to reach the stratosphere.
Here, exposure of the CFCs to short-wavelength ultraviolet light from the sun
causes bond homolysis, releasing the destructive chlorine atoms. These chlorine
atoms, in their turn, contribute many cycles of ozone removal reactions before
ultimately forming a stable product which leads to their own removal.

It took some years to prove that this interference would cause a decrease
in the equilibrium ozone concentration present [81, 82]. A decrease in the
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Normal ozone formation:

0O, + hv - 20
O + O, + M - O3 + M (energy sink)

Ozone filter function:
O3 + hv = O, + O('D) (electronically excited oxygen)
NO., involvement:

NO + O3 = NO, + O,
NO,; + O - NO + O, (a cycle)

O3 + O = 2 O; (net reaction)

Chlorofluorocarbon (CFC) involvement:
Primary (initiation)

CCIsF + hv — Cl + CClLF

(CFC 11)
CCLF, + hv — Cl + CCIF,

(CFC 12)
Ozone destruction (propagation)

Cl + 03 — ClO + O,
NO + O3 = NO, + O,

ClO + NO; - NO; + CIONO; (chemically stable)
CIONO, + hv — NO; + Cl

NO; + hv — NO + O,

O3 + O3 > 3 O, (net reaction)

FIGURE 2.10 Outline of representative normal processes and some interfering reactions
which affect the equilibrium concentration of stratospheric ozone.

stratospheric ozone concentration was expected to cause an increase in the
global exposure to short ultraviolet. This, in turn, was anticipated could cause
a general increase in mutations in exposed species of the biosphere and more
particularly in the incidence of human skin cancer (melanomas) [84]. Fortu-
nately, the downward trend in atmospheric chlorofluorocarbon concentra-
tions in recent years resulting from international regulations which curtailed
production, use, and the introduction of methods to capture any CFCs while
servicing refrigeration units promise to minimize the influence of these effects
[85]. Newer working fluids for cooling units, the hydrochlorofluorocarbons
or hydrofluorocarbons, which either contain hydrogen or contain no chlorine
have been developed. These have much lower or zero ozone-destroying po-
tential as compared to the earlier CFCs [86].

REVIEW QUESTIONS

1. (a) Calculate the gas or vapor concentrations, in milligrams per
cubic meter (mg/m?) at 25°C and normal atmospheric pressure,
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equivalent to 1.0 ppm (by volume) of ozone, nitrogen dioxide, sulfur
dioxide, carbon monoxide, and mercury vapor.

(b) To what concentration, in mg/m3 also at 400°C, would a flue
gas sulfur dioxide concentration of 1000 ppm at 400°C correspond?
Assume 1 atm pressure and ideal gas behavior.

(c) The same flue gas from part (b), when cooled to 25°C, still
contains about 1000 ppm sulfur dioxide. What would be the sulfur
dioxide concentration of this gas now, in mg/m’ at 25°C?

. A sea level air pollutant analysis is carried out by passing 100 m? of air,

measured at 0°C and 760 mm Hg, through an impinger containing
100 mL of 0.10 M aqueous sodium hydroxide. Subsequently, the
entire contents of the impinger gave a titer to pH 8 of 35.6 mL of
0.100 M sulfuric acid.

(a) Assuming that sulfur dioxide is the only acid gas constituent in the
air sampled that is titrated at the pH range given, what concentration
of sulfur dioxide, in mg/m’, would these results correspond to?

(b) When further acid was added to bring the pH to about 4, bubbles
were observed to form in the glass titration vessel. What gas are these
bubbles likely to be?

(c) Consider an initially dry impinger tube, cooled in ice/water to chill
the incoming air to 0°C for the analysis and placed ahead of the tube
containing absorbing solution. The tube contains several milliliters of
“water” at the end of the passage of the air sample. Might this
observation affect the accuracy of the result quoted from part (a), and
if so, how? What very simple test could you use to check this
qualitatively?

. A certain old automobile uses 1 L of oil for every 500 km traveled.

Assuming that oil contains 0.70 kg of carbon per liter, and that one-
half the oil loss ended up as carbon monoxide, how many liters of
carbon monoxide (at 0°C and 760 mm Hg pressure) would this car
produce from the oil alone per 10,000 km of travel?

. The average 1980 automobile discharges 1 g of nitric oxide (NO) per

kilometer traveled. Assuming a gasoline (CgHs, density 0.9 g/cm?)
consumption of 10 km/L under stoichiometric combustion conditions,
what volume concentration of nitric oxide would be discharged in the
exhaust? Take air to be exactly 1 mol:4 mol, oxygen:nitrogen.

. The threshold limit value (TLV) for 1,2-dichloroethane (CH, CICH,Cl)

vapor in the air of work environments has been set at 100 ppm by
volume.

(a) What ventilation rate would be required to maintain safe working
conditions in a dry cleaning establishment losing 1.0 x 1073 m? of
solvent vapor per minute, assuming uniform composition and perfect
mixing of the air in the establishment?

(b) Is the required ventilation rate affected by the size of the building?
Explain.

(c) Assuming 20°C and 1 atm conditions, what does 1 x 1073 m>min~
of dichloroethane vapor correspond to as a mass rate of emission?

1
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(d) What is a TLV of 100 ppm by volume for 1,2-dichloroethane
equivalent to, in mg m—3 (at 25°C, 1 atm)?

. The TLV for ethyl alcohol (CH;CH,OH) vapor is set at

1900 mg m—3.

(a) What ventilation rate is required to maintain this standard in a
distillery that is experiencing alcohol loss at the rate of 10 mg min~!.
(b) What is the TLV of ethyl alcohol vapor in volume for volume

units, if it is 1900 mg m—3?

. (a) Briefly explain the significance of sunlight in the formation of

photochemical smogs.

(b) Calculate the elemental percent composition by weight and the
percent by weight of nitrogen dioxide in peroxyacetyl nitrate
(CH3CO3NO3;), a more stable and irritating end product of this
process.

. In the Biosphere Experiment concluded on September 26, 1993, eight

people stayed in a materially closed environment for 2 years. Assume
that each person consumed 500 g dry weight of starch (C¢HyoOs),
daily during this experiment, and completely metabolized this
component of their food to carbon dioxide and water.

(a) What masses of carbon dioxide and water would the Biosphere
closed system have to deal with annually from the human metabolism
of starch?

(b) Based on the assumptions above what annual mass of carbon
dioxide would be produced annually by the current world population
of 4 x 10° people with the same daily per capita starch metabolism as
given above?

(c) What fraction of the carbon dioxide produced by the annual
global combustion of 11.4 x 10? tonnes of coal-equivalent fossil fuels
(assume C content 85%) does the estimated human metabolic
contribution represent?

. An adult at rest, seated in a 3 x 5 X 6 m room at 20°C and 1.0 atm,

produces about 15.0 L of carbon dioxide from respiration in an

1.0 hr. The carbon dioxide content of ambient air is 370 ppm by
volume (370 mL CO; in 10® mL (air + CO,)). How long would it
take for the air in the room to reach the 1000 ppm air quality
standard for offices, if there was no air change? Assume ideal gas
relationships.

A power station burns powdered anthracite coal which analyzes 88%
C, 4% S, and 8% ash. If this facility used 20% more air than
theoretically required to ensure complete combustion, and the sulfur
was entirely converted to sulfur dioxide, what concentration of sulfur
dioxide (ppm by volume) would be present in the flue gas if there
were no emission controls? Assume air is 20% O, 80% N, by
volume.

Coal is burned at the rate of about 21,000 tonne/day in the Sundance
Steam Electric Plant in Alberta, to produce 1725 MW of power.

(a) If the coal contains 0.6% sulfur and 11% ash, what masses of
sulfur dioxide and ash would be produced daily?
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(b) Assuming that the remainder of the coal is carbon and that
combustion of the carbon and sulfur is accomplished with the
stoichiometric amount of air, what volume concentration of sulfur
dioxide and carbon dioxide would be present in the flue gases
produced? Assume air composition to be 1 O,: 4N,.
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B AIR POLLUTION CONTROL
PRIORITIES AND METHODS

There is not always good cheer where the chimney
smokes.
—Thomas Shelton, 1620

3.1. AIR POLLUTANT INVENTORIES

To establish the most effective pollution control strategies, it is important to
start with an inventory of the sources, mass emission rates, and types of
pollutants being discharged in the area of concern. This is accomplished by
a detailed analysis of the emissions from each major point source of the
inventory area. Data obtained by actual measurements are used whenever
possible. But when these 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 inventory. Moving sources, such as automobiles, buses,
and aircraft, are tallied by averages per unit, times the number of kilometers
per unit, times the number of units to come up with good estimates for the
contributions from these.

The pollutant inventory obtained gives an overview of the total current
emission picture for the study area. Table 3.1 presents this data for Los
Angeles, where the inventory was conducted to assist in determining the
causes of the photochemical smog problem. For comparison, parallel data
are presented for the whole of Canada which also has smog problems in some
of the major centers. A more recent inventory conducted for Madrid displays
a similar picture [4]. The best foundation for effective planning of abatement
measures is obtained from inventories of this kind, aided by continual refine-
ment of the information [3, 6].

From the tabulated data it is evident that automobiles rather than indus-
trial activity are by far the largest source of pollutants overall (Table 3.1).
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Il TABLE 3.1 Air Emission Inventory for Los Angeles in November 1973 Compared on a Percentage Basis to the Annual
Inventory for Canada for 1974 and 1985°

Emissions to the atmosphere (tonnes/day) Percent of total
Canada®
Nitrogen Sulfur Carbon Totals, Los

Emission source Hydrocarbons oxides dioxide monoxide by source Angeles 1974 1985
Automobiles 1,750 445 27 9,375 11,597 86.9 47.9 41.0
Organic solvent use 450 450 3.4 10.2
Oil refining 200 41 41 154 436 3.2} 27.1 20.8
Chemicals production 50 60 110 0.8

Combustion of fuels® 13 24f% 28C ! 53”7 4. 91 16.9
Miscellaneous 37 27 5 14 21 1. 15 10.5
Totals, by pollutant 2,500 75¢ 41z 9,67 13,34 100. 100 100.0

“From Acres [1], The Clean Air Act [2], and Environment Canada [3].

bCanadian air pollutant inventory totals for the listed categories for 1974 and 1985 was 25.8 million tonnes, respectively. In 1985 road vehicles produced 30.4,
51.4, and 55% of the hydrocarbons, NOy and CO, respectively.

‘From stationary sources.
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Road transport consists of multiple moving sources under the control of
individuals, which makes emission abatement for this classification difficult
to achieve. Nevertheless, by fundamental engine design changes coupled to
accessory control units installed at the manufacturing stage, and by the
application of emission control regulations which have to be met annually
with vehicle license renewal, significant reductions have been achieved.

3.2. AUTOMOTIVE EMISSION CONTROL

As much as 70% of the hydrocarbons, 98% of the carbon monoxide, and
60% of the nitrogen oxides (NOy), have originated from the operation of
automobiles (Table 3.1). Hence, these are the principal automotive emissions
of concern. The hydrocarbons and carbon monoxide arise from the fact that
the most power for a given engine capacity (displacement) of early engine
design was obtained with enough air for only 70-80% complete combustion.
Nitrogen oxides are formed from the reactions of atomic oxygen and atomic
nitrogen, which are formed against hot metal surfaces at high temperatures,
with the corresponding elements (Egs. 3.1 and 3.2).

N; 4 [O] — NO + [N] 3.1
0, + [N] — NO + [0] 3.2

These emission problems are not easy to solve. To run with a leaner tuned
engine (a higher air to fuel ratio) obtains 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 raise the concentrations of
nitrogen oxides obtained in the exhaust, and also decreased the power output
per liter of engine displacement [1] (Fig. 3.1). It also affected drivability, or
smooth engine response, at various throttle settings.

Early emission control methods were based on the use of a thermal
reactor for hydrocarbon and carbon monoxide oxidation, combined with
exhaust gas recirculation (EGR) for reduction of nitrogen oxide emissions
(Fig. 3.2a). Hydrocarbons and carbon monoxide in the hot exhaust fed to the
reactor, once heated, were rapidly oxidized to carbon dioxide and water by
the additional pumped air which was fed to the reactor (e.g., Egs. 3.3 and
3.4).

HC (= hydrocarbon) + O, — CO;, + H,0 33
2CO+0; —2C0O, 34

Some of the relatively inert exhaust gas, before it entered the reactor, was
used to dilute the air fed to the carburetor by some 15%. Doing this decreased
the peak combustion temperatures during normal engine operation and also
decreased the concentrations of nitrogen oxides formed. These combined meas-
ures achieved significant emission reductions (Table 3.2), but at the same time
caused a noticeable increase in fuel consumption and loss of performance.
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I FIGURE 3.1 Plot of the approximate effect of various air to fuel ratios on the composition
of automotive exhaust gas. Compiled from the data of Acres [I] and Stoker and Seager [7].

Two-stage catalytic exhaust purification approached these auto emission
problems in a different way. Here the first stage of control, NO, reduction, is
achieved catalytically using the reserve chemical reducing capacity of the
residual hydrocarbons and carbon monoxide already present in the exhaust
(Fig. 3.2b; e.g., Egs. 3.5-3.8).

Il TABLE 3.2 Typical Automotive Emissions Before and After Regulation,
Related to U.S. Legislated Standards®

Grams per mile

Gasoline
Carbon Nitrogen evaporation
monoxide Hydrocarbons oxide Particulates (g/test)
Before controls 80 11 4 0.3 60
1970 average 23 2.2 4-5 - -
1975 standard 15 1.5 3.1 0.1 2
1980 standard 7.0 0.41 3.1 - -
Thermal reactor + 4.5 0.2 1.3
EGR®
Catalytic, + cyclone 0.85 0.11 1.65 0.1 1-2
1994 model year® 3.4 0.25 0.4
2001, clean fuel fleets 3.4 0.075 0.2

(proposed)®

“Compiled from Acres [1], Mikita and Cantwell [8], Chemical and Engineering News [9],
and Acres and Cooper [10].

PEGR short for EGR, referring to the practice of recycling of 10-15% of exhaust gases to the
intake of the engine to decrease peak combustion temperatures.

“From new sequences under more severe test conditions, which include measurements from a
cold start.
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I FIGURE 3.2 Block diagrams of two automotive emission control configurations. (a)
Thermal reactor plus EGR. (b) Catalytic exhaust purification.

2NO +2 CO — N; +2 CO; 3.5

2NO; +4 CO - N, +4 CO; 3.6

2 NO + HC (= hydrocarbon) — N; + CO + H,0O 3.7
2 NO; + HC — N, + CO; + H,0 3.8

All of these NOy-reducing reactions are much more rapid and effective
than the catalyzed direct redox reaction (Eq. 3.9), and hence convert most of
the NOy to innocuous gases. After NOy reduction, secondary air injection,

cat.
2NO— N, +0, 3.9

and passage of the hot mixture into a second catalytic converter accomplish

complete oxidation of the residual hydrocarbons and carbon monoxide not
used for NOy reduction in the first converter (Egs. 3.7 and 3.8). One or two
grams of platinum or palladium finely distributed on a ceramic matrix pro-
vide the catalytic activity of both converters. This combination exhaust treat-
ment achieves better control of the hydrocarbons and carbon monoxide, and
almost as good control of nitrogen oxides as achieved with the thermal
reactor, and at the same time restores much of the lost fuel economy and
performance (Table 3.2). If a limited EGR circuit is integrated with this dual
converter system, the NO, emission rate can be further decreased.

Since lead-containing antiknock additives of leaded gasolines rapidly
destroy the activity of the catalytic emission control systems, unleaded gas-
olines have had to be used in automobiles fitted with this or related systems.
However, since using this fuel modification also eliminates one of the main
sources of lead emissions to the atmosphere, this trend also has a highly
favorable additional impact [11, 12]. Before unleaded gasolines were on the
market, it was common to find high lead levels in the core areas of busy cities
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and alongside freeways, a trend which is gradually reversing as the proportion
of automobiles on the road equipped to burn unleaded gasolines increases.

While it is possible to reduce significantly particulate lead discharges from
automobiles using leaded gasolines by employing cyclone-type particle col-
lectors in the exhaust train [13], these methods are now outmoded. However,
bioactivity of platinum group metals has prompted a concern regarding the
risks of their dispersion as a result of their use in current automotive emission
control systems. This has recently been reviewed [14]. A focus to this concern
is the sensitization risk of palladium, since very low doses are sufficient to
cause allergic reactions in susceptible individuals. This aspect should prompt a
continued need for monitoring.

One of the early problems with catalytic control of automobile exhaust
emissions was during the few minutes immediately after starting the engine
when the cold catalytic systems did not function. This was solved by devel-
oping a porous zeolite which traps the unburned hydrocarbons while the
catalysts are still cold [15]. Once the catalysts have warmed up, the zeolite
canister also warms, releasing the trapped hydrocarbons to the catalytic
systems to perform their important control reactions.

Today, to maintain or further improve the gaseous emission character-
istics of internal combustion engines the trend is toward integral improve-
ments in engine design, such as computer-controlled precision fuel injection
and various stratified charge modifications which accomplish the chemistry of
the add-on units but as an integral part of engine operation [16]. These
developments are leading to more drivable, fuel efficient automobiles.

Combinations of these control measures have resulted 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. Nevertheless, during severe and prolonged photochemical smog
episodes it may be necessary to restrict automobile use temporarily as a public
safety measure, as was used in Mexico City during such an event in October—
November 1996.

