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The TRACE OVEN methods for inorganic pollutants have
been developed at Louisiana State University by Prof.
P. W. West and his associates. These methods have been
described by Prof. West in "Air Pollution." Volume II.
2nd Edition (Academic Press. New York. 1968, A. C. Stern,
Editor). pp. 147-185.

If your problem is to identify and to determine
approximate concentration of metallic parti
cles in the environment, the Thomas Pollution
Trace Oven could be the solution. For less
than $200.
Here's how it works: sample spot is centered
in oven opening and reagent applied. Contam
inants dissolve and concentrate in a narrow
ring; concentration in ring is approximately 50
times that in original spot. Ring is cut into sec
tors for testing for specific metals. Sensitivity
and specificity are comparable to more ex
pensive instrumental methods.
If you are now contemplating purchase of
$2000-range instrumentation to test pollution
samples, get the complete story on the Thomas
Trace Oven. Call or write for Bulletin 9430-El0.

•
ARTHUR H. THOMAS COMPANY

Vine Street at 3rd • P.O. Box 779
J;>HILADELPHIA, PA. 19105, U.S.A.

Telephone: 215·627·5600
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Current research

360
Mathematical model for fate of pollutants in near-shore

waters 331

W. J. Wnek and E G. Fochtman

Predictive techniques are available for calculating the fate
of water·borne pollutants such as sewage and industrial
wastes in lakes. For example, the individual and combined
pollution effects of three outfalls situated on the shoreline
of Lake Michigan can be learned from such mathematical
models. The models point out the concentration of pollutants
in the near·shore water of the lake, for example, the
concentration of BOD along the shoreline and 50 ft from
the shore.

Analytical studies of simplified photochemical
smog kinetics

M. Lipeles and N. Malmuth

Mathematical models are useful to simulate atmospheric
rate processes which describe the formation and buildup of
photochemical smog. A simplified system is described which
includes sets of equations of considerably lower order than
those accounting for the production of all intermediate
species such as free radicals. By application of analytical
techniques, results have been obtained which are_
difficult, if not virtually impossible, to obtain by numerical
solutions.

The Saltzmann technique has been critically reevaluated and
modified so that it can be realiably used for the determination
of NO, in which about 95% of the sample is nitric oxide. The
reproducibility of the method has been established to better
than ±0.3%.

Variations of sulfur isotope ratios in samples of water and
air near Chicago 338

B. D. Holt, A. G. Engelkemeir, and A. Venters

Pollution in the vicinity of a large city can be assessed by
measurement of "S enrichments in environmental samples
atmospheric precipitation, rain, and groundwater systems.
Data are shown for a suburban area of Chicago; the data are
provided by mass spectrometric analysis.

Photochemistry of atmospheric samples in Los Angeles 342

S. L. Kopczynski, W. A. Lonneman, F. D. Sutterfield,
and P. E. Darley

Samples of polluted air from Los Angeles were collected in
plastic bags, irradiated with sunlight, and subsequently
analyzed for the components of photochemical smog.
Excluding methane, the paraffins as a class showed one fifth
the average reactivity (based on percentage consumption)
of the olefins, and the aromatics, one half. The aromatics,
however, accounted for the greatest yield of reacted carbon
atoms in the atmospheric samples irradiated for 4 hr at full
sunlight intensity.

Properties of carbonate rocks related to SO, reactivity 350

R. H. Borgwardt and R. D. Harvey

One major factor in the development of a limestone·based
process for control of SO, emissions from stack gases
depends on the wide variety of naturally occurring rocks
dolomites and limestone. The variation in reactivities can be
explained by differences in the physical properties of the
calcined products; 11 specimens were investigated for their
reactivity with SO,. Both pore size and particle size of the
rocks were important parameters. Small pores result in high
reaction rates, but if the particles are large, then the
capacity is low.

365

367

368

Communications

Singlet O2 production from photoexcited NO,

T. Frankiewicz and R. S. Berry

The role of singlet molecular oxygen may still be important
to explain the production of photochemical smog.
Mechanisms involving benzene, benzaldehyde, naphthalene
and naphthalene derivatives seem relatively unimportant
for smog formation, but another possible mechanism is
noted for generating singlet molecular oxygen.

Correspondence

Uranium concentrations in surface air

Sunlight photochemistry of ferric nitrilotriacetate
complexes

T. Trott, R. W. Henwood, and C. H. Langford

Accumulation of NTA in natural waters is limited because of
the photodegradation of an iron·containing complex of the
material. There is some evidence suggesting that this
degradation reaction described here could be
important to at least depths of 10 meters in typical natural
water situations.

B. Kalmon
W. G. Myers

Attention is called to the matter in an earlier paper that
all measurements are reported in mass concentration units
whereas all data reported by the Piketon nuclear gaseous
diffusion plant in Ohio are given in radioactivity concentration
units. It is well known that conversion of radioactivity
units to mass units requires knowledge of the
isotopic composition of the sample.

348
Critical evaluation of the Saltzman technique for NO,

analysis in the 11-100 ppm range

D. H. Fine

Credits: 303, UPI; 309, 310, 314, Stan Miller; 317. Grumman Aerospace
Corp.; 319. Stan Miller; 322 Westinghouse Electric Corp.; 326. 328,
Maryland Environmental Service.
Cover: Norman Favin
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Shawnee Lake died last summer.
Calgon helped it live again.

One day last summer, a picturesque
little lake in southern Ohio was poisoned
with a lethal dose of pesticide. Most aquatic
life perished.

After quickly sealing off the lake, state
authorities turned to environmentalists,
federal pollution control experts and Calgon
for help.

The team erected a giant makeshift
filter onshore, filled it with Calgon® granular
activated carbon and pumped the entire
lake through it to a stream below. Tests
showed that the contaminated water be
came pure enough to drink. The lake was
refilled, restocked with fish, and is alive and
healthy today.

Calgon was asked to help because of
our extensive experience in fighting indus
trial pollution. We have more than a half
century of water savvy, along with hundreds
of products-chemicals, polymers, and carbon
-to improve the quality or utilization of
water. Our water analysis service is second
to no other.

So if you're having a problem with
wastewater, boiler water, cooling water,
sewage water, drinking water, even lake
water, contact Calgon for assistance. Call
toll free-800-245-1669.* Or write Water
Management Division, Calgon Corporation,
Calgon Center, Pittsburgh, Pa. 15230.
'In Pennsylvania. call collect: (412) 923·2345. ext. 234.

The Water Managers

6~~~
SUBSIDIARY OF MERCK & CO.,INC.
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can pan newefficliency
linyourchemlical~reMmem:

The same team of BIF "Flo Pros" that
created a pump capable of meter-
ing viscous polymers and other
"problem" liquids apply their unique
engineering expertise and experience
right down the BIF line.
Here's how the tradition-
breaking Proportioneers""""",...-
1700 pump and
other BIF feeding
and mixing equip
ment can put new
cost-cutting effi
ciency in your
operations.
The "Uni-Form"
Diaphragm Pump
The original cylindrical diaphragm
pump that beats them all for leak
proof, troublefree performance on
viscous, hazardous, highly corrosive
fluids, abrasive slurries ... and worse.
Features expanding "Uni-Form"
diaphragm (see opposite page) that
eliminates detrimental distortion
common in collapsing type dia
phragms. Provides long diaphragm
life, high suction lift, high discharge
pressure, and high accuracy. The
pump that mounts anywhere - wall,
tank, or floor - accepts any control
signal, and, in multi-head models,
puts 5 times more performance in 1/1 0
the space. And ... the "Flo Pros" will
engineer critical suction conditions
as well as supplying the pump.

Time and Lime Saver
Here's the right combination for
efficient, economical pH - .
adjustment or neutraliza-
tion ... the BIF Universal Lime - ;
Siaker with Volumetric Feeding Con- •
tra! Delivers top quality slurry with minimum
maintenance. Lets you use any grade of
lime ... even overburned l Turbulent action
of impeller really "mixes it up" for fast, com
plete slaking. Impeller itself is only compo
nent in the slurry. Bearing is external for
longer life. Helical grit remover assures
troublefree operation.

High Capacity Slurry Feeder
This BIF Rotodip" Feeder
is a workhorse for vol
umetric feeding of "tough"
slurries, liquids and solu
tions ... Iime slurries,
activated carbon, copper
sulfate, and the like. Simple dipper wheel
design assures full capacity operation,
regardless of tank liquid level or rate of
feeding. Provides accurate feeding at rates
up to 1800 gph. Maintains accuracy over
100 to 1 range ... with accuracy repeatable
to±1 %. Easily adapted to automatic pacing.

Just three unbiased recommenda
tions from the broadest line of liquid
and dry feeding equipment. All
backed by three decades of experi
ence in the solution of water and
wastewater chemical feed problems.
Be sure you know the "Flo Pros" and
what they have to offer. Write BIF, a
Unit of General Signal
Corporation, 326 Harris~
Ave., Providence, R.I.

EIF
"Dependable performance that pays for itself"
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letters
Detergent phosphate replacement

DEAR SIR:
In Richard Grundy's informative

article, "Strategies for control of man
made eutrophication" (ES&T, December
1971, p 1184), an assumption is made
regarding the cost of replacing sodium
tripolyphosphate (STP) with NTA, relative
to the cost of effluent treatment on a
national basis for the removal of phos
phate. The assumption is that treatment
for phosphate removal would be lower
in cost to the consumer-taxpayer than
the cost of substituting NTA for STP in
household detergent products. The in
crease in product material cost is noted
to be 5 cents/lb.

Complete replacement of STP with
NTA is not technically feasible. NTA,
when formulated into a detergent com
position as the total effective builder,
produces an unstable product with
respect to storage stability. To prevent
caking and to provide a useful shelf
life, it is necessary to use a mixture of

NTA and STP. The approximate ratio 30
parts of NTA to 20 parts of STP is com
monly used.

Accordingly, the estimates of the
relative costs of detergent phosphate
replacement vs. total or partial phos
phate removal have to be reexamined.
With the use of NTA, approximately 40:7
of the amount of detergent phosphate
normally embodied in the washing
composition would still be used and
would be subject to removal with its
associated cost.

Hygienically safe, noncarbonate, no
phosphate, nonpolluting washing com
positions, now under development, do
show promise as useful replacements
for phosphate detergent products. Col
loidal silica is one such detergent
builder. A silica-built composition is
lower in material cost than a conven
tional phosphate-built composition
65 vs. 94 cents/lb.

The benefits of tertiary treatment
for effective removal of phosphorus

are apparent, and an all-out effort
to activate such treatment systems,
where needed, should be made. How
ever, the time factor in reaching this
achievement is highly significant. With
the time lag involved in funding,
design, construction, and activation
of plants, further deterioration of water
quality in the interim period is virtually
ensured.

Pending the use of adequate treat
ment systems, guarded regulation of
the embodiment of nutrients in deter
gent products at the municipal, county,
or state level is needed.

Louis McDonald
Pol/ution Abatemem Foundation
Altadena, Calif. 91001

Silicates in detergents

DEAR SIR:
As a leading manufacturer of sodium

silicate, we would like to comment on
the article on control of eutrophication
by Richard Grundy in the December
1971 issue OfES&T (p 1184).

Grundy's discussion of "phosphate

... even in Hydrocarbons!

LECO 1-1 CORPORATION

This newest LECO instrument monitors and records the
emission of nitric oxide from gasoline engines, diesel
engines, turbines, industrial and chemical processes and
combustion of fossil fuels, solid wastes and organics,
such as tobacco. It is manufactured under license from
Ford Motor Company, using the chemiluminescent re
action of nitric oxide with ozone to provide measure·
ments in a range from 0.1 ppm full scale to 10,000 ppm
full scale, with accuracy 2% of full scale.

The dry system utilized by this LECO monitor elimi
nates interference from hydrocarbons. Infinite zero sta
bility makes constant adjustments unnecessary. Solid
state circuitry provides increased dependability and
simplified service.

Continuous Automatic
Measurement of
Nitric oxide
Emissions

JfHIIEY~
SAmPLE [VUnDERS

Complete line of Sample Cylinders for 75 to 1000 cc
capacities. Cylinders are easily cleaned and contain no
"pockets" to trap sample residue. All WHITEY Sample
Cylinders are spun from seamless, 304 stainless steel
tubing. WHITEY Forged Body Shut-Off Valves are
recommended for use with WHITEY Cylinders. These
valves can be furnished with rupture discs when
required. WHITEY Cylinders and valves meet all
applicable U. S. Department of Transportation spec
ifications. Complete Technical information will be
furnished on request. WHITEY COMPANY

5679 LANDREGAN STREET' OAKLAND. CALIFORNIA 94608

@ 1970. 1911 by Whitey CoIftpInyj" rlahll r...-J

Circle No.1 on Readers' Service Card

3000 LAKEVIEW AVE• • ST. JOSEPH. MICHIGAN 49085 • U.S.A

Circle Ha. 11 an Ruders' Service Card

300 Environmental Science & Technology



SUPERNOSE

SOUTH NORWALK. CONNECTICUT 06856
TELEPHONE. 12031838-4537

Wilks
introduces

the first
portable

general-purpose
1ft measurer

of air pollution
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"MI RAN" is Btrademark
ot Wilks Scientific Corporation.

It's the MIRAN{TM) Infrared Gas Analyzer-capable of detecting and
measuring concentrations of any infrared absorbing gas (which in
cludes practically all air pollutants) in the few-parts-per-million range.

It's rugged, weighs less than 30 pounds, and can be carried anywhere
for immediate, on-the-spot measurements. No need to collect samples
for SUbsequent lab analysis.

The MIRAN Gas Analyzer is a
compact, sensitive infrared
spectrometer covering the
spectral range from 2.5 to
14.5 microns, coupled to a
variable path gas cell
adjustable in path length from
3/4 to over 20 meters.

It can be set at any selected
wavelength to record spectra.
Cell path length variation
and scale expansion
capability permit a broad
sensitivity range from several
percent down to fractional
parts per million.

The Wilks MIRAN Gas Analyzer
is truly a "Supernose" in
identifying and quantizing air
pollutants. Write for
Bulletin EV·1.

substitutes" may create the impression
that sodium metasilicate and other forms
of sodium silicate are employed in low
phosphate and no-phosphate detergents
as novel ingredients. The fact is that
sodium silicate has been used in prac
tically all the changing types of home
laundry soaps and detergents for more
than a century. A relatively low-alkali
form of sodium silicate is to be pre
ferred in household detergents and has
traditionally been favored. It has an
exceptionally long history of safety to
human health and is generally regarded
as ecologically innocuous.

The more strongly alkaline metasili
cate has been used to some extent for at
least 40 years, especially where available
equipment is limited to processing of dry
ingredients. A suitable dry form of low
alkali sodium silicate, called hydrous
polysilicate, has only recently become
commercially available.

Phosphate-free detergents do not
necessarily contain any more sodium
silicate, or a more alkaline form, than do
phosphate detergents. Sodium silicate,
which is safe in phosphate detergents,
does not become "caustic" when the
phosphate is omitted.

Alkalinity is not the only potential
health hazard in detergents. Some
detergent products bear warning labels
but contain no alkaline ingredients
whatsoever. Safety depends on the
nature and amount of all of the in
gredients. Consequently, both phosphate
detergents and phosphate-free detergents
can vary widely in potential health
hazard. The Surgeon General has
modified his original statement to stress
this point. It is further demonstrated by
the cautionary labeling requirements of
the Food and Drug Administration
under the Federal Hazardous Sub
stances Act.

One of the principal reasons for in
cluding sodium silicate in laundry
detergents, re"gardless of phosphate
content, is its effectiveness as a corrosion
inhibitor. The risk of corrosion to
metals and to ceramic surfaces does not
depend on alkalinity but on the in
gredient employed. Similarly, sodium
silicate prevents loss of fabric strength
when compared to other washing solu
tions of equal alkalinity. A degree of
alkalinity is indispensable to effective
laundering.

We quite agree that massive alkalinity
of laundry products could create a
health hazard in the home, but this
point has been unduly exploited in
defense of phosphate. The Surgeon

(Continued on p 302)
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the technology that separates

Here's a new, easy way to test untreated
waters for coliform bacteria. Simply
dip the Millipore Coli-Count into the water to
be tested, incubate and count the coliform
coloniesYou don't have to be a micro
biologist-and there's nothing to prepare
or clean up.The Coli-Count water tester
is presterilized and disposable. It's a sim
plified version of the standard MF tech
nique, used in 43 states to test the bacterial
quality of drinking water. Send for details.
Millipore Corporation, Bedford, Mass. 01730
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General has stated that existing legisla
tion provides the means of coping with
the safety problem. And he has ac
knowledged that not all phosphate-free
detergents are hazardous to health.

Walter L. Schleyer
Government and Industry Relations
Manager
Philadelphia Quartz Co.
Philadelphia, PA 19106

Environmental Job opportunities

DEAR SIR:

I'm writing about the article, "Man
power for Environmental Protection,"
in the April 1971 issue of"Environmental
Science & Technology (p 314). This
article presents the hypothesis that there
will soon be a nationwide shortage of
trained personnel in environmental
technology. A splashy reprint of this
article is currently being distributed by
EPA.

A close examination of the article
reveals that there is not one scintilla of
evidence presented to support the above
hypothesis. The article presents graphs
and tables of past, present, and future
manpower requirements without any
support or backing whatsoever. Beyond
that, it degenerates into a mere descrip
tion of jobs performed by workers in
this field. Thus it conveys the mislead
ing impression that there will be great
numbers of job openings in environ
mental technology, which tends to lure
people into the field. This is exactly
what happened in aerospace in the 50's
and 60's, until the field was oversupplied
with talent. Then the big bust came.

You can assure nationwide organiza
tion of engineers by continuing to
publish articles about urgent future
needs for them. The worst enemy of the
working engineer is the technical society
which works to assure an oversupply.
However, the influence of such societies
is waning, as many are being taken over
by working engineers, and future engi
neers are learning the truth. There will
come a day when you won't be able to
publish an article like your "Man
power ... " one at all, because no one
will read it without laughing.

Robert Bruce
15 Johnstone Rd.
Great Neck, NY 11021

• We are aware that there is skepticism
about employment opportunities in the
environmental field; we plan a special
report on the subject later this year-Ed.



Enter Y" ~ I ,vt;rsonal one year ~c.'::'scription to

Environmental Science and
Technology
First journal in its field. Provides monthly
information on research and technology involved
in water, air and waste chemistry, as well as
news of political and industrial aspects of
environmental management.

Analytical Chemistry
Foremost monthly pUblication in the vital fields
of chemical analysis. Treats both theoretical and
applied aspects of analysis. SUbscription
includes special "ANNUAL REVIEWS" and
"LAB GUIDE" issues.

Chemical Technology
One of the Society's newest
publications. Serves chemists and
chemical engineers charged with
Industrial Innovation. Imparts
Immediate information of a
pragmatic nature on a monthly
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environmental currents
WASHINGTON EPA: lead, secondary treatment, and turn-key

On February 23, EPA Administrator William Ruckelshaus proposed
regulations providing for general availability of one grade of lead-free and
phosphorus-free gasoline by July I, 1974, along with a phased reduction
in the lead content of regular and premium gasolines. The 90-day
hearing period for comments on this proposal expires next month. EPA'S

requirement of providing for secondary treatment of wastes or else
no federal funds for construction grants is under attack. Elmer B.
Staats, comptroller general of the General Accounting Office, has
said that the matter of secondary treatment is a matter for Congress
to consider in its current attention to clean water amendments. Early
this month, EPA will come to some internal position on its turn-key
proposal and later in the month will make an announcement.

SEC Chairman Casey

SEC: companies must report environmental effect

The Securities and Exchange Commission (SEC) will change some of its
reporting forms to reflect the requirement that environmental matters
are disclosed to investors in cases where they are economically
relevant. Final announcement on SEC forms is due this month; it is
expected that forms will be filed by 10,000 companies. Recently,
SEC Chairman William J. Casey told the House subcommittee overseeing
NEPA administration (ES&T, March 1972, p 211) that the change would
require appropriate disclosure that compliance with various federal,
state, and local laws and regulations will have on capital expenditure,
earnings, and competitive position of publicly owned companies and
their subsidiaries, including pending and threatened legal proceedings.

Congress: environmental compacts and noise

The Senate Public Works Committee has approved the interstate
environment compact (S.907). The legislation would permit states
involved • to establish regional waste management organization with
the necessary authority including capability to incur debt and sell
bonds • to implement existing and future water pollution requirement
without the lengthy delay often associated with usual compact approval
and • to establish air and water monitoring facilities and purchase
equipment. On the other side, the House has completed its work on
the Noise Pollution Control Act (H.R.lI021) which would give EPA

authority to set noise standards for transportation equipment, in-plant
machinery, and household appliances.

Court finds Corps 102 statement adequate

In a decision of February 14, Chief Judge Eugene Gordon of the U.S.
District Court for the middle district of North Carolina, said that
the Corps of Engineers, 3-volume statement on its New Hope Dam project
in NC fully disclosed all possible environmental effects and fully
discussed alternatives. He also said that the court cannot substitute its
opinion as to whether the project should be undertaken or not.
(For more on NEPA, see ES&T, March 1972, p 209.)

State gears up for forthcoming UN conference

The Secretary of State's advisory committee on the 1972 Conference on
the Human Environment last month completed a series of regional
meetings on the six topics of the conference. Sen. Howard Baker, Jr.
(R.-TN), chairman of the committee, scheduled the regional hearings to
gather views and information to help develop the U.S. role.

Volume 6, Number 4, April 1972 303



GET THE FACTS
on air sampling/monitoring equipment

•In new
RAC Catalog
72-101
Whatever your requirements for air sam

pling/monitoring, RAC precision systems and

equipment provide optimum accuracy in de

tecting, measuring, and analyzing gaseous

and particulate pollutants in ambient air.

RAC Catalog 72-101 covers design/operating

features, specifications, and prices for the

complete line of environmental air sampling

products, certified reagents, and accessories

offered by Research Appliance Company.

These prod ucts are widely used for pollution

control and environmental health applications.

Get the facts that will help you select the

right gas and particulate sampling equipment

to meet your needs. Send for your copy of

RAC Catalog 72-101.

Our25th Year

RESEARCH APPLIANCE COMPANY
Route 8. Allison Park. Pa. 15101
Export Office: 1505 Race St., Philadelphia. Pa. 19102

EnvironmentsllnstrumentslLsborstory Products
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environmental currents

STATES VA, DE tackle air pollution; NJ regulates noise

Virginia Transit Co. will convert all 230 commuter diesel buses in
Richmond and 190 in Norfolk to a new fuel injection system.
This switch is expected to cut hydrocarbon emissions by 50 %, smoke
density by 30%, and odor by 40%. New Jersey's Noise Control Act,
effective in January, empowers the NJ Dept. of Environmental Protection
(OEP) to control noise pollution as it does air, water, and land. OEP

can set limits, operation curfews, and fines. A 13-member council,
created by the bill, will have veto power over OEP noise decisions.
The federal EPA issued a 30-day notice to Delmarva Power and Light Co.
(Delaware City, DE) in the first formal enforcement action taken by
EPA under the Clean Air Act of 1970. The utility violates Delaware's
implementation plan for national air quality standards.

Radiation emergencies handled by Illinois team

The Illinois Radiological Response team, created a year ago by seven
IL state agencies, responded to more than a dozen incidents ranging
from a lost radium needle at an Illinois hospital to a blown diaphragm
on the main release stack at a nuclear power plant. The departments
of Public Health, Law Enforcement, Transportation, Agriculture,
Illinois Civil Defense Agency, Environmental Protection Agency, and the
State Fire Marshall's office formed the response team to
control any peacetime radiological incident and to minimize
radiation exposure.

Acid mine drainage

KY law taps mine water; discharges contested in MN; Field Year

Kentucky mining companies had until the first of last month to comply
with the state's regulation-setting limits on sediment and acidity
in water runoff from surface mines. Turbidity is limited to 150
Jackson units (to measure opaqueness). The U.S. Justice Department
filed suit against Reserve Mining Co. (Silver Bay, MN) for discharging
taconite tailings into Lake Superior. The same case is also in the
Minnesota Supreme Court and has been the subject of state and federal
actions since 1967. The federal complaint contends that Reserve does
not have a federal discharge permit; however, Reserve states that a
permit was issued in 1948. The International Field Year for the Great
Lakes was kicked off this month. Universities and agencies in the U.S.
and Canada began a concentrated study of Lake Ontario.

Solid waste buried in Iowa, banned in Oberlin, OH

A new Iowa regional solid waste disposal agency has closed eight
burning dumps and improved collection services in the Des Moines
region. Prior to the agency's formation, metropolitan Des Moines
collected food waste only, piled it in open dumps inside and outside
the city limits, and burned it. Solid waste is now collected and
buried in a sanitary landfill. Two of the Des Moines dumps will be
converted into parks. The town of Oberlin, OH, enacted one of the most
extreme antipackaging laws in the country. Effective in January, the
ordinance not only bans the sale of no-deposit beverage containers,
but also provides a fine for anyone found possessing such a container
within the town limits. The American Civil Liberties Union, calling
parts of the ordinance "clearly unconstitutional" plans challenge.

Volume 6, Number 4, April 1972 305



TECHNOLOGY

770,000,000 aluminum cans

• •. build 218,747 jumbo jets

· .. cover 35,000 homes with siding

• •. turn out 35 million lawn chairs

• •• make 46.5 million tennis rackets
or 18 million baseball bats

· • • build 130,000 mobil homes

Kenaf

306 Environmental Science & Technology

environmental currents

Process cuts pollution from aluminum recycling

Reynolds Metals Co. (Richmond, VA) has developed a new process for
fluxing and degassing molten aluminum that cuts down on chlorine and
particulate matter emissions. Fluxing, used when remelting aluminum
for casting processes, is a means of purifying molten metal by bubbling
gas through it. Generally, pure chlorine gas is used, but Reynolds
Mixed-Gas Fluxing process uses a mixture of 10% CO, 10%
chlorine, and 80% nitrogen. The efficiency of the method is comparable
to that of the straight chlorine method, according to Reynolds, but
it is less expensive and cuts pollution at the source. Nearly 3/, of
a billion aluminum cans valued at about $3.5 million were redeemed by
aluminum producers in 197 I-four times the number redeemed In 1970.

SO. scrubbing process tested

Atomics International (AI-Canoga Park, CA) is testing a flue-gas
scrubbing process designed to remove sulfur oxides and particulate
matter from stack gases of coal or oil-fired electric power plants.
Being tested at the Mohave Generating Station in Clark County, NV,
the Al process uses a spray mist of carbonate salts in water to remove
sulfur oxides from flue gases. Hot flue gas then evaporates the water,
leaving a dry powder which can be melted and, after particulate matter
removal, regenerated with carbon and carbon dioxide. The sulfur comes
out as H2S which can then be converted to salable sulfur. Since the
process operates at low temperatures, it could be adapted to most
existing fossil-fuel power plants.

New fiber source interests papermakers

The pulp and paper industry has a promising new raw material in
kenaf, a highly productive annual plant which looks a bit like scrub
sumac. The plant can be harvested about four months after planting
and responds favorably to soda, sulfate, and neutral sulfite.pulping
processes. The plant has been grown in Florida and Illinois.

Breaking up bugs hastens oil spill cleanup

Scientists at Houston Research, Inc., say that oil slick degradation
by microbes can be speeded up by mixing fragmented microorganisms
with whole ones (See ES&T, May 1971, p 389). The reason: intracellular
enzymes get the oxidation of oil off to a faster start, prod ucing
organic acids and aldehydes which become food for the intact bacteria.
Reproduction rates are thereby enhanced and the job gets done more
quickly.

Physical/chemical plant due by end of 1972

The country's first complete physical/chemical sewage treatment plant
has been sold by Graver Water Conditioning Co. to the Metropolitan Sewer
Board of the Twin Cities area for the village of Rosemount, MN. The
process uses a variety of chemical and physical separation methods
rather than bacteria to remove BOD, nutrients, and solids. Sewage
entering the plant first passes through trash screens, then to sludge
reactor where precipitation of solids and phosphate removal is
accomplished. The effluent is polished to remove remaining solids,
passed through a carbon adsorption unit to remove organics, filtered
again, and subjected to ion exchange to remove ammonia.



environmental currents

INDUSTRY Industry's bill for pollution control Is tabulated

Results are now in on the microeconomic studies announced earlier by
CEQ, EPA, and the Department of Commerce. The total investment facing
25 major manufacturing industries in the U.S. is an expenditure of $32
billion between 1972-76. In the air category, the cost estimate
assumes compliance with the national air quality standards and in the
water category the industrial equivalent of secondary treatment. In
addition, the public sector and federal, state, and local governments
are faced with an expenditure of $70 billion. At a CEQ briefing, it
was noted that no industry including the big four-steel, paper,
petroleum, and electric utilities-will be severely impacted. Of
12,000 plants studied, some 800 are expected to close in the 1972-76
period due to marginal profit operations and for rising cost per unit
production; another 200-300 are expected to close because of pollution
control requirements. Last year, 13 plants closed; 38 are expected
to close in 1972 but the reasons for closing, whether economics or
pollution control requirements, simply are unknown.

Ethyl Corp. executive opposes lead controls

"The findings of the recent National Research Council document
entitled 'Airborne Lead in Perspective' do not support the EPA'S
proposed requirement for a 60-65 %reduction in lead emission from
motor vehicles," says F. D. Gottwald, Jr., chairman of the board of
Ethyl Corp. According to Ethyl Corp., the EPA-proposed regulations
are without scientific or technical justification. Gottwald adds,
"The proposed regulations assume the availability of a catalytic
converter despite the fact the major automobile manufacturers all have
stated at recent congressional hearings that they do not have catalytic
devices capable of meeting the 1975-76 federal exhaust emission standards."

Donald Benson

Northwest pulp and paper industry sets cleanup pace

Mills in Washington and Oregon are leading the pulp and paper industry
in their cleanup progress. Seventy percent of their capital
expenditure goes for air and water pollution controls whereas nation""ide,
The investment in capital equipment for the entire pulp and paper
industry is 33 %. Donald Benson, executive secretary of the
Northwest Pulp and Paper Assoc., says that the mills in these two
states are well past the halfway mark in antipollution capital
investment program that will total nearly $350 million by 1975. Benson
also noted that the national costs to meet a zero discharge standard
would a~ount to an annual per capita cost that would exceed those of
police protection, education, and public welfare.

Industries need to be innovative

Industries faced with seemingly impossible pollution control dilemmas
may find relief in recently issued patents which cover a wide array
of subjects: • jet engine. noise suppressors • nonpolluting
electric power plants • stack afterburners • sewage treatment
methods • recovery of waste paper treated with urea • antismog
carburetors. Commissioner of Patents Robert Gottschalk says that in
the patent office's two years of priority processing of antipollution
inventions, 666 applications were granted the accelerated processing
status and that 230 have been approved for issuance.

Volume 6, Number 4, April 1972 307

u

·~N~l.!rJ mll(]YlUlf'11~l'n





ES&T interview

Stewart Udall
A stimulating chat with the founder of

the Overview Corp. and one of the
r:-

originators of the bold new concept of

total environmental planning

Stewart Udall is chairman of the board of Overview Corp., an
international environmental consulting firm with offices in Wash
ington, DC, San Francisco, and Honolulu. Former Secretary of
the Interior in the Kennedy administration, noted conservationist,
lawyer, author 0/"The Quiet Crisis" (/963) and"1976: Agenda
for Tomorrow" (/968), Udall tells ES&T'S Stan Miller that the
bold new approach-total environmental planning-is redefining
bllsiness progress in the broadest terms, not only in the U.S. bllt
in a worldwide context, and that Overview is perhaps five years
ahead a/its time.

Organization

What are the highlights and achievements of Overview since it
was formed in early 1969?

Overview is one of the more fulfilling things that I am doing,
but it's not the only thing. About half of my time is Overview
and the other half is lecturing and writing a syndicated column
with an associate.

Three years ago, Overview started with a lot of ambitious
ideas. I wasn't quite sure then that this country and others
were quite ready for us. Because Overview has not gone into
the international field in the way that we had hoped, there is
still a lag. In that sense, Overview has gone at a different pace
and in a different direetion, but we have had considerable
success in doing what we believe in-what we call total en
vironmental planning. I think Overview has had some of the
m'ost interesting planning jobs in the U.S. We are doing a type
of planning in' which 'very few other organizations are in
terested. We are almost in a class by ourselves. We always
insist that Overview will only study something in a total
environmental context.

What do you mean by total environmental planning?
This concept means that we won't look at any problem in a

narrow sense because we think that t'IIis is what has gotten this
country into much trouble-that is the specialist, single
minded approach to major development projects, be it a
highway, airport, or electric power generation.

What can you tell us about some planning that Overview has
studied?

Our major jobs have included looking at the superjet port
that was planned near th~ Everglades. Overview advised Dade
County, FL, on that project which was done in our first year,

1969. We have done a one-of-its-kind study for one of the
largest electric power companies in the U.S.-Southern
California Edison. In the electric power study, which was
finished a year ago (1970), Overview looked at the problems
that the utility would fa~e in 1980, 1990, and so on. The study
was not a look at the current controversies and problems
facing the company. Electric power companies operate on a
seven- or eight-year lead time. They have already made a lot
of decisions on current problems.

The utility company has chosen to treat the Overview report
for their eyes only, but it is the kind of study more and more
companies should be doing. Overview, in its studies, is trying

'to point out new alternatives, solutions that avoid environ-
mental crunches with conservation organizations. It's a kind
of preventive planning. We have done other work in the elec
tric power field, a field in which we are interested in particular.

Last year (1971), we concentrated much of our effort on a
comprehensive land use and open space study for the state of
Hawaii. This year we are just beginning a new study in the
field of open space and parks in the San Francisco Bay area
for several of the local governments. Of course, the two most
interesting places in the U.S. to plan are the San Francisco
Bay area and Hawaii because there has been more advanced
thinking; people are readier for advanced planning there than
most other places.

With how many international environmental consulting firms
does Overview compete?

Overview is a planning organization. We are different from
many other organizations. In a literal sense, r don't think we
have any competition. We're kind of unique. We have a small
headquarters group, essentially five people. When we got
our job in Hawaii, for example, we put together a special
planning team in Honolulu designed for that particular job.
They werc mostly young people. Our project director was
Harry Garnham, a young (30 years old) landscape architect.
The other people were young residents of Hawaii. We are
doing the same type of thing in our San Francisco Bay study.

As I mentioned before, Overview is different from other
organizations. Most architects and planning firms have a
large staff; they do all the work in-house. One of the Over-
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and conservation organizations. I am on the board of a half·
dozen leading organizations including the Environmental
Defense Fund and the National Wildlife Federation. I served
on the board of Peabody.Galion for two years, that was not
an Overview function; I came off their Board in 1972. They
reorganized and now have a forward-thinking group of young
executives. As a citizen, for example, I testified on the Trans
Alaskan Pipeline on behalf of conservation organizations, not
Overview.

Has Overview provided advice to other U.S. governmental
agencies, to foreign countries, to developing countries?

No, we have made some proposals, but we haven't got in
this field yet. Developing countries are more interested in
getting industrial development started. They are not at the
stage yet where they feel they must face up to pollution con·
trol and long-range environmental planning. I am convinced
that it is coming in the next few years, but the developing
countries are not at that point today.

view's new approaches is that we form special project teams
that are particularly qualified to do the job. When the project
is finished, the team disbands, and we go on to another.

What is the tax status of the Overview Corp.?
We are a profit-making corporation. We plan to have a

nonprofit foundation so we can do other kinds of projects
also, perhaps as we get a little bigger.

What are the main objectives for 1972?
We are working on four studies right now, including a

second project in Hawaii and another project with an electric
power company that will fall in place soon. But we are not
interested in building ourselves into great size; we're interested
in doing total environmental planning for the type of clients
who are willing to accept us on our own terms.

Advice

What advice has Overview given to its various clients?
Our clients have essentially been government and industry.

We just finished a study late last year (1971) for a large pe
troleum distributor on Long Island, NY. Overview gets into a
wide variety of things. They range from site location and
transportation and energy corridor studies to the open space
and other land use studies. We help our clients act boldly
both by examining the broad alternatives that are open to them
and then developing a comprehensive action plan (our recom
mendations) that can make the report a reality.

Most of our clients have come to us on their own initiatives.
We have turned down a lot of proposals, particularly when the
client wanted to get us in the middle of some sticky fight they
already were involved in. We are choosy about what we do
and we want to do it our own way.

In Hawaii, Governor John Burns invited Overview to do the
study because the state wanted to do something special.
We think that much of the planning in the past has been simply
planning by planners for planners. Overview, on the other
hand, is action-oriented. With our plans, we try always to do
the follow.through, to give the plan a fighting chance to
succeed. In my opinion, we prepare the kind of report you
would rarely see. The Hawaiian report was written for the
eyes of the legislators and I presented it to the Hawaii legisla
ture personally this January. A specific legislative program is
recommended in the report.

I' We're interested ill
doing 10101 en['irollInenlal
planning Jar Ihe Iype of
clients who are willing
10 accept us 011 our

own terms."
Ocerview's Udall

OVERVIEW

What advice did you give the Suffolk County state legislature on
the oil tank farm?

When the petroleum company came to us with their prob
lem-how to site a tank farm on Long Island and build it
with the best environmental safeguards available, we began
by looking at the general purposal in the context of their
region. The pipeline distributors are part of a region, part of a
community, part of an environment. Then we zoomed in on
the specific problem, developed a set of environmental design
criteria, site location criteria, and performed an environ
mental mapping inventory of the region, vis-a-vis petroleum
distribution for the future. I personally presented the report
publicly to the Suffolk County Commission on Marine Re
sources.

Does Overview provide testimony before congressional com·
mittees?

Overview is not in the field of providing testimony before
congressional committees. I do testify quite a bit myself as a
private citizen and as a member of national environmental
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Can you describe some new institutional concepts that are
making headway in the environmental arena?