Electric automobiles may be a viable option. In the late nineteenth century
period of automobile development, they actually outnumbered gasoline-
powered autos. Current technologies employing lead acid batteries charged by
fossil-fueled power stations would not necessarily result in improvement. How-
ever, methods which involve the refinement of higher charge density, longer
lived batteries, or new innovations in fuel cell technology could improve the
environmental merits of this alternative. Prototype electric automobiles which
use solar cells for battery charging have been demonstrated, but the high costs of
solar cells and the variability of access to sunlight from latitude, season, and
cloud factors are likely to keep these experimental for the time being.

3.3. AIR POLLUTANT WEIGHTING

Accumulation of emission data on a mass basis is a required first step to assess
the overall impact of air pollutant discharges of a region prior to decisions on
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any necessary action. For development of the most cost-effective control
strategy for an area, the contributing pollutants should be considered on the
basis of their relative impacts in terms of health effects, or smog occurrences,
and not solely on a mass basis. Two of the various weighting factors which
have been proposed to do this are given in Table 3.3. While the weightings of
these systems differ significantly from each other, especially for hydrocarbon
vapors, they both assign the lowest weighting to carbon monoxide [17, 18].

If the weighting factors based on California standards are used to recal-
culate the relative significance of the Los Angeles emission sources, transpor-
tation still remains as the largest single sector, but only just larger than the
combustion sources sector Table 3.4. This treatment redistributes the signifi-
cance of emission control strategies among the transportation, oil refining and
chemicals production, and combustion source sectors to obtain maximum
effectiveness of ambient air improvement for this control area. It can be
seen that a similar treatment of the Canadian data would give a higher
emphasis to the need to control emissions from the industrial and power
production sectors than found for Los Angeles.

3.4. 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. Thermal
power stations, smelters, refineries, and even domestic heating appliances all
use discharge and dispersal 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. With the occurrence
of a long-term inversion a temporary shutdown of the facility may be neces-
sary to protect public health.

Simple dispersal of the flue gases from large emission sources is less
acceptable today because of the limited capability of the atmosphere of highly
industrialized regions of the globe to accept further loading. Discharged

I TABLE 3.3 Examples of Weighting Factors Used for Primary Air Pollutants

Weighting factors based on

California ambient air U.S. federal secondary
Contaminant standards® air quality standards®
Carbon monoxide 1.00 1.00
Hydrocarbons 2.07 125
Sulfur oxides, SOy 28.0 21.5
Nitrogen oxides, NOy 77.8 22.4
Particulates 106.7 37.3
Oxidants 186.9 -

“Used as the basis of the proposed Pindex air pollutant rating system [17].
“Based primarily on federal standards with health effect considerations [18].
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Il TABLE 3.4 Comparison of Actual vs Weighted 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 pollutants aerosols tonnes/day” emissions®
Emission tonnes/ % of tonnes/ % of
source day total Actual Weighted day total
Automobiles 11,597 86.9 74 7,896 56,271 41.5
Organic solvent use 450 3.4 0 0 930 0.7
Oil refining 436 3.2 123 13,124 19,714 14.6
Chemicals production 110 0.8
Combustion of fuels 539 4.1 245 26,142 53,108 39.2
Miscellaneous 213 1.6 27 2,881 5,371 4.0
Totals 13,345 100.0 469 50,043 135,394 100.0

“Weightings from California standards, Table 3.3. See also Babcock [17].
Includes hydrocarbon vapors, nitrogen oxides, sulfur oxides, and carbon monoxide.
“Includes the primary gaseous air pollutants, plus particulates and aerosols.

particulate matter only falls out again on the immediate area. Discharged
fumes, fogs, and mists, although they are more widely dispersed, also even-
tually return to the earth’s surface as they coagulate or coalesce into larger
agglomerated particles, or are washed out of the atmosphere in precipitation.
Discharged gases have the best prospect of efficient dispersal, but also even-
tually return adsorbed onto, or reacted with other gases, particles, or water
and precipitation. So a higher chimney merely spreads the combined fallout
from these processes over a wider area; it does not decrease the gross atmos-
pheric 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 serves to
negate the reduction in ground level concentrations of air pollutants, the
original objective of the high stack, because of the reduced possibility of
dilution by horizontal diffusion (Fig. 3.3a).

If stack dispersal is to be used, it is important that it be sited in such a way
that adjacent buildings or natural features, such as hills or gullies do not 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 can cause plume impingement with the ground much
closer to the point of discharge than anticipated, and hence can cause higher
concentrations of the components of the discharged exhaust gases close to the
site of release than anticipated.

A primary objective of stack discharge of waste gases is to obtain the
minimum or zero elevation of the ground level concentrations of the dis-
charged gases in the immediate area of the stack. The stack discharge point
should be high enough that sufficient diffusion of the discharged gases occurs
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Il FIGURE 3.3 (a) Horizontal, and (b) vertical sections 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.

to dilute these gases to make their concentrations acceptable at the point
the diffusion cone intersects the ground. For any given mass emission rate,
Eq. 3.10 may be used as a rough guide to the effect on the ground level

ground level concentration = K(m/uH?) 3.10
where
m = mass rate of emission
u = wind velocity

H = effective stack height

concentration of a discharged gas which would be expected for different stack
heights and wind velocities at the point of discharge. 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 (buoy-
ant) rise and momentum rise. The height component from this factor is
defined as the vertical distance between the top of the stack and the point at
which the center line of the plume levels off to within 10° of the horizontal. In
the case of a warm or fan-forced discharge the plume rise can add consider-
ably to the actual stack height, substantially raising the effective height of
the discharge. Most real situations, however, are far more complex than can
be reasonably approximated using this expression, so that more complex
expressions are usually required to accommodate the greater number of
variables [19].
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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
three or four times the effective stack height. For gases, this corresponds to about
10 times the effective stack height. The influence of the “virtual stack effect”
prevents further downward diffusional dilution of flue gases beyond the point of
impingement because of the presence of the ground (Fig. 3.3b). Therefore, at
points further from the stack than this the concentration of any discharged gases
atground level still continues to decrease, but is found to be roughly double what
would be predicted from simple diffusion cone calculations.

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 instal-
lation, can help. Or improvement 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 wind speeds for more efficient dispersal. Diffusion and dis-
persal rates under stable air conditions may also be improved by the use of
vortex rings or super high stacks. 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.

3.5. AIR POLLUTION ABATEMENT BY CONTAINMENT

With the increasing dilution and dispersal burdens being placed on a finite
volume of atmosphere, it is becoming clearly evident that containment or
neutralization of air pollutants is required before discharge in order to prevent
further deterioration in air quality. Air emission controls which fall into this
category may be precombustion or predispersal measures, which clean up a
fuel or combustion process or modify a chemical process in such a way that
the pollutant of concern is never produced or dispersed into the exhaust gases
in the first place. Or they may comprise predispersal measures taken to
remove or neutralize the particulates, aerosols, and gases to be discharged
after combustion or chemical processing but before discharge. The choice of
which action or actions to be taken depends on whether the process is already
in operation or in the planning stage for construction, and the type of pre-, or
postcombustion emission control strategies which are available or readily
developed. These options are each discussed separately.

3.5.1. Precombustion Removal Methods

If the technology is accessible and the cost of applying it is not too great,
precombustion removal of potential air pollutants has substantial merit. At
this stage the offending substance (or substances) present in the raw material
has not as yet been burned or reacted to form the process exhaust gases,
which should make recovery easier.
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Consider, for example, the incombustibles in coal. These can contribute
significantly to the particulate content of the flue gases produced on combus-
tion, as well as to the bottom ash volume. Incombustibles are now routinely
removed before burning for more than half of the coal produced in North
America. This is accomplished by using one or more of the following. The
coal is first finely ground. It may then be washed with water on riffle boards,
from 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 of
the riffles. In air jigs the powdered mixture is suspended on a bed of air in a
fluidized form. The heavier rock particles tend to sink and may be drawn off
the bottom, and the cleaned coal is drawn off the top. Or 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/cm?, from the much denser rock
particles and other impurities.

Precombustion cleaning of powdered coal also removes a significant
proportion of the sulfur. About half of the sulfur compounds present in
uncleaned coal resides in inorganic pyrite and sulfates, which are removed
by the particulate cleaning methods. The half that is present in organic sulfur
compounds remains in the coal. This level of improvement can be further
increased to some 80% or so of the total sulfur present by using various
aqueous leaching chemicals, such as ferric sulfate or sodium hydroxide in the
coal cleaning procedure (Egs. 3.11 and 3.12).

Leaching:

FeS, + 8 H,O + 14 Fe’* — 15 Fe*™ +2 HSO, + 14 H' 3.11
Regeneration of leach solution:
2 FeSO4 + 1/2 O, +H,S04 — F62(504)3 +H,0 3.12

Extraction with an organic solvent, such as molten anthracene or a sequential
series of solvents, after conventional coal cleaning is also used [20, 21].
Microbial methods of coal desulfurization have also been tested. Precombus-
tion cleaning measures such as these dramatically improve the emission char-
acteristics of coal-burning installations. Coal conversion to a liquid or gaseous
fuel permits much greater improvement in the residual precombustion impur-
ities present, but also at greater cost.

The same kinds of considerations apply in the precombustion emission
control measures used for the nondistilled fractions of petroleum, the residual
fuel oils, which are used as utility fuels for ships and power generation. The
residual fuel oils contain all of the involatiles of the original crude oil,
concentrated by a factor of 6-10, since the volatile fractions have been
removed. As a result, these fuels possess a significant potential for particulate
and sulfur oxides emission on combustion. Normal refinery crude oil desalt-
ing by water washing and phase separation is capable of removing 95% or
more of the particulate discharge problem before the crude is ever distilled.
To lower the sulfur dioxide emissions requires either use of only low sulfur
crude oils for residual fuel formulation, or more complicated and expensive
catalytic desulfurization processing of the residual feedstocks, as discussed in
Chap. 18 [22].
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Even the methane present in natural gas is not without its sulfur gas
polluting potential if burned directly in the form obtained from the well-
head. This potential is removed by thorough desulfurization using an amine
scrub before it is piped to industrial and domestic consumers (Section 7.5).
This is another example of a precombustion cleaned fuel.

3.6. POSTCOMBUSTION EMISSION CONTROL

3.6.1. Particulate and Aerosol Collection Theory

Aerosol-sized contaminants are much more difficult to control than particu-
lates because they do not readily settle out of a gas stream. The separation of
the aerosol fraction of nongaseous air pollutants may be greatly improved if
they are agglomerated (coagulated or coalesced) to the larger particles or
droplets before removal is attempted. There are four primary means by
which this may be achieved. Awareness of these contributing factors can
suggest measures which could be taken to accelerate the process, or make it
more efficient.

Brownian agglomeration, an important contributing process to the nat-
ural removal of aerosols from the atmosphere, is the first of these (back-
ground, see Chap. 2). The microscopic particles of fumes and fogs are so
small that collision of gas molecules with them causes them to move in an
erratic path, commonly called Brownian motion. When this occurs with high
concentrations of aerosol particles (i.e., high particle numbers per unit vol-
ume), it results in frequent particle collisions. Collisions usually result in
agglomeration by poorly understood mechanisms to form loose clusters or
chains with solid particles, and larger drops from aerosol-sized liquid drop-
lets.

The coagulation rate for any particular aerosol system may be predicted
to a significant extent (Eq. 3.13),

Coagulation rate = Kyc?, 3.13

where K, is the rate constant for Brownian coagulation of the particular
type of particle, and c is the number of particles per cm?. The coagulation
rate is proportional to the square of the particle concentration. Thus, the
number of particles per unit volume is the single most important factor
affecting the rate of Brownian coagulation. Table 3.5 illustrates this aspect,
and gives the indication that concentrations of aerosols above about 10°/cm?
are unstable. Concentrations higher than this will rapidly drop to near this
concentration range by Brownian agglomeration processes. As particles larger
than ca. 5- to 10-um form (i.e., in the particulate rather than the aerosol size
range), they are more susceptible to removal by sedimentation. It is a com-
bination of processes such as these which contribute to keeping the aerosol
concentration in the earth’s atmosphere in the range below about 10* to 10°
particles/cm?.

Turbulent coagulation occurs when particles in multiple flow line inter-
sections collide, a process stimulated by turbulent flow or eddy conditions.
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Il TABLE 3.5 The Relationship of Coagulation Time to the Original Particle
Concentration®

Initial number concentration Time for number of particles to
of particles per cm? decrease to 1/10 initial concentration

1012 0.03 sec
101 0.3 sec
1010 3 sec
10° 0.5 min
108 5.0 min
107 50 min
10° 8.3 hr
10° 17 hr
104 1.3 days

“Data calculated using the methods of the National Academy of Sciences [11], cited by
Magill et al. [23].

The turbulent coagulation rate is again proportional to the square of the
particle concentration (Eq. 3.14),

Coagulation rate = Kc?, 3.14

where K is the rate constant for turbulent coagulation. The magnitude of
K, the proportionality constant for turbulent coagulation, is in the range of
10-4000 times Ky,. Hence, turbulent coagulation can be used to substantially
accelerate the natural agglomeration processes to aid in emission control.

When wood is burned out-of-doors, a smoke containing 10° particles/cm?
may be generated. By a combination of Brownian and turbulent coagulation
processes the average particle size in this smoke can increase from 0.2 to
0.4 wm before it has traveled 1000 m (Table 3.5).

Sonic agglomeration uses high-intensity sound waves to accelerate particle
coagulation [24]. This procedure is based on the premise that particles of
different sizes will tend to vibrate with different amplitudes, increasing the
opportunities for collision and coagulation. 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 exposure of a particle-laden gas stream for a fraction of a second
to a high-intensity siren or oscillation piston, operating at 300-500 Hz and 170
decibels in a sound insulated chamber. After exposure the particulate collection
efficiency of downstream containment devices is significantly improved from
the greater proportion of large particles produced by this process.

Electrostatic methods, the fourth class, may also be used to obtain effi-
cient coagulation of particles of the aerosol size range and larger. By passing a
particle-laden gas stream past the negative side of a high DC 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 proximity in electrostatic precipitators. Periodic rapping of the
plates or a trickle of water is used to dislodge the large particles into collection
hoppers. People involved with stack sampling of gases downstream of an



84 3 AIR POLLUTION CONTROL PRIORITIES AND METHODS

operating electrostatic precipitator should remember that the 20,000-30,000
volts normally used is high enough to leave a hazardous residual charge in the
very small fraction of particles not retained by the precipitator.

3.6.2. Particulate and Aerosol Collection Devices

Gas cleaning devices vary in their removal efficiencies, but almost invariably
they are more efficient at removing particulate, rather than aerosol size range
material. Even so, the least efficient device for removing small particle sizes,
the gravity settling chamber (Fig. 3.4), still plays an important role in emission
control. When the gas stream to be cleaned has only large particles present
which can be effectively removed by the device, then this device alone repre-
sents an inexpensive method of control. When the particle size range to be

Cleaned
Dust -laden .
air/gas

\
Particulgte- — | Cleaned p

laden air _\' air

Vortex
finder

Gravity settling chamber

Flow control
Oppositely charged
plates and wires Accumulated dirt
NS (plus part of gas flow)
Flue gas Cleaned Cyclone cleaner
flue gas
Cross section Bag shaker
Insulm\ing support Charged plates N
~ / Filtered
. L gas
Flue gas Cleaned
-~ flue gas Fabric bags
_.L Dusty

Vertical section

Two-stage electrostatic Baghouse
precipitator (Vertical section)

Il FIGURE 3.4 Simplified diagrams of some of the common types of particulate and aerosol
emission control devices. Some of these are also useful for gas or vapor emission control;
see text for details.
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collected is wider than this, and a dry cyclone is to be used for final particle
collection, very large particles (100-200 wm) 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 almost inevitably better for
larger particles than for smaller and since the number of particles represented
by any given mass goes up exponentially as the particle size goes down, mass
removal, rather than particle removal efficiencies have become the standard
method of specifying air cleaning capabilities. In one case a particulate control
device with a 91% mass efficiency worked out to have only 0.09% particle
count efficiency for the same hypothetical dust-laden gas sample. Thus, to be
fully aware of the collection characteristics of an air cleaning device one must
have both mass removal efficiency information, plus the particle size range
over which the mass removal efficiency was measured. Typical characteristics
of a number of particle collection devices have been collected in Table 3.6.

The operating characteristics of some common particulate emission con-
trol units are illustrated in Fig. 3.4. Cyclones, which are extensively used for
this purpose, are most efficient in small diameters which force 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
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 Energy Commission for
containment of radioactive particles, are extremely efficient for retention of
very fine particles but require considerable operating energy for the forcing
fans because of a large pressure drop across the filter element.

Il TABLE 3.6 Examples of Typical Collection Efficiencies for Some Common
Types of Particulate and Aerosol Gas Cleaning Devices”

Particle size
range for 90%

Air cleaning device removal (jum) Remarks

Gravity settling chamber ~ 50-100 Effective only at low gas velocities, <200 m/min

Baffle chamber 20-100 Gas velocity ca. 300 m/min

Dry cyclone 2-750 ¢cm 10-50 Gas velocity 300-1500 m/min, smaller are

diameter, more efficient

Spray washer 5-20 Gas velocity 70-100 m/min

Packed tower scrubber 1-5 Gas velocities to 4000 m/min, high resistance
to gas flow (pressure drop)

Intensive rotary scrubber 0.1-1 High resistance to flow, energy intensive

Cloth filter 0.2-1 Used in baghouses or continuous roll filters

Absolute filter 0.01-0.1 High efficiency, but high resistance to gas flow

Electrostatic precipitator 0.01-10 Require low gas flow velocities, very low pressure
drop, very large units (>3000 m*/min)

Activated charcoal Molecular For control of gases, vapors, and odors; also

retains particles, about equals cloth filters

“Compiled from data of Williamson [19], Mednikov [24], Stern [25], and Patty [26].
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Electrostatic precipitation is also very efficient for retention of very fine
particles, as long as these are not highly electrically conductive. The structural
features of these units dictate that they are only cost effective for particulate and
aerosol emission control for low pressure drop clean-up of very large volumes of
gas; hence their extensive use for the treatment of combustion gases of fossil-
fueled power stations. Next generation developments have been reviewed [27].

3.6.3. 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 hydrocarbons originating from automobiles (Tables 3.1 and
3.2). But this measure on its own will not necessarily be effective for photo-
chemical smog abatement since it is the concentration of reactive hydrocar-
bons, rather than total hydrocarbons, which is of greatest significance.

Use of floating roofs tightly sealed to the sides of storage tanks can reduce
the ventilation losses of hydrocarbons from tank farms and potential losses
from other points of oil refinery operations, as discussed in Chap. 18.

In the dry cleaning business or in vapor degreasing plants, losses of
hydrocarbon or chlorinated hydrocarbon vapors occur from the use and
recovery of solvents. These losses can be prevented by the use of activated
adsorbent systems to capture the organic vapors from the vents or hoods of
these devices. Activated carbon is one of the best adsorbents for this purpose
because of its selectivity for organic vapors, and can provide up to 1000 m? /g
(ca. 8 acres/oz) of adsorption area. Solvent present in high concentrations in
air may also be recovered by cooling the air to liquid nitrogen temperatures to
condense the solvent.

Air contaminated with lower concentrations of organic vapors which can
arise from a number of processes may be economically controlled by using
this air stream as boiler feed air. Any combustibles present are burned to
provide fuel value, in the process destroying any hydrocarbons present before
discharge [28]. This method is particularly appropriate when the concentra-
tion of organic vapors in air is too small for economic containment using
adsorption or condensation methods.

The paint industry has a high dependence on solvents and chemically active,
film-forming components, some of which come into the regulatory “reactive
hydrocarbon” class. It has also been hard pressed to meet air quality tests [29]. By
the development of water-based coatings technologies, even for many metal-
finishing applications [30], and by innovations into such areas as high solids or
even dry powders, aided by electrostatic coating technologies the industry is
decreasing its dependence on organic solvents for many finishing applications
[31]. In turn these measures decrease the emission of hydrocarbons when the
coating is applied, and simultaneously result in much less waste of coating solids.

3.6.4. Control of Sulfur Dioxide Emissions

Total sulfur dioxide discharges for the U.S.A. for 1981 amounted to 22.5
million tonnes. Combustion sources concerned with power generation pro-
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duced about 60% of this, and a further 37% was evenly split between other
stationary combustion sources (mainly space heating) and industrial pro-
cesses. 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 importance for the direct effect
it has on the ambient air levels, for which guidelines have been laid down to
protect public health (Table 3.7). The atmospheric half-life of discharged
sulfur dioxide is estimated to be short, of the order of 3 days. This rapid
return of sulfur dioxide to the earth’s surface, both as sulfur dioxide itself 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 already been
made. “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 dioxide on particulate mat-
ter. This occurs to a significant extent both in the plumes downwind of large
chimneys, where the concentrations are relatively high, and in the ambient air.

The origins of two of the major sulfur dioxide discharges in Canada are
combustion sources and sour gas plants, which produce waste gas streams which
contain 0.15-0.50% sulfur dioxide. These are too low to be economically
attractive for containment. Smelter sources produce roaster exhaust gas streams
containing 2—5% sulfur dioxide, or with modern equipment up to about 15%,
concentrations which are economically favorable for capture of the sulfur

Il TABLE 3.7 Ambient Air Quality Standards for Canada and the U.S.A. in
;Lg/m3, and Parenthetically in ppm®

Primary standards Secondary standards
(welfare related, or (health related, or
maximum acceptable) maximum desirable)
Pollutant Averaging time  Canada U.S.A. Canada U.S.A.
Total suspended Annual® 70 75 60 60
particulate 24 hr 120 260 - 150
Sulfur dioxide Annual® 60(0.02) 80(0.03) 30(0.01) -
24 hr 300(0.11) 365(0.14) 150(0.06) -
3 hr - - - 1,300(0.50)
1 hr - - 450(0.17) -
Carbon monoxide 8 hr 15(13) 10(9) 6(5) 10(9)
1 hr 35(30) 35(40) 15(13) 35(40)
Nitrogen dioxide Annual® 100(0.05) 100(0.053) 60(0.03) 100(0.053)
24 hr 200(0.11) - - -
Ozone 24 hr 50(0.025) - 30(0.015) -
1 hr 160(0.08)  235(0.12) 100(0.05)  235(0.12)
Lead 3 month - 1.5 - 1.5

“Compiled from U.S. EPA [32] and Canadian Chemical Processing [33].
®Annual geometric mean.
“Annual arithmetic mean.
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dioxide. This may either be sold as liquid sulfur dioxide (boiling point —10°C),
or may be converted to sulfuric acid for sale. Smelter grade acid is less pure than
sulfuric acid from sulfur burning sources, and so fetches a much lower market
price. However, it is still a useful product for such less demanding applications as
metal pickling and the manufacture of fertilizers.

A number of solutions exist for decreasing the sulfur dioxide emissions
from sources where the concentrations present are too low for economic
containment. The choice in any particular situation depends on the existing
ambient air quality (particularly with regard to public health) in the operating
area, and the time frame within which abatement action has to be taken.

Temporary shutdown or a reduced level of operation are energy curtail-
ment measures which may be required of a fossil-fueled power station or a
smelter to avoid producing local, dangerously high ambient concentrations of
sulfur dioxide during a severe inversion. With local experience this type of
temporary curtailment may be anticipated, to avoid “brown-outs”. A power
station, for instance, can arrange to have separate stockpiles of low-cost,
relatively high sulfur content coal for periods of power generation during
normal atmospheric conditions. Stockpiles of alternative more expensive
low sulfur coal, or even coke or natural gas (if suitably equipped), may be
burned during severe inversion episodes. With these choices available, costly
and inconvenient emission curtailment by reduction of power production or
temporary shutdown will be required less often.

Some emission reduction measures, such as process modifications to
avoid generating the sulfur dioxide-containing waste gases, have longer lead
times. For smelters this might mean adoption of hydrometallurgical technol-
ogy, such as is now available for the processing of copper, nickel, and zinc, in
order to bypass the older roasting methods of sulfur removal from ores [34].
For power stations this option might mean the installation of more rigorous
precombustion sulfur removal techniques for their coal or residual fuel oil, or
increased emphasis on natural gas firing. Or it might mean contributions from
hydroelectric, nuclear or the solar-related or wind power-based technologies
in the utility’s long-term plans for power generation.

A third emission reduction choice is to remain with the existing front end
process, which continues to produce a sulfur dioxide-containing waste gas
stream, and move to some system which can effectively remove the sulfur
dioxide from this waste gas before it is discharged. Many methods are
available, each with features which may make one more attractive than
the others for the specific sulfur dioxide removal requirements (Table 3.8).
Some of the selection factors to be considered are the waste gas volumes
and sulfur dioxide concentrations which have to be treated and the degree
of sulfur dioxide removal required. It should be remembered that the trend is
toward a continued decrease in allowable discharges. The type of sulfur
dioxide capture product which is produced by the process and the overall
cost are also factors. Any by-product credit which may be available to offset
process costs could also influence the decision. Finally, the type of treated gas
discharge required for the operation (i.e., warm or ambient temperature,
moist or dry, etc.), also has to be taken into account. Chemical details of
the processes of Table 3.8 are outlined below.
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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 (Egs. 3.15
and 3.16).

SO, + H,O + NH3; — NH4HSO3 3.15
particulate

Il TABLE 3.8 The Chemical Details of Examples of Stack Gas
Desulfurization Processes”

Reaction Regeneration
phases Process examples method Product(s)
Gas-gas Homogeneous:

gaseous ammonia injection plus none (NH4),S03, (NH4),504

particle collection

Heterogeneous:
SO, reduction with H,S + catalyst none S
(Claus)

SO, reduction with CH4 + catalyst to
H,S, then amine scrub (e.g.,

Girbotol) or aqueous AQ none conc. H,S
(Stretford)? recovery air S
SO, catalytic oxidation with air none H,S0,4

(chamber or contact process),
plus hydration

Gas-liquid Absorption, plus chemical reaction:
by aqueous ammonia solution none (NHj4),SO3, (NH4),S04
dimethylaniline solution heat conc. SO,
(ASARCO)
aqueous sodium sulfite (Wellman-Lord) heat conc. SO, Na,SO4
citrate process, U.S. Bureau of Mines H,S S
citrate process, Flakt—Boliden version heat conc. SO
eutectic melt (Na, CO3/K,CO3), gives water gas conc. H,S
dry plume (Hz, CO)
limestone (or lime) slurry scrubbing, none CaSO;3 - nH, 0
inexpensive, throw-away slurry product CaSOs4 - 2H,O
Gas-solid Physical adsorption:
SO, onto activated charcoal or alkalized heat conc. SO,
alumina
Adsorption, plus chemical reaction:
powdered limestone injection, none dry CaSOj3; and CaSOq4

20-60% efficient capture with
particlecollection (precipitator),
waste product

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

Resox process

“Compiled from sources cited in the text where further details are available, plus the reviews of Kaplan and
Maxwell [35], Siddigi and Tenini [36], and Engdahl and Rosenberg [37].
®AQ, short for anthraquinone disulfonic acids, see text for details.
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SO, +H,O+2NH;3;+1/2 0, — (NH4),S04 3.16
catalysis

The solid product, now a separate phase, can be readily captured by
electrostatic precipitation or any other particulate collection device which is
already normally in place for fly-ash control.

Heterogeneous reduction processes still involve the reaction of gases, but
in these cases the reaction occurs in the presence of a suitable solid phase
catalyst. Sulfur dioxide may be reduced to sulfur with hydrogen sulfide, if this
is available, and the sulfur vapor condensed out of the gas stream by cooling,
as in the second half of the Claus process (Eq. 3.17).

F6203
SO, +2 HS —— 35S+ 2 H,O 3.17

Or the sulfur dioxide may be reduced catalytically with methane or other
hydrocarbonstohydrogen sulfide. The hydrogen sulfide produced by thismethod
is captured by amine scrubbing of the reduced gas stream (Eqgs. 3.18-3.20).

ALO
350, +2 CHy ———— 2 H,S +2 CO; + 2 H,0 + S 3.18
Absorption:
+
H,S + H,NCH,CH, OH — HS™ + H3NCH,CH, OH 3.19
Regeneration:
HS™ + H3NTCH,CH,OH h—> H,S + H,NCH,CH, OH 3.20
eat

The high concentration of hydrogen sulfide obtained 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, accomplishes both capture and conversion using an aqueous
mixture of 1,5-, and 1,8-disulfonic acids of 9,10-anthraquinone (AQ) to
sulfur in a single step [38] (Eq. 3.21).

Absorption—chemical conversion:

AQ=C=0 + H,S — AQ=C(SH)(OH) — AQ=C(H)(OH) +S  3.21

Regeneration of the quinone from the quinol is accomplished with air
(Eq. 3.22).
Regeneration:

2 AQ=C(H)(OH) + 0, — AQ=C=0 +2 H,0 3.22

Oxidation of sulfur dioxide with air, via the first stage of the contact or the
chamber process to sulfuric acid, also serves to improve the collection effi-
ciency of the sulfur oxides. Sulfur trioxide has a very strong affinity for water,
unlike sulfur dioxide, so that its collection by direct absorption into water is
extremely efficient, and the product sulfuric acid is a salable commodity.

Sulfur dioxide containment by gas-liquid interactions can be as simple as

flue, or process gas scrubbing with dilute ammonium hydroxide (Egs. 3.23
and 3.24).
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2 NH4OH + SO, — (NH4),S0; + H,O 3.23
2 NH40H + SO, + 1/2 05 — (NH4),S04 + H,0 3.24

The ammonium salt products crystallized from the concentrated spent
scrubber liquors may be used as valuable constituents of fertilizers. Or they
may be first reduced to ammonia and hydrogen sulfide with natural gas,
followed by conversion of the hydrogen sulfide to sulfur by a Claus-type
sequence [39]. In this French-designed 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 aque-
ous dimethylaniline (Eq. 3.25).

+
PhN(CHj3), + SO, + H,O — Ph N (H)(CH3), + HSO; 3.25

In this case the sulfurous acid-amine salt is heated to regenerate the much
more expensive dimethylaniline solution for reuse, and to obtain a concen-
trated sulfur dioxide gas stream. The more concentrated sulfur dioxide be-
comes economic for acid production.

The Wellman-Lord process uses the effective sodium sulfite—sodium bisulfite
equilibrium to capture sulfur dioxide from flue gases [40] (Eqs. 3.26 and 3.27).

Absorption:

SO, +H,0 + Na,SO3 — 2 NaHSOj; 3.26

Regeneration:
2 NaHSO3; + heat — SO, + H,O + Na,SO;3 3.27

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 a wood pulping chemical
(“salt cake”).

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 (Eqs. 3.28 and 3.29).

Ionization:

HOC(CH,CO,H),COH — H,Cit™ + HT 3.28
citric acid (first ionization = Cit™!)

Absorption:
H,-Cit™! + HSO; — (HSO3H,Cit)*~ 3.29

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 [41] (Eq. 3.30).

Regeneration:

(HSO; - H,Cit)*™ + H + 2 H,S — 3 S+ H,Cit™ 4+ 3 H,0 3.30
If hydrogen sulfide is not conveniently available from local process

sources it may be produced on site by reducing a part of the sulfur product
of the process with methane (Eq. 3.31).
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ALO;
4SS+ CHy +2 HL O ——4 H,S + CO;, 3.31

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. 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. This process
has recently been reexamined [42].

A further gas-liquid interaction process to a useful product is the sodium
carbonate-potassium carbonate eutectic melt process. This operates at a tem-
perature of about 425°C, well above the melting point of the eutectic [43].
Sulfur dioxide absorption takes place with loss of carbon dioxide (Eq. 3.32).

Na,COj3 + SO, — NaySO;3; + CO, 3.32

The original eutectic is regenerated plus a hydrogen sulfide product
obtained in a separate unit by treating the sodium sulfite with “water gas”
(Eq. 3.33).

Regeneration:

Na,S0;3; + CO + 2 Hy — Na,CO; + H,S + H, O 3.33

The hydrogen sulfide initial product can be subsequently converted to more
useful sulfur via the Claus process. In return for the high operating temperatures
required for this process, it gives a substantially dry plume, unlike the other gas—
liquid interaction processes mentioned. This 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 scrubber is an effective and relatively low-cost sulfur dioxide con-
tainment method (Egs. 3.34-3.37).

CaCO3 + SO, — CaSO; + CO, 3.34

CaCO3 4+ 50, +1/2 Oy — CaSO4 + CO; 3.35
Ca(OH), + H,O + SO, — CaSO3 +2 H,O 3.36
Ca(OH), + H,O + S0, +1/2 Oy — CaSO4 + 2 H,O 3.37

Variables affecting this process have recently been reviewed [44]. With
either reagent, however, a throwaway product is obtained. Land has to be
allocated for lagoon disposal of the spent scrubber slurries, or other systems
have to be set up to handle the waste solid. Recent variations of this approach
are to employ a zeolite prepared from fly ash [45] or the alkalinity of fly ash
itself in water slurry as means to capture sulfur dioxide.

The simplest gas—solid containment systems conceptually are the direct
adsorption ones. These accomplish adsorption on solids such as activated car-
bon, or alkalized alumina at relatively low temperatures and ordinary pressures
[46]. In a separate unit a more concentrated sulfur dioxide stream is produced
when the saturated absorbent is regenerated by heating. This is a more econom-
ically attractive feed to an acid plant or for liquefaction or sulfur generation.

Among the simplest systems, at least for power stations that already burn
powdered coal is the use of powdered limestone injection. Essentially the same
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burner assembly is required, and the combustion temperature of the coal is
sufficient to form calcium oxide (lime) from the injected limestone (Eq. 3.38).

CaCO3 — Ca0O + CO, 3.38

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 calcium
sulfate which are captured in electrostatic precipitators (Egs. 3.39 and 3.40).

Ca0O + SO, — CaSOs3 3.39
Ca0+ SO, +1/2 Oy — CaSOy4 3.40

The process is simple in concept, and to operate, but the stoichiometry of the
gas—solid reaction is only about 20 to 60% of theory so that an excess of
limestone is required for moderately efficient collection. This procedure also
imposes a heavier solids handling load on the precipitators, and it yields a
throwaway 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 [47]. The absorption step of this system both
oxidizes and traps the sulfur dioxide on the solid support as copper sulfate
(Eq. 3.41).

Uptake:

CuO + 50, +1/2 Oy — CuSOq4 3.41

Regeneration by methane reduction is conducted in a separate unit returning
sulfur dioxide, but now in more useful high concentrations (Eq. 3.42).
Regeneration:

2 CuSO4+CHy — 2 Cu+CO+2H,0+280, 7 3.42

The finely divided copper on the solid support is rapidly reoxidized to cupric
oxide when it comes into contact with the hot flue gases on its return to the
absorption unit (Eq. 3.43).

Cu + 1/2 O, (hot flue gas) — CuO 3.43

Ferric oxide on alumina has also been tested in a very similar process.