Total environmental planning is perhaps the nearest and
newest concept that was pioneered by Overview. It is a concept
that we are still defining in practice; here and again you will
find it expressed in our reports. We don't think that any
planning is really relevant or useful unless it is done in a total
environmental context-unless you look at the problem of the
clients in regard to how they and their activities fit into the
region, the environmental constraints of the regiop, and so on.
Our intention is to put our clients into a position where they
understand the practical meaning of ecology and environment
and where they can look the people in their community or
their region in the eye and say we had solid studies made, we
are trying to fit ourselves into the environmental future of the
region and we are trying to do the very best we can to help
preserve the values that really count. We think enlightened
companies are trying to do such planning today, to adapt and
change and make efforts to move with the environmental
movement rather than fight it.



Rea. challenges

What is the distribution of funds for environmental problems
facing industry?

It's obvious that in order to come in with progressive solu
tions, industries must stop thinking they can cut corners and
always do things cheaply. The kind of superior solutions that
environmentalists are demanding all over the country is going
to cost more money, and all of industry is finding that pollu
tion control and building safety factors into nuclear plants,
just to mention two, are going to cost more money to do them
right. Essentially, the environmental issue is raising national
expectations, and combined with that, raising the standards of
performance in industry. In some industries, environmental
reforms may be possible with an additional 2 % in capital
investments. With others it may take 10%. This varies from
industry to industry. The important point is that the new
laws-and the public is demanding that the U.S. shift gears
move to a new kind of technology, a clean technology, that
minimizes the harm to the environment.

Electric utilities and automobile manufacturers are two in
dustries faced with strict pollution control requirements. What
foresight does Overview offer for the solution of pollution con
trols facing these industries?

I have confidence that major industries in this country can
meet the deadlines that are set for them. In general, these
industries have the resources, but they have to be pushed.
Detroit will not move quickly unless we as a nation push
them. Overview had some brief conversations with Bill Lear,
who's been working on this steam engine. I think it's very
promising. I think his development is certainly a mark against
Detroit; they're now turning to the Wankel engine which was
invented by a German. To think that the best work that has
been done in this country on a new engine has been done by
Lear spending his own money! What happened to the Henry
Ford spirit in Detroit?

The public is insisting that the U.S. have the cleanest and
best electric power system that is possible, the cleanest most
environmentally satisfactory automobile that we can manu
facture. I don't think enlightened industry people are fighting
this now; enlightened industries are moving ahead. People
like myself are going to continue to push for the kinds of
solutions that we know engineering and technology can pro
vide. Industries have got to be innovative and be willing to
move rather rapidly in some instances. In my opinion, it is
going to be a damn shame if industry blocks someone as
creative as Lear, and the government doesn't give him the
(financial) encouragement that's needed to see whether he
has one of the answers to the automobile manufacturer's
dilemma.

Federa' Initiative

Are you satisfied with the track record of the Environmental
Protection Agency?

I thought that EPA as a watchdog agency was a good idea
at the time it was formed. I still think that EPA is right
organizationally, but EPA has a rather mixed record. I don't
think it fully met the nature of the crisis. It has done
some good things but has tended to be wrong on the big
ones,like the SST, for example. The Nixon administration plans
to go ahead with the Alaska pipeline, but I think it will
regret it before we're through. The Nixon administration has
provided some new leadership; it certainly deserves credit for
that.

Can you say the same for the Council on Environmental
Quality?

CEQ is filling an important role. I believe CEQ has been a good
development. Essentially, my former department (Interior)
was doing this three years ago. Now, the President has ad
visers who are working on it every day. I do wish CEQ would
be able to get the President's ear on more issues. I also wish
that CEQ was a bit more aggressive.

One of the best things CEQ did last year was urging the
President, and he listened to their advice, to stop the cross
Florida barge canal. There are a lot of other projects that are
just as bad that CEQ could stop ifit were more aggressive.

Are you satisfied with the cleanup progress that is being made
under existing federal environmental laws? Are you satisfied
with the cleanup progress, for example, in water?

No, the U.S. is still floundering. We floundered back in the
60's when I look back at it. Still, the U.S. is not moving fast
enough. Overall, our air and water are dirtier today than a year
ago. Until we can say and document that we are actually
cleaning up the country, the public has to be concerned about
it. There must be tougher enforcement and probably more
federal help such as incentives for industries. Some of these
industries are moving at a good clip on cleanup programs, but
the majority are still dragging their feet, trying to postpone
the investments they must make.

How important will the environmental issue be this election
year?

Environment is in the big time now. It is no longer a pe
ripheral issue. The environmental issue touches so many as
pects of American life that I think in one way or another, it
will be one of the top five, certainly the top 10 issues, discussed.
The performance of the Nixon administration will be part of
the debate along with the environmental promises that both
parties make.

What are your comments on NEPA?
The National Environmental Policy Act is the most sig

nificant law of the last three years. It is one of the most im
portant laws passed this century when it comes to conservation
and the environment. NEPA has certainly done more to make
us shift gears and take the environmental revolution seriously
than anything else that has happened. NEPA has had a broad
impact in making us try to redefine progress in this country.
That is what we're in the process of doing, whether we think
of it that way or not.

UN Conference

Did Overview participate in any planning for the forthcoming
UN Conference on the Human Environment?

No, as you know, the organization has been largely govern
mental. I participated personally in a sort of preview con
ference (last summer) with the government of Finland.

In your opinion, what are the top items that need to be addressed
at this conference?

The main danger is that the conference will end up just as a
talk fest, and talk is cheap these days. The main issue is
whether the United Nations is going to organize itself and set
up new institutional arrangements to deal with the environ
mental crisis. For example, the UN should exercise jurisdiction
over the oceans; it should manage the oceans, protect them,
levy taxes on the commercial traffic that moves across them.
In this sense, I am for a bold plan ofaction.
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outlook

Tube settlers up clarifier throughput

Ranks of inclined plastic tubes could save the day for

overloaded water treatment plants if they perform as well

in long-term trials as they have in pilot studies

Here's the answer to a waste treatment
plant operator's dream-how to double
the capacity of his clarifier at a mere
fraction of the cost of installing a second
one.

New technology? Actually, it's more
like refined technology. The prototype
unit was built around the turn of the
century. There was only one problem
it didn't work very well.

The flat, parallel plate settler, first
built in 1904 has given way to the in
clined tube settler-which works very
well indeed. It works so well, in fact,
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that in pilot plant operations, and the
initial industrial field installations, it
has been possible to double flow rates
through a clarifier without impairing
effluent quality. And in most clarifiers,
it's possible to install an inclined tube
settling module in existing equipment
without adding to space requirements.

How it works

To understand how the inclined tube
settler works, imagine a cylindrical tube,
I-in. in diameter and 10 in. long, filled

with liquid in which settleable solids are
suspended. If the tube were shaken and
then held vertically, sol~s would have
to travel almost 10 in. before coming to
rest on the bottom. If, on the other
hand the tube were held horizontally,
the solids would have to travel only 1 in.
to settle out. Settling in the horizontal
tube would be approximately 10 times
faster than in the vertical tube.

The problem with the horizontal
tube-and with the earlier parallel plate
settler as well-is that the tube quickly
becomes plugged with solids. To avoid
that, one could tip the tube-incline it
and the solids would slide out the bot
tom.

To make a continuous system, one
would need only to cement several
tubes together, incline the entire bank,
and introduce at the bottom particle
laden water which would flow upward
through the tubes. Solids would settle
out, slide down the tubes and out at the
bottom, and clarified effluent would be
discharged over the top. Add a few
minor engineering niceties and the
result is a module which upgrades the
efficiency of a precipitator system con
siderably.

A fairly typical configuration of the
tube settler unit installed in a precipita
tor is shown at left. Waste water is
introduced into the coagulation chamber
along with suitable conditioners and
flocculating agents and mixed by a rotor
on the bottom of the tank. As coagula
tion proceeds, a sludge blanket is formed
below the tube settler module. Floccula
tion is completed in the sludge blanket.
Smaller particles become attached to
larger particles rather than being carried
out with the effluent. Sludge solids tend
to collect in the bottom of the unit where
they may be concentrated and removed.

As the effluent rises through the tube
settler module, settling occurs in about
the first one third to one half of the
tube length, solids drop back into the
clarifier, and clarified effluent spills out



the top of the tubes and into the dis
charge stream.

Tube design Important

Although the settler concept is basi
cally a simple one, performance depends
heavily upon tube design. Flow char
acteristics are important because, for
settling to occur, liquid flow needs to be
laminar, and turbulence must be min
imized. In the bottom section of the
tube, flow is largely turbulent. As drag
exerted on the liquid by the walls of the
settling tube increases with tube length,
turbulent flow changes to laminar flow.

Flow rates through the tube can be
increased as long as the laminar flow
characteristics are not upset. Generally,
the higher the flow rate, the smaller the
tube diameter (and therefore the higher
the surface area on the liquid in propor
tion to its velocity) must be.

The flow characteristics of a tube are
optimized by relating them to the
Reynolds number, a dimensionless num
ber which describes the general flow
characteristics ofa liquid through a tube.
(With a Reynolds number less than 2100,
flow is usually, but not necessarily,
laminar. With a Reynolds number
greater than 2100, flow is necessarily
turbulent.)

The Reynolds number is related to
fluid characteristics by the equation:

Re = DpV
p.

where D is tube diameter, Vis velocity of
the fluid, p is the density of the fluid, and
p. is the viscosity of the fluid. The above
equation holds true for circular tubes.
For noncircular tubes, the equivalent

diameter is substituted for the tube
diameter, according to the equation:

4 X area
Equiv diam = --.--

penmeter

Since the highest velocities are obtained
by decreasing the equivalent diameter,
the optimum shape of the tube is one
with a cross-sectional area of maximum
perimeter.

Tube shape is also an important con
sideration in determining settling char
acteristics. The tube height should be as
short as possible to minimize settling
distance. Uniform settling distance is
desirable so most particles have the
same settling time. Circular tubes, for
example, are not efficient because par
ticles entering at the top of the tube have
a greater distance to settle than those
entering at the sides.

Tube shape should permit nesting so
that there is no wasted space between
tubes in the unit. Again, circular tubes
are not particularly efficient because of
the large amount of dead space between
tubes in the settler array.

One design which maximizes settling
characteristics is the Chevron design,
according to William A. Beach, re
search associate for The Permutit Co.
Permutit's Chevron Tube Settler module
is an array of nested 24-in.-long ex
truded polystyrene tubes with a cross
sectional chevron shape (see diagram).
The I-in. chevron configuration, Beach
says, has the highest perimeter of any
common shape of the same area. Tube
height is less than tube width and settling
distance for particles entering anywhere
along the top of the tube is the same.
An added advantage, according to

John R. Anderson, Permutit's vice
president for research and development,
is that the v-groove promotes optimum
sludge compaction and flow.

From studies in pilot installations,
and about a dozen industrial field in
stallations, Permutit is optimistic that the
tube settlers will provide significant im
provement over existing conventional
clarifiers. With proper engineering and
design, Beach says, clarifiers can operate
at rates between 4 and 5 gpm/ft'. With
out tube settlers, these same clarifiers
are only rated at about 1-1.5 gpm/ft'.

Markets

Despite their promlsmg future, one
wonders why tube settlers are not more
widely used today. Besides Permutit, at
least two other U.S. companies (Graver
Water Conditioning Co. and Neptune
Microfloc) market proprietary tube
settler units. Several installations are
successfully operating in Canada, ac
cording to William Wachsmuth, presi
dent ofEcodyne, Ltd.

The main reason for the relatively
poor market penetration, Beach says, is
that the technology has been refined
only in the past three years. Although
there are a handful of operations scat
tered around the country using tube
settlers, Permutit prefers to await
further field testing before launching a
major marketing effort. Still unan
swered, Beach says, are questions of
longevity. How, for example, will the
buildup of algae or precipitates on walls
affect the units' performances?

Furthermore, the units have not been
tested on a wide variety of industrial
process effluents-although there is no
reason to expect that they would not do
well, judging from preliminary data.
Applications in municipal areas are
similarly not well tested, although it
appears that tube settlers would best be
adapted to polishing secondary effluent
rather than primary effluent. HMM
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EPA program transfers technology
Establishing a two-way street between municipal users

and federal producers of new technology whereby municipal

needs are satisfied by the federal RD&D products

EPA'S technology transfer (IT) program
is primarily aimed at marketing the
products of the federal research, de
velopment, and demonstration (RD&D)

activities, (ES&T, June 1971, p 498). The
products include design seminars, design
manuals, and an array of communica
tion items including videotapes, visual
displays, and publications.

The IT program has come a long way
since it was first announced by David
Dominick (then Commissioner of the
Water Quality Office and now EPA'S
assistant administrator for Categorical
Programs) at the Boston meeting of the
Water Pollution Control Federation in
the fall of 1970. Future plans for the
program include expansion into other
major environmental areas including air,
industrial waste water, and solid waste.
The expansion of the IT program is in
line with current plans to include re
search, development, and demonstration
of both air and solid waste under the
aegis of the assistant administrator for
research and monitoring, Stanley Green
field. These plans will be accomplished
after this July I.

The initial goal of the IT program
was to make an impact on the construc
tion of municipal waste treatment facili
ties over the next 3-4 years. The need
for the program was first recognized by
Eugene Jensen (now head of EPA'S water
programs office) and David Stephan
(now on Greenfield's staff) in the middle
of 1970 and before the Boston announce
ment. At that time, these officials rec
ognized that applications for construc
tion grants were not including new tech
nologies, thus the need for a special IT

effort. Within the new organization of
EPA, Greenfield appreciated the signifi
cance of the program and elevated it to
function from his immediate office, in
order to allow for its expansion into
other environmental problem areas.

Products

To date, design seminars have fo
cused on the waste water treatment
problems in EPAregional areas (see map).
For example, phosphorus removal may
be a prime target in one region while
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upgrading existing sewage treatment
plants might be the top target in another.

In any event, each of these seminars
brings together approximately 100 con
sulting engineers, sanitary engineers, and
municipal engineers. The objective of the
program is to ensure that these engineers
have all the alternatives and options
open to them in designing today's waste
water treatment plants.

By the end of last month, a dozen
such design seminars had been held in
each of the 10 federal regions with the

EPA's Robert Crowe

... marketing federal RD&D products

exception of region VIII (Denver); how
ever, the first seminar for fiscal 1973 is
slated for Denver, and the near-term
schedule for the remainder of this fiscal
year includes seminars in Washington,
DC (this month); up-state NY (May);
and Pittsburgh, PA (June).

"During the remainder of this calendar
year, it is anticipated that at least one
design seminar will be held every month
at the requests of the regions," says
Robert Crowe, special assistant for the
IT program, who reports to Greenfield,
the assistant administrator for research
and monitoring.

"We are not trying to design waste
water treatment plants," Crowe says.
"We are not in the consulting business,
or in the design business, but we want
to make sure that both the consulting
and design engineers, along with the
administrative decision-makers and the

public have all the alternatives and
options of new technology available to
them," he explains.

"The IT staff has worked closely with
the Consulting Engineers Council (CEe)
and the Water Pollution Control Federa
tion (WPCF) and continues.to seek their
guidance and advice in order to main
tain relevancy of the TT program,"
Crowe says.

Process design manuals are the backup
material at the seminars; the manuals
are loose-leaf volumes and represent all
of the available, usable, and practical
technology to date. These manuals are
prepared by consulting engineers most
knowledgeable in the field and the re
search staff of the Office of Research and
Monitoring. They will be updated as the
needs arise.

Four manuals have so far been pre
pared and distributed; they cover the
subjects of physical-chemical treat
ment, upgrading of existing sewage
plants, phosphorus removal, and carbon
adsorption. At press time, some 20,000
copies of the manuals had been distrib
uted (5000 of each manual) and an
additional 6000 individual requests for
the complete set of four have been
received.

The design manuals are not a duplica
tion of the efforts of the Water Pollution
Control Federation (WPCF) but a nec
essary adjunct to WPCF publications.
"We are not in competition with WPCF'S
manuals; ours are written as a supple
mental text to theirs," Crowe says.

Three other design manuals are
planned, one on sulfide control in sewage
systems, which will get at the odor and
corrosion problems in waste water treat
ment plants, a second one on sludge
handling and disposal, and the third on
advanced teChniques in operation and
maintenance.

A videotape on carbon adsorption is
another tangible product of the IT pro
gram; each EPA regional office has a
copy. A second videotape on phosphorus
removal is being prepared.

To design a meaningful program to
transfer technology to administrative
decision-makers, the headquarters team



of the TT program is working with a
group called Public Technology, Inc.
"PT! hopes to function as a focal point
for response to the city's need, and we
are working with them now to get inputs
from the cities and meet with their
managers," Crowe says. "We are work
ing primarily with Robert Havlick, a
senior vice-president of PTI," PT! is
sponsored by a half dozen of the major
public groups including the Council of
State Governments, the National As
sociation of Counties, the National
Governors Conference, the National
League of Cities, the U.S. Conference of
Mayors, and the International City
Managers Association.

"We can see that our (EPA) relation
ship with the cities will be a two-way
street where, in one direction, we will
transfer technology to them and, in the
other direction, we will know their

needs so that EPA research can work
toward solving their problems."

Stalt

In addition to the staff of a half dozen
professionals at the headquarters office,
there are staff members at the National
Environmental Research Center (NERC)

in Cincinnati and the regional chairmen
for the TT program; they contribute
significantly to the program.

In addition to Crowe, members of
the headquarters TT team include Robert
Mandancy, who is responsible for eval
uating new technology for introduction
into the program, John Dyer who is
responsible for the seminars and is con
cerned mainly with the technical pre
sentations, Denis Lussier (technical
publications), Paul Minor (industrial
waste treatment), Kenneth Hay (com
munications resources), and Bill Herbert

(administrative assistant).
Depending on the specific problem

being addressed at anyone particular
design seminar, a member of the NERC

team introduces the subject to the at
tendees, presents the EPA experiences,
and is on hand to answer questions as
they develop, since these EPA personnel
are the most knowledgeable in the
agency on the specific subjects presented.
The Cincinnati team members and their
specialties include, for example, Ed
Barth (nitrogen and phosphorus re
moval); John Smith (upgrading sewage
treatment plants); Carl Brunner (carbon
adsorption and phosphorus removal);
Sid Hannah (solids removal); Jesse
Cohen (physical-chemical treatment);
Irwin Kugelman (physical-chemical
treatment and phosphorus removal); Art
Masse (carbon adsorption); and John
English (carbon adsorption). SSM
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An innovative educational program in water pollution

control at the headquarters of a large aerospace

company is ambitiously aiming to provide . ..

New skills for out-of-work engineers
Can unemployed aerospace engineers
find happiness-and, more important,
a job-in pollution control? That ques
tion has grown in importance as the ex
tent of unemployment among engineers
in the U.S. has become more apparent.
Unfortunately, especially from the point
of view of engineers pounding the pave
ments from San Diego to Boston, the
answer is far from clear.

Perhaps, the fate of 21 engineers who
have just completed a six-month retrain
ing program in water pollution control
at the Bethpage, NY, headquarters of
Grumman Aerospace Corp., will help
clear up the presently fuzzy picture.

Unemployment in the aerospace in
dustry is not entirely a recent phenome
non, of course. Employment rolls have
been dwindling for several years, ever
since completion of the major projects
which resulted in, among other things,
the landing of men on the moon. The
seriousness of the unemployment prob
lem was officially recognized by Presi
dent Nixon in April 1971. At San Cle
mente, CA, the President instructed the
Department of Labor to set aside $42
million for a program to assist unem
ployed aerospace professionals in II
hard-hit areas of the country to retrain
and relocate jn other industries.
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Twenty-five of this $42 million was
earmarked for on-the-job or institutional
training or retraining. The program it
self now bears the title, "Technology
Mobilization and Reemployment Pro
gram for Engineers, Scientists and Tech
nicians" (TMRPEST).

Development of a retraining program
at Grumman was spearheaded by
Arthur Gilmore, himself trained as an
aeronautical engineer, and now Grum
man's director of training and develop
ment. In 1970, when it became clear that
a hoped-for turnaround in the aerospace
industry would not materialize, Gilmore
began to think in terms of a short-term
conversion program in which aerospace
engineers might be retrained for water
pollution control-related projects.
(Grumman had already developed some
capability in the field, exemplified by the
waste water recycling system built into
the Apollo Lunar Excursion Module.)

Gilmore originally contacted the En
vironmental Protection Agency in Wash
ington with a view to getting federal
assistance for a retraining program, but
this assistance was subsequently refused
because Grumman was a private, profit
making firm. At the same time, Gilmore
was in contact with the civil engineering
faculty of Manhattan College, New
York, members of which gave advice on
curricula that might be useful in a re
training program. He also contacted the
New York State Department of En
vironmental Conservation in Albany to
determine how many, if any, suitably
retrained engineers the department
might be able to employ in 1971. The
answer from Albany was not optimistic,
largely because budget money was ex
pected to be hard to come by.

In late 1970, Gilmore sent a question
naire to a large number of potential
employers of water pollution engineers
in the New York City-Long Island area
-consulting engineering firms, county
health departments, and the federal EPA

office in Edison, !'iJ. By March 1971 he
had established that these firms and
agencies would probably employ as
many as 120 engineers in 1971. Answers

to the questionnaire also established
what subjects should be taught in an
engineer conversion program.

In March 1971, after learning that
federal EPA funds would not be available,
Gilmore contacted the New York State
Employment Service in Hicksville, Long
Island. Through that office he discovered
that federal funds might be available
after all-from the Labor Department's
$25 million TMRPEST fund. The Hicks
ville office subsequently assisted Grum
man to apply for funds through the
state government in Albany, a type of
grant-funneling arrangement now com
mon under federal government decen
tralization policy.

By the time the $40,000 project was
formally approved in August 1971, Gil
more's department was ready to go with
a six-month retraining program begin
ning in September 1971 and running
until March 1972. Provision was made
to enroll about 20 engineers.

The retraining program

Students for the program were selec
tively screened from about 160 resumes
on file with the Hicksville office. Assist
ing Gilmore in making the selection of
students were a consulting engineer and
a state official. The key factors they were
looking for in a potential student were a
suitable educational and work back
ground and a real desire to move into
the water pollution control field. In
order to qualify, each engineer also had
to be a resident of New York State, a
veteran, and unemployed for at least
five-six months. Twenty-three students
actually started the course in September,
but two later dropped out.

The course in all involved over 600
hours of instruction in subjects ranging
from microbiology to instrumentation
(see box). Students attended from 4
51j, hours of class daily from Monday
to Friday, with the first class generally
starting at 4 in the afternoon. The in
structors were largely drawn from
Grumman's professional staff, but in
cluded two local consulting engineers
for the design courses.



The students themselves were origi
nally educated in a variety of disciplines,
with the majority being either mechani
calor electrical engineers. Ironically,
only one had received formal education
as an aeronautical engineer. Most were
in their forties, and nearly all had
families to support. Of the 21, II had at
one time or another worked for Grum
man.

Student reaction to the course seems
generally to have been good. However,
the students were most cautious in
assessing their chances for a job in their
newly chosen field. "Right now, money
seems to be just as tight in the environ
mental area as anywhere else," Philip
Burton, 46, a former chief engineer with
Gyrodyne Co. of America, told ES&T in
the course of a mid-February visit to the
program. Burton would prefer to stay in
the Long Island area, but most other
students said they would be ready to re
locate if a suitable job were offered.

Studenis again. (above) Mechanical en
gineer Frank DiCllia performs a titration
ill chemistry laboratory under the watch·
ful eye of instrllctor Robert Holden. (at
right) Afternoon class convenes to listen
to City College of New York professor
Gerald Palevsky talk on the subject of
hydrology engineering

Gene Clark, 44, an electrical engineer
with a master's degree in business ad
ministration, expressed the typical stu
dent's approach to the program: "I have
no apprehension about learning new
things. Life is a constant process of ed
ucation."

In fact, their desire to learn seems to
have made the students an ideal group
to instruct, according to Bill Jamieson,
a Grumman staff member who taught
the microbiology class. Some, he says,
were very good students.

One of the facets of the course that
Gilmore considers most important was
a once-weekly employment seminar at
which students were told of the types of
jobs done in different agencies and con
sulting firms. Although the students felt
that the course would equip them very
well for filling these sorts of positions,
they remained wary about their attrac
tiveness to potential employers: "We
have no illusions about short-term pos-

I

sibilities," said Bob Brennan, at 39 one
of the younger members of the class, but
all the students felt more optimistic
about long-term job hopes.

All, too, were obviously very much
aware that it will be an uphill fight to get
a job in the water quality field, despite
the efforts of their instructors and of
Gilmore and his staff. They felt that they
have been done much harm by having
been lumped together as "aerospace
engineers," tagged as prima donnas, as
having been consistently overpaid, and
as having no appreciation for budgets or
time schedules. They particularly re
sented the implication that it would be
beneath their dignity to accept the
salaries likely to be offered them in the
environmental field. They pointed out
that they have a good idea of the salary
ranges obtainable from their weekly job
seminars during the course. Unavoid
ably, of course, these will on average be
lower than the salaries the students com·
manded in their previous jobs.

At deadline time for this issue (second
week in March), eight of the engineers
who finished the Grumman course have
been made concrete job offers. How
these men fare in the job market will go
some way to answering the question
whether retraining can equip a man with
tools that will truly serve him well in a
new field. But it may not dispel a linger·
ing suspicion that the pollution control
field is still not in a position to absorb
large numbers of engineers however well
they have been trained or retrained.

The Grumman program appears to
represent jllst about the best sort of re
training an engineer could hope for,
both in quality of instruction and length
of program. If graduates from this pro
gram are unable to find employment,
critics of all retraining programs will
undoubtedly intensify their cries for an
alternative approach to putting unem
ployed talent back to work. OHMB



Deputy assistant administrator Samuel Hale, Jr.

of the Environmental Protection Agency

explains to ES&T readers the . ..

Federal redirections in solid waste

At first glance, the budget request
figure of $23.3 million for the solid
waste management program of the
Environmental Protection Agency (EPA)
in fiscal year 1973 would indicate a
substantial decrease in the funding
activity in this critical environmental
area. But upon talking with Samuel
Hale, Jr., the bright, young deputy
assistant administrator for the program,
ES&T learned that the office will have
more than $35 million, assuming that the
budget request is appropriated by
Congress.

Hale explains, "Basically, the solid
waste management office still has some
unobligated fiscal year 1971 money and
a lot of fiscal year 1972 money that has
not been obligated. These funds, when
added to the fiscal year 1973 request,
give the Office of Solid Waste Manage
ment Programs a total of $35 million.
In addition, there is another $5 million
for solid waste research under the
assistant administrator for research
and monitoring, Stanley Greenfield.
This total ($35 million) is about as much
money as we are going to be able to
spend very well, essentially in about 15
months."

With one exception, the funding level
for 1973 was held at a constant level
with the 1972 funding level, the ex
ception being, of course, so-called
Section 208 funds (after the new section
in the Resource Recovery Act of 1970,
P.L. 91-512). These funds are for full
scale demonstration of resource re
covery systems. In the past two years,
two supplemental appropriations were
made for these systems, a $4 million
supplemental in 1971 and an $11
million supplemental in 1972. "None of
these funds has as yet been spent,"
Hale says. "So, this entire $15 million
'carryover' fund will be available for
fiscal year 1973."

"We are undertaking a major re
direction of our solid waste management
activities," Hale says. "Between now and
June 1973, we will be concentrating our
energies primarily on taking what we
know now and using that knowledge to
get improvement now in local solid
waste management practices to demon-
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strate that many of the solutions al
ready are well in hand and can be
readily adopted at the local level with
out substantial federal financial assis
tance. To the extent we invest in
acquiring new knowledge, except for
our resource recovery demonstrations
program and a couple of other areas,
we intend to invest predominantly in
learning more about practical, im
mediate-payoff, general inexpensive im
provements-in sanitary landfill design
and operation, in how to get capital
financing, in how to reduce collection
costs, in solving market obstacles to
resource recovery, and so forth."

Barriers

In Hale's OpInIOn, political, in
stitutional, financial, and other non
technological barriers have been the
most important obstacles to the adop
tion of progressive solid waste manage
ment practices. "Obviously, if a town is
running an open dump now, it's quite
likely that it will have to incur higher
costs to dispose of its wastes in an
environmentally acceptable manner; this
is a practically unavoidable cost in
crease. On the other hand," says Hale,
"most people in the program feel con
fident that we could go into the average
city or town and help them find ways

Samuel Hale, Jr., director

H. lanier Hickman, Jr., deputy
director

John A. Hili, program development
and management
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OFFICES

State and local affairs-Ralph J.
Black

Technical Information-Thomas F.
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to save 20% or more in collection costs
(which generally account for about
75 % of a locality's total solid waste
management costs) through such simple
means as more efficient routing, more
balanced truck crews, and so forth.

The resources of the solid waste
management program, theil, are being
redirected to focus on what Hale sees as
the barriers to change. "I've stated that
the program will be concentrating
primarily on taking the knowledge we
already have and getting it down to the
local level so we actually get some
change." he explains. "Partly, this
means doing a better job of making
local solid waste managers aware of
what's possible and of providing follow
up technical assistance in selected
'targets of opportunity.' We intend, for
instance, to select, by the end of this
month, 10-20 localities which we feel
have demonstrated a real commitment
to improving their solid waste manage
ment systems (and which have asked for
our help) and to go all-out to help
them."

According to Hale, however, coming
up with suggestions is the easy part.
"What our approach also means is
that we're going to have to get our
message across to some groups that
we haven't addressed before-the po
litical decision-makers, state and local
officials, and others who ultimately
determine the kinds of solid waste
management systems a locality will
have. We don't intend to be content
with merely submitting some recom
mendations and walking away, because
that's only half the battle-and the
easy half at that."

Even this approach, Hale admits,
may take some federal money to get it
going, but he vigorously maintains that
such support should be small and should
be the exception, rather than the rule.
Hale explains, "Collection and disposal
of solid wastes should be looked at as a
public utility-type service, analogous
to provision of water, electricity, or
sewer services. It is a service provided
separately, in discrete units, to in
dividual dwelling units, for whose pro
vision local government takes re-



EPA's Hale

... directing the management effort

sponsibility. Like other utility-type
services, it can (in most cases, is) and
should be paid for through charges
assessed against its individual users
charges which, incidentally, in most
cases would be far smaller than one's
electricity, water and sewer, or telephone
bil!."

Hale adds, "We recognize that local
inertia in this area is substantia!. We
also feel it is very important that we
prove out our approach in the next
12-15 months, and we know that
selective application of limited federal
funds may in many cases speed up the
process of getting change. So, in addition
to our technical assistance efforts, we
intend to devote substantial 'planning
grant' and 'demonstration grant' re
sources to provide limited financial
assistance in selected localities where it
looks like our funds could 'break a local
logjam' which has prevented the locality
from adopting potential nationally sig
nificant improvements."

Resource rltCovery

The obvious llaw with the above
concept is that it applies primarily to
conventional solid waste management
but doesn't seem to fit resource re
covery very well, yet most of the public's
attention is focused on resource re
covery. Hale recognizes this. "Resource
recovery, which I would define to include
efforts to impact on solid waste gen
eration by attempting to inlluence
existing product design or consumption
patterns, obviously doesn't fit the
approach I've described, since we're
still largely exploring the unknown.
Even in this area, however, we tend to
look at the problem in other than

technological terms." In Hale's words,
in Sections 205 and 208 of the Resource
Recovery Act of 1970, the Congress
said in essence that "we (Congress)
think resource recovery has promise but
it hasn't been adequately explored.
Therefore, we direct you (EPA), first, to
explore how resource recovery could
be promoted and, second, to demon
strate full-scale resource recovery sys
tems, particularly systems for recovery
resources from mixed municipal wastes."
EPA is devoting a substantial portion of
its solid waste resources to fulfilling these
two objectives.

EPA just recently announced formally,
in the Federal Register, its first solicita
tion for grant proposals under Section
208, aiming to make its first Section 208
grant awards in June or July of this
year. "We wrote the criteria broadly
enough so that a number of diverse
kinds of approaches, including energy
as well as material recovery, could
qualify. We .also set some pretty tight
technical and economic performance
requirements," Hale says. Interest in
these demonstrations is high, and a
number of likely applicants-including
the State of Delaware, working with
Hercules; the City of Baltimore, which
has been working with Monsanto; and
Mount Vernon, NY, which recently
announced its plans to apply using a
system developed by Union Carbide
already have stated publicly their in
tentions to compete for grants under
Section 208.

Ongoing demonstrations

Although it has not spent any funds
under Section 208, the Office of Solid
Waste Management Programs has
funded other resource recovery demon
strations, most of which Hale feels are
working out quite well. The first, the
Franklin, OH, project (ES&T, October
1971, p 998) with the Black Clawson Co.
and EPA, demonstrates the concept of
hydrapulping. "In our opinion, this
project has been quite successful so far,
although it is far from being complete,"
Hale says. "We still have to resolve
some tough technical and economic
aspects of the operation but are most
optimistic."

A second project uses straight munici
pal refuse and fires it as a percentage of
the total input to a coal-fired boiler.
"The ribbon cutting ceremony for this
project will be held this month," Hale
says. "This demonstration involves the
city of St. Louis, in cooperation with
the Union Electric Co. and EPA. The
total funding for this project is $2.4

million, with the federal contribution
being more than $1.7 million. We're
excited not only about this project but
about the low-capital investment re
quirements and broad potential applica
bility."

A third example of a system that the
solid waste management program has
funded is the cpu-400, an innovative
energy recovery system of the Com
bustion Power Co., Menlo Park, CA
(ES&T, August 1970, P 631). "The CPU
has come a long way, but there are some
very real technical difficulties in com
bustor operation and system control
ahead," Hale says. "Combustion Power
is still developing its pilot plant, and the
prototype is years away. Their oper
ations have been funded entirely by the
federal government, some $6 million to
date. This has been a dominant pro
portion of EPA-sponsored resource re
covery hardware-oriented projects."

Resource recovery
where markets exist U

Overcoming Institutional
barriers

50 Local/regional
planning grants

20 Stete and local
demonstrations of
Improvements

Studies to promote
resource recovery
and Improved
management

Targeted asslstence
projects Z

Finally, a number of composting
demonstrations have been funded. These
demonstrations of composting as a
resource recovery application have been
worthwhile, if only for the fact that they
showed that substantial economic prob
lems are associated with composting in
this country. 'The technology for
composting is certainly here," says
Hale, but "markets and economics must
improve before we will see any wide
spread application."

Economics of resource recovery

The other half of EPA'S resource
recovery efforts-finding ways to pro
mote resource recovery- is not so visi
ble, but Hale feels it will be ultimately
more important. "People seem to forget
that resource recovery is not new-it has
been practiced for centuries," he says.

"There are very well-developed sec-
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ondary materials industries in this
country," says the deputy assistant
ad~inistrator. "They have existed for a
long time and have been very responsive
to price changes in the past. They are
more capital-intensive than most people
would have you believe and have made
significant technological improvements
in many areas. They haven't moved
more strongly in the direction of re
source recovery because the markets
have not existed at a price at which
they could cover their costs. Indeed,
demand for most recovered products
actually has been declining since the
1950's."

In the same vein, Hale cites the
economic problems of citizen recycling
centers, despite the fact they rely on
essentially free labor. He also points out
that, on even the most optimistic
technological assumptions, most pro
posed municipal resource recovery sys
tems either are not competitive with
other disposal alternatives or will be
competitive only if markets for re
covered output can be stimulated. Thus,
Hale sees markets and market prices as
the major barriers to broadened re
source recovery.

At the same time, EPA is looking at
broad alternatives to affect these mar
kets; it also is trying to do some things
now. Freight rates are a good example.
It is generally felt that freight rates
discriminate against secondary ma
terials-against ferrous scrap, for ex
ample, in favor of iron ore. "We (EPA)

are pressing the freight rates issue with
the Interstate Commerce Commission
and other organizations," Hale says.
"Import-export regulations have a lesser
effect but are another area at which
we're looking, as we are at materials
specifications. Finally, I would like the
GSA to take steps to increase the per
centage of recycled materials in the
products it buys."

As final evidence of his contention
that Section 205 is "where the action is"
in resource recovery, Hale cites the
whole area of product design and con
sumption behavior. "We're only begin
ning to look at the broad possibilities
for influencing generation of solid
waste by trying to change patterns of
production or consumption. Only efforts
aimed at beverage containers have
received any publicity so far, yet these
efforts are quite narrow compared to,
say, variable taxation of all disposable
products or materials. There simply is
no way to assess where this broad area
will lead, but it's bound to become more
important." SSM



Treating lead and fluoride wastes

Westinghouse has developed a one-step process

which treats wastes from TV picture tube manufacturing

and leaves an effluent of drinking water quality

Westinghouse lead-fluoride treatment process

This indeed is a formidable amount
of lead and fluoride to handle in face
of the strict water quality regulations
in New York State. Since the Elmira
plant does not have an adjoining body
of water, NY officials have classified the
effluent as a discharge to groundwater.
Furthermore, receiving bodies of water
in the state are classified according to
best usage; in this case, usage is a
source of potable water supply. Dis
charged effluents must consequently
meet state health department drinking
water standards which limi t lead dis
charges to 11.00 of I ppm and fluoride
to 1.5 ppm at point of discharge.

Treatment program

Here's how Westinghouse takes care
of its lead and fluoride wastes. During
the cathode-ray tube manufacturing
process, the concentrated lead and
fluoride wastes are individually sep
arated from other rinse waters con
taining relatively small amounts of these
same wastes.

Rinse waters are discharged as gener
ated to individual collection sumps for
lead and fluoride. Simultaneously, con-

Sludge
10

scavenger

However, if the glass does have a flaw
in it or the phosphor dots are not
registered properly, the picture tube
assembly is rejected, salvaged, and
reprocessed. To reclaim the metal
mask and glass sections, the sealed tube
must be taken apart.

Since the weakest point in the struc
ture is the frit, the entire glass tube is
immersed in nitric acid to weaken and
dissolve the frit bond. The two glass
sections are mechanically pulled apart or
heat shocked (with alternate hot and
cold water) to finish breaking the seal.
The glass parts are then cleaned with
hydrofluoric acid, and the whole process
begins once more.