A final gas—solid interaction process involves chemical reaction for sulfur
dioxide containment. A bed of crushed coal kept at 650-815°C is used to
reduce a stream of concentrated sulfur dioxide passed through it, to elemental
sulfur and carbon dioxide (Eq. 3.44).

SO, +C— CO2 + S 3.44

3.6.5. Control of Nitrogen Oxide Emissions

Discharges of nitrogen oxides in the U.S.A. in 1981 totaled 19.5 million
metric tonnes, only slightly less than the total discharges of sulfur dioxide
for the same year. Stationary combustion sources, however, were still the most
significant contributor to nitrogen oxides emission with a total of 10.2 million
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tonnes, followed by the transportation sector, with 8.4 million tonnes, and
industrial sources with about 950,000 tonnes.

The primary and secondary ambient air quality standards for nitrogen
oxides are somewhat higher than for sulfur dioxide because the needs for
control measures are driven by very similar requirements, namely, health
effects and their influence on the pH of precipitation (Table 3.7). The signifi-
cant role of nitrogen oxides (NOy) in the chemistry of photochemical smog
episodes is a further factor used to determine ambient air quality standards.

The mechanism of formation of NO, in combustion processes is a compos-
ite of the relative concentrations of nitrogen and oxygen present in the process
and the combustion intensity (peak temperatures). Thus, small space heaters
operating at lower temperatures typically produce combustion gases containing
about 50 ppm NOy, while large power plant boilers without abatement meas-
ures can produce flue gas concentrations as high as 1500 ppm [48]. The forma-
tion reactions involve a combination of atoms of oxygen with molecular
nitrogen and atoms of nitrogen with molecular oxygen. Both elements have
finite concentrations present in atomic form at high combustion temperatures
(Egs. 3.1 and 3.2). The higher concentration of atomic species present at high
temperatures rather than low, and the very rapid reaction rates at high temper-
atures cause the equilibrium of these reactions to be established rapidly.
A small further contribution to the nitrogen oxides in exhaust gases can
come from the oxidation of nitrogen-containing organics (combined nitrogen)
in the fuel.

To decrease nitrogen oxide emissions a single or a combination of meas-
ures may be used. In utility applications one of the simplest measures is to
match combustion rate to load requirements which also serves to reduce
average fuel combustion and hence the costs of power generation. Fuel
combustion at any rate greater than the load requirement produces excessive
boiler and flue gas temperatures and raises nitrogen dioxide concentrations.

More fundamental equipment modifications are necessary to adopt
2-stage combustion or larger flame volume as means of decreasing NOy
formation. Tests of systems which use a fuel-rich combustion core to produce
reducing gases which partially reduce the nitrogen oxides which simultan-
eously form near the fuel-lean walls to nitrogen are also yielding promising
results [49] (e.g., Egs. 3.5-3.8 and 3.45).

2 NO,; + CH4 — N, +2 H,O + CO, 3.45

Reducing the excess air normally used in combustion processes can also
assist in decreasing nitrogen oxide formation. This requires continuous mon-
itoring of the oxygen content of flue gases using oxygen analyzers coupled to
automatic controls or manual reset alarms to ensure that the excess air stays
within predetermined limits of the theoretical requirement. To change from a
15% excess combustion air to a 2-3% excess can alone decrease nitrogen
oxide emissions by some 60%, and at the same time increase energy recovery
efficiency.

Other process changes can also decrease NO, emissions by decreasing its
formation. Among these is recirculation of a fraction of the flue gas to
decrease peak combustion temperatures, a measure which has also had some
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success in decreasing automotive NO, emissions. 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 oxida-
tion. Use of fuel cells for power generation could eliminate utility-originated
NOy emission, but the pure gas requirement for present fuel cell technology
makes this option prohibitively expensive except in special circumstances [50].

Postformation nitrogen oxide emission control measures include selective
catalytic and noncatalytic reduction with ammonia, which between them are
used by some 900 power station installations worldwide [51]. The catalytic
removal methods are 70-90% efficient at NO, removal, but are more expen-
sive to operate than the noncatalytic methods which are 30-80% efficient.
Ammonia or methane noncatalytic reduction of NOy to elemental nitrogen is
also an effective method which is cost-effective for high concentration sources
such as nitric acid plants (Chap. 11). NOy capture in packed beds is less
expensive, but this method is not particularly effective [23]. It is also not
a very practical method either for utilities or for transportation sources.
Two-stage scrubbing has also been proposed as an effective end-of-pipe
NOy control measure. The first stage uses water alone and the second uses
aqueous urea.

3.6.6. Carbon Dioxide Emission Abatement

Concern about current levels of carbon dioxide discharges stems from its
substantial contribution to global warming as one of the greenhouse gases,
and not from toxicity or acid rain considerations. Let us put this contribution
into perspective. Current climate change models indicate that about two-
thirds of the greenhouse effect is from the presence of moisture in the atmos-
phere, both in vapor form and as clouds. About one-third of the effect is from
all the other greenhouse gases and about one-half of this, or one-sixth of the
total, is from carbon dioxide. So it is possible that factors easier to control
than carbon dioxide could have a greater effect [52].

It has been estimated that the total greenhouse warming effect from water
vapor and the suite of gases of Table 2.7 raises the global average temperature
by about 30°C. Without most of this warming effect the earth would be
inhospitable. A drop of average temperatures by as little as 5-6°C has been
estimated was sufficient to bring on the ice ages. Therefore, the earth’s
biosphere is reliant on a rather delicate energy balance for mean temperatures
as we know them. Venus, for example, has a very different atmosphere of
mostly carbon dioxide and nitrogen at 92 bars (ca. 90 atm), and devoid of
water vapor. It is also shrouded in sulfuric acid clouds. These conditions give
Venus about 100 times the greenhouse warming effect of the earth producing
a mean surface temperature of 460°C (735 K) [53].

The earth’s atmospheric reservoir of gases contains about 2.6 trillion
(2.6 x 10'%) tonnes of carbon dioxide. The total annual flux of carbon
dioxide into this reservoir is about 0.61 trillion tonnes, of which human
activities contribute about 29 billion tonnes or 4.7% of the total. The rate
of increase in concentration of atmospheric carbon dioxide has been
1.2 ppm/yr for a number of years now. For this rate of increase, the annual
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amount of carbon dioxide required would be 7.7 x 10° tonnes/year
(1.2 ppm/year x2.6 x 10'2 tonnes <+ 360 ppm current atmospheric concentra-
tion). What these approximations tell us is that 27% (7.7 x 10°t/yr +
29 x 10° t/yr x 100) of our present annual discharges of carbon dioxide
would have to be curtailed, other things being equal, just to keep the atmos-
pheric concentration of carbon dioxide constant at its current level of
370 ppm. Since natural sources annually contribute 20 times as much carbon
dioxide as do human activities, a relatively minor perturbation of the natural
sources may augment or defeat any changes in atmospheric concentration of
carbon dioxide expected as a result of human curtailment activity.

Most of the human contribution of carbon dioxide to the atmosphere is
from fossil fuel and biomass combustion. Since this combustion is primarily
for energy production, all forms of energy conservation would help. Better
insulated buildings and housing, efficient mass transit, living close to one’s
workplace, increased efficiency of chemical processes, etc. could all contribute
to this. Switching from carbon dioxide intensive fuels to less carbon dioxide
intensive fuels can also help. Replacing coal by natural gas roughly halves the
carbon dioxide produced per unit of energy (Table 3.9). The hydrogen listing
here may be a bit misleading since in this role it is only acting as a medium of
energy transfer, like electricity. While hydrogen combustion itself does not
produce carbon dioxide, most current methods of producing it are carbon
dioxide intensive (Chap. 11). Increased use of all forms of geothermal, tidal,
hydroelectric, and solar (wind, photovoltaic, etc.) energy can obviously help,
although each of these alternatives requires fossil fuels for construction.
Nuclear power could help since it produces carbon dioxide-free energy
(neglecting the energy consumption of uranium mining, processing, reactor
construction, etc.) but has accompanying problems.

Another approach which could mediate the effects of continued energy
generation via the combustion of fossil fuels would be to artificially store, or

TABLE 3.9 Approximate Energy Equivalencies and Carbon Dioxide
Production from Combustion of Different Fuels”

Fuel BTU/Ib kWhl/kg kgCO; /kg fuel kgCO,/kWh
Coal 13,000 8.39 3.22° 0.38"
Furnace oil

No. 5§ equiv. 18,800 12.14 3.12 0.26

No. 2 equiv. 19,200 12.40 3.11 0.25
Gasoline 19,700 12.72 3.08 0.24
Propane 21,500 13.88 3.00 0.22
Natural gas 23,900 15.43 2.74 0.18
Methanol 9,500 6.13 1.37 0.22
Hydrogen 61,100 39.44 0.0° 0.0°

“Calculated from the known energy content and the stoichiometry of the respective com-
bustion reactions.

bAlso with a mean of 0.04kg SO, /kg fuel, or 0.005 kg SO, /kWh energy.

See text for explanation.



3.6. POSTCOMBUSTION EMISSION CONTROL 97

sequester at least a part of the carbon dioxide produced to offset the anthro-
pogenic contribution to the atmosphere [54]. More contrived methods for
sequestration of carbon dioxide, such as its injection into the ocean as “dry ice
torpedoes” [55] or piped release and absorption deep into the sea [56], and
storage in deep saline aquifers [57], have also been suggested. Thermo-
dynamic considerations would tend to suggest that processes to do this
would decrease ultimate energy recovery. This was confirmed by a detailed
engineering study of different types of power plants which found that carbon
dioxide sequestration reduced the efficiency of the power plants by 6-13%,
and increased the production cost of electricity by 25-72% [58].

Another approach is to increase carbon dioxide uptake by forests to
reverse the effects of severe deforestation of the last 150 years. It has been
estimated that a rapidly growing rainforest can remove 4-7kg/m? year of
carbon dioxide from the atmosphere, as compared to a typical crop uptake of
0.8-1.6 kg/m? year. Thus, vigorous reforestation could assist in increasing the
photosynthetic removal of carbon dioxide from the atmosphere [59]. Annual
crops also perform photosynthetic uptake of carbon dioxide, but consumption
and metabolism of the product(s) and prompt decomposition of the plant
wastes promptly return the fixed carbon dioxide to the atmosphere [60].

Perhaps measures which promise to produce a relatively small favorable
perturbation of the approximately 50% oceanic component of carbon dioxide
uptake would have a chance of achieving a more substantial reduction in
atmospheric carbon dioxide. Preliminary experiments have shown that provi-
sion of soluble iron can dramatically improve this process. Addition of iron
sulfate at the 2 nM level to iron deficient but otherwise fertile regions of the
oceans doubled the phytoplankton growth [61]. Great care should be taken to
try to determine any possibly serious side effects before measures of this kind
are undertaken on a larger scale. Promotion of an appropriate mix of these
measures will help to limit the continued increase in atmospheric carbon
dioxide.

3.6.7. Abatement of Methane Losses

Attention could also be directed to decreasing the discharges of the green-
house gases more potent than CO,, which have the potential to decrease
greenhouse warming by a factor of from 21 (CHy) to over 1000 (CFCs,
etc.) times as much per molecule as the reduction of carbon dioxide discharges
could achieve (Table 2.7). Methane losses to the atmosphere during the
production of oil and natural gas in Alberta (Canada) alone amount to
about 1.5 Mt per year, equivalent to 30 Mt per year of carbon dioxide
equivalents [62, 63].

Globally over 100 billion cubic meters (67.6 Mt, at 0.676 kg/m?> [64]) of
gas are flared or vented each year, about 1% of world gas production [65, 66].
This may not seem like much, but would be enough to meet the total annual
natural gas requirements of Germany and France. If we assume that half of this
loss is by venting, then the annual global methane loss is the global warming
equivalent of 710 Mt per year (67.6 Mt per year CHy x 0.5 x 21CH4/CO;
GW Potential) of carbon dioxide. This would add the equivalent of about 2.4%
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(0.71 Gt CO; equiv. + 29 Gt anthropogenic CO; discharges/year x 100) to the
global warming potential (GWP) of actual carbon dioxide discharges from
human activity.

Oil and gas field methane loss control is estimated to cost less than
Can$5/t CO; equivalent, compared to estimates of Can$75/tCO, to sequester
carbon dioxide [63]. Methane “control” by flaring (burning) is preferable to
venting, from the perspective of reducing emissions of greenhouse gases,
because the carbon dioxide produced has a lower greenhouse warming po-
tential than methane. But this produces a saving of a factor of only about 7.6
carbon dioxide equivalents because it produces 2.75tCO,/tCH4 (Eq. 2.28).

Warming Potential from Venting vs Flaring of CHy:

CHy; + 20, — CO, + 2H,0 2.28
Molec. wts 16 32 44 18
Mass ratios 16 64 44 36
Tonnes 1 4 2.75 2.25
Relative CO, warming® 58 0 275 P

Notes: a. Relative warming potential, 58 = 2.75 x 21
b. Warming potential of questionable value, see Section 3.6.6.

Just venting the amount of methane included in the above calculation is
equivalent to emitting 710 Mt CO; (see above). Flaring the same amount of
methane emits 93 Mt CO, (67.6 Mt CH4 x 0.5 x 2.75t CO,/t CH4 burned).
Dividing 710 Mt CO, by 93 Mt CO, gives us the ratio 7.6:1 benefit ratio.
However, if the methane itself is captured and the energy of methane com-
bustion used, the benefit is improved over flaring, but the improvement factor
obtained in this case is less clear.

Methane losses from landfills and enteric fermentation (livestock) are of
the same order of magnitude as natural gas venting, but are sources which
would be more difficult to capture or control.

3.6.8. Halocarbon Loss Abatement

Loss reduction of the chlorofluorocarbons (CFCs) has been achieved at the
front end by stopping production of these materials, and at the end of life by
capture and reuse. Whilst these measures were introduced primarily to help
preserve the ozone layer, they are also helping to reduce global warming. The
atmospheric concentrations of CFCs 11 and 12 are 6 orders of magnitude less
than carbon dioxide. However, they are estimated to have about 1000 times
the global warming effect per molecule of carbon dioxide (Table 2.7). So each
molecule of CFCs 11 and 12 that is prevented from release to the atmosphere
reduces the potential global warming effect by 1000 times that of a molecule
of carbon dioxide. In the early 1980s 1.5 million metric tonnes of CFCs were
being produced annually. On release this would have contributed a GWP of
the equivalent of about 1.5 billion metric tonnes of carbon dioxide. Fortu-
nately production of these refrigerants has been discontinued for ozone layer
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protection reasons, so this is no longer adding to the GWP of the CFCs
already present in the atmosphere.

Consider just one more representative example of the effect of inadvertent
discharges, the perfluorocarbons tetrafluoromethane and hexafluoroethane.
These byproducts of aluminum production are nonflammable, essentially
nontoxic, and make no contribution to ground level smog or stratospheric
ozone depletion. But they do have a GWP per molecule of 3500-8500 times
that of carbon dioxide [67]. The estimated 30,000 tonnes of perfluorocarbons
produced each year thus annually contribute the global warming equivalent of
about 105-255 million tonnes of carbon dioxide. Control of these discharges
could decrease the GWP by the equivalent of about 100 million tonnes of
carbon dioxide annually. The value of this level of GWP reduction would have
to be weighed against the cost of control of perfluorocarbon loss vs the
equivalent carbon dioxide emission reduction or sequestration.

REVIEW QUESTIONS

1. A coal-fired power station stack of an effective height of 20 m is
discharging flue gases at a constant rate containing 1500 ppm sulfur
dioxide and 8% carbon dioxide, both expressed on a volume for
volume basis.

(a) For a ground level concentration of sulfur dioxide found to be
20 ppm, 2000 m away when the wind speed was 25 km/hr, what
would be the value of the constant in the equation:
m

Ground level conc. =K - map
where m = mass rate of emission (or concentration, if invariant),
u = wind velocity, and H = effective stack height?
(b) What would be the expected concentration of carbon dioxide at the
same point on the ground under the same conditions as in Part (a)?
(c) What would be the expected ground level concentrations of both gases,
2000 m aways; if the effective stack height was raised to 100 m which
simultaneously raised the wind speed at the top of the stack to 35 km/hr?

2. To decrease carbon dioxide emissions to the atmosphere, it has been
proposed that power generation be switched from No. 2 fuel oil (take
as CysHsz; 12.40 kWh/kg) to methane (CHg; 15.43 kWh/kg) or
methanol (CH;OHj 6.13 kWh/kg).

(a) How many kilograms of carbon dioxide would be produced on
complete combustion of a kilogram of each of these fuels?

(b) What mass of carbon dioxide would be produced per kWh of
energy produced by each of these fuels?

(c) What fuel choice(s) would produce even less carbon dioxide?

3. The national air quality objective for “suspended particulate matter” is
60 pg/m3.

(a) What would this correspond to in ng/L?
(b) Can this 60 pg/m? be converted to ppm by volume? Explain your
answer.
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4. (a) Natural gas (take as 100% methane) is to be used to fuel a
boiler. Taking air as exactly 1:4, mol O;:mol N, what volume ratio
of air to natural gas would theoretically be just sufficient to burn the
methane completely?

(b) What volume ratio of air to natural gas would be required to
allow 10% excess air?

5. (a) What aspect of the presence of sulfur dioxide in flue gases makes
it attractive to capture the SO, and if this requirement is met name
any 4 useful capture products that may be produced?

(b) The cost(s) of what raw material has to be absorbed by the SO,
capture processes that produce a throwaway product?

6. (a) Outline any 3 methods by which the CO; produced by fossil fuel
production may be captured (sequestered) on a large scale to
decrease greenhouse warming from energy production.

(b) What aspects of CO, sequestering can substantially raise the cost
of energy production?

(c) Explain why use of hydrogen as a fuel may still not help to
decrease carbon dioxide emissions.

(d) What changes could capitalize on the clean burning
characteristics of hydrogen?

7. (a) What operating adjustments of thermal plants can help to
decrease NO, production?

(b) Outline the details of a catalytic method of NO, control that
may be used for large scale combustion sources.

(c) Explain the method of operation of a chemical reduction method
which may be used to decrease NO, emissions.

8. A resting adult flying in a commercial aircraft consumes 20.0 L/hr
oxygen and produces 17.7 L/hr carbon dioxide, both at 20°C and
1 atm pressure.

(a) What ventilation rate would be required to maintain a carbon
dioxide concentration of 1000 ppm in this passenger’s cabin space,
assuming 20°C and 1 atm conditions and a carbon dioxide
concentration of 350 ppm in the outside air?

(b) For an aircraft cabin air space of 1000 L per passenger, how
many air changes per hour would be required to maintain 1000 ppm
by volume carbon dioxide?

(c) What ventilation rate would be required at 30,000 ft altitude,
where the captain is able to maintain conditions of 20°C and a
pressure of 0.690 atm?

(d) What happens to the oxygen consumed that does not produce
carbon dioxide? (Hint: Consider metabolism of carbohydrates.)

FURTHER READING

American Chemical Society, “Cleaning Our Environment: A Chemical Perspective,” 2nd ed.
Washington, DC, 1978.
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B WATER QUALITY MEASUREMENT

Water is H, O, bydrogen two parts, oxygen one, but
there is also a third thing, that makes it water and
nobody knows what that is.

—D.H. Lawrence (1885-1930)

4.1. WATER QUALITY, AND SUPPLY OVERVIEW

Water is a vital commodity to industry as a process feedstock (reacting raw
material), as a solvent, and for cooling purposes, just as it is to individuals for
all our personal water requirements. The global supply appears to be so
extensive that many people take it for granted. However, when one considers
that only 3% of this total resource exists as freshwater, the concept of this as a
globally limited and exhaustible resource becomes more real (Table 4.1). If one
also considers that roughly three-quarters of this 3% is frozen from immediate
use by the ice caps and glaciers of the world, then an appreciation of the limited
extent of the available global freshwater becomes more apparent.

If the total available surface freshwater supply of some 126,000 km?,
which excludes the ice caps and glaciers, was evenly distributed over the
total nonfrozen land area of the Earth, it would amount to only some 1.1 m
in depth. Addition of the net annual land-based precipitation, after evapor-
ation, would add only a further 0.8 m in the depth. The combined total
certainly does not represent a limitless resource to serve the agricultural,
industrial, and personal needs of a world population of almost six billion.

The world’s freshwater resources are also not uniformly distributed over
the land surface, even in the form of lakes and water courses. This occurs
partly from the uneven distribution of glaciers and their meltwaters, and
partly from the wide disparities in rainfall over the Earth’s surface. Total
rainfalls of above 11 m are experienced in some years in the Mt. Waialeale
area of Hawaii and at Cherrapunji, India, while less than 0.2 cm falls in the
same period in Arica, Chile, or at Wadi Halfa in the Sudan [1]. This uneven
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Il TABLE 4.1 Estimated Distribution of the Global Water Resource®

Volume, Fraction Percent

Location 10° km?® of total of fresh
Overall:
Oceans” 1,319,000 97.2 -

Ice caps, glaciers 29,200 2.15 76.8

Freshwater on land or air 8,500 0.65 23.2
Total 1,358,000 100.00 100.0
Freshwater:¢

Antarctic ice cap 26,900 1.99 71.33

Greenland ice cap 21,200 0.15 5.57

Glaciers 210 0.02 0.56

Groundwater, to 4 km depth 8,360 0.62 22.17

Freshwater lakes 125 0.009 0.33

Rivers, average 1.25 0.0001 0.003

Atmosphere, average 13.0 0.001 0.03
Total 37,709 2.8 100.0
Precipitation, annual:

Over oceans 320

Over land area 100

(less evaporation) 70

Net, to land 30

“Compiled from van der Leiden [1].

“Includes saline lakes, principally the Caspian Sea, with a water volume of 104 km”.

“Instantaneous values. Does not consider precipitation, which balances out evaporation, etc.,
on a long-term basis.

distribution of source waters has already made it necessary to reuse
much of the available natural supply. It has also stimulated the development
of economical desalination techniques and the construction of large-scale
desalination plants to purify brackish or the much larger marine sources
water [2].

Multiple usage and reuse of available supplies, and sometimes poor liquid
and general waste disposal practices have combined to severely degrade the
quality of the surfacewaters of many parts of the world. As an example, the
Cuyahoga River, which flows into Lake Erie at Cleveland, Ohio, was declared
a fire hazard in 1969 from the accumulation of combustible organics floating
on its surface [3]. Shortly thereafter, it actually caught fire and the resulting
heat seriously damaged two steel railway bridges. Also, news reports from
Mexico City in 1976 announced that the city had found it necessary to
post “No Smoking” signs beside a promenade, which ran alongside the
Tlalnepantla River, motivated by similar risks. The Rhine River in Europe,
which flows through several different federal jurisdictions with confused
responsibilities for water quality regulation, has also had its share of degrad-
ation. Such surfacewater quality trends plus a contribution from aesthetics
have led to a strong growth from piped to bottled water for drinking
purposes, even in the developed world.
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In Europe, about 2% of the surface freshwater is in lakes and 98% is in
rivers. In North America, Asia, and Africa, about 75% is in lakes and 25% in
rivers. Stationary bodies of water such as the Great Lakes, the Caspian and
Black Seas, Lake Baikal and Lake Victoria are also undergoing quality prob-
lems as a result of their much slower water exchange rates than rivers, even
though they represent much larger volumes of water. The continuous ex-
change provided by rivers maximizes their ability to recover from waste
discharges.

Australia, as the driest continent and partly because it is also the flattest,
has different water supply problems. Long periods of drought prevail for 20
years or more over much of the interior, punctuated by brief periods of
flooding. These factors contribute to the coastal location of all major Austra-
lian cities. Lake Eyre, a great salt lake of 9,300 square km, which occupies a
shallow basin in the interior, a part of which lies 15 m below sea level, is
usually dry. It completely fills only about twice a century, and completely dries
up again within about 2 years.

The Mediterranean and Baltic Seas also have little external water ex-
change, causing high sensitivity to pollution. The high level of industrial
activity on their shores, coupled with the waste disposal practices, have com-
bined to severely affect their water quality [4]. The very size of the main oceans
provides a large buffer capacity for waste disposal before the water quality is
noticeably affected. But even these extended ultimate waste sinks are showing
signs of degradation, particularly around busy ports and coastal industrial
cities as well as in the regions of major shipping lanes in the open ocean [5].

With cooperation and a determined effort, it is possible to reverse the
trends toward deterioration in the water quality in any of these areas. As an
example, the Thames River through London, England, as recently as 1958,
showed no fish at all in the 60 km stretch of estuary between Fulham and
Gravesend. Only pollution-tolerant tubifex worms and eels were found to be
living in this region [6]. This low-species diversity was mainly the result of the
high temperatures, a high biochemical oxygen demand (BOD), and a low
dissolved oxygen content. By 1982, however, the sweeping powers granted to
the Thames Water Authority enabled control of most of the causes of this
poor water quality, and returned dissolved oxygen concentrations to an
average of 50% of saturation. Many species of fish had by this time returned
to this habitat, and plans were being made to restock the river with salmon.
These aspects, together with the return of abundant waterfowl, were all signs
of a dramatic improvement.

Contamination of the Great Lakes in North America was also clearly
recognized in the late 1960s, as was evidenced by increased nutrient and
pesticide levels, and decreased catches of commercial species of fish coinciding
with increased populations of coarser (more pollutant-tolerant) species [7].
But fortunately, this was recognized early enough by both the U.S.A. and
Canada to enable a joint effort to bring about a noticeable improvement [8].
Full restoration of the former water quality in these lakes is likely to take
longer than it took with the Thames River because of the much slower water
exchange rates. Some 70 years would be required for the St. Lawrence River
to drain the water of the Great Lakes system once.
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4.2. WATER QUALITY CRITERIA AND THEIR MEASUREMENT

A surface water resource of very poor quality is easily recognized by sight by
anyone, and frequently also by smell. The need for improvement is also self-
evident. Even though these assessments are valid, they are subjective. They do
not place the assessment into categories, nor quantify them to enable determin-
ation of the steps necessary to obtain improvement. Also, a body of water may
appear to be “all right” to the senses but still be of poor quality for some kinds of
uses. As examples, groundwater supplies from springs and wells are known,
which would superficially appear pristine but which are high in toxic arsenic [9],
fluorides, or sulfides [10]. Recreational lakes in southern Norway and the
Adirondacks (U.S.A.) are known which have pHs of 4 and less [11]. For these
reasons, it is useful to have a set of quantifiable criteria, which may be used to
measure the water quality. The values obtained for each criterion allows a valid
quantitative assessment of the water quality of different sources to be made.
They also permit identification of the appropriate action, which may be required
to improve the quality of the surface water. If the surfacewater source is to be
used as a municipal or industrial supply, the values obtained for these criteria
also establish the complexity of the treatment measures necessary.

4.3. SPECIFYING CONCENTRATIONS IN WATER

There are six methods in use to specify the concentration of a substance
in water, three of them in common use and the other three used less fre-
quently. The simplest system, and probably the most widely used, is the
weight fraction (Eq. 4.1). Using the weight fraction, or, in dilute solutions,
WA

_— 4.1
(Wa + wp)

Weight fraction =
approximately = wy/wp (i.e., when wy is small), or mass fraction gives a
dimensionless concentration term if the same mass units are used for the
numerator and denominator. Typical values expressed in these terms are
given in Table 4.2.

Another common system used to specify aqueous concentrations is the
weight of constituent(s) per volume of solution, for which common volume
units are liters (L), or cubic meters (m3). Again, for dilute solutions or
suspensions in water, which have a density under ambient conditions of
approximately 1 kg/L, these units would result in the same approximations
as given in Table 4.2.

Molarity is a third common unit used for aqueous solutions (Eq. 4.2).

(moles of substance)
(L of solution)

Molarity = M = 4.2
Molarity it is only useful when the compositions of the constituents in water
are known, since to evaluate molarity requires dividing the mass of each
constituent in grams (per liter of solution) by the respective molecular weights.
This system is, therefore, more complicated to evaluate but the results can be
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Il TABLE 4.2 Common Weight Fraction Units for Specifying Concentrations in

Water

Unit Abbreviation Factor times wt. fraction Approximations”
Percent % 100

Parts per thousand %0 1000 g/L

Parts per million ppm 106 mg/L

Parts per billion® ppb 10° pg/L

Parts per trillion® ppt 1012 ng/L

Parts per quadrillion® PPq 108 pg/L

“Approximation is closer than experimental error for very dilute (<1 ppm) solutions.
bThese terms may have different exponents for European data (e.g., ppb factor, a million
million) is 10'2, ppt (a million million million) is 10'®, and ppq (million*) is 10%4.

more useful. Increased value is obtained, for example, because reacting ratios
of solutions for water or wastewater treatment can be more readily calculated
from molarity information than from weight fraction information.
Less commonly used systems are the volume fraction, mole fraction, and
molality (Egs. 4.3-4.5).
Vy

Volume fraction = ————— 4.3
(solution)

A common difficulty is that Vsjution) # Va + Vs.

moles B
Mole £ . (B 4.4
ole fraction o moles A + moles B
Molarity = moles A 2

1000 g of solvent

Each of these systems has special applications which require their use (e.g.,
mole fraction in heats of mixing calculations, and molality for osmotic pres-
sure calculations). But none of these is in common use for the evaluation or
remediation of water pollution problems.

4.4. SUSPENDED SOLIDS

Insoluble matter in surfacewaters may be partly settleable, consisting of fairly
large particles such as fine sand, or they may be nonsettleable, falling into the
colloidal size range of silts and clays. The dividing line by diameter between these
two classifications differs with the density of the particle. For spherical particles
of density 2 g/cm?3, diameters larger than about 100 um (0.10 mm) settle out
more or less quickly; diameters smaller than this are slower to settle (Table 4.3).

The suspended solids content of a water sample may be determined by
filtering an appropriate measured volume through a tared, fine glass fiber
filter mat, and then rinsing any dissolved salts from the mat with a small
portion of distilled water. Very fine sintered glass filters may also be used, but
paper filters perform poorly in this application [13]. The solids collected are
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Il TABLE 4.3 Terminal Settling Velocities Versus Diameter of Sphere of

Specific Gravity 2, in Water at 25°C“

Particle diameter (um) Terminal velocity (mm/sec) Characteristic description®
1000 100 coarse sand
500 60 coarse sand
200 30 coarse/fine sand
100 6 fine sand
50 1.5 fine sand
20 0.2 fine sand/silt
10 0.06 silt
5 1.5 x1073 silt
2 2.2 x107* silt/clay
1 6.0 x1073 clay

“Settling velocities estimated from Weast [12].
b Approximate dividing lines indicated by joint descriptions.

dried at a standard temperature, usually 100-105°C. The dry weight thus
obtained is then related to the original volume filtered for give the result.
Depending on the pore size of the filter medium used, this method gives a
result, which includes the settleable and much of the nonsettleable suspended
solids present in the sample. The size distribution of the collected particles
may be determined by passage of a resuspension of the particles in a liquid
through a Colter counter [14].

Centrifugation may also be used for suspended solids determination using
the conical end centrifuge tubes, which can be graduated for convenient volume
determination. After centrifuging the sample, the supernatant water is decanted
from the precipitate, and the precipitate is rinsed with a small portion of
distilled water to remove any dissolved salts. Centrifuging again, decanting,
and drying the residue as before gives the suspended solids result. A smaller
proportion of the nonsettleable suspended solid is retained by this method
rather than by filtration, a factor which has to be considered when comparing
results obtained by the two systems.

An Imhoff cone is used to determine the settleable solids content of treated
waste waters to check efficiency of treatment. This cone-shaped measuring
device, of 1L capacity and made of transparent glass or plastic, is graduated
down the side to units of tenths of a milliliter at its lower apex. The sample is
placed in the cone and allowed to stand for a period of 1 hr. Then the volume of
the solids layer settled is read directly from the graduations on the side.

In situ turbidity determinations using a Secchi disk are related to, but do
not strictly correspond to suspended solids determinations [15]. The disk is a
circular plate of about 20 cm in diameter made of sheet steel or other metal,
and is painted with alternating black and white quadrants on its upper face.
A rope or chain calibrated in meters is attached to the disk via an eyebolt at
the center of the disk, so that the disk hangs horizontally. For a reading, the
disk is lowered into the water until the black and white painted quadrants
appear to be uniformly gray due to the turbidity of the water, and the depth at
which this occurs is recorded. It is then lowered a few meters more and then
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gradually raised again, noting the depth at which the black and white
quadrants just become discernible again. The average of these two readings
gives the Secchi depth in meters. This can range from 0.2 m or less for a silt-laden
river in spring flood, to 25 m or more for an oligotrophic (geologically young)
pristine mountain lake. An estimated extinction coefficient may be obtained by
dividing 1.7 by the Secchi depth in meters (k = 1.7/Secchi depth), or by using a
submersible light meter to make actual measurements at two depths.

4.5. DISSOLVED SOLIDS

Water quality and monitoring programs also have an interest in the dissolved
solids or salts content of water systems. Among the monovalent cations, there
is a particular interest in the concentrations of sodium, potassium, and am-
monium ions (and neutral ammonia, which is in equilibrium). Among the
polyvalent cations, calcium and magnesium are the main ones of concern
because of their strong tendency to precipitate and form useless curds with
natural soaps, and also form adhering deposits or scale on the walls of water-
heating appliances from domestic kettles to industrial boilers. Occasionally,
this category might also include iron, aluminum, or other polyvalent cations,
since, if these are present, they can contribute to this tendency. This property
common to polyvalent cations is referred to as hardness. Thus, hard waters,
with a high polyvalent cation content, do not launder well with ordinary
soaps, whereas soft waters do (Table 4.4). Soft waters also heat more cleanly
in water-heating appliances without depositing scale.

Chloride, sulfate, carbonate, and fluoride are among the principal anions
of interest in water treatment programs. High chloride concentrations are of
concern because of their tendency to accelerate the corrosion rates of pipelines
and local water distribution systems. Sulfate at concentrations above 150 ppm
can cause severe digestive upset, essentially the symptoms of diarrhea, espe-
cially in nonacclimatized people. The concentration of carbonate present
has important consequences in relation to hardness, about which more is said
later. Fluoride concentrations of ca. 1 ppm in water supplies are beneficial in

Il TABLE 4.4 A Rough Guide to the Scale of
Hardness of Natural Waters According to Content
of Calcium Carbonate (or the Equivalent)?

Hardness, as ppm

Description (mg/L) of CaCOs;
Soft 0-50
Moderately soft 50-100
Slightly hard 100-150

Hard 200-300

Very hard >300

“Data from Klein [13].
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reducing dental caries. Natural concentrations much above this, which occur
occasionally can give rise to toxic symptoms [16].