What happens to these fluoride and
lead wastes that accumulate from
manufacturing and reclaiming cathode
ray tubes? Westinghouse.Electric Corp.
(Elmira, NY) was faced with this
problem. Westinghouse produces sev
eral hundred thousand tubes yearly with
the resulting liquid wastes. Of the total
effluent of three million gpd, 90,000 gal
are lead and fluoride wastes-10,000
15,000 gal of lead wastes and the re
mainder is fluoride.

All industries are faced with some sort
of waste disposal problem, and the
electronic tube industry is no exception.
Included in the electronic tube category
are color television picture tubes which
produce wastes specific to their manufac
ture. To understand how these wastes are
generated and the steps taken to prevent
water pollution, color television picture
tube production needs to be explained.

TV tube production

In the first place, there is quite a
difference between black and white
tubes and color picture tubes. A black
and white tube is one glass entity, but
the color television picture tube (color
cathode-ray tube) has two glass sections
-a face plate and a funnel. A viewing
phosphor screen of color (triads of red,
green, and blue dots) is laid down on the
face plate. However, this operation must
take place on a clean, virgin glass
surface to prevent poor registration of
the color dots, imperfect dots, or
contamination (when these circum
stances occur, the tube is rejected).

The commonly used method to clean
the face plate is light etching of the
surface with hydrofluoric acid washes.
After several water rinses to remove the
hydrofluoric acid, phosphor dots are
applied on the face plate surface by a
photosensitive process with exposure
through a me11l1 aperature mask. Hydro
fluoric acid is used throughout the
electronic tube industry to clean, etch,
and prepare all-glass envelopes prior to
applying the phosphor screen.

After etching, the face plate is fused
to the funnel section (and will eventually
become a vacuum-sealed tube) by glass
frit-a lead solder glass (70--80 wt %
lead). A machine applies a fillet (bead)
of frit to the edge of the funnel section.
The face plate is placed on the funnel,
and the combined pieces are baked in a
lehr (high-temperature oven). In the
lehr, solvents are driven out of the frit
glass which solidifies into a solid mass
and binds the two sections together.

Volume 6, Number 4, April 1972 321



Production. Frit-sealed cathode-ray tubes are conveyed to packing stations

Disposal. Over 90,000 gallons of lead and fluoride wastes are treated each day

All problems are not yet solved,
however. More research is needed
in several areas. For instance, the sludge
that accumulates at the end of the
treatment process eventually may have
to be disposed of in ways other than
landfilling (increasing numbers of land
fill operations are closing as regulations
tighten). In anticipation of this, Westing
house researchers are looking into
possible markets for fluoride and lead
sludges.

Several patent applications have been
made for converting fluoride sludges to
cryolite and calcium fluoride. In fact,
some aluminum firms build cryolite
processing facilities adjacent to their
aluminum processing plants.

Fluoride technology also has a few
shortcomings. Treating fluoride wastes
includes adding large amounts of lime
and, in all probability, reclamation
plants will not want excess lime. "We
are working in the lab to develop other
methods of treatment, particularly in
cutting down on the lime used," says
Westinghouse's Ken Rohrer, fellow
engineer. Also, if a market develops for
fluoride wastes, Westinghouse officials
say that separate treatment may be
reinstated to keep lead out of fluoride
sludges.

Westinghouse officials agree that the
treatment facilities are successful and
efficient. The most difficult problem en
countered is getting all noxious material
to the treatment plant. Besides in
stituting employee education programs,
Westinghouse has ensured that all
open drains in manufacturing areas
using large quantities of acids have
either been closed or connected directly
to the treatment plant. CKL

separately or sometimes do not treat lead
wastes at all, depending on the water
quality standards of that particular
region. Industries also vary fluoride
waste treatment by the amounts of
lime fed, pH, fluoride concentration,
types of lime, retention time of the
precipitate, and the mode of separation.
The integrated treatment of both wastes
used at Elmira is the new twist on the
known technology.

During initial plant startup, Westing
house neutralized its fluoride wastes in
55-gal drums. In the late 1950's, fluoride
wastes were treated and separated by a
rotary vacuum filter. The plant ex
panded when color television came into
its own, and the vacuum filtration unit
could not handle the increased volume
and variety of wastes. Therefore, a
continuous treatment substitute.had to
be found, and the present facility was
completed in 1967.

centrated lead and fluoride wastes are
continuously discharged to their col
lective sumps. The combined dilute and
concentrated wastes then are piped to
the treatment plant. Uniform concen
trations of each waste are maintained by
carefully metering the concentrated
wastes going into the total stream.

At the treatment plant, lead wastes
are fed into a tank and treated with
trisodium phosphate (TSP). For best
results, pH 3.6 is maintained. TSP reacts
with the lead waste to precipitate lead
phosphate. This treated waste, with in
soluble lead in suspension, then flows
into a fluoride reaction tank where the
fluoride wastes are pumped in. Lime (to
maintain a pH of 12) and a polyelectro
lyte coagulant are added. The fluorides
then precipitate as calcium fluoride.

This mixture then flows through
six cascading tanks. Most of the solids
are removed by settling in the first
tank. The clear liquid in the last tank
contains 0.2 ppm lead and 10-30 ppm
fluoride which, when mixed with the
remainder of Westinghouse's effluent,
is within drinking water standards.
Periodically, the tanks are cleaned, and
the sludge (consisting of excess lime,
calcium fluoride, and lead phosphate)
is hauled to a landfill.

History

Fluoride and, in some instances, lead
wastes are common to several in
dustries: electronic tube, glass, nuclear
fuel, aluminum, and fertilizer. The
basic technology of the treatment
process used by Westinghouse is not
new. Fluoride wastes have been treated
with lime, and lead wastes have been
treated with phosphates and other
precipitants for years. In fact, other
industries routinely treat the wastes



NEW WATER MANAGER! Honeywell con
ductivity analyzer is shown wall-mounted
controlling a plating rinse tank to conserve
make-up water. The submersible sensor
is in the far corner of the tank. The identi
cal equipment also is applicable to cooling
tower blow-down control. Enclosures are
weather-proof for hard industrial service.
Also available in this line of analyzers are
pH, ORP, and Dissolved Oxygen. Outputs
available for ElectroniK and VutroniK re
corder-control/ers. For further information
on analyzer transmitters write for Speci
fication Sheets 5542-1, -2, -3, and 5546-1
and -2.

Cut Costs of
Plant Water Usage
"Analyzing Factors For Lower Cost
Plant Water Management", a paper by
Christopher P. Blakeley, develops de
tailed cost considerations affecting
the economics of industrial plant proc
ess water usage. Blakeley, Market
Manager for Honeywell Water Man
agement Markets, presented the paper
at the April 1971 meeting of the Indus
trial Management Center's conference
on Environmental Management for In
dustry and Government held at Ster
ling Institute, Washington, D.C.

Write for reprints.
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pH POWERI New Honeywell pH electrode
is designed to develop low solution con
tact resistance, with minimum susceptibil
ity to clogging and "poisoning".

,,~ Honeywell The Automation Company

~ INDUSTRIAL DIVISION, M 436, FORT WASHINGTON, PA. 19034

"Problem-Solver"
pH Electrode
Better Three Ways
Solving three electrode problems
common to process pH measurement
is easy with the new Honeywell "Zero
Flow" pH reference electrode.

First problem is high solution con
tact resistance; second is capillary
clogging; and the third is "poisoning"
of the silver chloride reference mate
rial by the intrusion of process fluid.

The new design develops low
enough resistance to assure good
contact and minimize stray effects.
Large diffusion paths minimize clog
ging. Design licks the third problem,
"poisoning", with a double-mem
brane, "pressure-lock" construction
which places two diffusion time-con
stants between the process fluid and
the silver chloride.

Rugged construction assures high
resistance to physical and thermal
shock. Ambient temperature range is
-5 to 120 0 C. Because of its "Zero
Flow" design, there's no need for ac
cessory electrolyte reservoirs, air sup
plies, or pressure regulators

For further information, write for
Specification Sheet S546-1.

Installation of conductivity control
lers on each rinse tan~ to measure
the concentration of metallic salts
so water input could be controlled,
brought a 66% reduction in rinse
water, to 36,260 gal./day, saving
$23,000 per year. Temperature and
flow controls on the water circuit of
the ai r compressors cut usage by
$3,000 per year. Temperature control
lers to cut flow of trichloroethylene
solvent cooling water saved another
$3,000 per year.

In the past three years the plant has
saved one full year's water and waste
treatment costs by applying the prin
ciples of good plant water manage
ment.

TWO-FISTED C05T FIGHTERI Two-pen
ElectroniK 111 in Honeywell plant waste
treatment facility records pH and Conduc
tivity in plating department neutralizing
tank. pH signal comes directly from flow
through electrode holder assembly with
sensor-mounted pre-amplifier. For infor
mation on Electroni K pH controllers write
for Specification Sheets S540-2a and
5546-1.

Practicing the
Automation we preachl
Honeywell was paying its Fort Wash
ington (Pa.) industrial park landlord
$88,700/year to treat water and sew
age from its 857,000 sq. ft. plant. At
this time it was standard procedure to
let water run uncontrolled through air
compressors, degreasers, and plating
rinse tanks, 28 of which consumed
106,700 gal./day.

WATERAND WASTE
CONTROL

NEWS
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Wholesaling
environmental

•services
A new agency in Maryland is a statewide utility

that provides liquid and solid waste services

search for environmental
quality has produced few universally
accepted findings. One of the few is the
necessity for change-change in land
use practices; change in the way we live
and make our living; and change in our
view of the world and man's place in it.

Nowhere have man's newly sharpened
perceptions of his environment brought
about more pronounced adjustments
than in the rapidly shifting configuration
of federal, state, and environmental
agencies. Ordinarily, discussions of new
governmental organizations and revised
institutional structures are interesting
only to those directly involved. Such
actions often appear, and sometimes
are, inconsequential. Yet, given the
pervasive role of government in society
and the magnitude of private and public
effort needed to control environmental
quality, it is clear that government, least
of all, can afford to adopt a lethargic
posture.

Most changes in environmental pro
grams and agencies are designed to
regroup existing functions and admin
istrative units to increase their effective
ness and efficiency. Some, however, are
intended to initiate new programs that
differ in nature (rather than in size or
structure) from previous ones. This
article discusses one such agency,
the Maryland Environmental Service
(MFS).

MFS departs from the traditional state
role of pollution regulator and, more
recently, provider of financial assistance.
The state becomes a full partner with its
subdivisions and industry by providing
services ranging from planning through
design, financing, construction, opera
tion, and maintenance of liquid and
solid wastes treatment, reclamation,
and disposal facilities.
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Although it is a new type of govern
mental venture, the Service is not unique.
Similar, though not identical, organiza
tions are operating in New York, Ohio,
and Ontario Province of Canada.
MFS has historical roots in river basin
planning in the U.S. and other coun
tries, notably Germany.

The agency has now been in existence
for less than two years. This short time,
which includes several months' gestation
during which the usual budgetary and
personnel matters were resolved and a
staff assembled, does not justify sweep
ing conclusions; however, some pre
liminary ideas may be useful.

The simplest way to picture MFS

is as a statewide utility created to provide
liquid and solid waste services to
counties, municipalities, and industry.
In order to determine hoI,\' such services
should be provided with both environ
mental protection and cost effectiveness,
the Service develops liquid waste river
basin plans and solid waste regional
plans.

To implement plans, MFS has the
power to finance, manage design and
construction, and operate and maintain
liquid and solid waste facilities. The
Service's powers and responsibilities
will be discussed within the two general
categories mentioned above, planning
and implementation. However, this
distinction is in one respect misleading
planning activities will represent the
design stage of the implementation
program.

Planning

The legislation creating the Service
requires that both liquid waste and solid
waste planning be carried out in con
sultation with affected local govern
ments, industry, and other interests.

No deadline is given for completion;
however, other legislation has imposed
deadlines. MFS has been designated to
comply on behalf of Maryland with the
federal requirement that river basin
plans be developed by July I, 1973. In
addition, state legislation requires each
Maryland county to prepare a solid
waste plan by no later than January I,
1974. Therefore, those two dates have
been set as deadlines for MFS planning
activities.

Federal requirements add a potential
complicating factor since there will be
two sets of guidelines and review pro
cedures applied to the Service's river
basin planning-one from Maryland's
legislation and the other from Washing
ton,DC.

Also, since planning for pollution
abatement uses exact sciences but is not
itself one, there are diverse and even
conflicting views among planners and
users of plans as to what constitutes the
most effective methodology.

Since basin plans will require a sub
stantial investment of money and man
power, full-scale statewide planning is
being preceded by what could be con
sidered a test plan. A small tributary of
the Potomac River, the Monocacy
River, is an intercounty and interstate
basin and has a sufficient variety of pol
lution sources to require most, if not aU,
approaches and techniques that will be
needed elsewhere in the state. A plan for
this basin is nearing completion by the
Service's own staff. The first draft of the
plan will be circulated to agencies and
individuals who will have review or im
plementation responsibility when all
statewide basin plans are completed.
If an actual plan has been produced
rather than a design for the plan, there
will be much better prospect for consen-
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sus on how basin planning should be
carried out. Through this device, the
MES staff will have an opportunity to test
various approaches and techniques
before committing irretrievable time
and public funds to the statewide effort.

Availability of a test or model plan
will also be valuable in guiding con
sultants for subsequent planning, which
is particularly important in light of the
mix of staff and consultant resources to
be employed. Although planning will
continue, the magnitude of effort will
decrease sharply after the initial set of
basin plans has been completed. MES

planning capability was designed to

provide a maintenance planning effort
subsequent to developing the initial set
of plans. The difference between that
capability and the capability required to
develop the initial set will be made up by
consultant services.

River basin planning will start from a
firm foundation of existing county water
supply and sewerage plans. These
county plans were required by a 1966
statute-each county developed a com
prehensive water supply and sewerage
plan for submission and approval by the
state by January I, 1970. As expected,
these plans vary in the amount of
detail presented, methodology, and

quality. However, they provide an excel
lent inventory of problems and contain
detailed schedules of actions that both
counties and state are committed to take
to solve existing and emerging prob·
lems.

In some measure, river basin planning
will be a mechanism for improving and
coordinating individual county plans.
Part of the Service's planning respon
sibility will be a review of the county
plans with three specific questions in
mind:

• Are there changed. circumstances
that necessitate modifications? Such
changes could be greater or lesser
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industrialization or population growth
than anticipated, revised water quality
standards, or improved waste manage
ment technology.

• Are there opportunities for greater
effectiveness or economy by physically
combining projects proposed separately
within a county or within two or more
counties?

• Are there similar opportunities to
provide regional management of waste
facilities, even though those facilities
might not be physically interconnected?
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Basin plans will identify physical
projects or other actions needed to
provide adequate waste management.
Approval of the plan by both state and
affected local jurisdictions will con
stitute a commitment on their part to
implement all measures called for. The
plan will also specify responsibilities for
taking actions; for example, whether a
given sewage treatment plant is to be
constructed and operated by a local
government or by MES. The Service's own
enabling act requires that plans contain

a five-year work schedule. The planning
horizon will be longer, but details and
commitments will be more generalized
beyond the five-year time period speci
fied by law. Plans are subject to biennial
review and amendment as circumstances
warrant.

Solid waste planning

Solid waste planning is being carried
out on a somewhat different basis. As
stated earlier, both counties and MES

were simultaneously given responsibility



for solid waste planning-on a county
by county basis by local government and
on a regional basis by the Service. Re
quirements of both legislative acts could
be carried out by having the 24 major
subdivisions of Maryland (23 counties
and Baltimore City, which is considered
a county in this context) and MES

separately pursue their solid waste
planning activity. At best, this action
would waste money and effort and
almost certainly produce two conflicting
sets of solid waste plans. Therefore, MES

has entered into contract negotiation
with the counties to agree on joint solid
waste planning. In most, if not all, areas
of the state, counties and MES will
jointly fund and direct a solid waste
planning effort which will satisfy statu
tory requirements for both regional
and individual county plans. Whether a
regional plan is looked on as a compila
tion of coordinated individual county
plans or whether the individual county
plans are considered as components of a
larger regional plan is immaterial,just as
long as the planning effort is organized
and directed properly. Since MES will be
an active participant in solid waste
planning, the state itself will be a plan
ning region.

Regional planning boundaries can
assume more importance than they
warrant. As indicated, MES will be active
throughout the state. For purposes of
technical analysis, hydrologically defined
areas, economic regions, geographic
provinces, and similar areas have more
importance than political boundaries;
however, political boundaries are im
portant in reviewing and adopting plans.
T\lerefore, technical planning will be
guided by many factors other than
political boundaries whereas the liaison,
coordination, and review activities lead
ing to adopted plans will be carried out
with political boundaries being kept
uppermost in mind.

When the initial set of solid waste
and river basin plans are completed,
data, information, action schedules, and
other elements of statewide planning can
be placed in any desired format
whether that be a single county, a multi
county area, an economic region, or any
other defined geographical area. It will
not be equally simple to coordinate the
planning within the state boundary with
that of adjacent states. Before each
specific planning project is undertaken,
close working relationships will be
established with appropriate authorities
within the adjacent state. Since Mary
land is a small state, virtually every

plan, regardless of its object or geo
graphic orientation, will have interstate
aspects.

Implementation

As indicated, planning Iesponsibility
was assigned to MES to provide an or
derly means for determining physical
projects that the Service should under
take. In the long run, the planning
device is expected to, and undoubtedly
will, be the principal route for establish
ing Service projects. However, there are
two other ways by which MES may con
struct and operate a waste management
facility-a "mandatory response to a
request" and a "response to a direc
tive."

The law provides that any govern
mental entity or privately owned con
cern within Maryland may request the
Service to provide liquid or solid waste
services. MES is obligated to provide such
services. The only two negotiable items
are the date for initiating such services
and the rate that will be charged. If
rates are not agreed on by negotiation,
the Maryland Public Service Commis
sion is empowered to provide binding
arbitration.

The reason for the "mandatory
response to requests" provision in the
law is to remove temptation for MES to
pick and choose among the needs exist
ing within the stale and concentrate
exclusively on those which were finan
cially attractive or environmentally
glamorous. The provision also ensures
local government and industry that they
will receive uniform treatment from the
Service. This uniformity does not ex
tend to rates since these must reflect
operation costs which will vary from
place to place and from time to time.

The "response to directive" provision
stipulates that MES can be used as an
implementing arm of the regulatory
authority of the state. If either the
Secretary of Health and Mental Hygiene
or the Secretary of Natural Resources,
both of whom have pollution control
regulatory responsibility, determines
that a pollution abatement order has not
been met with compliance, he may direct
the Service to take whatever action is
required to ensure compliance with the
order. This provision is intended to be
used in instances where imminent
hazard to public health or natural re
sources exists and is not or cannot be
resolved by responsible local authorities
or individuals. It also expresses the
state's commitment to use its powers
wherever and whenever needed to

abate pollution if other responsible
authorities are unable to do so.

Even though MES is still initiating its
planning program, efforts are neverthe
less under way to develop specific
physical projects to prevent delays in
solving existing problems. The State and
Federal Water Pollution Control Con,
struction Grant Program and intensified
enforcement of solid waste disposal
laws and regulations have greatly ac
celerated construction of sewage treat
ment plants, sanitary landfills, and
related facilities. When the S~rvice was
created, officials realized that some
important decisions were about to be
made on constructing waste facilities
which represented a large investment
of public funds and would have a long
range constraining influence on possible
future waste management systems. In
some instances, the Service's abilities
and powers to develop joint undertak
ings between municipalities, counties,
and private industry could pe incorpo
rated to improve proposed systems.
Therefore, several problem areas in
Maryland have been selected for inten
sive study, even though not yet part of
any regional solid waste or river basin
planning activity. At this time, it is
impossible to say how many of these
studies will result in contracts and physi
cal projects; however, the fact that they
have been undertaken will at least assure
local, state, and federal governments
involved that possible alternatives to
decisions are examined while still
relevant.

Among such possible projects is a
sewage treatment plant which would
replace one proposed local plant and
four existing plants that are scheduled
for replacement, upgrading, or expan
sion into a single regional plant.
Another, which is now under contract,
will result in a sewage treatment plant to
provide urgently needed services to a
community and replace two nearby
inadequate plants serving public in
stitutions. Other projects under con
sideration have to do with solid waste
and sewage sludge problems which have
become extremely serious in the urban
areas of the state. The accompanying
map and tables indicate the scope of
present investigations and project de
velopment activities.

The Service will cut its operating
teeth on facilities serving state institu
tions. In response to an Executive Order
of Governor Marvin Mandel, MES is
presently operating 14 state-owned
sewage treatment plants, supervising
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Expansion. To update sewage treatment, MES may enlarge inadequate facilities
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problems? Nalews-Weston
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cility design-construction.
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five, and providing supervisory services
for 10 others.

Advantages

Reasons for creating MES and the
promise that it holds for the future are
exemplified in these proposals. One of
the hallmarks of most of them is that
they deal with more than one local
jurisdiction. In one instance, the juris
dictions are widely separated. This
ability to act as an agent on behalf of a
number of individual entities, whether
they be political subdivisions or com
mercial enterprises, or some combina
tion of the two categories, is in itself a
significant and essential element of an
effective waste management system. This
applies not only to the ability to bring
together two jurisdictions with similar
problems, but also to bring together two
separate jurisdictions when one may
possess the solution to the other's
problem. For example, organic solids,
removed during sewage treatment are
expensive and unwanted wastes so far as
the owner of the sewage treatment plant
is concerned. However, areas with bar
ren soils or scarred landscapes would
benefit from proper application of those
solids if properly processed. Although
formidable technical, economic, and
political obstacles are encountered in
transporting materials which are a
"waste" at their place of origin but
could be a resource to some other
jurisdiction, there is reason to hope that
such proposals will gain public accept
ance when proved to be sound. The
existence of an agency which has equal
responsibility to both the jurisdiction
that generates waste and the one which
may offer to receive it should be
valuable for accepting such projects in
the future.

Another advantage of MES is that it
offers the small community opportuni
ties to achieve economies of scale which
are usually available only to the larger

cities. This is true not only in construc
tion but also in operations,For example,
it has become increasingly necessary to
provide small communities with high
performance treatment plants in order to
achieve water quality standards. Such
plants, even when small, are usually
complex and require operating skills,
competent laboratory support, and
ready availability of spare parts and
emergency eq uipment comparable in
quality to those required at large plants.
All of these resources are quite expensive
for the small community and are, there
fore, rarely provided adequately. MES

can greatly alleviate such problems by
providing regional management of sev
eral such small plants. In this fashion, a
highly skilled (an.d therefore, well-paid)
operator/supervisor could be available,
as well as a centralized laboratory and
emergency equipment stocks. Such
centralized regional management would
also provide economies in purchasing
supplies and equipment and should
provide greater reliability.

Economies of scale in operation and
construction are important now in solid
waste disposal and may well become
even more important as reclamation
replaces disposal. Availability of a
regional management system may be
essential if wastes are to be collected and
transported to central reclamation and
recycl ing centers.

Even before regional reclamation
facilities become available, regional
collecting and processing of specific
kinds of solid waste may be desirable.
For example, MES is studying statewide
collection for reprocessing or safe
disposal of waste oils, tires, paper, fly
ash, and waste sludges. Another study,
with a somewhat different orientation,
will deal with toxic materials and
hazardous substances. Many of these
materials are handled poorly, if at all,
on a local basis but would lend them
selves to a regional or statewide effort.



Another advantage of the Service is
the ability to provide centralized and
highly specialized resources which in
dividual jurisdictions cannot normally
provide themselves. These resources
include such planning tools as mathe
matical models and such operating tools
as computerized operation and main
tenance scheduling.

Although many advantages offered
by the Service result from the ability to
centralize facilities and management
systems, safeguards are built into the
law to protect local autonomy. The most
important of these is a prohibition
against MES determining who shall
receive solid and liquid waste services
and who shall not. If the Service could
make such decisions, it would replace or
at least weaken the position of local
government as the land use authority.
The Service acts only as a wholesale
agency, which can provide financing,
construction, and operation of liquid
or solid waste reclamation or disposal
facilities, but it cannot decide what
properties will be served by collection
facilities. Its rates, of course, will
reflect both volume and characteristics
of collected wastes and provide an
economic feedback to the community
making land use decisions. This, how
ever, is the same kind of economic feed
back that the community would have or
at least should have if it operated the
plant itself.

Another safeguard protecting local
autonomy and land use decisions is a
requirement that MES plans be pred
icated on implementing land use plans
of local jurisdictions. MES cannot revise
tbe local land use plan to make waste
management cheaper. Again, as in the
case of rate structure, a solid waste and
river basin plan will serve as a feedback
to local government on its land use plan,
but the principle must be retained that
waste management planning must spec
ify hardware lind actions to implement
land use planning rather than control it.

Funding

Several sources of funds are available
to support the Services activities:
general appropriations, bond sales, rev
enues, and grants. With the exception of
planning costs, all of the Service's ac
tivities are to be self-supporting. Provid
ing liquid or solid waste services must be
supported by a contract specifying that
all costs (debt service, operations, and
administrative overhead) are to be met
by charges to the political or commercial
entity receiving the service. MES is em
powered to sell its own bonds, secured

principally by revenues and backed by
power to divert state-local shared
revenues as well as a reserve fund.

MES could not become self-supporting
until a substantial number of revenue
producing projects were in operation.
Therefore, general appropriations were
made available initially to organize the
agency, and will continue to be needed
at decreasing levels for the next few
years.

Costs of developing the initial set of
plans is being met by a special $4 million
general obligation bond authorization.
No revenues, of course, will be available
to defray these costs.

To date the prospects for success are
excellent. Substantial time and effort
have been and will continue to be re
quired to promote better understanding
and acceptance of the agency and assis
tance it can offer. There is a natural
indication, on the part of local govern
ment in particular, to look on MES as
just another regulatory agency. There is
also a predictable concern by local
governments over becoming captives of
the state without adequate control to
protect their interests in matters relating
to charges and rate structures.

However, substantial progress has
been made in alleviating these concerns
and in gaining acceptance of the mission
of MES. There is every reason to believe
that within a short time the Maryland
Environmental Service and the concepts
it embodies will be accepted not only as a
valid approach but as the principal
approach to achieve effective waste
management and control of environ
mental quality.

Thomas D. McKewen is presently di
rector of the Maryland Environmental
Service. He has worked with the State of
Maryland since 1952 in areas dealing
with sanitary engineering, public water
supply, water and sewerage, resource
protection, and environmental healtlt ser
vices. Mr. McKewen Itas been director
oJ MES since 1970.
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ue detect a certain something
in the air these days.
CO, C02, HC, NO, N02, 802...

M-S-A'" analytical instrumen
tation detects, measures and
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pollutants in the atmosphere;
and analyzes stack and auto
emissions.

The M-S-A Hydrocarbon
Analyzer uses the hydrogen
flame ionization principle for
precise, continuous measure
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trations in the atmosphere;,
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tinuous measurement of carbon
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emissions.
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Mathematical Model for Fate of Pollutants in Near-Shore Waters

Walter J. Wnek and Edward G. Fochtma=,'

liT Research Institute, IO W. 35th St., Chicago, IL 60616

• Mathematical concepts necessary to calculate the fate of
pollutants in the near-shore waters of a lake are developed
and an example calculation involving three separate sources
calculated. The model considers variable diffusion coefficients
and variable velocities. Use of transforms and Green's func
tion avoids the finite differences approach, permits rapid
calculation, and results in a stable answer for long distances
from the source.

L ake Michigan has long been used as a means for dis
posal of sewage and industrial waste. There is a clear

need to reverse the trend of deteriorating water quality and to
preserve this valuable resource. Recent efforts to abate pollu
tion have focused attention on the complex nature of the
problem and the lack of reliable information on the fate and
persistence of pollutants introduced into the lake. Such in
formati.on is needed to direct antipollution efforts rationally
so that those steps can be taken that will result in the greatest
effect for their cost.

While many scientists have studied this problem on both an
experimental and theoretical basis, there is still a great need
for more definitive predictive techniques. In this work, avail
able mathematical techniques were modified to develop a
program which requires little computer time and is more
amenable to prediction of conditions at greater distances or
times from the source. Effects of multiple sources, bound
aries, and reaction or decay rates were also considered.

Qualitative Description of Model

At the beginning of the study, possible dispersion mech
anisms were selected, and consequences of these evaluated
e.g., molecular diffusion, velocity gradients, and turbulence.
The mechanism which provided the best explanation of the
dispersal process was one based on the concept of dispersion
as an eddy diffusion process. Although phenomena of the
diffusion type have been observed in many other fields, differ
ences in these fields from pollution of Lake Michigan were
great enough so that developments in them could not directly
be taken and applied to the process of dispersion in a lake.

1 To whom correspondence should be addressed.

The equation based on this concept, which governs dis
tribution of a pollutant, is given by the partial differential
equation:

oc oc oc oc- + vx - + v. - + v, - =
ot ox oy oz

~ (Kx 0:) + ~ (K.0:) + ~ (K' 0:) - R(c) (I)
ox ox oy oy oz OZ

subject to the initial condition

c(x,y,z,O) = °
and the boundary condition of no mass flux across the bound
ing surface S

0:=OonS
on

where c is concentration; x,y,Z are coordinates measured
respectively in the direction of the shore, across the lake, and
vertically downward (Figure I); t is time; n is normal to S;
vX, v., and v, are velocities for the x,y,z directions, respec
tively, functions of x,y,z; Kx,K., K, are turbulent dispersion
coefficients for x,y,Z directions respectively, functions of
x,y,z; and R is rate of reaction of pollutant with its environ
ment.

This equation is arrived at by performing a material balance
on a differential element of volume anywhere in the lake.

/
Flow

-'
~'I'!~ 2s..~'f~OC'!.' _

Bottom

Figure 1. Diagram of coordinate system for Lake Michigan
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First term represents local time rate of change of concentra
tion, the next three terms define changes in concentration due
to advection, the next three terms account for dispersive action
of the pollutant due to turbulence, and the last term allows for
depletion of the pollutant due to chemical reaction with its
environment.

Although several analytical solutions to Equation 1 are
available in the literature (Crank, 1957; Carslaw and Jaeger,
1959), they could not be used owing to the simplifying assump
tions made, such as constant dispersion coefficients and
velocities, no reaction term, no boundaries, and a two
dimensional coordinate system. Another method used to
solve Equation 1 is to use a numerical technique such as
finite differences (Water Resource Engineers,1966; 1968a,b).
Unfortunately, this method of solution requires tremendous
computer time and tends to be unstable for predictions far
in the future.

It was possible to remove these stringent restrictions and
reduce the computation time to a few seconds by developing
an analytical solution by particular transformations and the
concept of Green's functions. The model of Lake Michigan
can calculate the amount of pollution due to any number of
sources on the lake at any time and point in the shore waters
of the lake. The dispersion coefficients, velocities, and reaction
term can be arbitrary functions. The model also allows for
boundaries such as the lake's bottom and shoreline, thermo
clines, and thermobars.

An expanded description of the model and its development
along with an example problem are presented.

Quantitatioe Description of Model

Correlations for Eddy Diffusion Coefficients. Eddy diffusion
coefficients are characteristic parameters of a given lake and
are empirically determined. Although few experimental values
have been determined (FWPCA, 1967) for the Great Lakes,
enough data have been taken on other bodies of water such as
rivers (Glover, 1964), oceans (Hill, 1966; Koczy, 1958;
Ozmidov, 1958; Foxworthy and Kneeling, 1969) and other
lakes (Hutchinson, 1957) so that order-of-magnitude esti
mates can be made from the following correlations.

Longitudinal dispersion means dispersion in the direction
of flow. It includes the combined action of turbulence and
variation of velocity with position. Glover (1964) gives data
expressed as eddy diffusion coefficients for rivers which can
be used to account for turbulence due to shear flow. Diffusiv
ity in longitudinal direction due to flow in the x direction is

Kro (ft'/sec) = cx-Rno"

A similar formula for transverse dispersion is

K.. (ft'/sec) = Cx.Rno"

and for vertical dispersion

K, (ft'/sec) = cx,Ho"

where

cx., cx., cx, = empirical constants for a given body of
water whose values are approximately
500, 0.72, and 0.067, respectively [see
Glover (1964) for further details]

0" (ft/sec) = Vg o./N" (shear velocity)
g = gravitational constant

v. (ft/sec) = inshore velocity in x direction
N, = 1.49 Rno.l67/Nm (Chezy coefficient)
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Rn (ft) = HL/2 (H + L) (hydraulic radius) .'
H (ft) = depth of lake or thermocline
L (ft) = width of lake or thermobar

Nm = Manning's constant ~0.025

Similar formulas apply for flow in the y and z directions.
To account for the variation of these eddy diffusion coefficients
with distance due to transition from small to large eddy
motions inherent in homogeneous turbulence, the following
correlations from the oceanography literature (Hill, 1966)
may be used. The longitudinal and transverse coefficients
decrease with depth according to:

fiKdf.z fiK./M
K.I,ud.ce or K.I,u,r... = -a (Hill, 1966; FWPCA, 1967)

where

a ~ 4.6 X 10-' ft- 1

Longitudinal and transverse coefficients on the 'surface
increase with distance from the source up to the length scale of
large eddy motion (Hill, 1966; Ozmidov, 1958)

Kxlsurrace = Ce,4!3

KlI !surface = cs,4!3

where r (ft) = Vx' + y' is the absolute distance from the
source and

1 X 10-' ~ c, ~ 2.5 X 10-' ft'/'/sec

For Lake Michigan, this length scale is about 800 ft so that
for distances greater than 800 ft, diffusivities do not vary
(FWPCA, 1967). Combining these relationships, the expressions
for the eddy diffusion coefficients as functions of the three
space variables are

K. = Kro + c,r'/' (1 - az)

K. = K.o+ c,r'" (1 - az)

For values of r greater than 800 ft, r should be set equal to 800.
Although the model can include flows in more' than one

direction, these coefficients include only velocity in the x
direction, along the shore. The effect of shear is incorporated
in K. so that K. should be larger than K. and K.. since the
latter include only the effect of turbulence. To get 'i1 feeling
of the magnitude of these diffusivities, let us calculate them
under the following conditions:

z = 20 ft
r>800ft

H = 27 ft
v. = 0.072 ft/sec

The value of the Chezy coefficient and the shear velocity are

1.49(27)°·,67
N, = 0.Q25 = 104

v" = V32.2 (0.072) 3.82 X 10-'
104

so that

K., = 500(27X3.82 X 10-') = 51.5

K., = 0.72(27)(3.82 X 10-') = 0.074

K, = 0.067(20)(3.82 X 10-') = 5.1 X 10-'



Values of the diffusivities are then

where k is a constant having units l/time and is on the order
of 0.1 /day and that the velocities and dispersion coefficients
are only functions of the coordinates and not concentration.
Using these facts, it is seen that Equation 1 is simplified to a
second-order linear partial differential equation for which an
analytical solution appears feasible.

By rearranging Equation I, making two changes of vari
ables, and using separation of variables, Equation 1 can be
further simplified so that an analytical solution can be ob
tained by means of the method of Green's functions.

REDUcrION TO THE CONSTANT COEFFICIENT EQUATION WITH
A MODIFIED SOURCE TERM. Let mean velocities and diffusivi
ties be defined as:

K, = 51.5 + 2.5 X 10-'(800)'13(1 - 4.6 X 10-' X 20)
= 51.5 + 16.6 = 68.1 fl'/sec

K. = 0.074 + 16.6 = 16.7 fl'/sec
K, = 5.1 X 10-' ft'/sec

One may compare these values with radial diffusivity measured
for Lakes Michigan and Erie which is a combination of K,
and K. (Table 1). Correlations for K, and K. are seen to be in
agreement with the data. Although there is no equivalent data
for K" its correlation has been confirmed by numerous
measurements on rivers (Glover, 1964) and is in agreement
with ocean data (Koczy, 1958).

Modification and Solution of the General Equation for Lake
Michigan, ~ORM OF RATE EQUATION. Experimentally, it has
been found that for several nonconservative materials intro
duced in the lake such as BOD, R(c) is best represented by a
first-order reaction term as

ANALYSIS OF DIFFUSION TERMS. Make the following change
of variables:

(7)

(6)

(5c)

31.2
59.1
39.8
44.2
34.4
355

i = 1,2,3

0.098
0.111
0.072
0.101
0.066
0.098

i = 1,2,3

Z = Z - vzt

o'c o'c
ox,, ox,,

20
5

20
5

20
20

x,
X,= vIE,

oc oc
ox, ox,

27
27
27
25
42
42

Then

Table I. Experimental Values of the'Radial Diffusivity K,
for Lakes Michigan and Erie

(FWPCA, Lake Michigan Currents, 1967)

Depth, ft z, ft v, ft/sec K" ft'/sec

~ = ~ + t 0: ~! = ~ - L ii, 0: (8)
01 01 ;_1 ox, 01 01 ox,

Substituting Equations 5-8 into Equation 4

OC 3 _ o'c
- = L K, ---;:- - kc +S(c,x,l) (9)
01 ;-1 ox,,

Also

Then

and
(2)

i = 1,2,3 (3b)

i = 1,2,3 (3a)

R(c) = kc

- 1 f"f"f"K, = - K,(x',y',z')dx'dy'dz'
Vp ZO yo XO

1 f"I"'f"ii, = -- v,(x',y',z')dx'dy'dz'
Vp zo yo xo

SIMPLIFYING TRANSFORMATION IN TERMS OF THE RATE
CONSTANT. Let

oc o'c o'c o'c
bi = oX' + oY' + oZ' - kc + S(C,X,I) (11)

This equation is now in the form of the simple diffusion equa
tion, and the methods available for solving it can be used.
The solution for an instantaneous point source will be found
from which the solution for an arbitra'ry source term can be
generated.

SEPARATION OF VARIABLES. Assuming a solution of the form

(13)

(10)

(12)

o'c 1 o'c
ox,, K, oX,,

Then, substituting Equation 12 into Equation 11

~_~ = o'c o'c + o'c + e"'S(c X I)
01 oX' + 0 Y' oZ' ' ,

Substituting Equation 10 into Equation 9

where

S(c,x) = t (ii, - v,) oc +~ [(K, - K,) oCJ
;-1 ox, ox, ox,

and is to be treated as a source term. The rationale behind this
is that the solution for an arbitrary source term can be readily
written in terms of the solution for an instantaneous point
source which is designated as the Green's function. It should
be noted that S is a measure of the deviation of the true solu
tion from that for the mean coefficient case. For this reason,
S can be considered as perturbing the mean coefficient solu
tion.

ANALYSIS OF CONVEcrlON TERMS. Make the following
change of variables.

wherei = 1,2,3 representsx,y,z. The subscripts OandPdenote
the source and the point where concentration is desired,
respectively. v. is the volume element equal to (x. - xo) (Y.
- Yo) (z. - zo).

Introducing these quantities into Equation 1 yields the
constant coefficient equation

OC 3 OC 3 _ o'c-+ Lii,- = LK,- +S(c,x) (4)
01 ;_1 oX, ;~I ox,,

and substituting it into Equation 13 without the source term

x = x - vx!

y = y - ii.1

(5a)

(5b)

c = fi(X,I)f'( Y,I)f,(Z,I) (14)
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(I Sa)

IJ': (~- o'!i) +!if: (~_ O'f,) +fJ,(?!! _O'f') = °
'01 oX' '01 oY' 01 oZ'

Since (!i,hi,) ~ (0,0,0), then

C!fj = o'!i
01 oX'

Me-kl _

c = _ / __ exp [-(x - v,I)'/4K,1 -
8 (7fI)'" Y KxK.K,

(y - v.I)'/4 K.I - (z - v,I)'/4 K,I] (23)

The Green's function is the solution for a unit instantaneous
point source released at x',y',z',I' and no decay. Thus,

'TRANSIENT SOLUTION FOR A POINT SOURCE. A solution of
Equation 15 is

Of, o'f,
01 oY'
of, o'f,
01 oZ'

(15b)

(15c)

1
G(x,Y,z,l; x',y',z',I') = _ / _ _ _ X

8 [7f(1 - 1'»)'l2y KxK.K,

{
[(x - x') - Vx(1 - I'»)' [(y - y') - v.(t - I')]'

exp - 4 Kx (I - I') - 4 K.(t - I') -

[(z - z2 - v,(t - I'»)'} (24)
4 K,(I - I')

Af, = 1112 exp [-(X,'/4 I») (16)

where A is an arbitrary constant.
Substituting Equation 16 into Equation 14

c=..i_ exp [-(X'/4 I) - (Y'/41) -(Z'/4t)) (17)
t 312

Substituting Equation 17 into Equation 12

Ae-kl

c = - exp [-(X'/4 I) - (Y'/4 I) - (Z'/4 I») (18)
t 3/ 2

Transforming back to the x,Y,z coordinate system, Equation
18 becomes

or

Ae-k
' A - A - A-

C = (3J2 exp [-(x'/4 Kxl) - (j'/4 K.I) - (z'/4 K,I») (20)

Transforming back to the x,Y,z,1 coordinate system, Equation
20 becomes

A -kl

C = _e_ exp [-(x - vxl)'/4 K,I -(y - v.I)'/4 K.I 
13/ 2

(z - v,I)'/4 K,I) (21)

TRANSIENT SOLUTION FOR A CONTINUOUS SOURCE. The
solution for an arbitrary source is obtained from the solution
for the instantaneous source by integrating it .over instan
taneous sources released every dl. However, it will be con
venient first to rearrange Equation 23.

Let

a = K.K,x' + KxK.:y' + KxK.z'
4 KxK.K,

b = vx'/4 K x + v.'/4 K. + v,'/4 K, + k

Then

M (xVx yV. zv, )c= exp -+-+- X
8(7fI)'12 YKxK.K, 2Kx 2K. 2K,

exp ( - ~ - bl) (25)

Let the pollutant be introduced at rate 'l'W into the lake con
tinuously at (0,0,0) where ~ is the time of introduction. Then
the effect of a quantity of pollutant 'l'd~ on concentration at
the point x,y,z at time I is given by

(
3 )" x,v,exp L. ---
i~12K, f'

c= 8 7f'" YKxK.K, Jo 'l'W X

exp [ __a - b(1 - ~)J
I-~ d~(26)

(I - ~)'12

If the rate 'I' is taken as a constant or a suitable mean value,
then

The integral in Equation 28 has been evaluated (Abramo
witz and Stegun, 1965) so that Equation 28 becomes

The constant A depends on the boundary conditions. To
obtain the Green's function, the boundary condition is
selected as an instantaneous point source of amount M at
(0,0,0). Later, provision is made for sources not on the shore.

With the reaction term k = 0, the following relation holds

which states that the amount of material released must be
contained somewhere in the system if no reaction occurs.
Substituting Equation 21 into Equation 22, integrating, and
solving for A (Crank, 1957)

Therefore, the solution for an instantaneous source is
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(
3 x,v) [a ]'l'exp 2: -~ ,exp --- - b(1 - 0

_ i_1 2K, r I - ~ d~

c - 8 7f'" YKxK.K)o (I - ~)'12

Letu =~(I ~ 0

f3 = ab

Then du = '/, u'/ad~ and Equation 27 becomes

(
3 x,v,)2 'l'exp 2:---=c.

i~1 2 K, fW ( (3)c = _ _ exp -u' - - du
8 7f'12 YaKxK.K, v"i!i u'

(27)

(28)
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Figure 2. Pictorial representation of the method of images

x = x - Xu, Y = Y - Yo, z = Z - Zo, 1 = 1 - to

For a continuous source released at I = 10 at x = Xo, Y = Yo,
z = Zo, Equation 29 should be modified by the substitution

2 Me- kI [(X - V.I)' (z - V'I)']
8 (..1)'12 K.KvK, exp - 4 K.I - 4 K,I X

{ [
(y - Yo - vvl)'] + [(y + Yo +Vvl)']}exp - _ exp - -

4Kvl 4Kvl

e=

_oe 2 Me-kI

vve - Kv- = X
oy 8 (..1)'/' viK.KvK,

[
(x - V.I)' (z - V,I)'] {[_ +2 (y - Yo - Vvl)]exp - --_-- - --_-- Vv _ X

4K.1 4K,1 4Kvl

[
_ (y - Yo - vvl)'] + [_ - + 2 (y + Yo + Vvl)] X

exp 4 Kul Vv 4 Kul '

[
(y + Yo + ViI)']}exp - _

4Kul

so that the Aux is

Before applying these methods to the problem at hand, let
·us further demonstrate the method for the problem of a
source at y = 0 in a one-dimensional medium with bound
aries at y = 0 and y = /. If f(y,I) is the solution for the semi
infinite case, then it can be seen from Figure 2 that the solution
for the finite case is

Substituting y = 0

and can be satisfied if the concentration profile for an infinite
system is considered to be reAected first at z = /" again at
z = 0, then at x = /, and so on, then at y = /" again at y = 0,
then at y = /" and so on with the result of each successive
reAection being superimposed on the original profile. This will
produce a double infinite series for the concentration profile
in a finite system. An equivalent approach to this problem is to
use the method of images in which an infinite system of sources
is placed outside of the finite system such that their Auxes
cancel at the boundaries. In addition, the velocity field for
the images is replaced by the negative of that for the source
for those components not parallel to the boundary.

To show that this method does indeed give zero Aux at the
boundaries, let us evaluate the Aux at y = 0 for the simple
case of an instantaneous point source at x = 0, y = Yo, z = 0
and a reAecting boundary at y = O. Only one image source at
y = - Yo with a negative velocity in the y direction is required.
Using Equation 23, the concentration is

(31)

(29)

(30)

at y = 0 and y = /,

2 {'
erf (~) = vi; J0 exp (-w')dw

\0 exp (xii.:- + }'V.=- + zv.: - 2 vI"i)
2 K. 2 Kv 2 K,

!1e = e-kI {' dl' {~ {~J~ X
Jo Jo Jo -~

e' "S(e,x ',I')G(X,I;X ',I')dx'dy'dz'

where e is the solution for the case of mean coefficients. In
general, this integral must be evaluated numerically. However,
since the velocities and diffusivities are not strong functions of
position and the solutions are not extremely sensitive with
respect to them, the corrections would not be expected to be a
great amount.

FtNITE BOUNDARIES. To account for finite boundaries (such
as the surface and bottom of the lake, a thermocline, the
shorelines, or a thermobar), the procedure is as follows: If
the pollutant is of the type that deposits on the bottom such as
suspended solids, so that the boundaries are absorbing ones,
the previous solutions may be used. However, if it is reAected
at the boundaries as dissolved solids are, then the condition
that there is no Aow of pollutant across these boundaries
must be satisfied. These conditions for rectangular boundaries
are expressible as

v,e - K,~ = 0 at z = 0 and z = /,oz
- oe

vyC - K v- = 0oy

e=

c = 8 1r VaK:rK,/{z

CORRECTION DUE TO THE NONCONSTANT COEFFICIENTS. If
the term e'''S in Equation 13 is considered as a source dis
tributed over the space and time domains, then a first-order
correction may be applied to the solution for the case of mean
coefficients by adding the term

STEADY-STATE SOLUTION FOR A CONTINUOUS SOURCE. To
obtain the steady-state solution, take the limit of Equation 28
as 1-+ " to obtain

where
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flux due to image 2 across the bottom, etc. As shown in
Carslaw and Jaeger, 1959, if e = '!r/m where m is a positive
integer, the 2 mth image will coincide with the source so that a
closed system is obtained.

MULTIPLE SOURCES. To treat multiple sources, one calcu·
lates the contribution for each source as given by Equation 32
and adds them to obtain the combined effect. This is justified
because the general partial differential equation is linear.

Example Problem

It is desired to know the individual and combined effects
of three outfalls situated on the shoreline of Lake Michigan on
the concentration of BOD along the shoreline and 50 ft out
from shore.

Locations, concentrations of BOD, and flow rates of the
three outfalls are:

Figure 3. Location of images for a sloping bottom

L f(z - 2 nf)

Ic[x - Xo, Y + (2 ml, - Yo), z + (2 nil - zo), I - lol +
C[X - Xo, Y + (2 ml, - Yo), z + (2 nil + zo), I - lol +
c[x - Xo, Y + (2 ml, + Yo), z + (2 nh - z,), I - 10] +

C[X - Xo, Y + (2 ml, + Yo), z + (2 nh + zo), I - loll (32)

where the velocity field for the images is the negative of that
for the source, and the summation starts at n = 0 and pro·
gresses I, -1,2, -2 ... .+n, -no

Thus, the solution for the finite case satisfying the boundary
conditions expressed by Equation 31 for a source located at
(xo, Yo, zo) and released at 10 may be written down as

Nomenclalure

c = concentration
CXr,CKII,CKz = empirical constants, dimensionless
c. = empirical constant, ft'I'/sec
g = gravitational constant
H = depth, ft
k = first-order rate constant, sec'
K.,K"K, = turbulent dispersion coefficients for the x,y,z

directions, respectively, ft'/sec
K,o,K,o turbulent dispersion coefficients due to shear for

the x,y directions, respectively, ft'/sec .

Outfall I : x = 0,20 ppm, 10,000 gpm
Outfall 2: x = 2000 ft, 50 ppm, 50,000 gpm
Outfall 3: x = 5000 ft, 30 ppm, 200,000 gpm

During the time of year to be considered, velocity along the
shore of the lake is I ft/sec, mean depth is 30 ft, and there is a
thermobar 500 ft offshore. The rate constant for the decom·
position of BOD is 0.1 day.

Information to be obtained are: (I) the steady·state con
tribution of each outfall to the BOD and their total for y = 0
and y = 50 ft from x = - 5000 ft to x = 20,000 at 1000 ft
increments, and (2) concentration history due to outfalls at
the shoreline 5000 ft downstream for outfall 3.

Solution: The requested information is given in graphical
form in Figures 4-6. They were obtained for the conditions:
(I) reflecting boundaries at y = 0 and 500 ft and at z = 0 and
z = 30 ft; (2) Vx = I ft/sec, v, = v, = 0; and (3) mean diffusivi·
ties using the same parameters as in the sample calculation.

L X

where the negative of vy is to be used for images in the y
direction and the negative of v, for images in the z direction.
C can be either Equation 23 for the instantaneous source case,
Equation 29 for the transient continuous source case, or
Equation 30 for the steady-state continuous source case.

Another example of the use of image sources is the case of
a sloping bottom as shown in Figure 3. The reasoning behind
the system of images shown is as follows: Image I cancels the
flux due to the source across the bottom; image 2 cancels the
flux due to image I across the surface; image 3 cancels the

C(x,y,z,l) = L
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Figure 4. Concentration of BOD along shoreline for y = z =
o at steady state
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-2000

Figure 5. Concentration of BOD along shoreline for y ~ 50
ft and z ~ 0 at steady state
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Figure 6. Transient concentration of BOD at shoreline due to source 3
5000 ft downstream from source 3
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Variations of Sulfur Isotope Ratios in Samples of Water and Air Near Chicago

Ben D. Holt,' Antoinette G. Engelkemeir, and Adolph Venters

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

• Sulfur-34 variations were measured in surface waters
municipal wells, sewage treatment plants, rain, and air in ~
suburban area west of Chicago. The study was centered on
Salt Creek which, with neighboring streams, apparently
characterizes the g1acial-deposit area as being depleted in "S,
with respect to meteoritic troilite. Three apparent perturbants
of "s enrichment in the small stream were rain, earth-surface
disturbances, and effluents from sewage treatment plants.
Deep municipal wells (>350 meters) were strongly enriched in
"s and shallow municipal wells «85 meters) were strongly
depleted. Enrichment in rain varied as widely during single
storms as from storm to storm. The average enrichment in
atmospheric SO, and sulfate particulate matter was essentially
equivalent to that of rain.

Current interests in the world budget of sulfur and its
relatIon to enVIronmental pollution, as implied by

Robinson and Robbins (1970) and by Morgan et al. (1970),
give importance to analytical methods that can be useful in the
assessment and control of sulfur-related pollution. The mass
spectrometric measurement of "s enrichments in environ
mental water and air is such a method, and it has been in recent
use by investigators studying the atmosphere, rain, and
groundwater systems. Research groups at Brookhaven Na
tional Laboratory (Tucker, 1969) and Dequasie and Grey
(1970) applied it to the examination of the atmosphere;
Cortecci and Longinelli (1970), Mizutani and Rafter (1969),
and Ostlund (1959) applied it to rain samples; Longinelli
and Cortecci (1970), Postgate (1968), Horowitz et al. (1969),
and Melpar (1970) used sulfur isotope ratios in studies of
surface-water systems.

According to a recent estimate by Thode (1970) on the
distribution of sulfur isotopes in nature, evaporite minerals
are generally enriched in "S, relative to meteoritic troilite,
and sedimentary minerals are generally depleted. Fossil fuels
vary over a wide range depending on differing geological
histories. Seawater sulfate has a uniform enrichment of about
20ppt.

Enrichments in atmospheric precipitation may be expected
to depend on natural and industrial sources of SO, and par
ticulate sulfates; enrichments in surface-water systems should
depend on atmospheric precipitation and on the ground media
through which rainwater percolates before accumulating in
streams and wells.

This paper reports measurements of "S enrichments in
the sulfates of surface-water systems, wells, sewage treatment
plant effluents, rain, and air in a suburban area of Chicago.
The data were gathered for the purpose of looking for patterns

1 To whom correspondence should be addressed.
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of isotopic distribution, applicable to the study of pollution in
the vicinity of a large city.

The main part of the study was focused on the drainage
basin of Salt Creek which is a sluggish stream flowing through
some of the western suburbs of Chicago. The basin has an
area of about 150 sq miles and a topography that was origi
nally fixed by the deposition of glacial debris. The uncon
solidated glacial deposits almost completely cover the bedrock
throughout the region of the basin and in some areas extend
to depths ofabout 200 ft.

In addition to Salt Creek and its tributaries, municipal
wells and sewage treatment plants of the Salt Creek Basin were
sampled and analyzed for "s enrichment. A few other streams
in northern Illinois were analyzed, including Little Vermillion
River which is comparable in size to Salt Creek but is located
in a farming region midway between Lake Michigan and the
Mississippi River. Samples from Lake Michigan and from
13 peripheral streams flowing into the lake were examined.
Other materials analyzed for "s enrichment were air and rain
(sampled in the western suburban area of Chicago), randomly
selected household detergents, and a few samples of seawater.

Experimental

The sulfates of all water samples were precipitated as BaSO.
by conventional procedures. The BaSO. was filtered, washed
free of chlorides, ignited at 800°C, and weighed for measure
ment of sulfate concentration. About 20 mg of the BaSO.
was converted to SO, by a thermal decomposition procedure
reported by Holt and Engelkemeir (1970). An important
precaution for this procedure, not reported previously, is that
the quartz surfaces on which the decomposition of BaSO.
occurs should be free of organic contamination (fingerprints,
paper fibers, dust, etc.); such can contribute to the mass-50
peak in subsequent mass spectrometric analysis. This pre
caution is accomplished by preignition of the quartz reaction
tubes, quartz capsules, quartz powder, and quartz wool. The
preignited capsules are then handled only with clean forceps.

Atmospheric SO, and particulate sulfate were collected on
paper filters that were pretreated with a solution of 25 %
K,c03 and 10% glycerol, according to the procedure of
Huygen (1963). After passing about 100m3 of air through each
filter, it was boiled in water, to which bromine wate had been
added, to convert all of the collected sulfur compounds to
sulfate for subsequent precipitation as BaSO,.

The SO, obtained from the pyrolysis of BaSO. was analyzed
on a high-precision, dual-collector, isotope-ratio mass spec
trometer (Model NAA-RM57, Nuclide Analysis Associates,
State College, PA).

The "s enrichment of each sample with respect to a sec
ondary standard (a tank of SO" +3.6 ± 0.3 ppt with respect
to Canyon Diablo meteoritic troilite) was calculated from the
two measured ratios 66/64 and 50/48, referred to below as
R" and R", respectively. These ratios relate to the isotope
ratios of "s and "0 by Equations I and 2



+7.8
+9.8

-8.6
-2.8

+11 .2
+8.6

148
126

205
220
113
156

8/4/70
8/4/70
8/4/70
8/4/70

9/8/70
8/4/70

Date

8/14/70
8/14/70
8/14/70
8/14/70
8/14/70
4/1/70
9/8/70

Table I. Sulfate Concentrations and "S Enrichments in Municipal Wells and Sewage Treatment Plants

Well water (untreated) Sewage plant eflJuent
Depth, SO" ~"SC.D., SO" ~"SC.D.,

m mg/l. ppt Date mg/l. ppt

85 293 -13.4
47 238 -14.2
75 170 -7.2

427 83 +24.2
457 87 +22.3
366 111 +21.9
518 114 +18.0
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Figure 2. Daily variations of sulfate concentration and "S enrichment
of Salt Creek at the Graue Mill sampling station

Figure 1. "S enrichments in surface-water systems near Chicago R denotes rain or melting snow

Results are reported with respect to Canyon Diablo meteor·
itic troilite, O·"SC.D.. The standard deviation obtained on four
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Equations 1 and 2 are combined and substituted in Equation 3
to give the "s enrichment of a sample (x) with respect to a
standard (std), 0 "S, in ppt, corrected for "0 contribution,

[
R." - R"....] _

R"o... 1000 -

[
2 R.'· - Rz"

2 Rso.td - R66,t,d

Results and Discussion

"s enrichments for surface waters are shown on the map in
Figure 1. These are averaged values for 105 measurements on
Salt Creek, eight for Addison Creek, five for Des Plaines
River, five for DuPage River, two for Fox River, six for Little
Vermillion River, four for Lake Michigan, two for Chicago
Sanitary and Ship Canal, and two for Calumet Sag Canal;
single values for Lake Geneva, Illinois River, and each of the
small rivers flowing into Lake Michigan. Daily variations in.
Salt Creek are plotted in Figure 2, and variations with distance
from the mouth of the stream are plotted in Figure 3. Results
obtained on nearby municipal wells and sewage treatment
plants are given in Table I. Variations in sequential samples of

o1-~.~c,JI2,.u.J,'S~'~4.w..,30bc-"'''6 '-"'A2,.u4.J,~,cJ '0
OISTANCE FROM MOUTH OF SALT CREEK (KMI

Figure 3. Variations of sulfate concentration and "S enrichment with
distance along Salt Creek

rain in two storms are shown in Figure 4, and results on
composite samples from a series of storms are shown in Figure
5. Results on a series of atmospheric air samples are plotted
in Figure 6. Figure 7 summarizes most of the data gathered in
this investigation.

Salt Creek and Other Nearby Surface Waters. The average
"s enrichment values shown in Figure I indicate that Salt
Creek and the nearest neighboring streams (except Addison
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Figure 6. Concentration and "s enrichment of SO, and particulate
sulfates in air samples collected at Argonne and Romeoville

21 Xl 2 4 f> B '0 12 ,. 16 18 20 12 " 10.2 ,. 16 " 2022
APRIL MAY 1970 JULY 1970 JANUARY 1971

ARGONNE ROMEOVILLE ARGONNE

0.08

0.06 0

0.04

0.02

\..............

\

10

8

.;, 6
~. ~

'0
8 •

o
6 '"
4 :::

2 ~

10

/r8

6

~/\on..
2

0

-2
-4

6 7 8 9 10 IJ 12
PM, JUNE I, 1970

9 10 II 12 I
PM, JUNE 20, 1970

Figure 4. Variations of sulfate concentration and "s enrichment in
rain during two storms at Hinsdale

SALT CREEK

ADDISON CREEK

'0

STREAMS NEAR
SALT CREEK

Figure 5. Variations of sulfate concentration and "s enrichment in
composite rain samples of sequential storms at Argonne, March
June 1970

{'"o,~ :"':,"'1 ..
IE btoftC~1 IW b'QA<;1Il

STREAMS INTO
LAKE MICHIGAN

LITTLE VERMILLION
RIVER

LAKE MICHIGAN

MUNICIPAL
WELLS

SEWAGE - PLANT
EFFLUENTS

DETERGENTS

SEA WATER

RAIN

ATMOSPHERIC
S02 and SO:-

Figure 7. Summary of "s data

-20 -15 -10 -5 0 5 10 15 20
as~~

10

8 •
6 g
4 :::

2 ~
L.,J:-ol,....L~--LC,O-,L-,'o---JL--!.....J,-,L-"c~-L-.l-L...L..Jo

2

o
-2

-4

.
on..

Creek) are characteristically negative. The - 7 ppt for Salt
Creek, - 7 ppt for DuPage River, -4 ppt for Des Plaines
River and -4 ppt for the small stream at Racine, WI, suggest
that the soil of the region drained by these streams is char
acteristically depleted in "S. The exceptional, strongly posi
tive enrichment of Addison Creek (+9 ppt), the largest
tributary of Salt Creek flowing through a central section of
the region, will be discussed later.

Lake Michigan and the shipping canals that drain some of
its water into the Illinois River are about +6 ppt with respect
to sulfur in meteoritic troilite. In view of basic studies, such as
by Nakai and Jensen (1964), the sulfates remaining in a large
body of water like Lake Michigan may be expected to be
enriched in the heavier sulfur isotope as a result of fractiona
tion that accompanies bacterial reduction of sulfates to in
soluble sulfides.

Time Variations of Enrichment and Sulfate Concentration
in Salt Creek. The data plotted in Figure 2 shows general
inverse variation between "s enrichment and concentration
of dissolved sulfates at a single sampling station. Each abrupt
dilution of the stream (av - 7 ppt) by rain or melting snow
(av +5 ppt) was usually accompanied by an increase in
"s enrichment. The effect appeared to be less pronounced
in August when a flood followed a mild drought. During this
abnormal condition, the enrichment remained at a relatively
high level, while the concentration at the sampling site ap
peared to oscillate from day to day, possibly due to a cyclic
pattern of temporary storage and drainage of flood waters

within low areas upstream. In general, the "s enrichment was
higher in the summer than in the winter.

Variations with Distance along Salt Creek. The "S enrich
ment also tended to vary inversely with sulfate concentration
along the expanse of the stream on various sampling dates
(Figure 3). Two factors that appeared to contribute to this
condition were: earth-surface disturbances (such as open
mine drainage and highway construction), which tended to
increase concentration and decrease enrichment; and dis
charge from a sewage plant which tended to lower concentra
tion and increase enrichment.

Heavy road construction was in progress in the vicinity of
about 33-40 km from the mouth of Salt Creek; Figure 3 shows
this to be the region of increasing concentration and decreas
ing enrichment. The two sets of extreme values at about 40
km (411 mg/l. and -16 ppt on 3/14/70; 455 mg~. and -18
ppt on 4/18/70) were obtained on samples taken downstream
from an inactive gravel mine into which the stream drained
and then was removed by mechanical pumps. A few weeks
later, when the stream was diverted around the mine, the
enrichment and concentration values returned to levels that
were near normal for the area (155 mg/l. and -12 ppt).
The observed effects of earth-surfaces disturbances (road
construction and exposed gravel mines) suggest that the deeper
glacial deposits, which have not been leached by percolation
of rainwater as much as have surface soils, contain sulfates
ofmore negative "s than is ordinarily present in the creek.

The two branches of the Little Vermillion River, a stream
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comparable in size to Salt Creek but not urbanized, differed
widely (east branch, -6 ppt; average west branch, +6 ppt)
on the day of sampling (see Figures I and 7). A quarry was in
operation on the east branch, and it may have been a source of
relatively high concentrations of sulfate that was depleted in
"S. The enrichment of the main stream (0.5 ppt) was a
resultant of the two branches.

Figure 3 indicates that another perturbation of the "S
enrichment of Salt Creek apparently occurred at a point about
23 km from the mouth. The enrichment was higher in samples
taken downstream from this point on three different sampling
dates. The sewage treatment plants of two large suburbs,
Elmhurst and Villa Park, are located in this vicinity, and, as
will be poin~ed out in the next section, both plants discharge
sewage effluents that are highly enriched in "S (+ II ppt and
+ 10 ppt, respectively).

Addison Creek, although the largest tributary of Salt Creek,
is a relatively small stream flowing through some highly in
dustrialized suburbs. A large sewage plant near its head dis
charges water that originates from deep wells (ca. 450 meters)
in Bensenville. The deep-well water, which in this area appears
to be characteristically strongly enriched, apparently renders
the entire stream distinctly positive (+9 ppt), even though
the surrounding streams are distinctly negative (Figures 1 and
7).

Municipal Wells and Sewage Treatment Plants. The data
in Table I indicate that the municipal wells 85 meters or less
in depth were strongly depleted in "S (- 7 to -14 ppt) and
the wells 350 meters or more in depth were strongly enriched
(+18 to +24 ppt). The shallower wells draw water from
upper aquifers in strata of dolomite and overlying glacial
deposits; the deep wells draw from a lower aquifer in sand
stone and dolomite strata. The sulfur-isotope analyses in
dicate that, according to Thode (1970) and others, the deposits
of the upper aquifer may be sedimentary and those of the
lower aquifer may contain evaporites. The comparative data
of Table I reveal that the "S enrichments of sewage-plant
effluents correspond to the wells from which they are fed.
Enriched deep wells produce enriched sewage plant effluents
and depleted shallow wells produce depleted sewage plant
effluents, albeit the enrichment or depletion is substantially
attenuated by isotope diluents such as rain and household
(and/or industrial) wastes. Analyses of some randomly selected
household detergents are included in Figure 7 for comparison.

The discharges of sewage plant effluents into Salt Creek,
and particularly into Addison Creek, as noted above, ap
parently had pronounced effects upon the "S enrichments of
these streams.

Rain and Air. Sequential samples of rainwater were col
lected from two storms at suburban Hinsdale. The data
plotted in Figure 4 show that the variations in "S enrichment
during each of these storms (+6 ppt to + 1 ppt and +5 ppt
to + 10 ppt) were as great as the entire range of variations in
several total-storm samples (+3 ppt to +8 ppt), collected

at the Argonne meteorology station, Figure 5. A comparison
of the concentration and enrichment data obtained on the
storm of 6/1/70, Figure 4, suggests that a change in concentra
tion of sulfate in the rainwater lagged by an hour or so a
change in "S enrichment, which, presumably, was caused by a
shift in meteorological conditions. All of the experimental
data obtained on rain (av, ca. +5 ppt) are given in Figure 7.

Figure 6 shows some day-to-day variations of "S enrich
ment in air samples, collected at Argonne in April and May of
1970 and in January 1971. Also included are values obtained
7/17/70 on five air samples collected by aircraft flying through
the plume of a major fossil fuel power plant at Romeoville,
six miles southwest of Argonne. The average enrichment
value for all of the analyzed air samples (+2 ppt) was very
close to the average for rain in the same area (+5 ppt).
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Photochemistry of Atmospheric Samples in Los Angeles

Stanley L. Kopczynski,' William A. Lonneman, F. Dexter Sutterfield, and Paul E. Darley

Division of Chemistry and Physics, Environmental Protection Agency, National Environmental Research Center,
Research Triangle Park, NC 27711

• During the fall of 1968, samples of downtown Los Angeles
air were collected in large plastic bags and irradiated with nat
ural sunlight. The samples were analyzed periodically before
and during irradiation for C, to Co hydrocarbons, nitric oxide,
NO" peroxyacetyl nitrate (PAN), total oxidant, and CO. The
reactivities of the samples were calculated, and the effects
of sunlight intensity, temperature, and sample composition on
reactivity were evaluated. Correlation of the rates of reaction
of the individual hydrocarbons of these samples with rates
reported for irradiated synthetic mixtures provides a valida
tion of the irradiation chamber techniq ue for studying at
mospheric photochemistry. The samples, which were collected
during morning traffic, closely resembled diluted auto exhaust
mixed with light paraffins from natural gas and gasoline
evaporative losses. There was a wide variation in uv light
dosage from day to day with a resulting strong effect on degree
of atmospheric reactivity and associated pollution manifesta
tions. The effects of uv dosage were also studied byattenuat
ing the sunlight with a screen.

Athough much information has been collected on ir
radiation of synthetic mixtures of pollutants and of

auto exhaust, few studies have been reported on irradiation of
samples of polluted air.

Stephens and Scott (1962) reported on the sunlight irradia
tion of three air samples taken on a freeway near central Los
Angeles. They found that propylene and the terminal butenes
reacted more rapidly than ethylene. Concentrations of acety
lene and the paraffins remained unchanged, although the
samples were irradiated for up to 18 hr.

Stephens and Burleson (1967) collected air samples in 20-1.
glass carboys at Riverside, CA, and irradiated them for 24 hr
with Blacklite fluorescent lamps. A 50% loss of ethylene oc
curred in 8 hr and a 75 % loss in 24 hr of irradiation. Losses of
the most reactive paraffins (n-hexane, cyclopentane, n-pentane,
and isopentane) were 70-80% of the ethylene losses. Acetylene
loss was approximately 15 % in 24 hr, and even ethane showed
a slight loss in two of three samples studied.

Altshuller et al. 0968, 1970) collected some atmospheric
samples in Los Angeles in plastic bags and irradiated them
with sunlight. Measurements of propylene and isobutylene
showed half-lives of 3'/, hr, and the concentration of n

pentane dropped approximately 10% in 6 hr of irradiation.
Maximum concentrations of products were: formaldehyde,
49 pphm; oxidant, 30 pphm; and peroxyacetyl nitrate (PAN),

6 pphm. The work reported here was undertaken to define
more fully the reaction characteristics of the atmosphere by
irradiating atmospheric samples in situ.

, To whom correspondence should be addressed.
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Experimental

Atmospheric samples were collected and irradiated in down
town Los Angeles on top of a mobile laboratory truck.
Samples were collected in 300-1. plastic (Tedlar) bags between
7 :00 and 8 :00 A.M., and irradiation began around 8 :00 A.M.
Half of the irradiations were carried out with two bags ir
radiated side by side, one exposed to full sunlight and the
other enclosed in a screened cage which attenuated the light
intensity 58 %. New bags required conditioning prior to ir
radiation to minimize wall effects in the reaction. Condition
ing was achieved by irradiating an air sample in the bag for a
full day prior to an experiment.

Analyses for total hydrocarbons were obtained with a
hydrocarbon flame ionization analyzer (FIA) calibrated with a
propane-air mixture. The alkylbenzenes were analyzed on an
open tubular column of m-bis-m-phenoxyphenoxy benzene
(300 ft long, 0.06-in. i.d.); the column was maintained at 70°C,
and sample volume was 150 cc.

The C. to C, aliphatics were analyzed on an open tubular
dibutylmaleate column (300 ft long, 0.06-in. i.d.) immersed in
ice water. A 1 ft long foretrap of 10% Carbowax 1540 on
Gas Chrom Z cooled in liquid N, was used to concentrate a
90-cc sample. A trap consisting of 1,2,3-tris(2-cyano)ethoxy
propane (TCEP) at room temperature was used after the column
to prevent bleeding of the substrate to the detector. Samples
usually were run every 60 min; however, when hydrocarbon
concentrations were unusually high, clearing the column
required 90 min.

The C, to C, aliphatics were analyzed with a silica gel
column (grade 58, 8 ft long, '/,-in. i.d.), acid-washed with
HNO,. A 72-cc sample was concentrated on a Carbowax
trap immersed in liquid N, and then was flushed onto the
column for 1'/, min. The trap was then switched from the
column, and the H,O and heavier hydrocarbons were flushed
out for 1 hr before the next sample was collected.

Analysis for PAN was carried out with a glass column packed
with 10 % polyethylene glycol 600 on Gas Chrom Z (8 ft
long, '/,-in. i.d.) and a Ni 63 electron capture detector. With a
5-cc sample loop, the system's sensitivity to PAN was 0.1 ppb.
The PAN calibration was obtained with calibration mixtures
that had been analyzed by ir spectrophotometry using ab
sorptivities reported by Stephens (1964).

Griess-Saltzman reagent was used for determiflation of
NO, and NO + NO, (NOx). Chromium trioxide paper was
used to oxidize NO to NO" and the NO analyses were cor
rected for conversion efficiency of the paper, Neutral KI
reagent was used for the oxidant analyses, which were cor
rected for contributions from NO, and PAN.

Light intensity was measured continuously with an Eppley
Ultraviolet Sensor (3000-3800'\).

Results and Discussion

In an earlier study, Altshuller et al. (1970) found that hydro
carbons could be stored without loss in plastic bags for up to
6 hr. Hydrocarbons in the air samples collected in the study



Table I. Average Initial Composition of the Irradiated Atmospheric Samples

Paraffins ppbC Olefins ppbC Aromatics ppbC

Ethane 191 Ethylene 151 Toluene 271
Propane 140 Propylene 60 Ethylbenzene 67
Isobutane 65 I-Butene}

47
p-Xylene 100

n-Butane 286 Isobutene m-Xylene 215
Isopentane 312 rrans-2-Butene I

12
a-Xylene 87

n-Pentane 171 Methylacetylene n-Propylbenzene 21
Cyclopentane I 138

cis-2-Butene 8 m-EthYIt01Uene} 111
2-Methylpentane 1,3-Butadiene 11 p-Ethyltoluene
3-Methylpentane 68 I-Pentene 11 rerr-ButYlbenZene}

23n-Hexane 82 2-Methyl-l-butene 15 o-Ethyltoluene
2,4-Dimeth)!lpentane 89 rrans-2-Pentene 22 sec-Butylbenzene }
Cyclohexane 16 cis-2-Pentene 10 1,2,4-Trimethylbenzene 137

3-Methylhexane 68 2-Methyl-2-butene 29 1,3,5-Trimethylbenzene 29
n-Heptane 40 I-Hexene 15 IsoproPYlbenzene}

76Methylcyclohexane 49 Unknown 7 6 Styrene
Unknown 1 6 Unknown 8 3 Total 1,137
Unknown 2 11 Total 400
Unknown 3 37 Other
Unknown 4 28 Nonmethane FIA, ppmC 4.0
Unknown 5 23 CO, ppm 10.3
Unknown 6 80 NO + NO" pphm 41
(Acetylene) 160 Methane, ppm 3 3

Total 2,060

showed equally good stability in storage; however, there was a
12%lossofNO,in 7hr.

The atmospheric samples irradiated in this study were com
posed chiefly of paraffins and aromatics, with olefins constitut
ing approximately 11 % of the total nonmethane carbon
(Table I). Ethylene is the predominant olefin, constituting
approximately 38 % of the olefins. The samples of this study
were also characterized by a strong correlation between total
hydrocarbon concentration (FIA) and CO concentration (r =

0.94).
The composition of these atmospheric samples is in agree

ment with that of air samples obtained in a tunnel in Los
Angeles (Table II). The agreement with auto exhaust composi
tion is satisfactory except for the paraffin content. The ~

olefin-CO ratio is 15 % lower than that found in auto exhaust,
but the ~ paraffins (less methane)-CO ratio is twice as great.
The ~ C, + paraffins (+ cyclopentane)-CO ratios, however,
are in much closer agreement. The higher proportions of C,
and lighter paraffins in the atmospheric and tunnel samples can
be attributed to natural gas and gasoline evaporative losses
(Neligan, 1962; Stephens and Burleson, 1967).

From the ~ paraffins (less methane)-CO ratio found in auto
exhaust and the average CO concentration in the atmospheric
samples one finds that approximately one third of the hydro
carbon concentration (as C) of these atmospheric samples may
arise from natural gas and gasoline vapors.

Reaction curves (Figures I, a and b) for the irradiated
samples are similar to those reported for synthetic laboratory
mixtures of hydrocarbons + NO, in air. There are also sim
ilarities with the reaction curves measured in the open at
mosphere, although these are not as close as in the case of the
laboratory studies. The early part of the reaction is character
ized by the conversion of nitric oxide to NO,. Some loss of
NO, during this conversion is indicated by the NO, peak con
centration, which is lower than the initial NO, concentration.

After the NO, peak is reached, the NO, concentration drops
off rapidly as both PAN and oxidant are formed. Reduction of
light intensity shifts the reaction curve to the right, and may
or may not decrease product yields.