The concentrations of the nutrient anions of interest in water monitoring
programs include nitrogen, primarily as nitrate, NO3, and nitrite, NO;, and
phosphorus, primarily as phosphate, PO3~. Nitrite is also of independent
interest because of its high toxicity, particularly to infants [17]. Since nitrate
is also reduced to nitrite in the digestive system, the presence of either ion at
concentrations above 10 mg/L in a water supply is cause for concern. During
1945-1969 in the U. S., 328 cases of methemoglobinemia (blue baby
syndrome) and 39 fatalities were reported for infants from this cause [18].
Both groups of ions are nutrients for the growth of algae and other aquatic
plants in water systems. If the concentration of phosphate is allowed to rise
above 0.015 mg/L (calculated as P) and nitrate above 0.3 mg/L (as N) in
surface waters, then algal blooms (prolific algal growth) are likely to occur
[19, 20].

The specific conductance of a water sample provides a simple method to
determine the total dissolved ionic solids present in the sample. It is also an
inexpensive technique, which lends itself to continuous monitoring of a river or
waste stream for the total ion content (Fig. 4.1), and can be easily used to check
the accuracy of analyses conducted for specific ions. Specific conductance is
measured via a pair of carefully spaced platinum electrodes, which are
placed either directly in the stream to be measured or in a sample withdrawn
fromit[22]. The water temperature should be 25°C, or the result corrected to this
temperature. Voltages in the 12 to 14 range, and frequencies of 60 to 1000 Hz AC
are used, plus a Wheatstone bridge circuit to obtain a conductivity reading in
pmho/cm or pS/cm (microsiemen/cm). The response obtained is linear with the
total ion content over a wide range of concentrations (Fig. 4.1). Examples of the
conductance ranges and seasonal variation of some typical Canadian rivers are
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FIGURE 4.1 Total dissolved solids concentration (by analysis) versus specific conduct-

ance, shown by Gila River (Bylas, Arizona) water samples taken over a |-year period.
(Reprinted from Hem [21].)
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Il FIGURE 4.2 Distribution of the specific conductance readings for some Canadian rivers
during 2-year data collection periods. (Data from Thomas [23].)

presented in Fig. 4.2. Rivers of both low- and high-dissolved solids, and with
narrow or wide seasonal variations are clearly evident from these plots.

More specific and detailed information about the particular ions of inter-
est may be obtained through the application of conventional analytical tech-
niques. For example, complexation titration using a stable complexer such as
EDTA (ethylenediaminetetraacetic acid) is useful for the determinationof
dissolved calcium, as well as certain other ions [24]. Since EDTA is a hex-
acoordinate complexer it forms very stable 1:1 complexes with many metal
ions, including calcium. An 0.01 M standardized EDTA solution, usually as
the disodium salt Na,EDTA, is first made up. Exactly 1.00 mL of this solu-
tion is equivalent to 400.8 pugCa, or 1000 ugCaCOs. Then titration of a
sample containing calcium ion in the presence of a weakly complexing dye
indicator gives displacement of the calcium from the indicator plus a corre-
sponding change in color of the solution, which is used as the end point of the
determination (Egs. 4.6 and 4.7).

M" +dye — M"- dye (weak complex) 4.6
M*dye + EDTA — dye + M*- EDTA (strong complex) 4.7
colorless

Murexide, or Eriochrome blue-black R are suitable indicators for this analy-
sis. A number of other metal ions may also be determined by related com-
plexometric titrations.

Ion selective electrodes provide a simple and accurate method for the
determination of many ions in solution. These have been developed using
the same electrochemical principles as the pH electrode, which is basically an
ion selective electrode specific for hydrogen ion. Thus, concentrations of
Na*, K*, Ca?*, and Pb** as examples of cations, and F~, Cl~, Br—, I, $*~
and CN~ as anions may all be measured using this method. With the appro-
priate measuring precautions and attention to possible interferences, most
cations can be determined at concentrations as low as 1075 to 107¢ M, and
lead for example down to 10~7 M.
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The groups of nutrient ions of current concern are classed as “nitrogen,”
which refers to “combined nitrogen,” (i.e., nitrite, nitrate, ammonia or am-
monium salts, and occasionally amines), and “phosphorus,” which generally
refers to phosphate, PO; . Dissolved nitrogen gas is not of concern from a
nutrient standpoint, since this is not an accessible source to most aquatic and
land plants. However, blue-green algae are able to “fix” elemental nitrogen
dissolved in water to obtain nutrient nitrogen. Elemental white phosphorus is
only very slightly soluble in water (<0.002 mg/L) and for this reason it is also
not a problem from a nutrient standpoint, although it may be a problem for
other reasons (see Phossy water).

Nitrite concentrations are determined by, first, diazotization of sulfanila-
mide. The acidified waste sample to be analyzed is the source of the nitrous
acid (Eq. 4.8).

}12N<<:)>—502NH2 + HNO, + H*—=2 H,0 + NE@—SOZNHZ

sulfanilamide “gg’g‘s diazonium salt (= I)

4.8
When the diazotization is conducted in the presence of N-(1-naphthyl) ethy-
lenediamine, the reactive diazonium salt couples with the amine to form an
intenselycolored, reddish purple azo compound (Eq. 4.9).

H,NCH,CH,N#E~() N=N@SOZNH2
49

reddish purple

The concentration of azo compound obtained can be determined either color-
imetrically, using a comparator, or spectrophotometrically. The nitrite-detec-
tion limit of this method is 0.02 mg/L of nitrite, specified as N, which is
equivalent to 0.02 ppm or 20 ppb N in fresh waters [24].

Nitrate is determined on a separate water sample by first reducing the
nitrate to nitrite with either hydrazine sulfate or with an easily oxidized metal
such as cadmium (Eq. 4.10).

NOj + Cd — CdO + NO; 4.10

The sensitive nitrite method is then used to determine the total nitrite,
which will now be equivalent to nitrite plus the original nitrate. Subtraction of
the original nitrite from this total nitrite result gives the value for the nitrate
concentration.

Reduced nitrogen, such as ammonia or ammonium salts, may be analyzed
by spectrophotometric determination of the absorbance of the yellow-brown
colloidal suspension formed on the addition of Nessler’s reagent, which is
potassium mercuri—-iodide (Eq. 4.11).

2 K,Hgly + 2 NH; — NH,;Hg,I5 + KI+ NH4l 4.11
yellow-brown
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If amines or amides are present, then the determination requires prior
Kjeldahl decomposition of the amine to ammonium hydrogen sulfate first
using boiling sulfuric acid (Egs. 4.12 and 4.13).

RCH,NH, + H,O + H,SO4 — RCH, OH + NH4HSO4 4.12

Following this, the solution is made alkaline with sodium hydroxide and
the ammonia content measured using Nessler’s reagent. Again, subtraction of
the initial Nessler reagent reading yields an amine concentration independent
of the original ammonia content.

Phosphate concentrations may be measured gravimetrically, by weighing
the yellow precipitate formed on the addition of a solution of ammonium
molybdate to the water sample acidified with nitric acid (Eq. 4.14) [25].
The product stoichiometry for this process is certain, although the structure
is not.

PO;™ + 12 (NH4),MoO4 + 24 HNO; — 4.14
(NH4)3P04-12Mo003- 3H,0 + 9 H,O + 21 NH4NO;3 + 3 NO;

If higher sensitivities are desired then the ammonium phosphomolybdate
product may be reduced with stannous chloride or ascorbic acid in order to
give soluble molybdenum blue [24]. Spectrophotometric determination of the
blue absorbance at 885 nm gives a detection limit of 0.003 mg/L phosphate,
stated as phosphorus (3 ppb in freshwater) or 0.0092 mg/L as expressed
phosphate [24].

4.6. TOTAL SOLIDS OR RESIDUE ANALYSIS

Analysis of a water sample for total solids content (suspended and dissolved)
requires evaporation of the water from a measured volume of sample, usually
1 L. For water samples, the residue is usually dried at 180°C, to put calcium
sulfate in the anhydrous state, and magnesium sulfate as the monohydrate,
MgSO,4 - H,0, in the residue [13]. The level of hydration of many salts
varies with the final drying temperature, so this should be stated with the
results.

To determine the total solids of river muds or sewage sludges, which
may have a high organic content, lower drying temperatures of 100-105°C
are normally used to reduce the risk of volatilization or thermal decompos-
ition of the organics. For this reason, azeotropic drying is often convenient
for water removal from a weighed amount of the mud or sludge sample.
When perchloroethylene or toluene is used as the azeotroping solvent, the
temperature required for water removal decreases to 88.5°C or 85°C, the
boiling points of the respective water azeotropes. The water removed from
the sample is read from a graduated solvent/water separator, from which the
solvent layer from the condensate of the process is returned to the sample

flask.



116 4 WATER QUALITY MEASUREMENT
4.7. DISSOLVED OXYGEN CONTENT

Oxygen, nitrogen (as N3), carbon dioxide, and the other trace gases of the
atmosphere are in a dynamic equilibrium between the upper layers of the surface
waters of the earth and the air. Gases in the surface layer of water move through
(e.g., during mixing induced by river flow) or are largely restricted from moving
through (e.g., in a stable, thermally-stratified lake) the water column below it.
The solubility of oxygen in water is low, but its presence is necessary for the
existence of most kinds of water organisms, and is essential to water quality.

The solubility of any gas in a liquid with which it does not react is
proportional to the pressure of that gas (i.e., the partial pressure) above the
liquid (e.g., Eq. 4.15 for oxygen).

POZ = ka : X02 4.15

where P is the partial pressure of oxygen above the water in atmospheres,
ko, is the Henry’s law constant, and X, is the mole fraction of oxygen in the
water phase. This solubility relation, also known as Henry’s law, is quite
closely followed for pressures less than, say, an order of magnitude different
from normal atmospheric pressure, and for any given temperature. Oxygen
comprises about 21% (actual value 20.95%) of the atmosphere by volume;
therefore it contributes 0.21 atmosphere partial pressure above surface waters
at sea level. Its proportion remains at about 21% of the total to at least 50 km
altitude, and the partial pressure drops in proportion to the lower pressures
that exist at higher altitudes.
Gas solubility in a liquid is also inversely proportional to temperature
(Eq. 4.16).
ke
Xo,

T= 4.16

where k; is the proportionality constant at absolute temperatures.
The effect of this factor is a decrease in the solubility of oxygen in surface-
waters if these are warmed, either by the sun or by the discharge of warmed
wastewaters into a river or lake.

The combined influence of temperature and pressure on the solubility of
some common gases important in water quality studies is given in Table 4.5.
Some interesting features to note are that oxygen, with a Henry’s law constant
of 1.91 x 10" mol/(mol mm Hg), is more than twice as soluble in water as
nitrogen. Oxygen has a very similar molar solubility to argon, a reflection of
the diatomic nature of oxygen gas, which has a molecular weight of 32 g/mol,
similar to the 39.95 g/mol of monatomic argon. Also evident here is the
rationale for the use of compressed oxygen-helium mixtures for deep-sea
diving [27]. The much lower solubility of helium in water and in blood
reduces the risk of gas bubble formation in the bloodstream on the return of
a deep-sea diver to ordinary atmospheric pressure. There is a risk of the
“bends” if ordinary compressed air is used for diving under these circumstan-
ces, from the much higher solubility of nitrogen.

The presence of other solutes in the water also affects the solubility of
oxygen or other gases in water. A high concentration of dissolved solids in the
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Il TABLE 4.5 Henry’s Law Constants for the Solubility of Some Dry Gases in

Water®®
Henry’s law constants/10’
Temperature (°C) Argon Carbon dioxide Helium Nitrogen Oxygen
0 1.65 0.0555 10.0 4.09 1.91
10 2.18 0.0788 10.5 4.87 2.48
20 2.58 0.108 10.9 5.75 2.95
30 3.02 0.139 11.1 6.68 3.52
40 3.49 0.173 11.0 7.60 4.14
50 3.76 0.217 10.9 8.20 4.50

“For the equation p = kX, where p = partial pressure of the gas in mm of Hg, X = mole
fraction of the gas in water, and k = the Henry’s law constant (e.g., 1.91 x 107 for oxygen at 0°C).
bValues selected from Mason [26].

water phase decreases the solubility of oxygen. Other things being equal,
therefore, marine waters tend to have a lower dissolved oxygen content
than freshwaters.

The combined influence of all of these solubility factors on the actual
oxygen content of ordinary surface waters is presented in Table 4.6. From this
data it can be seen that the air-saturated oxygen content of seawater is
normally about 20% less than the oxygen content of freshwater, at the same
temperature. Also evident is the effect of elevated temperatures on oxygen
solubility. At 30°C one obtains only about half the oxygen content in the
water phase at saturation as at 0°C for either freshwater or saltwater. Lakes at
higher altitudes, exposed to lower atmospheric pressures and hence lower
oxygen partial pressures, will tend to have lower concentrations of dissolved
oxygen, other things being equal. Similarly the salt lakes, which lie below sea
level, such as the Dead Sea and Salton Sea, will tend to have higher concen-
trations of dissolved oxygen than would be predicted for similarly saline
waters at sea level.

The Winkler test, or minor variations of it, is the standard wet chemical
procedure for measuring the concentration of dissolved oxygen in water
samples [24, 28, 29]. It uses a standard 300 mL BOD sample bottle, which
is closed with a glass stopper with a polished cone-shaped end. This closure
makes it possible to completely fill the bottle with the water sample and
avoids any interference from bubbles of air which might otherwise be trapped
in the bottle. Initially a white precipitate of manganous hydroxide is prepared
in the BOD bottle (Eq. 4.17).

MnSO4 + 2 KOH — Mn(OH), | + K;S04 4.17
white

If there is any dissolved oxygen in the water sample being tested, it
oxidizes the manganous hydroxide to a brown suspension of manganic hy-
droxide in the test solution (Eq. 4.18).

2 Mn(OH), + O; — 2 MnO(OH), | 4.18
brown ppt
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Il TABLE 4.6 Oxygen Content of Water in Equilibrium with Air Saturated with a

Water Vapor at 760 torr (mm Hg)“

Oxygen content (mg/L) Water vapor

Temperature (°C) Fresh water Sea water, 3.5% salinity pressure (mm Hg)
0 14.6 11.22 4.58

10 11.3 8.75 9.21

20 9.2 7.17 17.54

30 7.6 6.10 31.82

40 6.6 5.13 55.32

50 5.6 - 92.51

“Compiled from Klein [13] and American Public Health Association [24].

If no brown coloration is observed at this stage of the test, then there is no
dissolved oxygen in the water sample being tested. The presence of any
oxygen causes a brown coloration from quantitative formation of manganic
hydroxide. The amount of manganic hydroxide is accurately determined by
first putting it into solution with sulfuric acid (Eq. 4.19).

MnO(OH),; + 2 H,SO4 — Mn(SO4), + 3 H,O 4.19

To determine the original levels of oxygen present, excess aqueous potassium
iodide is added, releasing iodine equivalent to the manganic sulfate present in
the most rapid reaction of this sequence (Eq. 4.20).
Mn(SO4); +2 KI — MnSO4 +K,S04+ 1 4.20
brown
solution
The iodine generated is prevented from being lost as vapor by ensuring that an
excess of potassium iodide is present, which forms the stable ionic complex,
KI;. The liberated iodine is measured by the familiar sodium thiosulfate
titration, using starch as an indicator near the end point of the titration to
sharpen its observation (Eq. 4.21).

L+250 =21+ S,0% 4.21
colorless
solution
Each mole of liberated iodine is equivalent to a half mole of dissolved oxygen
in the original water sample, so that each milliter of 0.0250 M thiosulfate is
equivalent to 200 pg of original dissolved oxygen content.

The Winkler test is reliable and sensitive to oxygen concentrations as low
as 20 pg/L (20 ppb) for a 200 mL sample of ordinary clean surface waters. It is
somewhat less accurate for sewage and industrial effluents when interfering
substances may be present. It is also a primary analytical determination
method, which means that it may be used to calibrate or check other instru-
mentation such as dissolved oxygen meters based on the oxygen electrode. The
performance of these instruments has been recently compared [30]. They are
generally reliable as long as they are regularly recalibrated, and operated at or
near their calibration temperatures. Periodic performance checks should also
be carried out [31]. Water samples of a range of known dissolved oxygen levels
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Il FIGURE 4.3 Variation of dissolved oxygen content of pond water with aquatic plants as
affected by photosynthetic activity accompanying sunshine, and metabolic oxygen consump-
tion during dark hours. Data plotted from Klein [13].

may be readily prepared for this purpose. A 0 mg/L (ppm) test may be obtained
by sparging a quantity of freshly boiled distilled water with nitrogen for 3 or
4 hr in a thermostat bath of the required test temperature. Sparging air through
a water sample at 20°C for the same period would give 9.2 mg/L, and sparging
pure oxygen through should give 44.0 mg/L at this temperature.

For meaningful results over time with waters having prolific weed or algae
growth, care must be taken to sample or measure the dissolved oxygen in situ at
the same time each day, and note the ambient temperature. This is because
photosynthetic production of oxygen toward the end of a sunny day can almost
double the dissolved oxygen content of the water to well above saturation levels,
as compared to the values in the very early morning after a cloudy day (Fig. 4.3)
[32]. Metabolic consumption of oxygen under these circumstances can reduce
the dissolved oxygen concentration to near zero. A lack of appreciation of the
diurnal variation in dissolved oxygen content from these causes has caused
serious misinterpretation of the effect of waste stream discharges [33].

Dissolved oxygen concentrations in surface waters below about 5 mg/L or
50% of saturation are generally unsatisfactory for a diverse biota. In fact,
game (or sport) fish require more like 60 to 70% of saturation to do well.
Lower dissolved oxygen concentrations than these tend to limit the habitat to
the growth and reproduction of coarser species of fish. Zero dissolved oxygen
eliminates the survival of gill breathers and discourages many other species.
Only organisms capable of air breathing, such as eels and certain Tubifex
worms, can survive under these conditions.