Results obtained in the irradiation of the atmospheric
samples are presented in Table III. The initial hydrocarbon
concentrations (~HCo) are the sums of the concentrations of
nonmethane hydrocarbons analyzed by gas chromatography.
On the average, these sums constituted 90 % of the average
FIA nonmethane hydrocarbon concentration. Maximum
values obtained for various measures of reactivity were: maxi
mum oxidant concentration, 39 pphm; maximum PAN con
centration, 9.7 pphm; 4-hr oxidant dosage, 118 pphm/hr;
4-hr PAN dosage, 38 pphm/hr; 4-hr NO, dosage, 239 pphm/hr;
loss of olefins plus alkylbenzenes in 4 hr, 49 %.

The irradiation of 10/23 was an impromptu experiment
which was carried out because the level of pollution in the
morning of that day was extremely high. The relatively low
oxidant yield obtained is attributed to omission of the routine
bag conditioning procedure prior to irradiation. Generally,
atmospheric samples producing highest oxidant concentra
tions, highest losses of olefins plus aromatics, and highest
NO, formation rates were associated with both high hydro
carbon and high NO, concentrations. Three different samples
produced 38-39 pphm oxidant. This oxidant concentration
was produced over a range of reaction conditions (Table IV).
The initial hydrocarbon concentrations are the only conditions
which are closely comparable in the three samples. These
hydrocarbon concentrations, producing highest oxidant, are
also among highest concentrations which occurred in the
study.

Relative rates of hydrocarbon consumption, based on
percent loss per hour, are shown in Table V. The rates of
ethane, propane, isobutane, and acetylene in our study are not
significantly different from zero. However, significant loss of
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Los
Angeles,'
2nd St.
tunnel

samples

Auto
exhausta

(base
line
cars)Ratio X 100

Ethylene
315

~ olefins
44.5 378

Ethylene
15

CO
17 15

Acetylene
137 167

CO 155

~ olefins

CO
4.6 3.9 39

~ aromatics

CO
14.3 14.0 13.4

~ paraffins (less methane)
79 14.4 188

CO
~ C,+ paraffins + cyclopentane

5.8 7.2 7.1
CO

a Bonamassa and Wong-Woo, 1966.
b EPA Air Pollution Control Office and California Air Resources Board

((970).

Table II. Comparison of the Composition of Atmospheric
Samples with Tunnel Samples and Auto Exhaust Samples

Los
Angeles

atm
samples

(this
study)

80 a.
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70 I \
I \

/ \
I \

I \
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u 0\ \z
0
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\\ 0
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10 ~ / ......::~-..

O~", _ •.-0
I .--,,,,.•'"

0
60 120 180 2 .. 0 300 3600

IRRADIATION TIME, min

IRRADIATION TIME, min

the heavier paraffins confirms observations reported in an
earlier study (Altshuller et aI., 1968, 1970). 2A-Dimethyl
pentane was found to be as reactive as ethylene and more
reactive than tol uene.

The relative reactivities of the hydrocarbons in this study are
in substantial agreement with those reported by others
(Stephens and Burleson, 1967; Heuss and Glasson, 1968;
Leach et aI., 1964). The results of Leach et al. were obtained
with irradiated samples of auto exhaust. In that study the
relative reaction rates of many hydrocarbons increased as the
HC-NO, ratio was decreased from 12-1 to 3-1. For these
hydrocarbons the range of rates is presented in Table V. The
results of Heuss and Glasson were obtained from individual
mixtures of each hydrocarbon and nitric oxide in air. The
only serious differences between results of this study and those
of Heuss and Glasson are the relative rates for 2-methyl-2
butene and sec-butylbenzene. The calculated rates for 2
methyl-2-butene are probably in error in both studies because
they were obtained from measurements made some time
after virtually all of the compound had reacted. The study of
Stephens and Burleson was made with atmospheric samples
collected in glass vessels and irradiated with Blacklite fluores
cent lights.

Thus, the present results substantiate the effectiveness of
irradiation chamber experiments in simulating th~ rates of
reaction of hydrocarbons in actual atmospheric mixtures sub
jected to solar irradiation with proviso that in drawing
inferences from laboratory measurements as to the behavior
of the real atmosphere, the more dynamic nature of the open
atmosphere must always be kept in mind .

All paraffins except isobutane and those of lower molecular
weight were found to react in the atmospheric samples.
Table VI presents percentage loss of individual hydrocarbons
for one sample which exhibited relatively high reactivity. The
loss of paraffins generally increases with molecular weight,
some C, paraffins exhibiting half-lives as short as 6 hr of day
light. This result is in marked contrast to the study of Stephens

----~---------~----.

a. 0-0 NO" full sunlight intensity
• -----. N02, attenuated intensity
0-a Oxidant, full sunlight intensity
• -. Oxidant, attenuated intensity

oL...._---I_.L.....L__....L.__...L.__.L-_.....JL-..J
o M 120 2AO 300 360

b. 0-0 Aromatics, full sunlight intensity
• -.~--. Aromatics, attenuated intensity
0-0 Olefins, full sunlight intensity
.-----. Dlefins, attenuated intensity
6-1::::. PAN, full sunlight intensity

... PAN, attenuated intensity

.~_.-.-.-...
.0 - ~O--·-._--._----.

20 -.:~
"-- .

~~
a. 0. 100

80

120

u u
z z
00
U U

Figu re 1. Reaction curve for irradiated, atmospheric sample of Oct.
17, 1968
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Table III. Irradiation of Atmospheric Samples Collected in Downtown Los Angeles, September-November 1968

Olefins + Max. Max.
4-hr uv aromatics oxidant PAN

l:HC" (NO.)" dosage, reacted, formed, formed,
Date ppbC pphm MW/hr/cm- 2 ppbC pphm ppb

11/13 2,224 28 10.1 387 23 66
11/12 1,317 13 4.8 172 5 27
11/7 4,367 60 6.4 811 39 97
10/31 2,028 23 4.9 256 2 16
10/24 5,193 95 7.7 922 38 40
10/23 9,990 106 75 1599 28 54
10/17 4,529 87 85 915 39 25
10/10 2,693 49 19 127 10 9
10/4' 1,509 18 14 91 I 8
9/12 (2,037) 22 10.2 14 21
9/11 (4,293) 17 10.2 20 45
9/10 2,503 22 9.1 141 4 10
9/6 4,548 20 9.7 406 9 38
9/5 2,534 9 10.2 314 3 16

and Scott (1962) in which no loss of saturates was observed, but
is in general agreement with the results of Stephens et al.
(1967). This reactivity of paraffins serves as one criterion of
adequate simulation of atmospheric reactions in laboratory
irradiation chambers. Those laboratories which do not
perceive any significant reaction of paraffins may be operating
at unrealistically low light intensities. The C, and lighter
paraffins, which characterize natural gas and gasoline evapora
tive emissions in the Los Angeles Basin, accounted for 19 % of
the IOtal hydrocarbon loss (measured as C) after 6 hr of
irradiation.

There is considerable overlap in percentage losses of the
paraffins and aromatics. Of the aromatic components analyzed
only the 1,3,5-trimethylbenzene and the sec-butyl benzene
plus 1,2,4-trimethylbenzene are distinctly more reactive than
2,4-dimethylpentane. The only explanation which can be
offered for the lack of reactivity of isopropylbenzene and
n-propylbenzene is that the gas chromatograph peaks may be
mostly some other, nonreactive compounds. The earlier
irradiation study of Altshuller et al. (1968) also showed no
discernible loss of these compounds. However, both the
studies of Kopczynski (1964) and Heuss and Glass (1968)
showed these compounds to be at least as reactive as ethyl
benzene. Although isopropyl benzene could not be separated
from styrene in this analysis, it is apparent that no measurable
concentration'of styrene is present in this sample. The olefins
as a class are seen to be the most reactive compounds. All the
olefins except ethylene, propylene, and I-butene had half-lives
of2 hr or less. Cis-2-pentene and 2-methyl-2-butene were com
pletely reacted in 2 hr.

Table IV. Conditions Under Which 38-39 Pphm
Oxidant Was Formed

Nov. 7 Oct. 24 Oct. 17

Temp, OF 64-76 80-98 75-87
4-hr dosage of uv light,

MW/hr/cm-' 6.4 7.7 85
Hydrocarbon/NO" ratio 7 3 55 5.2
Initial HC concn, ppbC 4,367 5,193 4,529
Initial NOx concn, pphm 60 95 87

Table VII shows correlation coefficients computed for
various reaction parameters and reactivity measures. Corre
lation coefficients of 0.66 and 0.46 represent significance at
the I % and 10% alpha risk levels, respectively, except in the
case of maximum NO, formation rate. In this case only seven
samples could be used for measurement. Consequently,
where this measure is concerned, correlation coefficients of
0.80 and 0.58 represent significance at the I % and 10% alpha
risk levels, respectively.

The various reactivity measures generally correlated well
with each other, except in the case of maximum NO, formation
rate. The reactivity measure which showed best overall
correlations with initial reactant concentrations and other
reactivity measures was the quantity of olefins plus aromatics
reacted. Only the amount of olefins plus aromatics reacted
was strongly correlated with the maximum NO, formation
rate. The quantity of olefins plus aromatics reacted, maximum
oxidant, and maximum NO, formation rate correlated well
with the initial hydrocarbon concentration, and with the
initial NOx concentration. The amount of olefins plus aro
matics reacted correlated best with initial hydrocarbon con
centration and with initial NOx concentration. None of the
reactivity measures were significantly correlated with either
the hydrocarbon-NOx ratio although the ratio ranged from
5/1 to 28/1 or the 4-hr uv dosage.

However, before conclusions are drawn about the effect of
the hydrocarbon-NOx ratio, it would be advisable to study
irradiated air samples with the other reaction variables held
constant. Correlation between the uv radiation dosage and
perccnt loss of olefins was high (r = 0.81). The coefficients
obtained for aromatics and paraffins were only 0.44 and 0.54,
respectively. The percent loss of olefins showed a negative
correlation coefficient of 0.48 with hydrocarbon-NO, ratio,
which is significant at the 10 % risk level.

The effect of ultraviolet radiation dosage, which in the
correlation analyses was largely obscured by other variables,
was studied by comparing bag samples irradiated simul
taneously at two different intensities. A reduction of light
intensity shifts the reaction curve to the right, but effects of a
58 % reduction in light intensity on product yields varied over
a considerable range. The reduction in peak oxidant and
oxidant dosage ranged from 100% to 60%. Peak PAN con-
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Table V. Relative Rates of Percentage Loss of Selected Hydrocarbons Averaged Over 4-Hr Irradiation

Stephens and Heuss and
Burleson Glasson Leach et al.

Hydrocarbon Rei rate Std dev (4-hr irradn) (6-hr irradn) (auto exhaust)

Ethane 0.06 0.09
Propane 0.16 0.09 0.18
n-Butane 0.27 0.13 0.37
Isobutane 0.24 0.26 0.33
n-Pentane 0.37 0.07
Isopentane 0.43 0.13 0.58
2,4-Dimethylpentane 0.99 0.27
Acetylene 0.14 0.07 0.17
Ethylene 1.00 1.0
Propylene 2.33 0.42 2.5
I-Butene 1.62" 0.52 2.5
2-Methyl-2-butene 9.39" 1.99
Toluene 0.56 0.34
m-Xylene 1.14 0.45
o-Xylene 0.70 0.28
sec-Butylbenzene 1.25' 0.45

: ~~~rt:~~~ i~~~~~rl:t"hour of irradiation.
c Contains l,2,4-trimethylbenzene.

0.11

1.00
1.6
1.9
2.1
0.87
1.2
1.2
0.47

0.3

1.00
1. 95-2.50

0.59
1. i3--1. 59
0.74-1.27

Table VI. Loss of Hydrocarbons After 6-Hr Irradiation, 10/17/68

Paraffins % Olefins % Aromatics %
Ethane 2 Ethylene 57 Toluene 34
Propane 0 Propylene 84 Ethylbenzene 19
Isobutane 6 I-Butene 64 p-Xylene 29

Isobutene
n-Butane 14 trans-2-Butene }

55
m-Xylene 51

Methylacetylene
Isopentane 24 cis-2-Butene 67 o-Xylene 33
n-Pentane 26 1,3-Butadiene 100 IsoproPYlbenzene}

Styrene 0

Cyclopentane }
35 I-Pentene 92 n-Propylbenzene 02-Methylpentane

2-Methyl-l-butene 100 m-EthYltoluene}
p-Ethyltoluene 49

n-Hexane 29 trans-2-Pentene }
70

terr-ButYlbenzene}
2,2-Dimethylbutane o-Ethyltoluene 46

2,4-Dimethylpentane 48 cis-2-Pentene 100 sec-Butylbenzene }
631,2,4-Trimethylbenzene

Cyclohexane 39 2-Methyl-2-butene 100 1,3,5-Trimethylbenzene 78
3-Methylhexane 38 I-Hexene 100
n-Heptane 43
Methylcyclohexane 45
(Acetylene) 4

Table VII. Correlation Coefficients

Olefins + Max. NO,
Max. Oxidant Max. PAN aromatics formation

oxidant dosage PAN dosage reacted rate

~HC, 0.60 0.62 0.33 0.54 0.95 0.95
(NO.), 0.76 0.69 0.28 0.32 0.88 0.90
~HCo/(NOr)o -0.31 -0.25 -0.13 0.07 -0.18 -0.16
4-Hr uv dosage 0.34 0.42 0.28 0.39 0.35 0.35
Max. oxidant 095 0.71 0.66 0.78 0.61
Oxidant dosage 0.76 0.74 0.81 0.69
Max. PAN 0.97 0.54 0.35
PAN dosage 0.62 0.49
Olefins + aromatics reacted 0.94
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Ratio
attenuated/

full
Full

intensity

Table VIII. Effect of Uv Radiation Intensity on Reactivity Measures

Time to NO, peak Time to half the oxidant peak
Time, min Ratio, Time, min

Attenuated Full attenuated/ Attenuated
intensity intensity full intensityDate

11/7
10/24
10/23
10/17
9/26

Av

226
186
165
237
215

78
99
75

135
136

2.9
1.9
2.2
1.8
1.6
2.1

315
275
245
315
294

146
115

93
169
160

2.2
2.4
26
1.9
1.8
2.2

centration was less consistent, ranging from 100% decrease
to a 28 % increase. PAN dosage ranged from a 90 % decrease
to no decrease at all. NO, dosage averaged a 25 % increase,
with one sample, taken on a day of very low uv intensity,
showing a 16% decrease. However, decreased uv radiation
intensity did produce a rather consistent effect on two mea
sures of reactivity: time to NO, peak and time to half the
oxidant peak (Table VIII). In both cases, the 58 % reduction
in uv intensity increased these times by a factor 2.1 to 1 and
2.2 to 1, respectively. These factors are approximately the
inverse ratio of the light intensities in the two bags 0.42, and
it is evident that the two bags required equal uv radiation
dosage to reach the NO, peak and also half the oxidant peak.

The effect of a 58 % reduction in light intensity on the
percent of hydrocarbons lost was least for the olefins, the most
reactive class of hydrocarbons, and greatest for the paraffins,
the least reactive class (Table IX). The lesser reduction in ob
served olefin losses can be attributed in part to the fact that
some of the olefins were completely reacted in less than
4 hr. At full light intensity, the 4-hr uv light dosage averaged

Table IX. Average Hydrocarbon Losses in Samples Irradiated
at Full Intensity and at 42 % Full Intensity

Ratio of
Initial Amount losses,
conen, reacted in Loss, attenuated/
ppbC 4 hr. ppbC % full

Paraffins
Full 2,385 252 11 029
Attenuated 2,337 72 3

Olefins
Full 485 267 55 065
Attenuated 481 174 36

Aromatics
Full 1,275 368 29 041
Attenuated 1,190 151 13

7.5 MW/hr/cm-', and the amount of paraffins reacted con
stitutes 28 % of the reacted C atoms. On days of greater light
intensity, and over a full day of irradiation, one can expect
even greater participation of the paraffins in the photo
chemical reactions of the atmosphere.

As a class (excluding methane), the paraffins showed one
fifth the average reactivity (percentage consumption) of the
olefins, and the aromatics, one half. The aromatics, however,
accounted for the greatest yield of reacted carbon atoms in
the atmospheric samples irradiated for 4 hr at full sunlight
intensity.
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Critical Evaluation of Saltzman Technique for NO, Analysis in the 0-100 Ppm Range

David H. Fine

Fuels Research Laboratory, Department of Chemical Engineering,
Massachusetts Institute of Technology, Cambridge, MA 02139

• The Saltzman technique for batch NO, analysis from flames,
about 95 % of which is NO, has been critically evaluated
using pure oxygen as the oxidizer. Optimum operating con
ditions are established as dilution of the flame sample with
pure oxygen to 50%partial pressure, and a residence time in
the absorbing flask of about 24 hr. The ASTM standard
phenol disulfonic acid procedure for NO, analysis is shown to
give values which are too low if the oxygen content is greater
than 20%.

Areliable and interference-free technique for NO, analy
ses in the range 0-100 ppm is required for studying

flames in the laboratory. The two currently accepted ana
lytical methods, the Saltzman technique (1966) and the phenyl
disulfonic acid procedure (1967) (PDA) have not previously
been adequately evaluated as to interference from oxygen,
surface-to-volume ratio, etc. For precise work, recent authors
(Fenimore, 1970; Harris et aI., 1970) rely on the ASTM stan
dard PDA procedure (the results of which are shown here to
be too low when excess oxygen is present). The method is so
tedious and time-consuming that, for detailed systematic
investigations of flames, recourse must be made to the less
accurate, but far less tedious, Saltzman procedure.

The purpose of this investigation is to evaluate critically
the Saltzman procedure and to make the necessary modifica
tions so that accurate and reliable results may be obtained.

Theoretical Approach

The kinetics of the oxidation of nitric oxide to nitrogen di
oxide have frequently been studied and are well-understood
(Baulch et aI., 1970). The oxidation occurs via a homo
geneous three-body reaction:

that the flame gas sample originally contained 0% oxygen,
the required amount of oxygen being added as a diluent.
The (NO)'nit of Equation 3 is corrected to take account of
the dilution step. The curves are sigmoid-shaped. After
24 hr have elapsed, the curve for the 1% oxygen sample is
seen to be still increasing, whereas 96%conversion had oc
curred in the samples containing 50%and 60%0,. Figure 2A
is a plot of (NO,)!(NO)'nit vs. %0" at 24 hr reaction time, for
various initial amounts of NO, the curves again being derived
from Equation 2 by assuming that the oxygen was added as a
diluent. The curves peak at about 50% 0, for all NO con
centrations, the peak being more marked at NO concentra
tions below 10 ppm. If the oxygen were present in the original
flame sample and no oxygen were added as a diluent, then
the curves in Figure 2A would not have a maximum. It is
important to note that Equations 2 and 3 in themselves do not
predict a peak; the peak arises from the oxygen diluting the
system, causing the effective NO concentration to decrease.

Figure 3 is a plot of percentage conversion of NO to NO,
(at 24 hr reaction time) vs. NO concentration in the flame,
for a sample which has the optimum amount of oxygen added
as a diluent, namely 50%. Figure 4, based on Figure 3, is a
plot of the actual error in the NO concentration vs. the NO
concentration in the flame. Although the sharp fall-off of
Figure 3 is alarming, Figure 4 shows that above 25 ppm NO,
the Saltzman procedure as modified here for NO, (24 hr
reaction time and 50% 0, present) gives rise to a constant
error of 2 ppm. If the measured value falls below 25 ppm
NO, the correction which should be added to the measured
value may be read directly from Figure 4.

Experimental

All the gas samples for analysis were taken from a premixed
Cambridge City gas-air burner, gas flow rates being metered
on flowmeters. Gas Chromatographic analyses of the pre-

. k
NO + NO + 0, -+ NO, + NO,

The rate of production of NO, is given by

(1)

_Theo~et'cal Curve
••• (xPerimental POints

(2)d(NO,) = k(NO)'(O,)
dt

where the rate constant k = 2.4 X 10' exp (I046!RT) cm'
inol-' sec-I. Integrating [by assuming (0,) to be constant]
and converting to the appropriate units, the concentration
ofNO, (in ppm) present at any time, I, is given by

30

~>( 20

10
\°'.°1 .50Pllm

(NO,) = 2.28 X 10-' t(NO)"nit(%O,)
2.28 X 10 ' t(%O,)(NO)'nit + 1

(3) OL__="==:uI:_-.L...-...l.-LLLLLLl.-----'----'---'--.Ll..Ju..U
01 10 100

where (NO)'nit is the initial NO concentration in ppm, (%
0,) is the initial 0, concentration in %, and I is the time in
sec. Equation 3 is depicted graphically in Figure 1 as a plot
of (NO,) vs. t (in hr). In drawing the curves, it was assumed
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TIME. HOURS

Figure 1. Rate of conversion of NO to 1\10, at different 0, concen
trations

Solid lines are theoretical predictions; points are experimental data



mixed unlit gas mixture were carried out before each series of
experiments to check the accuracy of the gas flow settings.
A reproducibility of better than ±0.5 % was obtained in this
manner.

An 18-in. long (0.030-in. i.d.) stainless steel water-cooled
sample probe was used to withdraw gas samples 1 in. from
the burner surface. Apart from NO" the gas sample con
tained 86.19% N" 0.00% 0" 8.58% CO" and 5.59% CO
(on a dry basis). A drying agent such as silica gel or Drierite
was found to reduce substantially the measured NO, con
centrations, and no drying agent was used during NO, analy
ses. To reduce NO, losses within the interconnecting tubing,
the distance from the probe to the absorption flasks was kept
as short as possible (about 8 in.).

For the Sallizman and PDA procedures, the specified reagents
were used. Oxygen was taken from a standard gas cylinder.
Nitric oxide of 98.5 % purity (Air Products) was purified be
fore use by repeated low-temperature vacuum distillation.

The kinetic studies of the Saltzman procedure were carried
out using a I-liter borosilicate glass flask on which a stan
dard l-cm width quartz uv colorimeter cell was attached. It
was possible with this apparatus to monitor the progress of
the Saltzman reaction on the colorimeter without in any way
disturbing the solution in the flask. It was therefore possible to
ascertain what values the Saltzman method would have given,
had the reaction been stopped at that stage.

The absorption flasks were thoroughly cleaned with chromic
acid prior to use. Each flask, containing 25 ml of Saltzman
reagent, was evacuated to a pressure corresponding to the
boiling point of the solution (about 15 mm Hg) and the gas
sample slowly drawn in. If oxygen was to be added, the flask
was not filled up to atmospheric pressure, but to some lower
pressure corresponding to the partial pressure of sample
required. Pure oxygen was then added to the flask until the
total pressure (sample plus oxygen) equaled 1 atm.

Steady-flow mixtures containing a known amount (in the
range 1-100 ppm) of nitric oxide in nitrogen for calibration
purposes were prepared by positive displacement of nitric
oxide with a constant head of mercury from a glass storage
vessel into a much larger stream of nitrogen. The nitrogen
flow rate, approximately 40,000 times that of the nitric oxide,
was monitored on a wet test meter. The flow rate of nitric
oxide (99.9 % pure) was measured to within ±0.2 %, that of
the nitrogen (99.995% pure) to within ±0.2%. The system
was allowed to equilibrate for at least 2 hr before calibration.
The calibration procedure utilized the identical sample probe
and interconnecting tubing as used for flame probing.

Experimenta! Results and Discussion

Results of the kinetic experiments described above are
shown in Figure 1 as a plot of (NO,) vs. time. For example, in
a sample containing 52 ppm of NO" and subsequently di
luted with 50% oxygen, the conversion is 95% complete
within 24 hr. The experimental data points fall close to the
theoretical curves as predicted from the integrated rate ex
pression, confirming the obvious that the key step is indeed
the oxidation ofNO to NO,.

Figure 2B is a plot of the measured NO, concentration,
for both the Saltzman and PDA methods, vs. the oxygen par
tial pressure (as a percentage of the total) for varying amounts
of oxygen added as a diluent. The reaction time was kept
constant at 24 hr. For ~he Saltzman procedure, the measured
NO, concentration (corrected for dilution with oxygen) is
seen to increase as oxygen is added, reaching an asymptote at
approximately 50% excess oxygen, in agreement with the

0.'

o~o-~---f,o:--!,o:-~----'J,-~-""-~

... 0,

Figure 2. Effect of oxygen concentrations on the conversion of NO
to NO, at 24 hr reaction time

A. Using Equation 2

B. Experimental results of both Saltzman and PDA procedures
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NO (ppm) CONCENTRATION IN THE FLAME

Figure 3. Percentage conversion of NO to NO, for various initial NO
concentrations (24 hr reaction time and 50 %0, concentration)

NO (ppm) CONCENTRATION IN THE FLAME

Figure 4. Absolute error in ppm NO vs. NO concentration in the
flame (24 hr reaction time and 50 %0, concentration)
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predictions of Figure 2A. For the PDA procedure, the measured
NOr concentration (corrected for dilution with oxygen)
decreases with increasing oxygen content! This is not entirely
unexpected, as the Saltzman reagent i. known to absorb NO,
in about 10 min as compared to the PDA reagents' 24 hr.
Thus, at the higher 0, levels, where the oxidation to NO,
is more rapid, it is conceivable that not all of the NO, is ab
sorbed into the PDA solution before a significant fraction is
adsorbed onto the glass walls. Greig and Hall (1966) have
shown that at concentrations of the order of 50 ppm, ad
sorption of NO, on solid surfaces is significant. The two
curves of Figure 28 stress the importance of testing the ana
lytical method for background interference from the very
parameters which are to be varied. Meaningless results would
have been obtained if either the Saltzman or PDA analytical
methods had been used without modification for investigating
the effects of excess oxygen on NOr production (Williams et
aI., 1971).

The reproducibility of the method was tested by analyzing
five identical samples taken on five successive days. After
correcting for the small differences in the flask volume and
the pressure, the results were identical. The reproducibility of
the method is established to better than ±0.3%.
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Properties of Carbonate Rocks Related to SO" Reactivity

Robert H. Borgwardt'

Control Systems Division, Environmental Protection Agency, Research Triangle Park, N.C. 27709

Richard D. Harvey

Illinois State Geological Survey, Urbana, Ill. 61801

• Petrographic examination and grain size-distribution
measurements were made on II specimens representing a
broad spectrum of limestones and dolomites. The SO, re
action kinetics of calcines prepared from each rock type were
determined at 980°C. Stones of various geological types yield
calcines of distinctly different physical structures that show
correspondingly large differences in both rate of reaction and
capacity for SO, sorption. Pore size and particle size together
determine the extent to which the interiors of individual
particles react. Particles smaller than 0.01 cm with pores larger
than 0.1 p. react throughout their internal pore structure at a
rate directly proportional to the BET surface. The rate decays
exponentially as sulfation proceeds until the pores are filled
with reaction product. The ultimate capacity of small particles
is determined by the pore volume available for product ac
cumulation, which is generally equivalent to about 50 % con
version of the CaO in limestones. Variations in effectiveness of
carbonate rocks for flue gas desulfurization are explained by
the physical properties of their calcines, which are related to
the crystal structure of the original rock. The high reaction
rates achieved in the limestone injection process apparently
result from the large surface area existing for short periods
immediately following the dissociation of CaCO,.
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T he wide variation in SO, reactivity of different naturally
occurring rocks that was noted in early laboratory

studies (Harrington et aI., 1968) has proved to be a major
factor in the development of limestone-based processes for
SO, control. The degree of flue gas desulfurization achieved in
pilot plant evaluation of the limestone injection process (Attig
and Sedor, 1970) ranged from less than 5% to 43 % when 100
stones were tested at an injection rate stoichiometrically
equivalent to SO,. Different stones tested in the fluidized-bed
combustion process also gave various results (Davidson and
Small, 1970). An understanding of the cause of these varia
tions is needed if the most suitable selection is to be made
from available limestone sources and maximum desulfuriza
tion obtained by either process.

Laboratory tests of a large number of carbonate rocks
showed no relationship between chemical composition and
SO, reactivity (Harrington et aI., 1968; Potter, 1969). Good
correlation of SO, saturation capacity with the pore volume of
calcines (15. = 0.092 cm) has been found (Falkenberry and
Slack, 1969; Potter, 1969), suggesting the primary importance
of physical properties. Kinetic studies (Borgwardt, I970a)
demonstrated the participation of the internal pore structure
in the reaction with SO, and showed that the rate of reaction
also differs considerably among stones, even when chemical

1 To whom correspondence should be addressed.



(2)

(1)

1 dn'
ro = WI di = k,S,CBO,'7

where k, is the reaction rate constant per unit CaO surface,
em/sec, and I is the weight fraction of CaO in the calcine.
Values of S, were obtained from BET measurements and are
expressed in cm'/g. Reaction characteristics of the calcines
are compared and interpreted according to the initial reaction
rate, ro, defined by Equation 2.

The effectiveness factor, '7, is used here to represent the
degree to which reaction occurs within the internal structure of

1 dn' k,
-W -d = - CBO,'7

t PP

Because of the uncertainties involved in measuring particle
densities, PP, of finely divided calcines, the rate data are cor
related in this study on the basis of CaO surface area, S"
which is more accurately and easily determined. Since k, =

k,ppS,f,

geneity among the various sized particles. Further, selected
samples of SO,-reacted calcines were analyzed with an electron
microprobe to ascertain the sulfate distribuiion within in
dividual particles.

Isothermal reaction rates were measured in a differential
reactor (Borgwardt, 1970a) exposing 30 mg of calcine to flue
gas containing 3000 ppm SO" dry basis (2.63 X 10-' g-mol/
em', wet basis, 980'C). The data were correlated by the ex
pression for reaction in porous solids:

reaction is controlling. That kinetic study is extended here to
include an analysis of the effect of pore structure on the re
activity of calcined stones and to compare the pore structures
developed by rocks of different geological type.

Materials and Methods

Eleven diverse types of carbonate rock were characterized
petrographically by a polarizing microscope and a scanning
electron microscope (SEM). Pore and grain characteristics were
compared on polished and fractured surfaces with the SEM.

Pore volume was determined by weight measurements of
water-saturated and water-immersed specimens. Grain sizes
were measured with the polarizing microscope, counting about
500 grains in ~e to four thin sections of each sample. Analyses
of the observed distributions were made according to the
method presented by Rose (1968) with minor modifications.
Mineralogical analyses were made by X-ray diffraction.

Each type of rock was prepared for SO, reactivity measure
ments by calcining it in an Inconel kiln, 8-cm diam by 12.5 em
long, which was rotated at 1 rpm in an electric furnace.
Batches (180 grams) of 10/28-mesh rock were calcined at
980'C for 2 hr, except where otherwise noted. The calcine
was crushed and screened into three particle size ranges:
12/16 (Tyler) mesh, Dp = 0.13 em; 42/65 mesh, Dp = 0.025
em; and 150/170 mesh, Dp = 0.0096 em. The pore and surface
properties of each calcine were determined by standard
mercury porosimetry and BET methods. Selected calcine
samples were also examined by SEM to observe the pore and
grain structure and by chemical analysis to ensure homo-

Table I. Petrographic Description and Mineralogy of Carbonate Rocks

Sample Rock or Distinguishing Major Minor and trace Grain
type mineral characteristics component, % components shape Other textural features

Calcite Iceland spar calcite 100 None detected Cleavage Nearly perfect crystals
rhombs

2 Calcite Abundant crystal calcite 100 Traces of soluble Cleavage Abundant solid inclusions and
defects CI and SO, salts rhombs twin lamellae; subgrains

Limestone Coarse-grained, calcite 91 8 % dolomite, Anhedral Inequigranular; fossil fragments
high purity 1% limonite

4 Limestone Fine-grained, calcite 98 2% quartz Anhedral Equigranular, dense; a few vein-
high purity lets with medium grains of

clear calcite
5 Dolomite Reef type, dolomite 99 I % calcite Anhedral Recrystallized granular

high purity
6 Dolomite Nonreef type, dolomite 81 9% quartz, Anhedral, Equigranular, rhombic grains

clayey and silty 4% calcite, rhombic next to pores. Clay along bed-
5% clay ding planes; iron oxide along

dolomite grains
7 Magnesite Fine-grained, magnesite 99 0.5 % quartz plus Anhedral, Equigranular

high purity clay rhombic
8 Aragonite Oolitic and aragonite 96+ About 3% Mg- Fibrous, Elliptical and cylindrical re-

strontium- calcite and 1% bladed mains of marine organisms
bearing clay

9 Dolomite Limonite- and dolomite 70 18% calcite, Anhedral, Equigranular, rhombic grains
calcite-bearing 5% quartz, rhombic along pores; fibrous limonite

2% clay, (?) along dolomite grains
5% limonite

10 Marble Coarse-grained calcite 98 2% tremolite, Cleavage Abundant intracrystalline in-
trace of mica rhombs clusions and twin lamellae

11 Marl Fine, uncon- calcite 84 12 % woody organic Rhombic, Porous, agglomerated calcite
(Mich.) solidated matter, 3% clay, platy grains; incoherent

1% quartz silt
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Type2, Calcite, spar

Type 6, Dolomite, impure

Figure 1. Typical surface textures of carbonate rocks

the solid. The maximum value of ~ = 1 indicates that reaction
occurs equally throughout the internal pore structure. Low
effectiveness factors, ~ « I, are associated with strong pore
diffusion resistances and indicate that internal structure does
not participate in the reaction-i.e., that reaction takes place
primarily on the outside surface of individual particles. By
analogy with heterogeneous catalytic reactions of first order,
~ would be expected to be a function of particle size and the
ratio, reaction rate/pore diffusion rate. All other factors being
equal, ~ decreases with increasing particle size, increasing
temperature or reaction rate, and decreasing pore size.

The effectiveness factor for the noncatalytic system treated
here is subject to vary with the degree of solid conversion,
therefore all values of ~ are reported and compared at zero

conversion by extrapolation to initial conditions. This was
done by plotting the reaction rates, measured at varying
degrees of sulfation, according to the empirical relation
ship:

(3)

A plot of log r vs. n'/ W yields a straight line of slope {3 for
conversions up to approximately 50% of the CaO in small
particles. Extrapolation of the linear region of these plots to
n'/W = 0 permitted the initial rate, ro, to be evaluated in
dependently of the effects of solid conversion. Plots of the
rate data were made for three different particle sizes of each
calcine to obtain ro and {3 for each particle size. The initial
effectiveness factors were estimated as the ratio of the initial

Table n. Grain Size and Pore Structure of Samples

Grain size Pore structure

Sample Frequency % Mean pore
type Arithmetic volume,

number <81' 8-161' 16-321' 32-631' >631' mean, J.L cc/g Character and size of pores

1 0 0 0 0 100 1000 0.000 None obsd
2 0 0 0 0 100 1000 0.004 Intragranular, mainly 0.5-2 I'

3 55.3 24.6 8.8 3.3 8.0 33 0.020 Inter- and intragramtlar, wide
size range

4 95.5 4.2 0.1 0 0.1 4 0.007 Intergranular, mainly 1 f.l

5 7.1 2.6 21.3 44.6 24.2 70 0.010 Intergranular, mainly 0.2 mm,
and intragranular, mainly 1 f.l

6 30.1 30.8 34.3 2.7 2.1 17 0.026 Mainly intergranular, 0.5-20 f.l

7 95.0 4.9 0.1 0 0 4 0.042 Intergranular, mainly 1 f.l

8 98.3 1.0 0.5 0.1 0.1 3 0.020 Intergranular, mainly 0.5 f.l

9 39.8 33.7 24.2 1.9 0.4 13 0.018 Mainly intergranular, 0.5-20 I'

10 0 0 0 0 100 1000 0.000 Intragranular (trace), ::; 1 f.l

11 100 0 0 0 0 I" 0.89' Intergranular, wide size range
a Estimate by electron microscopy.
b By mercury intrusion.
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Type 3,limestone colcine

Figure 2. Typical surface textures ofcalcined carbonate rocks

a By mercury intrusion excluding voids >1 po Voids> 10 Jl excluded
on Types 2, 8, and 11.

b Mean particle diam = 0.0096 em.
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2.1
0.60
0.44
0.27
0.30
0.01
4.0
0.42
0.065
1.6

1
2
3
4
5
6
7
8
9

10
11

Table IIl. Summary of Physical Properties of Calcines
Mean pore

diam,·
!l

Sample
type no.

duced temperature of 930°C for reactivity testing. Comparing
the data of Tables II and III suggests that the initial porosity
of the rock is not destroyed by the calcination process, but is
carried through to yield calcines of higher than theoretical
pore volume.

The data of Table III show marked differences between the
properties of calcines prepared from the various types of rock,
the most striking being the size of the pores, which range from
0.01 to 4 f.l in diam.

The pore structure of a given calcine showed no dependence
on the size of the screened particles, as determined by either
mercury porosimetry measurements or SEM examination. The
smallest, O.OI-cm particles, had surface areas slightly greater
than the largest, 0.13-cm particles. The difference, about 0.4
m'lg, is assumed to result from the new surface exposed at the
points of fracture when the solid is crushed to make small
particles.

Reactivity with SO,. Reactivity of the smallest particles of
the various calcined stones when exposed to flue gas at 980°C
is shown in Figure 3. The marble and spars reacted slowly,
whereas the marl and dolomites were the most reactive. The
saturation capacities of each particle size and primary kinetic
parameters are given in Table IV. Activation energies,
measured at a sulfation of 10-' g-mol/g, were in the range
previously reported.

Type 7, a magnesite, showed no SO, sorption beyond that
attributable to CaO impurities at any reaction temperature
between 540° and 980°C. Additional tests were made by
calcining 0.0096-cm rock particles in situ at reaction tem-

rate of the larger particles to the initial rate of the smallest
particles.

Total CaO utilization, or the nominal SO,-saturation
capacity, was determined for each particle size by exposure for
2 hr at 980°C.

Results

Petrography of Carbonate Rocks. Identification of the rock
types is given in Table I, along with a description of their
major mineral components. With the exception of rare and
exotic varieties, the complete spectrum of naturally occurring
carbonate rocks was represented in this group. Variations in
textural features were pronounced, as shown by SEM micro
graphs of typical specimens (Figure 1). The primary textural
features, observed from microscopic analyses, are summarized
in Table I. The grain size frequency distribution, mean grain
size, pore volume, and pore characteristics are given in Table
II.

Pore volume and grain size distribution are believed to be
the primary characteristics of the rock that influence the pore
structure and reactivity of the calcine. Complete chemical
analyses of both major and minor elements were also made.
These, together with detailed mineralogical descriptions of
each rock type, are reported elsewhere (Harvey, 1970).

Physical Properties of Calcines. The calcination of calcium
carbonate particles at temperatures below l1()()OC generally
takes place without significant change of particle dimensions.
This fact, together with the difference in absolute density
between CaCO, (2.71 glee) and CaO (3.32 glee), defines a
specific volume of 0.660 cclg for the calcined product when no
shrinkage occurs. The corresponding theoretical pore volume
is 0.36 cclg, which makes more than half the total particle
volume free pore space. The resulting spongy texture of the
calcines is sho~n clearly with the SEM (Figure 2). Quantitative
characterization of the pore structure of each calcine was
made by mercury intrusion and BET surface area measure
ments, summarized in Table III. Most measured pore volumes
were close to 0.36 cclg, confirming that shrinkage was not
significant. The large pore volume of the marl reflects the un
consolidated nature of the starting material, which had a pore
volume of 0.89 cclg prior to calcination.

Type 1, and more particularly Type 10, both highly crystal
lized rocks, yielded calcines of low pore volume, indicating
shrinkage when calcined at 980°C. The coarseness of the
calcite grains and possibly the perfection of the crystals ap
parently contribute to shrinkage and low pore volume in the
calcined product. This observation is in agreement with the
results reported by others who have compared the shrinkage
of coarse-grained and fine-grained lim~tones during calcina
tion (Boynton, 1966). Type 1 was therefore calcined at a re-
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so, = 3000 ppm

Figure 4. Effect of particle size and pore size on sorption of SO, vs.
time by calcines of coarse-grained (Type 3) and fine-grained (Type
4) limestones
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Equation 2 using the BET surface area of the unreacted calcine
(Table III).

Values of the effectiveness factor estimated by the above
method for 0.025-cm particles at 980°C are plotted against the
pore size of the calcines in Figure 6. It is apparent that" is
strongly dependent on pore size for pores smaller than
0.7 p., reflecting the increasing resistance of pore diffusion.

Discussion

Reaction Rate. The SO, reaction characteristics of the cal
cined stones are primarily affected by the relation between
pore size and the effectiveness factor shown in Figure 6. As
particle size was varied, three distinct responses in reaction
rate were obtained for calcines prepared from the II different
types of rock. These responses are represented in Figure 7
by (I) a curve approximating a straight line through the origin,
(2) a horizontal line, and (3) an exponential curve. The form
of the response of any given calcine depended-on the size of
its pores. Most stones, which had intermediate-sized pores in
the range 0.2--0.7 p., followed the first type of response. This
defines pore diffusion as the predominant resistance that limits
the rate of SO, sorption by the larger particles (Satterfield and
Sherwood, 1963).

As shown by Figure 6,,, drops sharply for 0.Q25-cm particles
that have pores smaller than 0.7 p., indicating reduced penetra
tion of the particle interior by SO, until, when " « I, the
reaction is confined to the outside periphery of individual
particles and only the superficial surface participates in the
reaction. Since this superficial area increases directly with I/b.
for a given mass of solid, so also will the reaction rate. This
effect is illustrated in Figure 7 by the data for Type 9, which
show the linear increase in rate for particle sizes down to 100/
115 mesh. When these particles were reduced from 100/115 to
150/170 mesh, the rate did not increase further, indicating a
change from pore diffusion to chemical reaction as the pre
dominant resistance (" = I).

Calcines with the largest pores, Types 8 and 11 (" = I,
Figure 6), showed rates independent of particle size for all
values ofb. (horizontal line, Figure 7). This response indicates
that pore diffusion imposes no significant resistance to SO,
sorption for these calcines, and reaction occurs evenly
throughout their pore structure. The rate of SO, sorption in
this case (as for the smallest particles of Type 9) is determined
solely by chemical reaction rate.

The third type of response, shown as an exponentially
rising curve in Figure 7, was found for calcines with the
smallest pores, Types I and 10. This high sensitivity to particle

140
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TYPE 1
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Figure 3. Comparison of reactivity of calcines with SO, at 980'C

Particle size = 0.0096 emj S02 = 3000 ppm

TIME, seconds

TYPEll

perature-i.e., rock particles were placed on the reactor car
rier and inserted into the heated reactor to calcine immediately
prior to SO, exposure. The maximum reactivity was found at
650°C, at which 6.5 mg of SO, were absorbed by 30 mg of
calcine in 100 sec. At 760°C, sorption dropped to 2.6 mg per
100 sec exposure. At 540°C, as at 980°C, only I mg of SO, was
absorbed.

The capacities of Type I (Iceland spar) and Type 10 (calcitic
marble) were especially sensitive to particle size, CaO utiliza
tion increased by a factor of two when particle size was re
duced from 0.13 to 0.025 cm, and increased again by a factor
of three when particle size was reduced from 0.025 to 0.0096
cm.

The rate of SO, sorption was dependent on the particle size
of the calcine for all stones except the aragonite and marl.
The sensitivity of rate to changes in particle size was different
for each calcine, as illustrated in Figure 4 for two mineralogi
cally and chemically similar limestones. Correlation of data on
particle size and sulfation was made graphically according to
Equation 3 as shown in Figure 5. The exponential decay of re
action rate with sulfation was typical of all calcines and was
valid to about 50% CaO conversion in small particles. The
slope of the line in this linear region, IJ, was a strong function
of particle size-i.e., the rates dropped more rapidly for large
particles than for smaller particles. The value of IJ was also a
function of pore size and stone type. This coefficient was
therefore tabulated for comparison in Table IV.

Values of ro given in Table IV were obtained by extrapola
tion of the rate data to zero sulfation (Figure 5). The tabulated
effectiveness factors were estimated as the ratio of the initial
rate of the larger particles to that of the finest particle size,
rD'. This assumes " ~ I for b. = 0.0096 cm, which appears
to be justified by the experimental evidence for all stones
except Types I and 10, as discussed later. The reaction rate
constants in Table IV were computed from rD' by means of
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Table IV. Parameters for SO, Sorption by Calcines as a Function of Particle Size at 980°C

Initial rate, Reaction rate Initial
Sample Mean particle " X 10' constant, ka effectiveness Total Total CaO
type no. diam, em g-mol/g CaO-sec cm/sec factor, ." /3 X 10-' capacity' utilization'

0.13 0.0092 <0.0018 25.4 2.6 6.2
0.025 1.06 <0.21 30.4 6.0 13.6
0.0096 5.01 0.190 13.4 18 43

2 0.13 0.280 0.17 12.3 17 40
0.025 1.44 0.85 10.5 18 43
0.0096 1.65 0.755 7.8 21 50

0.13 0.710 0.62 6.62 20 49, 0.025 0.895 0.79 3.83 25 64
0.0096 1.14 0.241 2.77 33 80

4 0.13 0.673 0.47 12.5 6.8 16
0.025 1.06 0.74 4.80 18 43
0.0096 1.44 0.227 2.89 33 80

0.13 1.06 0.32 17.9 9.0 37
0.025 1.63 0.49 3.93 22 90
0.0096 3.32 0.324 3.03 22 90

6 0.13 0.437 0.27 4.58 19 100
0.025 1.03 0.63 3.00 19 100
0.0096 1.63 0.153 1.92 19 100

8 0.025 0.324 2.38 36 86
0.0096 0.324 0.156 2.38 39 93

9 0.13 1.02 0.49 6.18 17 75
0.025 1.33 0.64 2.65 24 100
0.0096 2.10 0.212 2.05 24 100

10 0.13 2.0 4.9
0.025 (nonporous solid) 4.8 11.7
0.0096 0.527 14.3 35

11 0.13 1.00 2.14 35 100
0.025 1.00 2.14 35 100
0.0096 1.00 0.181 2.14 35 100

• Milligrams SO, absorbed by 30 mg calcine, 2-hr exposure.
b %conversion of CaO to CaS04, 2~hr exposure.

size would be expected for diffusion through a product shell,
which surrounds nonporous particles, as the rate-limiting
resistance where

This is easily shown by writing the equation for product layer
diffusion, such as Equation 31 of Shen and Smith (1965), in
terms of conversion and differentiating implicitly. The curve
for Type 1 calcine in Figure 7 actually indicates a greater
sensitivity to particle size than predicted by the above equa
tion. This is probably due to a reduced permeability of the
shell formed on the larger particles which, to obtain equal
conversion, were reacted for longer periods than small par
ticles. The CaO grains within the product shell will achieve
greater conversion and expansion at longer reaction periods.

The reaction mechanisms inferred from the effects of
particle size and pore size on the reaction rate were confirmed

by electron microprobe analysis of the sulfur (as sulfate)
distribution within individual reacted particles. Figure 8A
shows the distribution over a cross section of Types 1 and 10
calcines, where sulfate was present only at the outer surface
of particles exposed to SO, for 10-120 min. Line scans across
calcines of Type 3, exemplified by Figure 8B, show the
presence of sulfate throughout the porous particles; however,
in most particles, a slight enrichment of sulfate occurs on the
outer edge. The sulfate located in the interior of the particle is
interpreted to occur on the surface of the pores or interstices
between the lime grains observed by SEM (Figure 2). Calcines
of the marl (Type 11) and oolitic aragonite (Type 8), both of
which have SO, reaction rates independent of particle diameter
(horizontal curve, Figure 7), contained sulfate throughout the
interior of the particles (Figure 8C). No evidence of increased
sulfate content on the outer surface of these particles was ob
served. As in Type 3, the sulfate is distributed throughout the
internal surface of the lime particles.
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compared to the calcines prepared in the rotary kiln. The data
also include two samples calcined at 11 10°C representing the
effect of reduced surface area. The reaction rate of the dolo
mites, Types 5 and 9, correlates well with that of limestones
when the rate is expressed in terms of CaO content, as shown
in Figure 9. This is explained by the peculiar structure of the
calcined dolomites (Type 5, Figure 2), in which the CaO is
crystallized as very small grains attached to the surface of
much larger MgO grains. The MgO consequently contributes
little to the surface area and the BET measurements essentially
represent the surface area of the CaO component only. Not
plotted in Figure 9 was Type 6, with a rate of 8.5 X 10-' g
mol/g CaO (sec). The low reaction rate of this dolomite is
attributed to its high content of impurities, which compose 23
wt %of the calcine. The BET measurement does not, therefore,
accurately represent CaO surface in this case.

The general correlation of reaction rate with the BET sur
face area of different calcined stones shown in Figure 9 was
confirmed for the specific case by altering the pore structure
of a single stone. The effect of calcination temperature on the
surface area of the calcine has been established (Chan et aI.,
1970); surface decreases with increasing temperature-with a
corresponding enlargement of pore size. Type 4 limestone was
calcined at its minimum dissociation temperature (790°C) at
atmospheric pressure, and three additional calcinations were
made at 890°, 980°, and 1l00°C. The surface area of each
calcine was measured and the SO, sorption rate of 0.0096-cm
particles determined at a reaction temperature of 760°C.
The results, shown in Figure 10, demonstrate the strong in
fluence of surface area on the rate of reaction.

10

~ .'g.r,

• CALCINED AT 980°C
• CALCINED AT 1110'C

4 8 8
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Figure 6. Relationship between effectiveoess factor at initial conditions
and pore size for O.02S-cm particles at 980°C

20,------,-,----,-,---,----,-,-----,-,--,

It was concluded from these results that pore size deter
mines the extent to which the internal structure of large
particles participates in the SO, reaction. As particle size is
reduced or pore size is increased, the effect of pore diffusion
diminishes (1) ..... 1) until chemical reaction becomes the sole
rate-limiting resistance for small particles. For the smallest
particle size, where the effectiveness factor is unity, Equations
2 and 3 indicate that a linear relationship should exist between
reaction rate and BET surface area when comparing initial
rates of stones with equal values of k" or when comparing
rates at a given conversion for stones with equal values of fl.
The reaction rates of 0.0096-cm particles, measured at a
sulfation of 2.9 X 10-' g-mol SO./g calcine, are plotted in
Figure 9 for those calcines with similar fl values shown in
Table IV. The linear correlation of reaction rate with surface
area confirms the predominant influence of chemical reaction
on SO, sorption that was previously inferred from activation
energy and particle size effects.

Included in Figure 9 is a datum obtained from the in situ
calcination of marl. All rock types were tested in this manner,
but only the marl showed significant difference in reactivity

Figure S. Estimation of initial rate, ro, and initial effectiveness factor,
1), for sorption of SO, by Type 4 calcine
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Figure 8. Microprobe line scans of reacted
particles

tAl 0.OZ5-cm Iceland spar calcite, Type I, ex
posed to SO, for 120 min; (8) O.OZS-cm calcine
of limestone, Type 3, exposed for 120 mini (C)
0.048·cm marl, Type 11, exposed for 10 min. (A)

(B) Shell reaction with SO,; (8) and tel volumetric
reaction

The data of Table IV indicate that the reaction rate con
stant per unit CaO surface is of similar magnitude for most of
the calcines tested. The intrinsic reaction rate constant can be
estimated as the average of the k, values for stone Types I, 3,
4,5,8,9, and 11 at 980°C:

K·, = 0.22 ± 0.05 cm/sec

The only significant deviation from this average was Type 2;
its high rate constant probably is related to the presence of
large concentrations of crystalline imperfections in the original
rock.

The effect of the BET surface on the reaction rate provides a
clear basis for explaining the anomalous, transient reaction
rates on which the limestone injection process appears to be
based (Borgwardt, 1970b). The existence ofvery large surface
areas immediately following the dissociation of CaCO, was
postulated (Mayer and Stowe, 1964) from considerations of
the molecular rearrangements that must occur within unit
crystal cells when CaO is formed. Recent measurements of
surface areas of calcines prepared under boiler injection condi
tions-i.e., small particles calcined in periods of less than 3
sec in dispersed systems, have been reported (Ishihara, 1970;
Coutant, 1970) to be an order of magnitude greater than those
of calcines prepared at the same temperature (980°C) by the

technique used in this study. The initial rates of the stones
having similar k, values indicated above are compared in
Figure 11 with the data reported by Coutant (1970) for re
action in a dispersed-phase reactor. The triangles are the
initial rates obtained from the data of Figure 10 normalized to
980°C on the basis of the measured activation energy (12,500
cal/g-mol) for Type 4 limestone. Coutant's data (circles)
represent the average of 10 BET measurements on 0.0090-cm
limestone particles injected into a reactor for residence times
ranging from 0.15 to 2.86 sec. A linear relationship, corre
sponding to chemical reaction control, correlates the initial
rate with BET surface for both reactors. This agreement sup
ports Ishihara's conclusion that mass transfer of SO, to the
particle surface does not limit the rate of SO, sorption in the
dispersed system.

Reaction Capacity. The direct relationship between reaction
rate and the BET surface area shown in Figure 9 suggests that
calcines of small pore size will have the highest rate of reaction,
since the total pore surface of a given mass of calcine is in
versely proportional to the pore diameter or CaO grain size
(Mayer and Stowe, 1964). The increase in reaction rate with
decreasing pore size will be valid as long as the effectiveness
factor remains unity. The strong influence of pore size on the
value of '7 (Figure 6) will, however, impose a limit on this
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relationship for any given particle size. Reduced values of the
effectiveness factor for small pores, in addition to indicating
inaccessibility of interior particle surface to SO" will also
have an important bearing on the ultimate capacity for SO,
sorption as the reaction progresses.

If an individual pore is idealized as a cylinder, the surfacej
volume ratio of that pore will increase linearly as pore diam
eter becomes smaller. Thus, the capacity to accumulate prod
uct decreases relative to the rate of product generation within
the reaction zone of the pore. Carrying this reasoning to
conclusion, one would expect a maximum specific reaction rate
and minimum reaction capacity with very fine pores, which
would result in the plugging of the pore mouths with reaction
product. The data for Type 1 (pore diam = 0.07 /-" Sg = 10'
cm'jg) show this effect clearly. Both the reaction rate and the
reaction capacity of this calcine were highly sensitive to
particle size, suggesting that the reaction was confined to the
outermost particle surface. Microprobe data (Figure 8A)
confirm the presence of a 30-/-, thick product shell on these
particles. Comparison of Type 1 calcine with the other calcines
shows the effect of increased pore size (and ~) on the capacity.
Capacity (Table IV) of the 0.025-cm particles of limestone in
creases in the same progression as pore size

TlO < Tl < T4 < T3 < T2 < T8

The effect of pore size on the reactivity of different particle
sizes of calcines is demonstrated in Figure 4, which shows SO,
sorption by three particle sizes of Type 3 (pore diam = 0.6
/-,) and Type 4 (pore diam = 0.4 /-,). Large particles of Type 3,
which has the bigger pores, are more reactive than large
particles of Type 4. As particle size is reduced and ~ -+ 1,
the reactivity becomes increasingly a function of chemical re
action rate so that when the finest particles are compared, the
calcine with the smallest pores (and greatest BET surface),
Type 4, becomes the most reactive. These effects are consistent
with the general observations discussed with regard to Figure
7 which covers a broader range of pore sizes.

When the effectiveness factor is unity (small particles, large
pores, or both) the reaction occurs at an even rate throughout
the pore structure of individual particles, and the entire pore
volume fills with reaction product. The total capacity in thisSg 1.] x104 cm2/1
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Conclusions

The observed variations in reactivity among limestones can
be explained by differences in the physical properties of their
calcined products. The size of the pores developed by calcina
tion has a critical effect on the rate and ultimate capacity for
SO, sorption. Small pores result in a high reaction rate, but
if the particles are large, their capacity is low. Large pores give
lower rates and increased capacities. The capacity of small
particles, in which reaction occurs evenly throughout the pore
structure under isothermal conditions of reaction, is deter
mined by the total pore volume available for accumulation of
the reaction product.

When pores are larger than 0.1 p., chemical reaction is the
sole resistance limiting SO, sorption by particles smaller than
0.01 cm at temperatures up to at least 980°C, and CaO con
versions to 50 %.

The specific reaction rate of small particles increases in
direct proportion to their BET surface area. The intrinsic re
action rate constant of SO, with Cao derived from different
carbonate rocks is approximately the same, 0.22 cm/sec, when
evaluated on the basis of surface area at zero conversion. At
conversions greater than 50%, the pores of small particles are
completely filled with caSo, and the rate-limiting mechanism
changes from chemical reaction to solid diffusion.

The nature of the original rock affects the properties of its
calcine. Although too few samples were examined to establish
quantitative relationships, several general trends were ap
parent. First, the porosity of the rock is carried through the
calcination process to yield products of higher-than-theoretical
pore volume. Second, the more coarse-grained and perfect
crystalline rocks appear to develop the finest pore structures,
which can plug quickly with CaSO,. Highly crystallized rocks
also tend to show greater differences between theoretical and
observed pore volumes, even under mild calcination condi
tions. Third, reaction of SO, with calcines prepared from very
fine-grained, highly microporous, and incoherent carbonate
rocks is less sensitive to the degree of sulfation. Compared at a
given conversion and particle size, the reaction rate of lime
stones and marl decreased with the petrographic grain size.
Large perfect rhombs of Iceland spar calcite and the calcitic
marble produced anisotropic lime when calcined at 980°C.
These observations suggest that the presence of imperfections
and grain boundaries in crystalline rocks tends to enhance
their reactivity, possibly by facilitating the conversion from
anisotropic calcite to isotropic lime during calcination.

Magnesia reacts slowly with SO, at any temperature be
tween 540° and 980°C under isothermal conditions. The high
reactivity of dolomites is due to the small grain size of the
CaO component, which crystallizes independently from MgO
during calcination. This structure results in a large CaO sur
face area and provides sufficient pore volume to accommodate
the 173 % expansion that occurs when individual CaO grains

suits from a change in the rate-controlling mechanism from
chemical reaction in the pores to diffusion through the
solid.

The high reaction capacity of the dolomites (100% CaO
conversion) is accounted for by the relationship given by
Equation 4. The ratio of pore volume to CaO content is about
twice that of limestone, providing adequate space to accom
modate the entire reaction product without particle expansion.
Porosimetry measurements were made on samples of Type 9
dolomite calcine reacted to 50, 75, and 100% CaO conver
sion and showed no change in particle volume from that
of the unreacted calcine.
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Figure 12. Pore volume and particle volume as a function of con
version in O.02S-cm particles, Type 3 at 980°C

case is dictated for limestones by the limit defined by the dif
ference in specific volume of the calcine particle and the re
action product. Thus, if no particle expansion occurs:

vol CaSO, formed = pore vol + vol CaO reacted (4)

This relationship was demonstrated by mercury intrusion
measurements on samples of Type 3 limestone reacted to
varying degrees of sulfation in the differential reactor. The
degree of conversion of CaO to CaSO, in each sample was
determined and its pore volume measured in a porosimeter.
The results, given in Figure 12, show a progressive decrease in
the volume of pores as sulfation increased. The particle volume
(measured at 18 psi, at which pressure the mercury does not
penetrate the pores) remained constant until the solid con
version reached about 50%. The difference between the par
ticle volume and the absolute volume of the solid (measured at
15,000 psi, at which pressure the pores are completely filled by
mercury) decreases as solid conversion progresses. This clearly
shows the accumulation of the reaction product in the in
ternal pore structure of the particles. Only when the conversion
reached a level corresponding to essentially complete filling of
the available pore volume (49% conversion according to
Equation 4) did the particles begin to expand in accordance
with the change in specific volume between CaO and CaSO,.
At this point, indicated in Figure 12 by the sharp upward
break in particle volume, further SO, sorption can occur only
through the exterior surface of the particles. This conversion
also coincides with the sharp break in reaction rate from the
exponential decay which characterizes the pore filling stage.
The reduced rate at conversions exceeding 50% presumably re-
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are converted completely to CaSO. without closing the pore
structure to SO, diffusion.
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Nomenclature

Cso, = gas-phase concentration of SO" g-mol/cc
jj p = mean particle diam, cm
f = weight fraction of CaO in calcine
k, = reaction rate constant per unit CaO surface, cm/sec
k, = reaction rate constant per unit volume of calcine,

sec l

n' = sulfate in solid as SO" g-mole
= rate of formation of SO, in solid, g-mol/g CaO (sec)

ro = initial rate at zero conversion, g-mol/g CaO (sec)
roo = initial rate, for smallest-sized particles, g-mol/g CaO

(sec)
S, = BET surface area of calcine, cm'/g
W = weight of calcine sample, g
t = time, sec

GREEK LETTERS

= empirical coefficient defined by Equation 3
= effectiveness factor, ratio of reaction rate to rate that

would be obtained if entire volume of particle par-

ticipated equally in reaction
PP = bulk density of calcine (particle density), g/cc
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Analytical Studies of Simplified Photochemical Smog Kinetics

Martin Lipeles ' and Norman Malmuth

North American Rockwell Science Center, Thousand Oaks, CA 91360

• Analytic solutions have been obtained for the relationships
between pollutant concentrations in the Friedlander-Seinfeld
simplified model of the kinetics of photochemical smog.
Time is then related to the NO concentration, and hence to
the other reactants, by a quadrature. From these results, ap
proximate representations for the temporal dependence of
reactants are obtained for short and long times. Important
dimensionless groupings are identified which control the
buildup and rate of decay of reactants. Relaxation times to
achieve a steady state are determined from these results. A
criterion for NO, concentration to be a monotonic function
of time is also established. Finally, results are presented for
special values of the kinetic rate parameters. Comparisons
are made between analytic results and numerical solutions.
Comments on the applicability and usefulness of these results
are included.
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Considerable attention has been given to mathematical
simulation of atmospheric rate processes. Because of

the number of reactions, the models red uce generally to large
systems of nonlinear ordinary differential equations. These
systems contain a wide diversity of rate constants and charac
teristic reaction times making numerical integrations reveal
ing the details of transient and long-time behavior difficult
and time-consuming. Furthermore, no theory of general utility
is available to establish the accuracy of integration schemes
applied to such nonlinear systems. Thus, it is important to
devise simplified analytical solutions to model systems to be
used as milestones in development of useful, but complicated
equations for realistic reaction schemes.

Evidence has been given that the basic features of smog
chemistry may be accessible to sets of equations of consider-

1 To whom correspondence should be addressed.



Kine/ic Model

Friedlander and Seinfeld started with a set of six coupled
differential equations and made various approximations to
reduce them to the following system:

Here the original notation is retained with a, X, 8, and /l
given in terms of the rate constants for the seven reactions
comprising the model.

As an extension of the work of Friedlander and Seinfeld,
we have obtained a separated form of the equations by using
Equation I b to reexpress la and Ic in terms of NO rather
than / as the independent variable. The resulting expressions
are:

(NO,) (NO) (RH) (NO,),
A==--, B==--, C==--, v==-- (2c)

(NO,), (NO), (RH), (NO),

0== a(NO~RH); K == a(:H),' p == ~ (I ~ ,) r == ~ (2d)

with (NO,)" (NO)" and (RH), signifying the values of (NO,),
(NO), and (RH) at / = O. Equations 2 may be easily inte
grated giving the concentrations in normalized form:

(5)

(3b)

r = I

I t dx
i = pJB x'(DX'-l - I)

= B(I _ InvB)

(B - I)
C = I + 0-B- + KIn B

I f __-,-__-=-__dx ---;;

p B x'(DX'-l - I) [I + 0 (x ~ I) + K In x] (4)

For IDx'-11 > I, this integral has been treated by a binomial
expansion which can be demonstrated to be uniformly con
vergent over this interval by the Weierstrass test. This property
permits a subsequent term by term integration. The numerical
values of the parameters used by Friedlander and Seinfeld

The parameter r is just the ratio of the rate constants for
free radical reactions with the NO, and NO, respectively.
The first is the chain-terminating reaction and the second,
the chain-propagating reaction. The relationship between the
normalized NO, and NO concentrations given in Equation 3a
depends only on the chain parameter r, and v on the ratio of
the initial NO, and NO concentrations. The value of r ob
tained from the adjusted parameters of Friedlander and
Seinfeld is 0.2. Since the free radicals involved in such
mechanisms as this have not been identified, the actual ratio
of rates can only be estimated. From Equation Ib, (NO) mono
tonically decreases with time, and T will be its initial relaxa
tion time.

We have integrated the set of Equations I numerically by
use of a fourth-order Runge-Kutta method using Friedlander
and Seinfeld's values for the various parameters, including
initial concentrations. The results have been compared
numerically to the solutions given in Eq uations 3 and 4. The
integral Equation 4 was evaluated numerically using Simp
son's Rule. In all of these comparisons, agreement within
the accuracy of the numerical methods was obtained.

It is of interest to establish simple analytical relationships
for the values in terms of the parameters of the system, of the
peak NO, concentration, the time at which it occurs, and the
behavior of all of the concentrations for large and small
times. These results can be obtained only by introducing
certain approximations to make Equation 4 tractable. For
this purpose, asymptotic methods will be employed (Bruijn,
1961; Cole, 1968; Erdelyi, 1956).

For practical cases, 0 and K are small compared to unity.
Accordingly, an approximation to Equation 4 may be formal
ized by considering a limiting case where K = 0(0) as 0 .... 0
with B fixed. This condition will be valid for times such that
the hydrocarbons have not reacted appreciably and is equiv
alent to assuming that they have not reacted at all. The result
ing integral is:

I I + p
T == a(NO,)o(RH), and D == -p- = I + v(l - r)

where

Substitution of Equations 3 into Equation I b gives the time
normalized as shown, expressed as a quadrature of the NO
concentration.

_ t
t==- =

T

(3a)

(Ic)

(2a)

(2b)

(Ib)

r ,e I

-a(NO,)(NO)(RH)

dA A I
-=r---
dB B v

-(N02)(RH)[8 + /l1(NO»)

A = (l + p)B' - pB

d(RH)

d/

d(NO,)
----;;{ = (N02)(RH)[a(NO) - X(N02») (Ia)

d(NO)

d/

where

ably lower order than those accounting for all of the in
tricacies of the production of intermediate species, such as
free radicals. Solutions of such reduced or simplified systems
then become accessible analytically. Such solutions have im
portant advantages over numerical results in the sense that
they more clearly show the parametric dependence of the
reactants, and they allow the investigator to readily predict
the buildup and decay of the species. They also enhance the
development of analytical solutions of convection models that
incorporate chemical reaction mechanisms, or boundary con
ditions by introduction of analytically tractable chemical rate
models.

In this paper, one example of such a simplified system will
be treated to illustrate the use of well-known techniques of
analysis in deriving significant results about the properties of
interdependent chemical reactions. The model used for this
study has been proposed by Friedlander and Seinfeld (1969).
We have observed that their system of equations can be
solved to give closed-form relationships between concentra
tions of the reactants. This is true not only for their final set
of equations but also for their system with one assumption
removed. In this paper, our analysis for solutions of their
final set is presented and applied to obtain results of the type
described above.
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d,==, DI/4

where

where the subscript p implies the value at the (NO,) peak. A
further substitution of Equation 9 into Equation 3a gives
finally:

(12)

(13c)

(13a)

(13b)

(10)

(lIc)

(lIa)

(lib)

1:'F(xo)dx
I,(B) = --

B X - Xo

1:' [F(x) - F(xo)]dx
liB) =

B x - Xo

(NO) __
-- = B = I - I + 0(1 ')
(NO)o

(NO),
-- = A I + (v- I - ,)i+
(NO,).

(RH) _
(RH)o = C = I - (8 + K)I +

where

Further simplification is achieved by defining I/F(x) ==
X(DX'-l - I), and subtracting and adding F(xo) to the
integrand in Equation 13. This gives:

- 1:1
F(x)dx

pI = -- == I, + I,
B x - Xo

Through justifications given in Appendix B we may approxi
mate Equation 4 as:

11:1
dx

i = ~ B x(Dx'-' - I)(x - xo)

Now the singular behavior as B --+ Xo is contained entirely
in I" since as indicated in Appendix C, I, is 0(1) in the indi
cated limit. Despite the fact I, = O[ln (B - xo)] and I, =
0(1), the latter must be retained to obtain the complete
leading term of the asymptotic representation of B. Since

Obtaining the asymptotic behavior of the reactants for
I --+ 00 is more difficult, since the approximation leading to
Equation 5 becomes invalid, and a more formidable approxi
mation of Equation 4 must be treated. This situation arises
because of a nonuniformity for I --+ ro of the approximation
that the second and third terms of the third factor of the
denominator of the integrand in Equation 4 are small com
pared to unity. In particular, the second term is 0(1) as
1--+ 00. This point will be amplified subsequently.

Still considering our previous case, we examine the three
factors which make up this denominator to find that the
first has a zero at x = 0, the second for x > I (which is out
side the range of integration) and the third, as we will show,
has only one zero, x. within it. The value xo corresponds to
the equilibrium concentration of NO attained monotonically
from above as I --+ 00. If we let K = 0(8) as 8 --+ 0, the root
xo of the third factor can be shown by iterative substitution
to be asymptotically given by:

Xo = 0[1 + 0(8 In 8)] as 8 --+ 0

i = (I - B) + 0[(1 - B)']

which may be reverted to yield as ; --+ 0,

Equation 9 into Equation 6, or in the special case, = 0.2,
Equation 7. For values of D near unity, this series does not
converge rapidly, and manipulations such as Kummer's trans
formation (Knopp, 1948), can be used to accelerate its con
vergence. This is demonstrated in Appendix A.

To obtain the initial behavior as i --+ 0, we introduce the
substitution I = I - x in the integrand of Equation 5.
Expansion of the integrand about I = 0 and term-by-term
integration gives a power series in the small parameter
(I - B)

(9)

(8)

(6)

(NO,). = (NO).,

[
(NO)] --'-

B. '==' (NO)o = (,D)'-'

for max (NO,)

correspond to 0 < B :s; I, 0 :s; , < I, and D < 1. Integration
thus yields the following series representation for r

I ro I _ B[n(I-c)-lj

Di = - L: ::--:----,------,-,----::
p n ~ I [n(1 - ,) - l]Dn

For rational" the integral in Equation 5 may be evaluated
in closed form; or alternatively, Equation 6 may be summed.
In particular for, = 0.2 both yield:

_ 5{I I
1=;; DBo, - D+

/d5 [lOg (~:: ~ ~ ~ ~ ~) - 2 tan-' (B~') +

2 tan-1d]} (7)

For, --+ I, application of L'Hospital's rule gives B. --+ e'-I.
For, --+ 0, B. --+,(1 + v). An interesting result is obtained
by noting that (NO) is always a monotonically decreasing
function of I for 0 :s; I :s; 00 and the previously introduced
normalizations in Equation 2c require B. :s; 1. This Implies
that Equation 9 can be used to determine B. only if v :s; 1/,.
This ensures that the normalized time, I~ corresponding to
the peak concentration of NO, is positive. For v ? 1/"
(NO,) has its maximum at I = 0, and hence is a monotoni
cally decreasing function of time for 0 :s; I :s; 00.

It is significant at this point to note that the normalized
time at which NO, reaches its peak concentration and the
value of the NO and NO, concentrations both depend only
on v and ,. The parameter v is just the ratio of the initial
concentrations of NO, and NO, and, is the ratio of the rates
of free radical reactions with NO, and NO, respectively.
When the NO, concentration becomes large enough relative
to the NO concentration the chains do not propagate and
the NO, is consumed to final products as fast as NO is con
verted to NO,.

The value of I~ can be determined from substitution of

Evaluation of Equations 6 and 7 for starting conditions
given by Friedlander and Seinfeld gives I %agreement with
the numerical quadrature of Equation 3 for times up to 40
min, which is approximately twice the peak build-up time
for NO, with these starting conditions. Other approximations
for, --+ 0 or 00 have also been obtained. The former leads to
an asymptotic power series in , having coefficients which are
dilogarithmic functions of the other parameters.

The concentrations of NO and NO, and the time at the
peak NO, concentration may now be determined. The neces
sary condition for (NO,) to have an extremum is that d(NO,)/
dl = O. Substitution of this condition into Equation la
yields:
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where we have set F(xo) ~ l/xo'D. Inverting Equation IS,
we obtain, for I ..... 00,

I,(B) may be approximated by I,(xo) in the sense discussed
fully in Appendix C, Equation 13a yields:

The time constant for the exponential decaying transient in
Equation 16a is thus approximately given by (li'D)-I. Sub
stitution of Equation 16a into Equation 4 and making ap
propriate approximations gives:

(NO) _
(NOlo = B = Xo + e-xo'D!p'-!'(xoll +

Appendix A. Series Solution for Time ofPeak NO,
Concenfration

The result for i. obtained by substituting Equations 9
into 6 is:

A characteristic relaxation time for approach to steady
state.
As is demonstrated in the appendices, more details may be
extracted from this simple model. It may be possible to
construct more sophisticated and/or realistic simulations
which may be equally analytically tractable.

Since attempts are being made by various groups to model
the convective aspects of photochemical smog, results such
as those presented above should be of considerable help. In
the solution of diffusion models presently suggested, sig
nificant mathematical and numerical difficulties arise even
when the movement of a single nonreacting pollutant is con
sidered. The analysis of the appropriate coupled systems
becomes almost insurmountable for realistic cases and
demands intelligent approximations to allow reasonable solu
tions. Discovery of the crucial time scales, the essential
lumped dimensionless groupings such as those given above
may serve as important inputs to approximate solutions of
convective models.

(14)

(15c)

(15a)

.} (15b)

Xo'

Xo

re - Xo' D IPt - I 2(XO) J

+

(l+P)XO'{I+

_ I (I - xo)
pI ~ -D,In B-- + I,(xo)xo - Xo

(RH)
(RHlo - C =

(NO,)
-- =A
(NO,)o

The left hand side is a factor in the integrand of Equation 4 and

D-R 10),R
Q L -- - - L -- (A3)

n-I n(n - Q) (rD)Q n~1 n - Q

(I) D-n 1 00 rR

v-tf. = L -- - - L -- (A2)
n_In-Q (rD)Qn_In-Q

(Bl)

where Q-I == I - r (AI)
00 I _ (rD)n- Q

f. = V n~' (n _Q) Dn

x + 8(x - 1) + KX In x

1 [ Xo + 8(x - 1) + KX In xJ
(x - xo) 1 - x + 8(x - 1) + KX In x

Appendix B

The difference between the integrand in Equation 4 and
the integrand in Equation 12 may be seen in the following
identity:

The new series in Equation A3 will now yield 10% accuracy
for the above case after only two terms and 1% after six
terms.

Using values of the parameters and initial conditions in
Friedlander and Seinfeld, we obtain v = 0.2, D = 1.16, and
Q = 1.25. In this case the series converges slowly to i. =
3.99 (t = 16 min) requiring five terms for 10% accuracy and
IS terms for I % accuracy. We may write

Each of the series in Equation A2 is expressible as the <I> func
tion [a special form of the hypergeometric function (Erdelyi,
1953)] but this does not simplify their evaluation appreciably.
Because of small value of r, the second series converges very
rapidly (similar to a geometric series) requiring only two
terms for i % accuracy in the case above. Since D is near
unity, the first series converges very slowly. However, Kum
mer's Transformation (Knopp, 1948) may be used to ac
celerate its convergence. This process yields

v-It. = -In (1 - D-I) +
(16)

For Friedlander and Seinfeld's first set of conditions, the
value of I, can be calculated from the above expression to be
54 min. The concentrations used for this calculation are taken
from smog chamber experiments. More realistic values
(Hidy et aI., 1971) would be (NO,) = 5 pphm, (NO) = 8
pphm, and (He) = 0.6 ppm (estimate of reactive component)
which are values taken at 8 A.M. in Pasadena, CA. For these
values, Ie gets up to 18 hr.