In water, the dissolved air, or more particularly the dissolved nitrogen, can
sometimes be too high for fish well-being. Even 10% supersaturated or 110%
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of saturation is already sufficient to put them at some risk. When gill-
breathers are exposed to waters supersaturated in air, their blood rapidly
becomes supersaturated too, through gill action. The oxygen component of
this supersaturation is not a problem since it is metabolically consumed to
below saturation in the blood. But at 120% of saturation, the excess nitrogen
in the bloodstream, which is not metabolically consumed, comes out of
solution behind the membranes of the eye sockets causing “pop-eye,” and
also behind the membranes of the fins, tail, and mouth causing gas blisters
([34], and references cited therein). These symptoms are collectively referred
to as nitrogen narcosis, and can cause acute stress or death of the fish.
Exposure to 120 to 140% of saturation for any length of time is sufficient
to cause symptoms to appear, together with some fish mortality. Exposure to
concentrations above 140% of saturation causes high mortalities.

Air supersaturation of natural waters can occur from the warming of a
cold, air-saturated stream as it flows into a shallow reservoir, or either from
the sun or by its use as a source of cooling water, which amounts to thermal
causes [35]. It is also a common occurrence while releasing reservoir water
into a plunge basin, at the bottom of which the pressure of air bubbles
entrained in the water may be briefly raised to 2 or more atmospheres from
the pressure of the head of water over the bubbles. This increased pressure is
sufficient to supersaturate the water, causing supersaturation problems here
and some distance downstream of the plunge basin. Strangely, the air in excess
of saturation does not quickly dissipate in the manner of the excess carbon
dioxide in a soft drink bottle. Plunge basin supersaturation can be avoided by
the use of “flip-lip” or “flip-bucket” spillway designs, which spread spilled
water widely and as a fine spray so as to avoid carrying bubbles to depth.

Discharge of a relatively large volume of water containing oxidizable
wastes into surface waters will result in decreased dissolved oxygen content,
as oxygen is consumed by the oxidizable material. Discharge of any oxygen-
consuming waste into surfacewaters always causes a decrease in the dissolved
oxygen content. However, if this oxidizable waste discharge coincides with a
low dissolved oxygen in the receiving waters, or the volume of the discharge is
high-relative to the volume of the receiving water, then the resultant drop in
oxygen concentration will be greater and the recovery of the stream to
normal oxygen concentrations will be less rapid. Also, it is known that
fish and other aquatic animals that are stressed by low-dissolved oxygen
concentrations are more susceptible on exposure to any additional stressors
such as high temperatures, the presence of toxic substances, and significant
deviations from a pH of 7.

4.8. RELATIVE ACIDITY AND ALKALINITY

The pH and dissolved solids content of a water supply are important factors,
which relate to the corrosivity of the supply. Corrosivity is of concern in the life-
time of municipal water distribution systems, as well as for the feed water of
power boilers and process cooling water. pHs in the neutral to slightly alkaline
range are generally preferred for these applications. Most aquatic creatures
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require a pH in the 5 to 8.5 range for optimal growth and reproduction,
although they may survive for a time at pHs somewhat outside this range.

Natural waters in the acid range can arise by absorption of acidic atmos-
pheric gases (Chap. 2) or by the accumulation of humic acids on percolation
through peaty soils. They have the potential to mobilize elements of the rocks
and soils, through which they flow. In limestone, dolomites, and similar rock
formations, calcium, magnesium, and other elements may be dissolved, in the
process increasing the pH. At the same time, these processes raise the hardness
of water (e.g., Egs. 4.22 and 4.23).

CaCO3 + H,CO3 — Ca(HC03)2 4.22
insoluble soluble
MgCO3 +2 HNOj3; — Mg(NO3), + H,O + CO, 4.23
insoluble soluble

Industrial liquid waste streams, in general, have the greatest potential of
any of the common aqueous waste streams to influence the pH of receiving
waters. Their pH sometimes differs substantially from neutral conditions and
they can involve very large volumes. For example, pulp mills producing fully
bleached kraft pulp generate some very acidic and some strongly alkaline
waste streams by their processes. Drainage waters from coal mines and
from metal mines working sulfide ores can also be quite acidic from the
acid generated by the bacterial oxidation of sulfides (e.g., Egs. 4.24-4.26).

2 FeS; +7 O, +2 H,O — 2 FeSO4 + 2 H;SO4 4.24
2 FeS; +8 O, + H,O — Fez(SO4)3 + 3 H,SO4 4.25
Fe;(SO4); + 6 HyO — 2 Fe(OH); + 3 H,504 4.26

Further industrial examples are the chemical plants producing phosphatic
fertilizers or phosphoric acid, which may also have quite acidic discharges,
and ammonia plants or coal-coking plants can generate quite alkaline streams.

The pH of waste streams or surfacewaters is most frequently monitored
using a pH meter. Accurate calibration of the meter is required, using buffers at
slightly higher and lower pHs than those of the samples to be measured. Also,
the temperature calibration should be properly adjusted and the electrode given
sufficient time in the sample being measured to come to thermal as well as pH
equilibrium before taking a reading [36]. Using a meter allows determination of
pH free from any interferences due to color, colloidal matter, coarse turbidity,
free chlorine, or the presence of other oxidants or reductants. However, pH
measurement of distilled water or high-purity natural waters may give inaccu-
rate readings from too low conductivities, (i.e., when the resistance of the water
sample is of the same order of magnitude as the impedance of the meter). This
can be corrected by addition of a small amount of a neutral salt, such as 1 g/L
potassium chloride, to raise the total ionic strength to about 0.1 M [37]. If the
pH measurement is not being conducted in situ, it should be measured
promptly after sampling to avoid errors due to gas exchange or biochemical
processes that may alter the pH after collection. The pH of eutrophic waters
can be highly time dependent from the influence of variable rates of metabolic
activity on carbonate-bicarbonate buffer. Marine waters, and any other
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streams with a relatively high sodium ion content will require a sodium ion
correction, especially if the measurement is being conducted at high pH.

For low-cost occasional pH measurement and for measurements
in situations unfavorable to the placing of a fragile glass pH electrode,
narrow-range single indicator and wide-range multiple indicator pH papers
are convenient and sufficiently accurate for most purposes. Some of these
include eight or more indicators and are capable of being read to 0.5 pH unit
and some others to 0.3 pH unit.

4.9. TOXIC SUBSTANCES

Here we consider a number of potential water contaminants which, for want
of space for details, are grouped together. Included are candidates such as
toxic heavy metals, pesticides, water- and weed-treatment chemicals, radio-
active particles, and the like.

The relative toxicities to fish of some appropriate examples of toxic sub-
stances are given in Table 4.7. It should be remembered that aquatic toxicity is
difficult to pin down to an exact value since it depends not only on the
particular species and the ages and state of health of the exposed individuals,
but also on the time exposed, water temperature, simultaneous presence of
other contaminants, oxygen content, prior acclimatization, hardness, and other
associated factors [39]. On the whole, though, the high sensitivities of fish to
the substances tabulated are the consequence of the good blood/water

Il TABLE 4.7 Approximate Acute Toxicities of Some
Potential Water Contaminants to Freshwater Fish®

Approximate lethal

Substance concentration [mg/L (ppm)]
Chlorine 0.05-0.2
Chloride ca. 6000
Copper 0.05
Cyanide 0.04-0.10
DDT 0.02-0.10
Fluorides 2.6-6.0
Malathion 13.0
Mercury, Hg** ca. 0.01
Phenols 1-10
Pentachlorophenol® N

Natural soap 10-2°

(in hard water)‘ (900-1000)
Synthetic detergent 6-7
Toxaphene 0.01

Zinc, Zn** 0.15-0.60

“Exposure times and toxicity criteria vary. Compiled from
Klein [17], Mason [26], and Ryckman e al. [38].

bSodium oleate (NaO,C(CH,);4,CHj3), which is much less
toxic in hard water, parenthesized value.

“Sodium dodecylbenzenesulfonate (NaO3S(CH;),C¢Hs).
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exchange processes necessary in gill-breathing animals for their respiration,
a parallel in human exposures would be our high sensitivity to many types of
atmospheric contaminants.

More than 20 metals or metalloids, Al, Sb, As, Ba, Be, Bi, Cd, Co, Cu, Ce,
In, Pb, Hg, Mo, Ag, Te, Tl, Sn, Ti, W, U, and Zn are significant in industrial
hygiene programs [40, 41]. Therefore significant water contamination by any
of these could be potentially hazardous.

Some wet chemical sample preparation such as pH or oxidation state
adjustment is normally required for most metal ion determinations. Then
complexometric titration using EDTA, as already mentioned, or diphenylthio-
carbazone (“dithazone”; Eq. 4.27) may be used for cadmium, copper, lead,
mercury, or zinc determinations.

Ph-N=N-C(S)-NH-NH-Ph 427

With the latter reagent, the concentration of the colored complex obtained
may be measured colorimetrically, and compared to solutions made up from
complexes of known concentrations of the metals of interest. This method is
easily applied in the field. Or it may be determined somewhat more accurately,
but at greater expense, using a spectrophotometer in the laboratory.

Other versatile and sensitive techniques for determination of metal ions in
water are atomic absorption, which uses the attenuation of a beam of light of
the appropriate wavelength by the atomized metal as the measure of concen-
tration, and anodic stripping voltammetry, which is an electrochemical tech-
nique. Further details of all these procedures are available in standard texts
([20], and see also this chapter’s Further Reading).

Determination of pesticide and herbicide content, or the presence of other
organics in surfacewaters, usually involves a preliminary concentration step
by extraction with an immiscible organic solvent such as hexane or heptane.
The concentrations of these substances present are often so low that special
highly purified “pesticide” grades of solvent are required to avoid analytical
interference from contamination of the sample by traces of pesticide already
present in the solvent. After extraction, the small volume of organic phase
obtained is then dried and carefully concentrated. Analysis is often by injec-
tion of a small sample into a highly sensitive gas chromatograph (e.g., [42]).
A series of peaks of differing retention times is obtained on a strip chart.
From this, probable identities of the compounds represented by each peak
may be frequently established by comparison with the retention times for a
solution of standard reference materials separately injected into the chromato-
graph. More unequivocal and rapid peak identification may be obtained from
a mass spectrometer coupled to the outlet of the gas chromatograph. The
mass spectrometer can be used to establish accurate masses and fragmentation
patterns of the constituents of each of the peaks obtained on the chromato-
graph trace. This is often sufficient to identify each material.

Radioactive particles are generally present in surfacewaters at such low
levels that a preliminary concentration of a large sample is necessary for
determination. Then, gross counting of the concentrated sample is carried
out to give an overall measure of the radionuclide content. The result obtained
can then be related back to the original sample volume. Related to this, it
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should be mentioned that deliberate radiolabeling at trace levels can provide a
safe and very sensitive tracer for tracking of water flow and for determining
the dispersion patterns of waste discharges [43].

4.10. MICROORGANISMS

Knowledge of the types and populations of microorganisms present in water is
an important part of any water quality considerations. For this purpose,
microorganisms can be conveniently grouped into two main classes.
The indigenous, or naturally-occurring organisms, such as ambient types of
bacteria, phytoplankton and zooplankton, and algae and diatoms, comprise
one of these. This class is relatively harmless in water supplies. The second
class are the bacteria, viruses, and parasites, which can arise in surface water
from the excreta of a number of warm-blooded animals or from human
sewage contamination. This group includes examples, which are harmless
(i.e., they form a component of the normal human intestinal flora), and
some examples which are pathogenic (disease-causing), such as typhoid
fever. Detection of the presence of any of this second group of organisms in
water supplies should be taken as a warning of the risk of contamination by
pathogens.

A survey of the microorganism status of a water sample can be taken by
means of a standard plate count. To do this, a portion of the sample itself plus
several dilutions are inoculated onto a nutrient agar medium in separate petri
dishes, which are shallow plates with loosely-fitted lids. The spotted dishes are
then incubated for a period of time, after which the spots of growth in each
are counted. Very high microorganism numbers in the water sampled tend to
cause a merging of spots, making accurate counting impossible, and agglom-
erations or clumping of organisms tends to give lower counts. Both problems
are minimized by a suitable number of sample dilutions before inoculation of
aliquots of each dilution onto the plates.

Since it is the degree of contamination by the bacteria of warm-blooded
animals that is most significant from a water quality standpoint, this is
measured by means of the differential ratio test [44] (Eq. 4.28).

(20°C count)

—_—— 4.2
(37°C count) 8

Differential ratio test =
If > 10, reasonably good supply
If < 10, indicative of contamination

The count at 20°C is taken for a 48-hr incubation of the plates at this
temperature. The 37°C count is taken for a 24-hr incubation at this tempera-
ture, to approximate the propagation conditions provided by warm-blooded
animals. If the ratio obtained by the differential ratio test is above 10, it is
taken as an indication of a reasonably good water supply.

Use of different nutrients in the petri dish, as well as different incubation
conditions and various staining and slide-making techniques, permits positive
identification of the particular micro-organisms collected [45]. Tests giving
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results comparable to the differential ratio test may also be carried out by
using different plating out media for inoculation, or by membrane filtration
techniques [46]. There is also a simple dipstick method, which may be used
for more qualitative bacterial monitoring, the Coli-Count water tester. This
uses a filter paper matrix already factory-impregnated with dry nutrient with
a grid marked on it to facilitate counting after incubation. The dipstick is
immersed into the water to be sampled, which both inoculates and activates
the medium. Incubation for the required time in the sterile container provided,
followed by close examination, gives a convenient indication of microbio-
logical water quality.

Analysis of waters for viruses is more difficult because of their small size,
about 10 to 300 nm average diameter. Also, viruses need susceptible living
cells such as chick embryos or tissue cultures for cultivation and identification
in the laboratory, which make them more difficult to work with. Nevertheless,
viruses represent an important microbiological class for water and waste-
water-monitoring programs since serious waterborne diseases such as polio
and hepatitis are transmitted in this way.

4.11. TEMPERATURE

Higher than normal surface water temperatures are most often caused by the
warmed discharges from industrial process or thermal power station cooling
requirements. This may seem to be a relatively superficial parameter. How-
ever, water temperatures are related to several other important water quality
parameters. Increasing the temperature of the surface water of a lake, for
example, increases the rate of evaporation of water from the lake, helping to
cool it (Fig. 4.4). The net water consumption caused by the increased
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Il FIGURE 4.4 Seasonal, and warmed discharge effects on the change in temperature with
depth of a lake. (a) Primarily surface effects resulting from a warm discharge into the
epilimnion. (b) A larger mixing volume and normal temperature profile disruption obtained
from a warmed discharge into the hypolimnion.
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evaporation from the cooling load of a 100-MW thermal power station has
been estimated to equate to the consumptive load (water demand) of a city of
100,000 people [47]. This increased evaporation also increases the concentra-
tions of dissolved solids and nutrients in the water system [48]. These effects,
in turn, can increase turbidities due to algal blooms, and nuisance weed
growth as a result of the increased nutrient concentrations. Higher average
year-round temperatures can also decrease the average concentrations of
dissolved oxygen, from the decreased solubility of oxygen at higher water
temperatures.

High thermal loadings also affect the distribution of fish populations,
since coarse fish such as suckers, carp, and catfish can tolerate higher tem-
peratures and lower dissolved oxygen concentrations better than game fish
such as salmon, trout, or other commercially valuable species. Even for coarse
fish, exposure to temperatures above 40°C for a brief period is usually fatal.
Warm water temperatures can also favor year-round spawning of some
coarser species of fish, which tends to further improve their competitive
position in this habitat. These effects can cause coarse fish to gradually
displace any preexisting populations of sport fish.

Temperature measurement of surface water using ordinary thermometers
is relatively straightforward. Measurement at depth to determine thermal
gradients is more difficult. Flip thermometers may be used, which are lowered
to the depth of interest in the normal, vertical temperature-sensing position.
At the depth of interest after waiting for a time for the temperature to register,
the thermometer is flipped upside down. This breaks a slender portion of the
column of mercury in the expansion capillary, preserving the temperature
reading for later examination at the surface. Thermocouples are more robust
and may be used for continuous temperature measurement at the surface or at
one or more depths simultaneously. This system also lends itself to continuous
automatic recording. A thermocouple uses the electrical potential generated
by a pair of dissimilar metal junctions, commonly iron/constantan or chromel/
alumel, to obtain a millivolt reading which can be translated to tempera-
ture using a table. Alternatively, the same sensors can give a direct tempera-
ture readout via a meter or strip chart using solid-state circuitry. The fast
response of this system facilitates the taking of a series of readings while
gradually lowering the sensor through a single-depth profile. This process
may be used for extensive data gathering required to monitor the spread of
warmed waters with distance.

Thermistors (thermal resistors) are semiconductor devices, which give a
very large drop in resistance with temperature, of the order of 20,000 ohms
per degree over a 500°C temperature range. These may also be used for
temperature studies requiring quick response times. Aerial infrared photog-
raphy (an aerial thermogram) or ERTS (Earth Resources Technology Satel-
lites, Landsat and Seasat) studies can reveal more details more quickly for
field overviews of a river or a lake receiving warmed discharges than the
majority of surface methods [49]. Satellite studies can also give an instant-
aneous thermal picture of very large areas of water, combined with the
distributions of algae and the like, in a manner not possible by any other
means.
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4.12. OXYGEN DEMAND

Any dissolved oxidizable material present in water places a demand on the
dissolved oxygen content of the water as biochemical processes consume oxygen
in order to utilize it. Therefore, the oxygen demand of surface waters or waste
streams discharged into them can have a substantial effect on the concentration
of dissolved oxygen. Biochemical oxygen demand (BOD), the chemical oxygen
demand (COD), and the total organic carbon content (TOC) tests are used to
measure this parameter, named after the measurement methods used. Each of
these tests is complementary to the others in defining the oxygen demand profile
of a water sample. Each also has special situations in which it is a more useful or
practical measure of oxygen demand than the other tests.