Conclusions

By application of analytical techniques, results have been
obtained which are difficult if not virtually impossible to
obtain by numerical solution. These may be summarized as:

Important dimensionless groupings controlling the kinetics
Criterion for a peak in the NO, concentration
Value of the peak NO, concentration and the time at

which it is obtained
Temporal behavior for small and large times of the species

concentrations including their time constants

Thus at long times the NO concentration approaches a
very small constant times its initial concentration. This con
stant, Xo, is approximately equal to the parameter 8 which for
interesting conditions is always small. The NO, concentra
tion also approaches a constant value, but this one is some
what larger than Xo. As expected from analysis of the integral
Equation 4, the hydrocarbon approaches zero concentration
for long time. This just means that the reactions continue
until the hydrocarbons have completely reacted. The param
eters, 8 and T, are inversely proportional to the initial hydro
carbon concentration so the larger this concentration the
smaller the final NO concentration, but the longer it takes
to reach this concentration.

It is interesting to estimate numerically the time scale I,

for the NO concentration to approach near steady state.
This is accomplished by equating the absolute magnitudes
of the two terms on the right hand side of Equation 15a.
Thus
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(C6)

the first term on the right is a factor in the integrand of
Equation 12. The second term within the brackets on the left
hand side of (BI) can be shown to be bounded and mono
tonic for x > 0, 0 > 0, 0 < Xo :::; x :::; 1 with its maximum at
Xo given by

integrand as follows. Letting q = n(1 - r) - r, and expand
ing F(x) and F(xo) each about 0, we obtain

f l ~ (x" - xo")
I,(xo) = L: D-"--- dx

xo n=O X - Xo

(B3)

(B2)

(B4)

o+ «I + In xo)
r"", I + 0 + «I + In xo) = 0(0 In 0)

Thus a lower bound to the integral in Equation 5 is:

- 11 F(Xo)(1 - r)
pt ~ ( ) dx + (1 - r)/,(xo)

B x - Xo

= F(xo)(1 - r) In (~ =- ;:) + (I - f)/,(xo)

which may be solved for B, which we call B" to distinguish
it from B given by Equation 15a, thus:

B, = Xo +

(1 - xo) exp {- F(~o) LI ~ f) - /,(xo)]} (B5)

Assuming the required convergence properties we interchange
summation and integration. We introduce the substitution of
variables u = x/xo in the resulting integrals [which are quali
tatively similar to psi and hypergeometric functions (Erdelyi,
1953)]. Expanding the integrands in ascending powers of u-1

using the binomial theorem, convergent series of the q. func
tion type described in Appendix A are obtained. On perform
ing the required final summation, we obtain under the addi
tional assumption of small r:

I,(xo) ~

I [ I ( -r I - 2 r xo'-')
Dxo' Inxo-'Y+~F 1'I_r;~;D -

]
1 ( -r I - 2 r 1)

>/1(1 - r) - -;:D F I, 1 _ r;~; D (C7)

Then

Defining

Rearranging and exponentiating yields

Nomenclature

o == 1'/[a(NO)o(RH)o]

GREEK LEITERS

where 'Y is Euler's constant = 0.57721, F(a;b;c;z) is the
hypergeometric function, and '" is the psi function (loga
rithmic derivative of the gamma function). For numerical
purposes, the third term above may be evaluated by series
expansion in z (the first term being overwhelmingly the most
important), but in the fifth, slow convergence for the numeri
cal case considered obtains due to the near unity value of D.
This reflects proximity to a logarithmic singularity occurring
on the unit circle. For this purpose, either a special expansion
above unity (see Abramowitz and Stegun, 1964) or an ex
pansion for r ..... 0 can be used. For the numerical parameters
used earlier in this paper, J,(xo) was evaluated numerically,
yielding 8.134. The above expression agrees within I %with
this value.
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A == (NO,)/(NO,)o
B == (N0)/(N0)0
C == (RH)/(RH)o
D == (1 + p)/p
d == Dl/'
n == integer index of a power series
o == the order of (see Erdelyi, 1956)
p == subscript denoting the value of the variable when

(NO,) reaches its peak value
Q == 1/(1 - r)
q == an arbitrary real number representing a typical value

of a power in a series expansion (see Equation C7)
r == A/a

== time, min

pI d' . I .== -, ImenSlQn ess lIme
T

x == dummy variable of integration
Xo == zero of (1 + o)x - 0 + <x In x; this is the value of B

for which C = 0

(C3)

(C4)

(Cl)

(C5)

~ (B - xo)[1 + OrB - xo)]

B - Xo [;"I,(n)(Xo) ]
-1-- exp - LJ --,- (B - xor

- Xo n=1 n.

Appendix C

We assert that the following Taylor's Series is a representa
tion of I, about B. (We will not attempt to rigorously establish
the formal developments here and in what follows. These
require lengthy estimates beyond the scope of this analysis)

~ 1 (n)(x)
I,(B) = L: _'__0 (B - xo)"

71=0 n!

or on rearrangement:

pt-I2(xo)
F(Xo)

B ~ Xo + (1 - xo)e

An expression for I,(xo) may be obtained by expanding the

!lB
lim- = 0
t-Ho B

Combining this with I,(B) in Equation 13a and taking the
n = 0 term out of the sum, we obtain for i

pi = (Fxo) In (~ =- ;:) +
~ 1 (n)(x )

l,(xo) + L: -'-I_0 (B- xo)" (C2)
n=1 n.

_ [pf-h(xo)]
e F(xo) =

which means that the difference between Equations 15a and
B5 becomes small compared to Xo for i ..... 00. Since Equation
15a is an upper bound, the two bounds converge and 15a can
be taken as an approximation to B.
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! == k,(NO), - (f - l)k,(NO)

== OJ[a(RH).1
v == (NO,)./(N0).

p == Q/v
T == 1/[a(NO,)o(RH).1

Notation from Friedlander and Seinfeld (/969)

a == yk"':
{J == k,/k,
y == k,/k,
X == yk,k:

I' == {Jk,
8 == yk.

== a branching factor accounting for possible production
of more R· than consumed in Reaction 6 below

kl == rate constant for NO, ~ NO + 0, includes light
intensity

k, == rate constant for 0 + 0, ~ 0" includes third body
M and 0, concentration

k, == rate constant for 0, + NO -+ NO, + 0,
k. == rate constant for RH + 0 -+ R· + Products, where

RH and R· are generalized hydrocarbon and free
radical, respectively

COMMUNICATIONS

Singlet 0, Production from Photoexcited N02

k, == rate constant for RH + 0, -+ products (including R·)
k, == rate constant for NO + R· -+ NO, + R·
k, == rate constant for NO, + R· -+ products (including

PAN)

k/ == k./l
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could absorb light and transfer this energy to 0, to produce
excited oxygen molecules. Still, these mechanisms seem too
inefficient to be important for smog formation because of the
low ambient concentrations of the photosensitizing species
and their small extinction coefficients in the visible or near-uv
spectral regions.

We have investigated another possible mechanism for
generating singlet molecular oxygen, the production of 0,('Ll.)
by the NO,-photosensitized process

This process was studied by irradiation of NO,--O, mixtures
with a chopped, carefully filtered beam of visible light. Wave
lengths below 4000A were excluded to avoid photodissociation
of the NO, (Douglas and Huber, 1965; Schuck et aI., 1966;
Cvetanovic, 1964). Direct measurement of the 1.27-1' emission
from the process O,(ILl.) -+ O,('~) + hv was used to monitor
the energy transfer. Emission was observed through two
Corning No.7-56 filters with an RCA 7102 photomultiplier
operated as a photon counter. The emission was confirmed as
originating only at 1.27 I' by scanning the line with a tempera
ture-tuned, narrow band interference filter (Razdow Optical
Instruments, 1.2728 I' peak transmission at 20°C). The photo
multiplier tube was calibrated against a blackbody source
with various filter combinations. Under our operating condi
tions, the quantum efficiency of the tube at 1.27 I' is 1.5 X
10-'. The observed signal was about 4 counts/sec. Modulation
at 30 Hz was as follows: The sample was irradiated during
the first '/. cycle; after '/s-cycle delay, the photomultiplier

• Mixtures of NO, and 0, were irradiated with visible light.
(X > 4000A). Electronically excited NO, was produced which
transferred energy collisionally to 0, to produce O,(1Ll..).
The population of O,(1Ll..) in the reaction cell was determined
by monitoring its phosphorescent emission at 1.27 I' with an
RCA 7102 photomultiplier used in a photon-counting mode.
From the experimentally determined rate of production and
destruction of O,(1Ll..), the probability that a quenching col
lision of NO,' with 0, will produce O,(lLl..) is found to be a =
0.01 ± 0.002. This mechanism is capable of producing a
steady-state O,(lLl..) concentration in the atmosphere of 10'
10' cm-'.

T he possibility that singlet molecular oxygen might play
a noticeable role in the photochemical smog cycle

was pointed out by Pitts (1969). Herron and Huie (1969)
found the relative reactivities of single molecular oxygen,
oxygen atom, and ozone to be 10-': I : I at best and concluded
that known mechanisms for producing metastable 0, mole
cules were not sufficiently effective to make these species
important in the smog cycle. Subsequent work indicates the
reactivity ratio may be more like 10-': I: I (Johnston et aI.,
1971). About the same time, Kummler and Bortner (1969),
Steer et al. (I 969b), and Snelling (1968) showed that benzalde
hyde, benzene, naphthalene, and naphthalene derivatives

1 To whom correspondence should be addressed.

NO, + hv -+ NO,'

NO,' + 0, -+ NO, + O,(1Ll.)

(I)

(2)
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was gated on for 1/, cycle, the final 1/. cycle was dead time.
The pressure dependence of both the near-ir and visible

NO, emission gave Stern-Volmer plots which yielded values
for NO, quenching by N, and by 0, in essential agreement with
those in the literature (Meyers et aI., 1966; Schwartz, 1968).

In a typical experiment, p(NO, ~ 0.48 torr, P(O,) ~ 3.0
torr, and the system absorbs approximately 5.4 X 10" pho
tons/sec, all in the wavelength range 4000-5oooA. From
geometric factors and the observed rate of emission by O,(1t.),
we estimated a total 0,(1t.) production rate of 4.1 X IOu/sec.
These diffuse uniformly throughout a cell of 860 cm', in the
irradiation interval. Deactivation of excited 0, molecules is
due to wall collisions, to collisions with NO" to collisions with
0, and, in very small part, to radiation. The pseudo first-order
rate coefficients for the first three processes are 0.10 sec- I

(in our system), 0.08 sec-I, and 0.21 sec-I, respectively (Becker
et aI., 1971; Steer et aI., 1969a); the radiative rate is 2.58 X
to-, sec-I. The system is in a steady state with respect to
0,( It.), with an effective total first-order decay constant of
0.39 sec-I.

From the known quenching constants (Meyers et aI., 1966;
Schwartz, 1968) for NO,' by NO, (7.1 X to-II cm'/mol-sec),
the measured concentrations of NO, and 0" and the knowledge
that NO, fluorescence is completely quenched, we determine
that fraction of photons absorbed which go one way or an
other to 0,. From the experimentally determined rate of
production (and destruction) of O,('t.), we thus determine the
probability, a, that a quenching collision of NO,' with 0,
will produce 0,(1t.):

a = 0.01 ± 0.002 (3)

0,(1t.) easily exceeds 10' cm-· and may reach 10· cm-' as a
result of the NO,-activated mechanism alone. The concentra
tion of 0 atoms is probably seldom greater than 5 X 10' cm-'
(Berry and Lehman, 1971) and may be up to an order of
magnitude lower than this during earlier stages of the smog
cycle (Johnston et aI., 1971). It thus appears the NO,-activated
mechanism by itself is capable of producing sufficient O,('t.)
to make singlet molecular oxygen a contributor to smog
formation despite the 10'-IO'-fold lower activity of the mo
lecular species.

Early work on the photooxidation of hydrocarbons in the
presence of NO, (Bufalini and Altshuller, 1967) indicated that
the rate of hydrocarbon oxidation could be explained solely
on the basis ofO-atom oxidation. However, it should be noted
that these experiments were conducted using uv light which
photodissociates NO, to NO + 0 quite efficiently and produces
very little NO,'. Thus these early experiments were under
conditions where [O,(It.») « 10' (0) and therefore have no
bearing either positive or negative on the role of 0,( It.) in the
atmospheric oxidation ofhydrocarbons.

In addition to the high NO, concentration experiments
mentioned above, we have conducted experiments with the
NO, concentration as low as 500 ppm and find the mechanism
for O,(lt.) formation remains operative. This strongly indicates
that the energy transfer is truly an elementary molecular
process and thus our extension to the atmosphere is valid.

After this work was submitted for publication, we learned
that very similar conclusions have been reached by Jones and
Bayes (1971) based on a very different detection method.

A more detailed discussion, including a study of the 12:
state, is in preparation.

The uncertainty is due largely to uncertainties in collection
efficiency from molecules away from the optic axis of the
photomultiplier. In other words, about 1% of the collisions
of NO,' with O,yield a metastable 0,(1t.).

The possible significance of this observation for the problem
of smog appears when we estimate the ambient concentration
of 0,( It.) from the NO,-activated process alone. The rate
constant for quenching of NO,' by N, is 3.1 X to-II cm'/mol
sec, slightly less than that for quenching by 0,. From these two
coefficients, we infer that about 21.5% of the NO,' in the
atmosphere lose their energy to 0" and thus about 0.215 % of
the excited NO,' molecules generate 0,(1t.). (NO, fluorescence
is, of course, completely quenched in the atmosphere.) The
rate of production of NO,' by light in the 4000-5000;\ region,
when the NO, concentration is 0.035 ppm and the photon
flux in the 4000-5000;\ interval is 5 X t0 16/cm'-sec-cor
responding to the sun 40° from the zenith, on a clear day-is
about 2.3 X 101O/cm'-sec. Hence the rate of production of
O,('t.) under these conditions is about 4.35 X to'/cm'-sec.
The 0,(1t.) is in a steady-state condition, with most of its
quenching accomplished by 0,; the rate coefficient for this
process is 2.2 X to- 18 cm'/mol-sec. Hence the pseudo first
order rate coefficient for deactivation ofO,(It.) is 12 sec- I, and
the steady-state concentration of 0,( It.) under the conditions
just described is 3.6 X to'/cm'.

More generally, we can express the steady-state concentra
tion of 0,(1t.), in molecules/em', in terms of the photon flux
'" (as 10" photons/cm'-sec) and the NO, concentration (in
the common units of ppm) as
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Sunlight Photochemistry of Ferric Nitrilotriacetate Complexes
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Department of Chemistry, Carleton University, Ottawa, Canada KIS 5B6

• Photochemical degradation under natural water conditions
of the acidic solution monomeric and the basic solution
monomeric and dimeric complexes formed between Fe H

and nitrilotriacetic acid (NTA) is described. The degradation
products are CO" CH,O, and iminodiacetic acid (IDA). The
efficiency declines somewhat with increasing pH but quantum
yields above approximately 0.01 may be expected in all
natural waters. The evidence for such photodegradation serv
ing as a mechanism to limit accumulation of NTA in natural
waters is discussed.

T he fate of aminopolycarboxylate compounds (which
are all potential detergent builders and are important

components of industrial wastes) in natural waters must be
the fate of their metal complexes since complex formation
constants (Ringbom, 1963) with all common metal ions are
so large. The largest formation constants for nitrilotriacetic
acid (NTA) are those for formation of ferric complexes.

Equilibrium calculations on a model of Lake Ontario
(Childs, 1971) conclude that the fraction of NTA bound in
ferric complexes varies between 6 and 36 % of the total NTA
in the water for total NTA concentrations from 10-7 to IO-'M.
These calculations probably underestimate the ferric NTA
species because they limit Fe to that found in the absence of
NTA and intentionally ignore solubilization of ferric oxide by
NTA.

We have undertaken a study of the photochemistry of
ferric NTA complexes using irradiation characteristic of sun
light. In initial experiments, solutions were prepared con
taining O.OIOM FeJ+ and O.OIOM NTA (to provide convenient
concentrations of ferric NTA species). pH values were adjusted
from 4 to 8 to cover the freshwater range indicated by Mason
(1952) and to ensure examination of all of the hydrolytic
forms of ferric NTA (Childs, 1971; Gustafson and Martel,
1963). The sol utions were enclosed in borosilicate glass
flasks and irradiated outdoors in varying light conditions. In
all experiments, precipitation of iron was complete in less
than 14 days, indicating extensive degradation of the solu
bilizing agent, NTA. No reaction was observed in dark controls.

Examination of the stoichiometry of the photodegradation
was developed following the hint provided by the known
photodecarboxylation of carboxylic acids coordinated to
Fe(11l) (Balzani and Carassiti, 1970), and the observation of
Hall and Lambert (1968) that ethylenediaminetetraacetate
(EOTA) complexes of Fe(11l) release CO, on irradiation.
Solutions irradiated in a Rayonnet photoreactor equipped
with 3500;\ fluorescence-coated mercury lamps to greater
than 10% loss of NTA were examined for products. Aldehydes
were detected by Schiff's test, phenylenediamine-H,o,
reagent, and finally a carbazole test. Taken together, these

indicate formaldehyde (Feigl, 1954). Solid derivatives of the
aldehyde could be isolated. A 2,4-dinitrophenylhydrazone
melting at 163.5-165.0°C and a p-nitrophenylhydrazone
melting at 155-165°C confirm the identification of form
aldehyde. An amine product was sought. A ninhydrin test
was positive indicating an '" or {3 amino acid or a primary or
secondary amine. This requires that NTA has lost at least one
-CH,coOH claw. By acidification of the solution, a white
solid could be isolated which formed amine derivatives
with phenyl urea and p-toluenesulfonyl chloride. (Melting
points were ca. 195° and 65-65.5°C, respectively.) These
derivatives correspond to those prepared from an authentic
sample of iminodiacetic acid (IDA) (mp, 195° and 65-67°C).
A quantitative determination of the IDA yield was achieved
using ninhydrin and the procedure of Moore and Stein (1948).
A solution which had decreased in NTA concentration by
0.0015M (according to the titrations described below) was
found to have an amine concentration of 0.0016M. More
than 90% of the NTA nitrogen appears in an amine product
(presumably all IDA).

Equation I is proposed to describe the photodecomposition
of NTA. [In the equation, the low pH form of Fe(NTA) is
indicated. Hydrolyzed species appear at higher pH.)

2[Felll(NTA») - [Fe"(NTA)]- + [Fe"(IDA») + CH,O + CO,

[Fe"(IDA)] ~ [Felll(IDA») (I)

The second step occurs in the presence of air and interferes
with attempts to determine stoichiometry of the first step with
respect to iron. Irradiations were carried out to confirm
stoichiometry with respect to iron. Solutions were deoxy
genated by bubbling through nitrogen for 20 min then sealing
the flasks with serum caps. After suitable times of irradiation,
samples were withdrawn with a syringe and analyzed for
Fe2+ by the o-phenanthroline method (Hatchard and Parker,
1956) and formaldehyde by spectrophotometric determination
of the 2,4-dinitrophenylhydrazone derivative dissolved in
acetone. The ratio of Fe2+/CH,O is close to 2 after short
irradiation times in the Rayonnet reactor (1.93 after 10 min,
2.20 after 20 min) but rises at longer times. (The puzzle was
resolved by observing a secondary reaction, an acidified
solution of formaldehyde and FeJ+ irradiated at 3500;\
showed reduction of FeJ+ and oxidation of CH,O.) The
stoichiometry of Equation I is confirmed by study of the
Fe2+/CH,O product ratio.

There remains the problem of the efficiency of the photo
degradation of NTA. We believe that the photochemical
reaction originates from a charge transfer excited state of the
complex. Efficiency is not a simple matter over the range of
pH found in natural waters because there is not a single

Table I. Values of the Quantum Yield-Related Function Y
(Defined in the Text) as a Function of pH

1 To whom correspondence should be addressed.

pH
Y

4.25
0.078

4.73
0089

6.10
0047

7.00
0.039

7.65
0.018
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ferric complex. At higher pH, Fe(NrA) forms an oxo-bridged
dimer (Gustafson and Martel, 1963) so that efficiency may be
expected to vary with pH. The efficiency was measured under
irradiation with a GE mercury lamp, TP 109, which has
strong emission at 3660, 4100, 4400, 5750, and 6500A. The
measure of reaction was the amount of NrA decomposed.
This was determined by titration of NrA remaining after a
period of irradiation by one of two methods. In the first,
activity of iron in the solution was minimized by adjusting
the pH to 9.4 and addition of an equal volume of O.OIM
sodium acetate after which NTA could be titrated with Cu(lI)
to a murexide end point. In the second, the Bi(III) complex
of NTA was formed after acidification of the solution to a
pH of 1.00 and determined spectrophotometrically at 2430A
(Karadakov and Vankava, 1970).

The best measure of efficiency is quantum yield but that is
difficult to determine in the case of irradiation with a wide
wavelength range source. As an approximation, we compare
yields to the yields for the standard chemical actinometer
system, ferrioxalate (Hatchard and Parker, 1956) and define a
function related to quantum yield, Y, equal to the ratio of
moles NrA decomposed to the moles of Fe(lI) produced from
ferrioxalate multiplied by the quantum yield for reduction of
ferrioxalate at 3660A. Values appear in Table I. The ob
served decline in Y with increasing pH may be associated with
facile relaxation of the charge transfer states of the Fe(NTA)
system in the dimer form where the spin forbidden character
of radiationless transitions to the ligand field states is relaxed.
We intend to discuss this issue elsewhere.

The photochemical mode of NrA degradation should be of
significance in limiting the accumulation of NrA (and most

CORRESPONDENCE

Uranium Concentrations in Surface Air

SIR: The article "Uranium Concentrations in Surface Air
at Rural and Urban Localities within New York State"
(ES&T, August 1971, p 700) states on p 703: "These levels are
much less than the 90 and 300 ng U/m' levels found near
gaseous diffusion plants at Paducah, KY, and Piketon, OH,
respectively." These values are compared with values found
in various parts of New York State ranging from 0.1 to 1.47
ng U/m'.

The statement would lead a reader to conclude that the
diffusion plants emit large mass quantities of uranium to the
atmosphere; and, indeed, such a conclusion would be reached
if one assumed that the radioactivity levels at the Piketon
plant were 5% of the radioactivity concentration standards
and that the source was normal assay uranium. However,
neither assumption is valid. The official reports from the
Piketon plant state that the average radioactivity level is
"less than 5%" of the applicable standards. A more significant
error lies in the assumption that uranium discharged from the
Piketon plant is of normal assay; and it is obvious that this
assumption was made by the authors. The article reports all
measurements in mass concentration units (ng U/m'), whereas

368 Environmental Science &Technology

probably related aminopolycarboxylates) in natural waters
if it can be shown that the actinic light is available. Whether
photosynthesis can occur in natural waters is essentially the
same question since the actinic wavelengths are very close.
The euphotic zone may vary from a depth of less than a meter
in an unusually turbid river to over 100 meters in clear ocean
water. Duntley's review of near uv penetration (Duntley,
1963) suggests that the reaction described here would be
important to depths of at least 10 meters in typical situations.
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all the data reported by the Piketon plant are given in radio
activity concentration units. To convert from one set of units
to the other set, the uranium isotope assay must be known.

If one assumes that the uranium is of normal assay and that
the radioactivity ievel is 5% of the applicable standard, he
will reach the same conclusion reached by the authors-Le.,
300 ng U/m'. However, the Piketon plant is an enrichment
plant, and the concentrations of radioactive isotopes of
uranium, other than U-238-Le., the enrichment, may be as
great as 94 %. The specific activity of the enriched uranium
may be 200 times as great as that of normal assay uranium.
Obviously, then, the calculated mass concentrations, 300 ng
U/m', is incorrect, perhaps by a factor of 200-two orders of
magnitude.

I feel that this should be pointed out to your readers to
correct any possible misinterpretation.

Ben Kalmon
Industrial Hygiene & Health Physics
Goodyear Atomic Corp.
Piketon, OH 45661



SIR: The authors read with interest the comments of Mr.
Kalmon and appreciate the opportunity to discuss the issues
he has raised. Mr. Kalmon's remarks pertaining to the con
version of radioactivity units to mass units is well-taken and
recognized by the authors. Admittedly, a direct conversion
requires knowledge of the isotopic composition of the sample.
Although the authors were certainly receptive to any infor
mation which would clearly define the uranium levels existing
near such facilities, precise isotopic data was not available.
However, with respect to the uranium concentrations cited
for the Paducah, KY and Piketon, OH gaseous diffusion
plants, the values listed were included primarily to provide
a comparison (order of magnitude) with levels found in the
New York State survey, and were in no wayan attempt to
single out specific uranium sources or that of the nuclear
industry in general.

In regard to the asserted incorrect assumptions made by the
authors pertaining to the uranium assay of samples taken near
the above sites, the Piketon plant concentration of 300 ng
U/m' cited is based on an average alpha activity of 0.1 pCi/m'
listed on p 216 of the April 1970 issue (Vol. 11, No.4) of
Radiological Health Data and Reports put out by HEW. This
data, references to have been provided by Mr. .Kalmon
himself, follows a short paragraph which specifically states,
"Natural uranium and thorium-234 are the most likely
radionuclides to be released to the environment by the Ports
mouth area gaseous diffusion plant." Based on this clearly
stated information, a direct conversion was made to arrive
at the 300 ng U/m' figure. We might add that there was no
attempt on the author'S part to exaggerate the levels of uranium
near these sites, for if such were the case the 2.4 pCi/m' level
(~7200ng/m')recorded and listed in the July-December 1970
report could have been cited.

With respect to the 90 ng U/m'level cited for the Paducah,
KY plant, this figure was calculated from Table 6, p 214 of the
above report which listed a mean uranium alpha radioactivity
of 0.03 pCi/m'. The conversion to mass units in this case was
based on superscript b of this table which states that the
alpha radioactivity concentrations listed were calculated
using the NBS Handbook 69 definition that "a microcurie of
recently extracted normal uranium corresponds to 7.57 X

10' alpha dis/sec." This information indicated that the
uranium concentrations found in the outdoor air samples had
an isotopic assay representative of natural uranium.

Granted that gaseous diffusion plants enrich uranium iso
topes having high specific activities, it follows tbat such plants,
whose feed is primarily natural uranium must likewise show a
material balance whereby the integrated loss of uranium to
the environment would have an assay representative of the
feed, unless it is suggested by Mr. Kalmon that only the highly
enriched material is preferentially lost. It would seem more
likely that special precautions are taken to prevent loss of this
valuable portion of the process, with less attention afforded
the feed and depleted material streams. The authors do not
pretend to know the intricate operations of a gaseous diffusion
plant. However, it is common knowledge that the total rate
of flow of low enriched material in the plant is on the order of
10' times larger than the final product (~94%U"') flow rate.
The inference, therefore, made by Kalmon that because such
plants produce enriched uranium, the alpha activity recorded
in the local environs would be due primarily to highly en
riched uranium, is very misleading. The radioactivity from the
overwhelming quantities of U238 present in such plant oper
ations would predominate over the combined activities of
the other uranium isotopes present in any significant amounts.

Consequently, the authors contend that the figures of 300
and 90 ng U/m' cited, although not analytically precise, are
representative of levels near such plants, and are definitely
not two orders of magnitude high, as suggested by Kalmon.
If there is data to the contrary, it should be made available.
The authors suspect that such information does not exist, and
would like to emphasize that it was one of the objectives of
the subject uranium survey to stress the need to make isotopic
assays of environmental samples to prevent misinterpretation
of data. The determination of gross alpha and beta activity
can no longer be considered sufficient in describing the efflu
ents from nuclear industrial sources.

Willard G. Myers
Department 0/ Nuclear Science
Rensselaer Polytechnic Institute
Troy, NY 1218/
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Portable test kits for:

Over 100 different
analysis kits

Test water at the source. Each kit comes
complete with stable reagents pre·formu
lated for each test, step-by-step instruc·
tion card and all accessories. It takes just
minutes to perform determination
no training required.

"First in water analysis"

EA~~
HACH CHEMICAL CO.

P.O. Box 907 • Ames, Iowa 50010 U.S.A.
Circle No.3 1ft Readers' Senice Card

Bethlehem Mines Corp. has begun con
struction of two separate baghouse
facilities to reduce air pollution from
the Company's Millard lime quarry in
Annville, PA. Cost is estimated to be
about $2.4 million.

Systems Associates (Long Beach, CA)
and Brown and Caldwell (San Francisco,
CA) have been awarded a $700,000
contract to study water resources for
more than 650 miles of coastline
stretching from Ventura County to
north of Eureka, by the California
Water Resources Control Board.

Scott Research Laboratories (Plum
steadville, PA) has completed a two-year
study of air pollution emissions for the
National Coil Coaters Association.

Hilo Coast Processing Co. The $1.5
million boiler will burn bagasse and
generate steam to be used by Hilo
Electric Light Co., to produce elec
tricity.

Bionomic Control Corp. (Rockville, MD)
has received a contract from the Mu
nicipal Technology Division of EPA to
build a new central sanitary facility for
the village of Emmonak in Alaska. The
unit will provide community bathing,
sauna, laundry, and toilet facilities, and
perform all sewage and waste disposal
operations for a village of440 people.

Ecological Research and Development
Corp (ECORD, Los Angeles, CA) has
been formed to develop and market
ecologically related products for in
dustry. First product is a device which
rids water systems of corrosion.

Simpson Lee Paper Co. (San Francisco,
CA) will shut down its Everett, WA,
pulp and paper mill because operating
costs, including necessary investments in
environmental control make the opera
tion uneconomical.

Jacobs Engineering (Pasadena, CA)
and Gulf Degremont, Inc., will jointly
build a $6 million waste water treatment
facility for Gulf Oil Co.'s Philadelphia,
PA, refinery. The system, to be com
pleted in late 1972 will minimize harmful
effects of effiuent discharged to the
Schuylkill River and the Delaware River
Basin.

Babcock and Wilcox will provide a two
drum Stirling power boiler for the
Pepeekeo, HA, sugar cane mill of the

Combustion Engineering has received a
$58 million contract from Georgia
Power Co., a subsidiary of the Southern
Co., for two 880-MW proprietary Com
bined Circulation steam generators. The
units are destined for a new power gen
eration station on the Chattahoochee
River near Franl.din, GA, about 30
miles southwest ofAtlanta.

General Motors' Saginaw Steering Gear
division has put a closed-loop system
into operation for recycling and reusing
more than a million gallons of industrial
oils annually. The system is on line at
GM'S Chevrolet manufacturing complex
in Saginaw, MI.

industry trends

Water Works Supply & Mfg. Co., a
wholly owned subsidiary of Certainteed
Products Corp., has acquired Vincent
Supply Co., a Sacramento, CA, supply
house for the water works industry.

The Ralph M. Parsons Co. (Los Angeles,
CA) has received a contract from the
Municipal Sewerage Authority of Guya
quil, Ecuador, to provide engineering
and construction supervision for a new
$12 million sewerage system for Guya
quil.

Republic Steel will begin work on five
new air pollution control projects at its
Cleveland district steel plant. Republic
will spend more than $3 million to up
grade control faciliiies for basic oxygen
furnaces and open hearth furnaces and
the coking plant. Work will be complete
by the middle of 1973.

Research-Cottrell has received an order
to install two electrostatic precipitator
complexes to control catalyst emissions
from fluid catalytic cracking at Gulf Oil
Co.'s Port Arthur, TX, refinery. Each
complex will contain three precipitator
units-two for constant use and one for
standby use.

Laboratoria Ostrea, Inc., is a new com
pany formed to provide aquatic environ
mental services. The company, located
in Jupiter, FL, will concentrate on
ecological impact studies, environmental
education programs, and maricultural
services.

Hardness
Hydrazine
Hydrogen Sulfide
Iron
Magnesium
Manganese
Nitrate-Nitrogen
Nitrite-Nitrogen
Ozone
pH
Phosphates
Relative Stability
Silica
Sijlfate
Sulfite
Tannin and Lignin
Zinc

Acidity
Alkalinity
Ammonium, Nitrogen
Bacteria, Coliform
Bromine
Calcium. Hardness
Carbon Dioxide
Chloride
Chlorine
Chromium
Copper
Cyanide
Cyanuric Acid
Detergents
Dissolved Oxygen
Dissolved Solids
EDTA
Fluoride

Special purpose
combination test kits:
Boiler Water
Cooling Tower Water
Swimming Pools
Wastewater Treatment
Water Conditioning Sales
Water Treatment
Wildlife, Conservation and Fisheries
For complete information and prices ask
for Water Test Kit catalog.
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new products

Testing service

Comprehensive environmental testing
service for nuclear power system com
ponent manufacturers will use nuclear
environmental test apparatus developed
by company for testing air cleaning
components. Mine Safety Appliances,
~~ U
Samplers

Isolok sampler series is specifically
adapted for collecting composite
samples of viscous or highly abrasive
slurries. Accommodates solid particles
up to 'h,-in. diameter. Bristol Engineer
ingCo. 62

NO, monitor

Instrument is designed to measure
oxides of nitrogen, specifically nitrogen
dioxide and nitric oxide continuously.
Uses second derivative spectroscopy to
measure components. Spectrometrics of
Florida, Inc. 63

Venturi scrubber

New Venturi scrubber boasts high
efficiency, large-volume scrubbing for
removal of particulate matter and
gaseous pollutants from power plant
stacks, industrial incinerators, and power
boilers. Air Pollution Industries, Inc. 64

Bag collector

Sky-Kleen H Pulsamatic High Ratio
Collector provides exceptional dust
collection efficiency with significant
savings in both space and cost. Air-to
cloth ratios range from 6:1 to 10:1 and
higher, depending on application, grain
loading, and other factors. Johnson
March Corp. 65

Cadmium detection

Kit provides quick, easy, and inexpen
sive color spot test to detect cadmium
with sensitivity of approximately 0.2
ppm. Each kit performs about 50 tests.
Koslow Scientific Co. 66

Calibrator

Source emission sample conditioner
and calibration system is mounted in
single enclosure for either fixed or
mobile installation. Provision is made
for front panel control and introduction
of up to three calibration gases to
monitor. Theta Sensors, Inc. 67

Models

Simulate air pollution control devices
for teaching purposes. Models include
reverse flow cyclone, venturi wet scrub
ber, impingement plate scrubber, bag
filter, packed tower, and spray tower.
Lace Engineering 68

Surveillance monitors

Battery-powered Series 3000 analyzers/
recorders operate unattended for 30-day
periods. Continuously record pH, DO,

conductivity (TDs) or ORP. Delta Sci
entific Corp. 69

Pocket filter

Pocket filter boasts unique cleaning
system that extends fabric life by several
years. Cleans from the clean air side
with alternating reversible purge airflow.
Peabody Engineering Corp. 70

IR cell

Teflon-lined, beam conforming gas cell
has exceptionally high path length-to
volume ratio-4.3 to 1.0 cc as compared
with 0.5 to 0.7 cc for conventional
tubular cells. Fifty- or 100-mm path
lengths available with choice of 10
window materials. Barnes Engineering
Co. 71

Dryer

Unit reduces water vapor concentration
in sample streams being monitored for
CO, SO" and NO, without changing gas
concentrations. Permits greater sensi
tivity for all optical analyzers used to
monitor these gases. Perma-Pure Prod
ucts, Inc. 72

Conductivity meters

Battery- or line-powered meters give high
accuracy over wide range of conduc
tivity measurements from high-purity
water to concentrated strong acid solu
tions. Range is expandable in five
decades. Probe is tungsten electrode dip
cell which includes automatic tempera
ture compensation from 0-100°C. Hach
Chemical Co. 73

Oil skimmer

Second generation, simplified oil
skimmer has been used successfully on
spills in choppy water. Has its own
power source. Flexible outer weir is
self-compensating for depth. Reynolds
Metals Co. 74

Need more information about any
items? If so, just circle the appro
priate numbers on one of the reader
service cards bound into the back of
this issue and mail in the card. No
stamp is necessary.
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new literature
Wastewater concentrator. Bulletin de
scribes compact, portable waste water
concentrator for low-cost primary and
tertiary treatment. SWECO, Inc. 91

Noise control. Bulletin graphically details
causes and effects of industrial noise and
methods of control. Industrial Acoustics
C~,~~ U

Catalog. 44-page catalog lists instru
ments and apparatus for air sampling,
monitoring, and analysis. Catalog con
tains illustrations and listings for more
than 400 items. Curtin Scientific Co. 93

Compost culture. Literature describes
product which aids in rapid decomposi
tion of large quantities of waste vegeta
tion. Judd Ringer Corp. 94

Smoke monitor. Brochure describes
photoelectric instrument for measuring
particulate matter in stack gases. Bald
win Electronics, Inc. 95

Wildlife enhancement. Leaflet describes
company's services in design of pro
grams for industry which enhance fish
and wildlife resources in industrial areas.
Aquatic Control 96

Hot-mix pollution control. Bulletin de
scribes systems available for controlling
air pollution from hot-mix plants.
American Air Filter Co., Inc. 97

Filter racks and chests. New literature
package describes line of air filter racks
and filter chests for large-volume air or
gas purification. Barneby-Cheney 98

Analytical services. Bulletin No. 300 tells
story of company's custom analytical
services for water supplies, municipal
and industrial wastes, fuels, and com
bustibles. International Hydronics Corp.

99

Pond liners. Handbook and installation
guide gives details about asphalt-sealed
membrane for pond liners and erosion
control. Phillips Petroleum Co. 100

Planning and control. Full-color bro
chure describes resources of company in
systems engineering/computer technol
ogy approach to environmental prob
lems. Computer Sciences Corp. 101

Meteorological instruments. Brochure
describes air pollution and meteorologi
cal instruments. Includes data sheets on
some NOAA-specified systems. Clima
tronics Corp. 102

Health services. Company is offering
booklet entitled "How Dow Environ
mental Health Services Can Help Safe
guard You, Your Employees, and the
Environment." Dow Chemical Co. 103

Process control analyzer. Illustrated
bulletin describes complete chemical

analysis system that performs 58 differ
ent water and waste tests. Delta Sci
entific Corp. 104

Bypass rotameters. Catalog tells of
series of bypass rotameters for economi
cal measurement oflarge fluid flow rates.
Brooks Instrument Div. 105

Emission measurement systems. Bulletin
describes complete measurement systems
for gasoline, diesel, and gas turbine
emissions. Beckman Instruments, Inc.