4.12.1. Biochemical Oxygen Demand

The biochemical oxygen demand is a measure of the biochemically oxidizable
material present in the water sample expressed in terms of the oxygen required
to consume it. More precisely, BOD is defined as the number of milligrams of
oxygen taken up by a 1-L sample of water on incubation in the dark for 5 days at
20°C [13]. For freshwater samples, 1 mg/L equates to 1 ppm (weight for
weight), so that both sets of units have been in common use. To avoid potential
ambiguity, however, since about 1970, the use of mg/L (or multiples of this) has
been growing. In marine waters, because of density differences, it is more
accurate to stick to mg/L units. The 5 subscript sometimes used with the BOD
label refers to the 5-day test period, which is normally assumed. It is said that the
5-day test period came about during the development phase of this test in
England, when it was assumed that a waste discharge to any English river
would be deposited to the sea within 5 days. If the test period differs from this
(e.g., 10 days or 20 days), then it should be stated by the subscript used, BOD19
or BOD,s. The BOD test is the most lengthy of the oxygen demand tests to
perform, and the answers obtained may be difficult to interpret. However, it is
also a useful test in the sense that the result comes closest to reproducing the
natural oxidation and recovery conditions in a river or lake [50]. This rationale
is the reason for the standard test temperature of 20°C. The test can be per-
formed with relatively simple, inexpensive equipment requiring little operator
time, even though there is a lengthy delay before the result is obtained.

There are three possible approaches to biochemical oxygen demand
measurement. The oxygen required to oxidize the organic matter in the
water sample can come solely from the dissolved oxygen content of the
sample itself or from added aerated dilution water, procedures which are
referred to as direct and dilution techniques, respectively. Or the oxygen can
come from a closed air space above the water sample to be analyzed, in which
case the procedure is referred to as a manometric, or respirometer method. It
is difficult to measure the small volume of gas phase oxygen consumption
obtained from a low BOD water sample. For this reason, the manometric
method is normally reserved for use with sewages and high oxygen demand
industrial waste streams where the oxygen consumption will be large enough
to obtain a valid reading.
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The direct technique is appropriate for ordinary clean river waters. It
requires complete filling of two 300-mL BOD bottles with the sampled water,
and measurement of the oxygen content of one within 15 to 20 min of
collection. The other bottle is incubated in the dark, to avoid photosynthetic
contribution to the oxygen content of the water, for 5 days at 20°C. The
extent of biochemical oxidation of any organics in the sample is then deter-
mined by measuring the oxygen content of the second bottle. The difference
between the measured oxygen content of the first and second bottles is a
direct measure of the BOD of the river sampled (Eq. 4.29).

Direct biochemical oxygen demand:

BOD;, mg/L = DO; — DOs, 429

where DOj is the dissolved oxygen content (mg/L) after 15 minutes, and
DOs is the dissolved oxygen content after 5 days.

Since the oxygen content of freshwaters is ordinarily limited to a max-
imum of 9.2 mg/L (Table 4.5) and will usually be somewhat lower than this,
BOD measurement by filling both BOD bottles with the sampled waters is
limited to the measurement of BODs, which are less than the dissolved oxygen
content of the water. For sewage and some types of industrial effluents, where
BODs of from 100 up to 20,000 are not uncommon, the wastewater stream
must be diluted with distilled aerated dilution water containing added nutri-
ent salts before the BOD test is carried out. For a sample with an unknown
BOD, two BOD bottles will be filled for each of several dilution ratios, so as
to ensure that a test with at least one of the dilutions gives a consumption of
about 50% of the initial dissolved oxygen content. Usually, the right types
of bacteria required will be present naturally. But if not, a small amount of
treated municipal sewage (stored frozen) will also be seeded into each bottle
to inoculate it. Again the dissolved oxygen of one bottle of each dilution will
be measured immediately and of the other after 5 days in the dark at 20°C.
The BOD of the sample from the test will be calculated using Eq. 4.30, or
4.31 if a sewage seed was used.

Biochemical oxygen demand with dilution:

(DO; — DOs) x 300 mL
(volume of sample per bottle, mL)

(DO1 — DOjs — seed correction) 300 mL
(volume of sample per bottle, mL)
(DO — DOs)
(mL of seed per bottle)’

BOD;s = 4.30

BOD; = 4.31

where the seed correction =

which is determined in a separate test using only the seed plus dilution
water in a BOD bottle.

Various refinements to these direct measurement techniques have been
proposed. Substances such as glucose or potassium hydrogen phthalate, which
are completely oxidized during the normal 5-day period of the BOD test, may
be used as test substances to check the experimental technique of the BOD
method used [24] (Egs. 4.32 and 4.33).
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Il TABLE 4.8 Classification of River Quality Based on Dissolved Oxygen
Content, and Independently Based on Biochemical Oxygen Demand”

Dissolved oxygen River pollution BOD loading
(% of saturation) status® (mg/L)c

90 or more very clean 1 or less

ca. 90 Clean 2

75-90 fairly clean 3

50-75 moderately polluted 5

25-50 heavily polluted 10 to 20

<25 severely polluted 20 or more

“Compiled from Klein [13, 17], and Woodiwiss [51].

®Oxygen content of the river water is a result independent from the BOD result, even though
it may be the first part of the two steps required for BOD measurement. While the two readings
are not necessarily connected, frequently there will be a low oxygen saturation level coinciding
with high BOD occurrences.

“Whole-river BOD loadings of at least 70 mg/L have been recorded for the Trent River [51],
and exceeding 450 mg/L for the River Irwell (Radcliffe, U.K.) [17].

CesH 1,046 +6 O, — 6 CO, + 6 H,O 4.32

CsHs04K (= Ph(CO,H)(COzK)) +15/2 O, —

4.33
8 CO, +2 H,O +KOH

Parallel classifications of river water quality based on their BOD loadings
and independently based on their dissolved oxygen content have been pro-
posed (Table 4.8). As a rough rule of thumb intended to maintain river quality
a guideline has been suggested that no discharge to a river should bring the
BOD of the river to more than 4 mg/L.

The manometric method of BOD determination measures the volume of
oxygen uptake by a measured volume of the undiluted sample, placed in a
brown glass bottle to prevent any photosynthetic influence (Fig. 4.5). After
filling, the system is closed and the mercury manometer is set to a zero
reading. Stirring is continued during the test to facilitate gas transfer across
the air-water interface while bacterial attack of the organic materials present
consumes oxygen and produces carbon dioxide (Eq. 4.34).

C(organics) + O, — CO, 4.34

However, there would be little or no gas volume change without some means
of taking up carbon dioxide as it is formed. This is accomplished by a wick,
moistened with aqueous potassium hydroxide and placed in a stainless steel
cup above the surface of the liquid (Eq. 4.35). The net oxygen uptake is read
directly from a mercury manometer.

CO; +2 KOH — K,CO3 + H;0 4.35

This procedure makes it easy to take intermediate readings during the test
to obtain a profile of the rate of oxygen consumption during the 5 days, or for
a longer period if desired. The manometer reading obtained after the elapse of
5 days’ stirring is the BOD for the sample tested. Samples of a higher BOD
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I FIGURE 4.5 Diagram of a manometric apparatus for determination of biochemical
oxygen demand [52]. (Courtesy of the Hach Company, Ames, IA.)

than the range of the manometer would require dilution before loading the
apparatus, to obtain a valid result.

4.12.2. Chemical Oxygen Demand

In contrast to the BOD test, which is designed to measure the oxygen demand
of only the biochemically oxidizable carbon compounds present in the sample,
the COD test gives a close measure of the total oxygen demand of the
sample. It is also a practical method to obtain a valid oxygen demand result
when the sample contains toxic substances, which cannot be easily neutral-
ized. A standard BOD test conducted under these conditions would give a low
or zero result from the toxicant action on the microorganisms, even with
biochemically oxidizable material present.

If strong chemical oxidants such as potassium permanganate [53] or
potassium dichromate [24] are used under strongly acidic conditions, both
the easily oxidized and the more resistant organic materials are converted to
carbon dioxide and water (Eq. 4.36).

C,H, 0, +¢ CrzO%’ +8cH" — n CO;y + [(a+8¢)/2] H,O + 2¢ et

4.36
where c=2/3n+a/6 —b/3
During the process, any inorganic salts present are also converted to the
oxidized forms.

If we use formaldehyde as an example of an oxidizable substrate, the
chemistry of what happens by dichromate oxidation is given by Eq. 4.37.
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However, the final result is specified as the mg/L of oxygen, which would be
consumed equivalent to the amount of chemical oxidant required, (i.e., each
mole of formaldehyde would consume one mole of oxygen) (Eq. 4.38).

3 CH,0 +2 Cry0* +16 HY -3 CO, + 11 H,O+4 Cr'" 437
3 CH,0 +3 0, — 3 CO, + 3 H,0 4.38

Under the strong oxidizing conditions of the test, many organic com-
pounds give 95 to 100% of the theoretical oxygen consumption, although
some of the more stable aromatics such as benzene and toluene, give lower
oxidant consumptions than this. A micro semiautomated method of COD
determination of surface and wastewaters has been developed to process large
numbers of samples through this test.

4.12.3. Total Organic Carbon And Oxygen Demand Estimation

Total organic carbon determination of water samples is an instrumental
method originally developed by the Dow Chemical Company [54] and sold
commercially by Beckman under license from Dow. Either normal surface-
water samples or waste streams high in organics may be analyzed, and
samples of only 10—30 pL are required. The result may be used to estimate
oxygen demand from the TOC reading [55].

The procedure involves, first, acidification of the bulk sample to pH 2
with hydrochloric acid, and then sparging of the sample with nitrogen or
helium to remove any carbon dioxide or any other inorganic carbon present
(Egs. 4.39 and 4.40).

Na,COj; + 2 HCl — 2 NaCl + H,CO; 4.39
H,CO; — H,0 +CO, | 4.40

A 10-30 pL sample is then injected into the instrument. Initially, the
water and any volatile organic carbon compounds present are vaporized at
200°C. The volatilized carbon compounds are first completely oxidized to
carbon dioxide, and then all the carbon dioxide is catalytically converted to
methane, in a hydrogen atmosphere (Eq. 4.41).

CO, +4 H, % CH4 + 2 H,O 4.41
i

The final step to obtain a volatile organic carbon reading is a quantitative
analysis of the methane produced in a gas chromatograph using a sensitive
flame ionization detector, which is unaffected by the water present. This
instrumental sequence gives a very good linear response to the quantity of
methane produced, which is the reason for the initial conversion of a mixture
of organic compounds, which would have a different molar detector re-
sponses, to methane which gives only a single quantitative response.
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Il TABLE 4.9 Comparison of the Experimental and Theoretical Oxygen

Demand with Estimates from Total Organic Carbon Reading for Some
Representative Compounds in Water*

BOD (g O,/g compound) COD (g O;/g compound) TOC
gClg g02/g

Compound 5 day 20 day K,Cr,0;° Theoretical compd compd®
Acetone 0.8 1.6 1.6-2.2 2.2 0.62 1.65
Adipic acid 0.6 1.2 1.3 1.42 0.49 1.31
Benzene 0.3-1.0 1.5-2.0 1.9 3.08 0.97 2.59
Chloroform 0 0 0.02 0.34 0.10 0.268
Ethanol 0.8-1.5 1.5-1.6 1.8-2.0 2.08 0.52 1.39
Heptane 1.9 - 0.06-0.2 3.52 0.84 2.24
Methanol 0.8-1.1 1.3 1.4-1.5 1.50 0.38 0.99
Phenol 1.4-1.9 1.9-2.1 2.4 2.38 0.77 2.04
Styrene 0.5-1.5 1.7-2.4 2.9 3.08 0.92 2.46

“Specified as g/g to assist understanding (i.e., a pure ratio, or dimensionless). Data compiled
from Verschueren [56], and calculated from first principles.

®Or KMnO,. Either may be used as the chemical oxidant.

“That is, an estimate of the oxygen demand based on the TOC reading. Compare with the
theoretical COD readings.

The TOC instrument also has provision for the analysis of refractory
organic carbon, the less volatile and more oxidation resistant forms of carbon,
which may be present. To do this, a vaporization and oxidation mode at 850°C
is used, which gives a separate reading. The total organic carbon reading for
the sample is the sum of the two-component readings (Eq. 4.42).

TOC = VOC + ROC, 4.42

where VOC is the volatile organic carbon and ROC is the refractory organic
carbon. The result is specified in mg/L carbon. This may be readily translated
into an estimate of oxygen demand for the carbon content only, by calculating
the oxygen consumption required to convert this to carbon dioxide (i.e., by
multiplying the TOC reading by 32.00 + 12.01) (Eq. 4.43).

C + 02 — CO; 443
12.01 32.00 44.01

Each of these measures of oxygen demand will give somewhat different
results because of the differences in the analytical methods used (Table 4.9). But
each can be generally related to the others by a factor, depending on the
particular kind of waste analyzed. Thus, the COD for ordinary domestic
sewages, for example, is frequently about twice the BOD. For industrial waste-
water streams, the COD : BOD ratio could be substantially different, depending
on the difficulty of oxidation of any dissolved organics. The COD reading minus
the BOD reading is sometimes referred to as the refractory organic component
(i.e., referring to the organics, which are more resistant to oxidation).
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4.13. BIOLOGICAL INDICATORS

From the number of different species of fauna (diversity) and an appreciation
of their relative sensitivity to pollutants, much can be learned about the
condition of fresh or marine waters and sediments [57, 58]. Field experiments
to determine the presence or absence of pollution-sensitive species of plants
relative to the abundance of tolerant species can also be used [59]. They can
also help to determine the bioavailability and acute toxicity of pollutants in
bottom sediments.

Sessile (more-or-less stationary) organisms are sometimes preferred for
biological assessments since they are unable to avoid discharged wastes. These
can be sampled by scooping up portions of the bottom material for examin-
ation and counting of sensitive vs. tolerant species. Alternately, artificial
substrates may be placed in the streambed for colonization and later lifted
for examination for diversity in a similar fashion. Monitoring of the be-
haviour of tubifex worms has been suggested as a method of providing a
sensitive early warning system for a wide variety of toxic substances [60].
Mussels, and macroinvertebrate communities have also been examined for
their ability to serve as biological indicators [61, 62]. It is also possible to
conduct these assessments at the microscopic level using diatoms, which have
been employed to assess the biological condition of some large American
rivers [63].

Using solely biological methods to assess water quality, if properly quan-
tified against appropriate control stations or against surveys conducted prior
to discharges, is said to give a superior indication than either chemical or
physical data alone.

REVIEW QUESTIONS

1. What are the significant factors which influence the dissolved oxygen
content of surface waters?

(a) What are the wt/wt (ppm) and wt/vol (mg/L) oxygen
concentrations for surface waters, which contain 1.50 x 10~* M
dissolved oxygen?

(b) Is this an acceptable oxygen concentration in surface waters for the
respiration requirements of aquatic life?

2. Surface water temperature changes also significantly affect a number
of other water quality parameters. What are they, and in which
direction is each of these affected? Explain.

3. (a) Calculate the COD (chemical oxygen demand) for a refinery
aqueous waste stream containing 900 mg/L phenol (C¢HsOH).

(b) Assuming that phenol is fully biodegradable, what would be the
BOD:s for this waste stream?

(c) What instrumental TOC (total organic carbon) reading (mg/L)
should be obtained?
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(d) What would be a good estimate of the oxygen demand based only
on the TOC reading?

. A BODgs test run on a sample of river water without dilution using a

standard 300-mL BOD bottle gave an initial DO (dissolved oxygen)
reading of 9.1 mg/L O, (15 min after sampling) and a final DO
reading of 2.7mg/L O,.

(a) What BOD would these results indicate for the river water?

(b) Based on established guidelines, what appropriate comment could
be made concerning the water quality of this river based on the BOD
reading only?

. A 5-mL sample of municipal sewage was placed in a standard BOD

bottle (300 mL) and topped up with aerated dilution water. Initial
dissolved oxygen was 4.7 mg/L, and final (after 5-day test period) was
1.3 mg/L.

(a) What was the BOD of the sewage sampled?

(b) Additional precautionary BOD runs of 1-, 2-, 10-, and 20-mL
aliquots of sewage were also carried out in separate BOD bottles, each
using the same aerated dilution water as given above. What final
dissolved oxygen (after the test period) should be observed for each of
these runs?

. Potassium hydrogen phthalate (CsHsO4K) has been suggested for use

as a primary standard to check BOD determination procedures. A
standard solution of this reagent is made up containing a weighed

50 mg/L. Assuming complete biochemical oxidation during the 5-day
test period, what BOD reading (mg/L) should one obtain for this
solution?

. A wash water stream from a frozen french fries processing plant gives a

TOC (total organic carbon) reading of 1.1% (by weight) as it enters
the extended aeration facilities.

(a) Assuming full biodegradability of this primarily starch plus
hydrolyzed starch suspension, what would be the BOD of this stream?
(b) Treated effluent from these facilities, analyzing 245 mg/L organic
carbon, is to be discharged into a municipal sewerage system. What
BOD [same assumptions as Part (a)] would this correspond to?

(c) The volume from this operation is to comprise 5% of the total
effluent being treated by the municipal sewage works under maxim