106

Dust control. Pocket reference gives data
on dust control with Coherex emulsion
of petroleum oils and resins. Witco
Chemical 107

Ion Exchange. Technical report details
four years operating experience with
company's c.1. Continuous Counter
current Ion Exchange Process. Dis
cusses mixed-bed, two-bed, zeolyte
softening, and sodium-hydrogen blend
systems. Graver Water Conditioning Co.

108

Data system. Bulletin tells of new data
system developed for Du Pont 21-490
series mass spectrometers which com
puterizes results. Du Pont Instruments

109

Catalog. Supplement to combined an
nual catalog tells "What's New for the
Laboratory," SGA Scientific Inc. no
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samples with this auto
matic, battery-operated
Sigmamotor pump. Know
when possible contam
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available is a composite
sampler with 2Y2 gallon
capacity. Sampies can
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fibers and particles do not plug the tubing.

Send for literature.

SIGMAMOTOR, INC.
141 Elizabeth Street. Middleport, N.Y.• Phone 17161 735·3616
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Hydraulic disintegrator. New literature
describes submersible oil hydraulic
drive disintegrator designed for reduc
tion of waste water solids in deep wet
wells and other areas subject to flooding.
BIF SaniTrol, Inc. 111

Specs. Data sheet No. FGB 30 gives
description and complete specifications
on a new gas-fired straight stack fume
incinerator for air pollution control.
Ross Engineering Machinery Division

112

Sampling cells. Data sheets illustrate the
range of macro, micro, and ultramicro
infrared cells for liquids, mulls, and
gases. Information details wide choice of
pathlengths, volumes, and transmission
characteristics for cells. Barnes Engi
neering Co. 113

Flowmeter. Bulletin describes Mag Pipe
11 00 magnetic flowmeter. Literature
covers transmitters with solid-state
components, integral and remote trans
mitter options, test set for on-location
systems check, and field servicing
capabilities. Taylor Instrument Process
Control Div. 114

Water pollution control. Company offers
illustrated brochure entitled "The Most
Economical and Effective Method of
Water Pollution Control" describing
holding reservoirs lined with reinforced
rubber sheeting. Plymouth Rubber Co.

115

Pollution control services. Bulletin sum
marizes company's offerings in consult
ing, research, and engineering services
related to solid waste disposal and con
trol of air and water pollution. Bolt
Beranek and Newman Inc. 116

Environmental indices. "Oak Ridge Air
Quality Index" describes method for
providing citizen with objective evalua
tion of air quality. ORNL-NSF Environ
mental Program, Oak Ridge National
Laboratory, Oak Ridge, TN 37830
(Write direct)

Solutions to auto pollution. Booklet
for public consumption details work of
company in developing catalysts to
reduce automobile emissions. Englehard
Minerals and Chemicals Corp., Murray
Hill, NJ 07974 (Write direct)

Need more information about any
items? If so, just circle the appro
priate numbers on one of the reader
service cards bound into the back of
this issue and mail in the card. No
stamp is necessary.

QUICK
REFERENCE
CATALOG
NO.5

If you use or assemble science kits.
you probably already make use of
S & S papers. For traditionally, S & S
has always supplied the scientific
community with the best filtration
and separation media.

You may not know about our other
products, however. Find out about
them. Use the coupon below for our
new catalog. Explore it for additional
information both general and tech·
nical. In it you'll find:

• Black filters for insect egg count.
• Hydrophobic filters for separating

water from organic solvents.
• pH Indicator paper.
• Glass fiber filters for air and water

monitoring.
• Seed germination paper.

S~itrEI~nHER if.f~C~iUELL~
(6031 352·3810 ~

r---------------,
I Schleicher & Schuell, Inc. I
I ~:~~I:'m~~~ Hampshire 03431 I
I Please send Q.R.C. NO.5 to, I
I I
I Name I
I Title I
I School I
I Address I
I II City state Zip__ I
L. -!
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bookshelf

Proceedings SOS/70: Third Interna
tional Congress Food Science and
Technology. xiii + 951 pages. Institute
of Food Technologists, 221 N. LaSalle
St., Chicago, 1L 60601. 1971. $15, hard
cover.

Included in the program agenda was
a session devoted to water supply
and water disposal. Covered water
quality in food processing, agricultural
wastes management, vegetable-canning
wastes, pollution control in canning,
dariy waste treatment, and reuse of
waste water in food production. _

Pesticides in the Environment, Vol. 1,
Part 2. Robert White-Stevens, Ed. 358
pages. Marcel Dekker, Inc., 95 Madison
Ave., New York, NY 10016. 1971.
$28.50, hard cover.

Compendium presenting properties,
functions, utilities, and contributions

of pesticidal chemicals. Brings together
the concepts of experts from various
specialized disciplines related to pest
control through the carefully metered,
correct, and approved use of registered
chemicals. Intended for all soil scientists,
chemists, biochemists, soil microbiol
ogists, and other scientific fields as well
as government officials, teachers, stu
dents, and ecologists. _

Pollution Control Companies, U.s.A.
v + 239 pages. Noyes Data Corp., Park
Ridge, NJ 07656. 1972. $24, paper.

Intended as a guide and directory to
present burgeoning industries in en
vironmental control. First section lists
companies manufacturing products or
providing special services, such as sewer
pipe cleaning. Second section lists com
panies providing professional services,
such as consulting, design, engineering,
or analysis. _

Radioactivity in the Marine Environ
ment. ix + 272 pages. National
Academy of Sciences, 2101 Constitu
tion Ave., Washington, DC 20418.
1971. $12.50, hard cover.

Report provides an account of what has
been learned about radionuclides in the
marine environment since NAS published
a report in the same general area in
1957. Though specifically addressed to
radioactivity in the marine environ
ment, many concepts can be applied to
other wastes discharged into the marine
environment such as: industrial wastes,
municipal sewage, pesticides, nutrients,
heavy metals, arid heat. _

Enzymes and the 'Environment. John M.
Wood. vii + 36 pages. Bogden &
Quigley, Inc., 19 N. Broadway, Tarry
town-on-Hudson, New York, NY
10591. 1972. $1.95, paper.

,H8~~~WSPRAY NOZZLES
I
I
I

I
I
I
I
I
I
I
I

PRECISION MACHIN EO ..• COMPLETE SELECTION
Greatest selection of capacities. spray angles and ma
terials. All nozzle types ... hollow cone, full cone. flat
spray and air atomizing in choice of over 15,000 de
signs, sizes and materials. Also complete spray gun
and accessory line. See your local representative or

call Spraying Systems. Ask for 64 page
fact-packed Catalog 25A.

SPRAYING SYSTEMS CO.
North Ave. at Schmale Rd., Wheaton, III. 60187

Telephone: 312 665-5000 I Telex No. 72-8409

PROMPT SHIPMENT FROM STOCK
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To be used as supplement to chemistry
courses. 'Designed to introduce the
student to fundamental principles in
volved in enzyme catalysis. Deals with
how a variety of pollutants interact with
enzymes to cause problems in metabo
lism. "This treatment of ecology at the
molecular level is designed to stimulate
the student's interest in the area of
environmental science," says the au
thor. _

The Limits to Growth. Dennis L. Mea
dows, Donnella H. Meadows, Jprgen
Randers, William W. Behrens III. 208
pages. Universe Books, 381 Park Ave.
South, New York, NY 10016. 1972.
$6,50, hard cover.

Nontechnical report on an 18-month
study of a computerized model of the
global system in which man lives. The
study was carried out by 17 scientists
and graduate students from six nations.
The keys to achieving a stable and
healtby world environment, say the
scientists, are control of growth in both
population and production and rejec
tion of the myth that earth's resources
are infinite. Intended as an analysis of
current trends, their influence on each
other, and their possible outcome. _

(Continued on p 376)
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WATER POLLUTION
MICROBIOLOGY

Three volumes in Environmental
Science and Technology:
A Wiley-Interscience Series of
Texts and Monographs, edited
by Robert L. Metcalf and
James N. Pitts, Jr.-

Edited by Ralph Mitchell, Harvard University
Compiled to bridge the gap between biology and

environmental engineering, this volume brings to
gether 17 articles in which modern microbiological
concepts are applied to the solution of problems in
water pollution control.

1972 416 pages 73 ill us. $19.50

environmental action in the 70's:
7 points of departure

TREATISE ON ANALYTICAL
CHEMISTRY
Part III: Analytical Chemistry in Industry
Volume 2: Industrial Toxicology and
Environmental Pollution and its Control
Edited by I. M. Kalthoff, University of Minnesota,
Philip J. Elving, University of Michigan, and
Fred H. Stross, Shell Development Company

OUTLINE OF CONTENTS: Industrial Health Haz
ards (H. B. Elkins and L. D. Pagnotto). Odors (Amos
Turk). Analysis of Air for Pollutants (J. P. Lodge, Jr.,
and J. B. Pate). Analytical Chemistry in the Control of
Water Treatment Plants (F. B. Taylor). Potable and
Sanitary Water (R. C. Kroner and D. G. Ballinger).
Analysis of Industrial Wastewaters (K. H. Mancy and
W. J. Weber, Jr.). Sewage, Effluents, and Sludge An
alyses (R. L. Bunch). Subject Index.

1971 597 pages 26 illus. $24.95

PHYSICOCHEMICAL PROCESSES
FOR WATER QUALITY CONTROL
By Walter J. Weber, Jr., University of Michigan

Emphasizing process concepts and applications,
this book is the first comprehensive treatise on the
principles and applications of chemical and physical
chemical methods of water and wastewatertreatment.

1972 640 pages (approx.) 171 illus. $19.95

AIR POLLUTION CONTROL
Parts 1 and 2
Edited by Werner Strauss, University of Melbourne

The two parts of Air Pollution Control provide au
thoritative reviews in areas of current importance in
air pollution control. Written by authors who are ac
tively participating in the areas on which they report,
these reviews are comprehensive and critical.

Part 1: 1971 451 pages $19.95
Part 2: 1972 300 pages $14.95

ENVIRONMENTAL ENGINEERING
AND SANITATION
By Joseph A. Salvato, Jr.,
Sanitary and Public Health Engineer

This new volume applies sanitary science and engi
neering principles to environmental control measures.
It offers a comprehensive, up-to-date treatment of
environment-related diseases, environmental engi
neering planning, the control of air, land and water
pollution, food protection, and related programs.

1972 816 pages (approx.) 225 illus. In Press

ADVANCES IN ENVIRONMENTAL
SCIENCE AND TECHNOLOGY
Volume 2
Edited by James N. Pills, Jr., University of California,
Riverside, and Robert L. Metcalf,
University of Illinois, Urbana

This book features eight self-contained chapters
that cover topics ranging from broad considerations
of air pollution and specific techniques for its meas
urement to environmental pollution by mercury and
toxicity and carcinogenicity of aflatoxins.

1971 354 pages 137 illus. $17.95

ANALYSIS OF INDUSTRIAL
WASTEWATERS
By Khali H. Mancy and Walter J. Weber, Jr.,
both of the University of Michigan

OUTLINE OF CONTENTS: Introduction. Character
ization of Industrial Wastewaters. Sampling. Analysis
for Major Physical Characteristics. Analysis for Or
ganic Compounds. Analysis for Materials. Analyses
for Nonmetal Inorganic Species. Dissolved Gases.
Concluding Remarks. Appendices. References.

1972 134 pages (approx.) In Press
Available tram your bookstore or tram Dept. 093-

tIIiley
WILEY-INTERSCIENCE
a division of JOHN WILEY & SONS, Inc.
605 Third Avenue, New York, N.Y. 10016

In Canada:
22 Worcester Road, Rexdale, Ontario
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New trom AeroChem •..

A LOW COST, LIGHTWEIGHT
CHEMILUMINESCENCE

Ambient Air Pollution
and Stack Gas

Monitor for
NO, NOx and 03

AA Series Continuous Chemiluminescence
Monitor (Patents Applied For)

One instrument measures am
bient air pollution and stack gas
emissions. It costs less than
$6500 and is easily carried
from plant to field. Our new
Monitor incorporates many
technological advances to help
simplify measurements and im
prove accuracy, while provid
ing wide range sensitivity. And
it's the only instrument of its
kind which offers this combi
nation of useful features:

• LIGHTWEIGHT for easy trans
portability-weighs less than
75 pounds

• SELF-CONTAINED-no exter
nal vacuum pump or oxygen
cylinder required

• SIMPLE TO USE-sets up for
measurements in minutes, no
special skills needed

• WIDE RANGE OPERATION
NO: 0.005 to 1000 ppm; NO.:
0.005 to 25 ppm; 0,: 0.005
to 1000 ppm

• RELIABLE-all solid state con
struction

• ACCURATE-no atmospheric
interferences

Other models are available for
monitoring NO only, NO and
NO" and other special applica
tions. A full line of options is
also available. For complete in
formation, write or call today.
AeroChem Research Laborato
ries, Inc., P.O. Box 12, Prince
ton, New Jersey 08540; tele
phone (609) 921-7070.

~~~ R••••'ch Labo,alo,'••, Inc.
SYBRON CORPORATION

See US at Booth 258, APeA Exposition

Circle HI. 21 01 Readers' Senice Card
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(Continued from p 374)

State of the Art: 1971 Instrumentation
for Measurement of Particulate Emis
sions from Combustion Sources
Volumes I and II. G. 1. Sem et aJ. 415
pages. National Technical Information
Service, U.S. Dept. of Commerce,
Springfield, VA 22151. 1971. $3.00
each, paper.

Volume I, intended for use as a ref
erence guide, is written for the engineer
or planner who needs to know a few
basic facts about a particulate mass
measurement technique in minimal
time. Volume II is an in-depth report
on operating principles, techniques,
historical data, and discussions of the
more viable techniques for particulate
mass monitoring. _

Pollution. Leland Stewart and Went
worth Clarke. 123 pages. The John Day
Co., Inc., 257 Park Ave. South, New
York, NY 10010. 1971. $2.75, paper.

One of the Priorities for the 70's series.
Deals with the consequences of the
various forms of pollution-air, water,
and solid wastes-if they are not curbed
and analyzes the proposed solutions
for averting these disasters. _

Treatise on Urban Water Systems. M.
L. Albertson, D. C. Taylor, L. S.
Tucker, Eds. 850 pages, Publications,
Engineering Research Center, Colorado
State University, Fort Collins, CO
80521.1972. $12.50.

Based on a 1970 Institute at Colorado
State University, the treatise addresses
subjects related to systems and optimiza
tion techniques applied to urban water
problems. Of interest to engineers and
managers of urban water facilities. _

The WC Transportation System. M.
Leath Gray. 47 pages. Exposition Press
Inc., 50 Jericho Turnpike, Jericho, NY
11753. 1971. $4.00, hard cover.

we, "Who's crazy?" represents the
author's criticism about attitudes in
volving the interest in mass transporta
tion, and the unwillingness to abandon
vested interests. The we system is a
unified network of rail transport using
small, car-sized units which can operate
singly or in long connected series, ac
cording to need. _

ELECTROCHEMISTRY
OF CLEANER
ENVIRONMENTS
Edited by John O'M. Bockris,
University ot Pennsylvania, Phila
delphia

This volume fully explores the
potentia I of electrochem ica I
power. It offers techniques cru
cial to the problems of obtain
ing a pure atmosphere and un
contaminated water. Discusses
such topics as the influence of
the combustion of fossil fuels
on the climate, batteries for
vehicle propulsion, and the hy·
drogen economy.
296 pages January 1972
0-306-30560-7 $22.50

DETERMINATION OF
AIR QUALITY
Edited by G. MamantoY, Uni
versity of Tennessee, Knoxville
and W. D. Shults, Oak Ridge Na
tional Laboratory, Tennessee
An introduction to air pollution
control, this book begins with
reviews of previous findings
concerning such topics as stor
age and handling systems and
surveillance networks. It ex
plores such avant·garde topics
as determination of odors and
important intersocietal efforts
aimed at standardizing analyti
cal procedures in the area of
air quality control. The Pro
ceedings of an ACS Sympo
sium held in Los Angeles, Cali·
fornia, April 1-2, 1971.
197 pages January 1972
0-306·30571-2 $13.50

ALSO:
ENGINE EMISSIONS:
Pollutant Formation and
Measurement
Edited by George S. Springer
and Donald J. Patterson, The
University of Michigan, Ann Arbor
Approx. 430 pages July 1972
0-306-30585·2 $28.50

BIOCHEMICAL ECOLOGY
OF WATER POLLUTION
By Patrick R. Dugan, The Ohio
State University, Columbus
159 pages January 1972
0-306-30540-2 $14.50

[plenum press/consultants bureau)
D,VISIons of Plenum PublHhmg Corpor~rlon

227 W. 17,h ST., NEW YORK, NEW YORK 10011
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April 19-21
Houston Junior Chamber of
Commerce
5th Annual National Pollution Control
Conference & Exposition

Houston, TX
Write: Aubrey Lafargue, Junior Chamber
of Commerce, Houston, TX 77000

April 20-21
Internatlonal Association for
Pollution Control
Annual Conference on Pollution Control
and the Marine Industry

New Orleans, LA
Conference will cover legislation, regula
tions, standards, enforcement proce
dures, research and technology, and
future concepts for environmental con
servation. Contact: Carolyn Bloch, Inter
national Association for Pollution Control,
Suite 700, 4733 Bethesda Ave., N.W.,
Washington, DC 20014

April 20-21
Unlv. of Tenn. Dept. of Civil
Engineering and APCA
Southern Section
Second Annual Industrial Air Pollution
Control Conference

Knoxville, TN
Topics include foundry furnace, chemical
processes, wood products, mining and
manufacturing, and combustion process
control; emerging rules and regulations
for stationary sources; emission inven
tory, point source monitoring; and emer
gency episode plans. Contact: Kenneth
E. Noll, Conference Director, Dept. of
Civil Engineering, UT, Knoxville, TN
37916

April 20-21
University of Louisville and others
Second Annual Environmental Engineer·
ing and Science Conference

Louisville, KY
Topics include water quality, air quality,
noise pollution, and environmental plan
ning. Contact: Joseph L. Pavoni, Assis
tant Professor, Civil & Environmental
Engineering, University of Louisville,
Louisville, KY 40208

April 24-25
American Medical Assn,'s Council on
Environmental and Public Health
1972 Congress on Environmental Health

Los Angeles, CA
Contact: Diane Dale, Dept. of Environ·
mental, Public, and Occupational Health,
AMA, 535 N. Dearborn St., Chicago, IL
60610

April 24-25
Du Pont Instruments
Second Annual Symposium on Mass
Spectrometry

Wilmington, DE
Directed at pollution, food, and drug
analysis. Write: T. R. Garrett, Symposium
Director, Du Pont Instruments, 1500 S.
Shamrock Ave., Monrovia, CA 91016

April 25-26
Air Pollution Control Dlv. of ASME
National Symposium

Cincinnati,OH
Covers compliance timetables. Contact:
Ted Striggles, Arrangements Chairman,
Suite 16, Atkinson Sq., Cincinnati, OH
45246

April 25-28
University of Kentucky
Significance of Insect and Mite Nutrition

Lexington, KY
Discussions in intermediary metabolism
and nutritional aspects of pest manage
ment. Write: J. G. Rodriguez, Entomology
Dept., University of Kentucky, Lexington,
KY 40506

April 26
Filtration Society of England
(Midwest-USA Chapter)
Control of Industrial Wastes Seminar II

Chicago, IL
Discussions will cover the pollution prob
lem, its effects, and methods of control.
Contact: Sy Peale, President, The Filtra
tion Society, Midwest-USA Chapter, P.O.
Box 693, Hoffma n Estates, IL 60172

April 27-29
American Congress of Expositions
ACEWESTII

Los Angeles, CA
Environmental air management show and
meetings along with four other shows.
Contact: ACE WEST II, 77 Jack London
Sq., Oa kla nd, CA 94607

April 28
The Chemists' Club Library
Environmental Science Technology Infor
mation Resources Symposium

New York, NY
Will cover sources of environmental infor
mation and the utilization of multiple
sources for problem solving. Write:
Simone Spoerri, Librarian, Chemists'
Club Library, 52 E. 41 St., New York, NY
10017

April 30-May 2
American Nuclear Society
Executive Conference on Nuclear Stan
dards

Monterey, CA
Write: American Nuclear Society, 244 E.
Ogden Ave., Hinsdale, IL 60521

May 1-2
Oklahoma State University
Conference on Synthetic Fuels from Coal

Stillwater, OK
Sessions include the synthane process,
COG process, S&W coal gasification, and
nuclear power for coal gasification. Con
tact: Billy L. Crynes, Associate Professor,
School of Chemical Engineering, Okla
homa State University, Stillwater, OK
74074

meeting
guide
May 1-2
Rochester Institute of Technology
Water Pollution Problems and Effects in
the Great Lakes Basin Symposium

Rochester, NY
Write: A. Robert Maurice, Rochester In·
stitute of Technology, Rochester, NY
14623

May 1-4
Institute of Environmental Sciences
18th Annual Technical Meeting and
Equipment Exposition

New York, NY
Will review the status of environmental
sciences, integrate all aspects of environ
mental problems, and investigate prob
lems associated with educating those in·
volved in environmental decisions. Con
tact: Institute of Environmental Sciences,
940 E. Northwest Hwy., Mt. Prospect, IL
60056

May 1-5
American Society of Lubrication
Engineers
Annual ASLE meeting

Houston, TX
Includes a pollution control education
course and technical symposium. Write:
Richard Wathen, Wathen Associates,
Inc.,6 E. 43rd St., New York, NY 10017

May 1-5
Navy Industrial Environmental
Health Center
Workshop in Environmental Health

New York, NY
Of interest to the medical profession,
safety officers, industrial hygienists,
and managers. Contact: W. A. Redman,
Jr., 3333 Vine St., Cincinnati, OH 45220

May 2-4
Purdue University
27th Purdue Industrial Waste Conference

Lafayette, IN
For more information, contact: David
W. Hawkins, Civi" Engineering Bldg.,
Purdue Univ., Lafayette, IN 47907

May 3-5
Instrument Society of America
(Northern Calif. Section)
18th ISA-Analysis Instrumentation Divi
sion Symposium

San Francisco, CA
Covers air, water, and radiation sampling
and analysis systems. Contact: D. R.
Fritsch, Phillips Petroleum Co., Martinez,
CA 94553

(Continued on p 378)
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Call or write today for Instrument
Catalog

April 17-21 and 24-28
University of Texas at Austin
Advanced Water Pollution Control Short
Course

Austin, TX
First week covers biological waste treat·
ment, and the second week covers physi·
cal and chemical waste treatment. Con·
tact: Engineering Institutes, P.O. Box K,
Univ. of Tex. at Austin, Austin, TX 78712

May 15-18
University of MassachuseUs
Amherst
Environmental Quality Control-Monitor·
ing & Analysis Procedures Short Course

Amherst, MA
Concurrent sessions measuring air,
water, and noise pollution and solid
wastes. Fee: $160. For details: Course
NCE 72·54, Continuing Education, Univ. of
Mass., Amherst, MA 01002

May 15-19
Vanderbilt University
Development of Design Criteria for Waste·
water Treatment Processes Seminar

Nashville, TN
Will cover biological treatment and physi·
cal·chemical treatment of municipal and
industrial waste waters. Fee: $275. Contact
W. Wesley Eckenfelder, P.O. Box 6222,
Station B, Vanderbilt Univ., Nashville,
TN 37203

Courses

April 15, 22, 29, and May 6, U, 20
American University
Community Environmental Management
Series Short Course

Washington, DC
Sessions identify and discuss the role of
systems tools and techniques in con·
fronting: air and water pollution, solid
waste disposal, and other areas. $250.
Contact: Martha Sager, Director of En
vironmental Science Programs. American
University, Washington, DC 20016

May 4-5
University of Wisconsin-Extension
Water Pollution-Law & Regulation Semi·
nar

Milwaukee, WI
Will inform engineering personnel in the
executive and management areas of
municipal, state, and business activities
concerning laws and regs which tech·
nology will have to satisfy in the next
decade. Contact: John Gammell, Engi·
neering Extension, Civic Center Campus,
600 W. Kilbourn Ave., Milwaukee, WI 53203

Call for Papers

May 15 deadline
Illinois Earth Science Association
National Symposium on Methods of
Learning Environmental Science

Chicago, IL
Open to innovative studies and programs
on learning environmental sciences at
pre·college, college, and graduate levels.
Write: Musa Qutub, Chairman, Sym·
posium on Methods of Learning Environ·
mental Science, Dept. of Earth Science,
Northeastern Illinois Univ., Bryn Mawr at
St. Louis Ave., Chicago, IL 60625

May 11-12
International Association for
Pollution Control
Second Annual Conference on Pollution
Control and the Marine Industry

Washington, DC
Conference will provide vessel owners,
operators, port authorities, oil drillers,
manufacturers, and legislators a total
view of all present and proposed activities
in marine pollution control. Write: Thomas
Sullivan, IAPC, 4733 Bethesda Ave., N.W.,
Washington, DC 20014

May 11-12
Chemurgic Council
33rd Annual Conference

Washington, DC
Sessions on agricultural wastes, municipal
wastes, and waste heat. Contact: John
Ticknor, Chemurgic Council, 350 Filth
Ave., New York, NY 10001

MEETING GUIDE (continued)

May 7-12
Electrochemical Society
Electrochemical Contributions to En·
vironmental Protection Symposium

Houston, TX
Contact: Ernest G. Enck, Executive Sec·
retary, ECS, P.O. Box 2071, Princeton, NJ
08540

May 8-11
American Mining Congress
1972 American Mining Congress Coal
Convention and Exposition

Cleveland, OH
Subjects include water treatment, sulfur
reduction, dust control, and reclamation
programs for surface mining. Contact:
American Mining Congress, Ring Bldg.,
Washington, DC 20036

May 4
PA Technical Assistance Program and
others
Air Pollution Control in the Cement Indus·
try

Bethlehem, PA
Designed to inform management, tech·
nical, and engineering personnelon emis
sion standards, pollution abatement
equipment and processes, economic con·
siderations, and the future for pollution
control. Contact: Samuel I. Conner,
Director, Office of Public Information,
Lehigh University, Bethlehem, PA 18015

May 8-10
American Society for Quality Control
26th Annual Technical Conference

Washington, DC
Topics will include nuclear power and
environmental control. Write: American
Society for Quality Control, 161 W. Wis·
consin Ave., Milwaukee, WI 53203

May 8-11
American Petroleum Institute's Div.
of Refining
37th Midyear Meeting

New York, NY
Will spotlight steps being taken by reo
finers to prevent air. water, and noise
pollution. Write: American Petroleum In·
stitute, 1801 K St., N.W., Washington, DC
20006

To provide the
most advanced
instruments for particles
sampling, generating, and
monitoring.

PAPER TAPE READER
Automatically evaluates sampler tapes
in percent transmission or COH units;
all solid-state circuitry with BCD out·
put; features logarithmic converter
to accommodate a wide range of
sampling parameters for COH read·
out; processes up to 480 spots per
hour; meets ASTM standards; solid
state printer available.

TAG SAMPLER
Collects particles by impaction in
nine stages; all stainless steel can·
struction; permits isokinetic sampling
of velocities from 500 to 2500 feet
per minute by nozzle selection; re
tains particles by featuring low im
paction velocities; temperature up to
1800o F; size ranges from 0.1 to 30
microns, plus in-line filter; ideal for
stack and industrial application.

FLUID ATOMIZATION AEROSOL
GENERATOR MODEL 7330
Size range 0.03 to 3 microns; out
put up to 1 billion particles per
second; variable dilution rates: all
stainless steel contact areas. electrical
ly neutral aerosolj liquid or solid
particles.

E,1:l ENVIRONMENTAL
f"""- RESEARCH, =CORPORATION

3725 North Dunlap Street
51. Paul, Minnesota 55112 (612) 484-8591

You Can Depend on ERC
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professional consulting services directory

Environmental Research & Engineering
Water and air pollution investigations. Thermal
dis~harge studies. Ecological surveys. I"stru·
mentation consulting.e LliV!~~l~~u~:A!NC.

Milwaukot, Wi•. 53218.{4141481·950o

'Shih,,'"
Meteorological

Consulting Services

lJ[g]~
ENVIRONMENTAL IMPACT REPORTS

APPLIED RESEARCH ENGINEERING CONSULTING

DIFFUSION METEOROLOGY STACK TESTING

ANALYTICAL LABORATORIES
Air pollution diffusion modelling
Recti-time dndlysis systems
En.... ironment"j impact reports
Site dnctlysis

Research Division, Box 12.49,
612/853-3595 Minneapolis, Minn. 55....0

The Research Corporation of New England
210 Washington Street Hartford, Connecticut 06106

(203) 521·4101

"Services to Public Works and to Industries with Emphasis on Environmental Compatibility"

~ METCALF & EDDY I ENGINEERS

Pollution Control Studies and Systems Design
Liquid Wastes • Solid Wastes • Air Pollution • Environmental Planning

Statler Building, Boston, Mass. 02116 • New York • Palo Alto • Chicago

THE C. W. NOFSINGER COMPANY
Pollution Abatement Through
Experienced Process Planning

Or Systematic Process Revamp
307 EAST 63 ST., P.O. 7239
KANSAS CITY, MO. 64113

PHONE: (816)·363·1460

• W..te Water Treatment. Sewerage • Air Pollution and Solid Wilt"
• Water Treatment. Supply • landfill•• Incineration
• Industrial Waste Treatment, Recovery and Reu.. • Valuation•• Rate•• Management

Main Office: 845 Fourth Avenue, Coraopolis, Pa. 15108 • Kingston. Pa. 18704 (300 Market St.)

laboratory and
Process Development

Industrial Waste
Water Control

liquid and
Solid Incineration

Air Pollution Control

In-plant Control and
Process Modifications

Desalination

CATALYTIC, INC.
Consultants. Engineers. Constructors

Environmental Systems Division
1528 Walnut Street, Philadelphia. Pa. 19102

215-KI5·75OO

CROBAUGH LABORATORIES
SINCE 1894

AIR AND WATER POLLUTION
Sampling - Measurements

Analysis - Consulting

COMPLETE LABORATORY SERVICE
Chemistry-Metallurgy-Spectroscopy

Particle Size Analysis-Atomic Absorption
Infrared-Chromatography-X-Ray Diffraction

216·881·7320
3800 Perkins Ave.

Cleveland, Ohio 44114

CIVIL & STRUCTURAL ENCINEERS
LAND PLANNERS & SURVEYORS
po. 80X 118 (8131·649·6141

NAPLES, fLORIDA 33941

WATER ANALYSIS
Metals - Pesticides - T.O.C. - Etc.

Government approved procedures.
Phone or write/or furtkr information.

GALBRAITH LABORATORIES, Inc., Box 4187
Knoxville, Tenn. 37921. (615) 546-1335

THE BEN HOLT CO.
521 E. Green Streel, Plllde",. Calif.•1111

ENVIRONMENTAL
• IMPACT STATEMENTS.

• ENGINEERING.

YORK RESEARCH CORP.
• Ambient Air Studies
• Air & Water Pollution Control
• Complete Analytical Laboratory
• Source Testing & Stack Sampling
• Industrial Plant Investigation.
• Noi.e Level Studies
• Combustion Studies

On. R.I.arch Drlv.

S'amfarcl, Connectlcu' 06906
(203) 325·1371

~
THE

CHESTERe ENGINEERS

GENERAL TESTING
LABORATORIES, INC.

Chemical and Biological Testing
for Pollution Control

Lead, Mercury and other Metals
by Atomic Absorption

Water and Air Analyses
- since 1930-

1517 Walnut Street
Kansas City, Mo. 64108
Phone - 816·471·1205

SOURCE TESTING
and ANALYSIS

tor air and water pollution detection

• Detailed recommendations for cor
rection and control of pollution prob
lems and for compliance with legal
requirements.
• Chemical and Particulate Analysis.
• Bacterial, Biological, Microscopic
and Toxicity Studies.

Write dept ES

NEW YORK TESTING LABORATORIES, INC.
81 URBAN AVENUE, WESTBURY, N.Y. 11590

TEL: (516) ED 4·7770· (212) AX 7-1449

Branch offices in principal cities

eco.1!~, Ute.
• Evaluation of existing environment and pol

lutants. Application of standards, codes
regulations and their projection. Economic
analysis. Consultations.

• Conceptional design and optimization.
• Government grants and aids.
AIR-WATER INDUSTRIAL-MUNICIPAL

274 Madison Ave. NY, NY (212) 532·8520

ENVIRONMENTAL ENGINEERS
AND PLANNERS

DESIGN. RESEARCH. STUDIES

HElL· POLLUTION SOLUTIONS
One source -one responsibility - that's HElL for complete
systems of pollution control- ventilating systems, corrosion
proof components, ducts and sucks, fume scrubbers, limngs,
coatings, plastic pipe.

WE DESIGN' BUILD. INSTAU
HElL PROCESS EQUIPMENT CORPORATION
12909 Elm....ood Aunul • Clev.I.nd, Ohio 44111

I!! O'BRIEN&GERE
.:. ENGINEERS,ING

~:~~~.r:~~~~;e:f?~~~~~~i;IO;~~~~~~~1~~~
Solid waste aisposal-Electrlc uYilltles
Research _ Feasibility & rale studies
Syr.cu... N.Y. Dover, Del. Ch.rloUe. N.C.
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TESTING LABORATORY
COMPLETELY COMPUTERIZED NEUTRON ACTIVATION ANALYSIS

P.O. BOX 322
ANN ARBOR, MICHIGAN 48107
313·665·3477

ENVIRONMENTAL RESEARCH GROUP INC.

SIERRA

ENVIRONMENTAL
SERVICES I SYSTEMS
• AMBIENT AIR MONITORING • SITE
SURVEYS • METEOROLOGICAL ANALYSES
• COOLING TOWER EFFECTS
• AGENCY LIAISON ANO EXPERT WITNESSES
• MONITORING AND DATA SYSTEMS

ENVIRONMENTAL SYSTEMS GROUP. P.O. BOX 3007
BOULOER, COLORAOO B0303 • (303) 443-0384

Pesticides & Herbicides
Biological Studies
Trace Element Studies
Environmental Sampling
Water Pollution
Air Pollution

in Plant & Stack Measurements

Atomic Absorption
Mass Spectroscopy
Emission Spectroscopy
IR & UV Spectroscopy
Anodic Stripping Voltammetry
Gas Chromatography

~!~~IN~!eAH~~~~J~s~~~I'!~r~'
Newark, Delaware 19711
Phone (302) 731-1550

COMPLETE WATER ANALYSIS SERViCE
COMPUTERIZED ATOMIC ABSORPTION

HEAVY METALS
FLAMELESS MERCURY TO 0.2 PPB

BOO·COO-TOC
•

.. itewart "boratories. Inr.
820 Tulip ATenue • Kno""ilIe, Tennessee 37921

615-525·5811
• Complete Water Quality Analytical Servicaa

• Pre-operational Environmental Studies • Stream Pollution Surveys
Sp"i"lirlJ i" T'iKe Melills tf.,,"/JJjJ imltldi,,& Mm." "nd Dlhtr HtllV} M'fills

METEOROLOGICAL

Clifron, N.J. San Diego. Calif. Atl1nta. Ga. Ntw York, N.Y.
20147).«)« 714 1lS-9}81 404 2~H)41 21269H766

A Subsid;~,y 01 Woodw~rd·Ctydt Consulf~nts

NORTH AMERICAN
WEATHER CONSULTANTS
R. D. Elliott, J. T. Wcllser, E. L. Hovind

Certi~ed Consulting Meteorologists
• Environmental Impact Studies
• Site Surveys
• Air Quality Monitoring

Santa. Barhara ~[unlcillal ,\it'POlt,
Colcl:t, California 93017

Phone: 805-967-1246

• WOOD~~~?;,~~,~,~~e,N, INC.
All. IAUI • SITE PLU.11G • WASTE ••0ISE

ASYSTEMATIC MULTI·DlSCIPLINE APPROACH TO
ENVIRONMENTAL IMPACT REPORTS

AND FIELD SURVEYS
U73 llOAD Slim. ClifTOfI, .EW JEISEY 07012

CHARLES R VELZY
ASSOCIATES, INC.

CONSULTING ENGINEERS
WATER POLLUTION CONTROL. SOLIO
WASTE OISPOSAL • AIR POLLUTION
CONTROL. INOUSTRIAL WASTES.

DRAINAGE. WATER SUPPLY
350 Executive Boulevard

Elmsford, New York 10523
Mineola, New York Babylon, New York

~f~~~~' :E:~~~~NDOFF HNTB
CONSULTING ENGINEERS

- aty Ind Rcgiollal Planoing. Transporution Studies.
Urban Renewal

• Higbways, Bridgts. Airports, Public Transit, Parking
- Water Supply and Trc:umtot, Sewage Colkccion and

TrcatmcDt

180' Grand Ave., Kansas CitY. Mo. 6-4108
Offices in Other Principal Cities

POLLUTION CONTROL CONSULTANTS
• Evaluation

Cl'aO'byeUer et"'Oironmnent : ~~~i~~~~ns~s
• Industml

Hygiene
Div. M,srlenncln Mclnclgement Systems (313) 352-3120

25711 Southfield Rd., Southfield, MI. 48075

LABORATORIES

Air, Water, Environmental Impact
Moniloring,Surveys, Process Development

laboratories in Fifteen Cities

Box 8768 Houston, Texas 77009 (713) 692-9151

ENGINEERS· CHEMISTS· BIOLOGISTS

6601 K"k~,I1~ Road. Eaot Sv.acu.e, N,V 13057
Tel 1315)437·7181

FREEMAN LABORATORIES, INC.
Chicago Specialists

AIR & WATER POLLUTION SERVICES
• Complete stack and ambient air surveys
• Monitoring instrumentation systems
• Trace metal analyses, including Mercury
• Characterization of particulates and powders
• Water cooling techniques
• Consultation
12!t1 Eve•••use Ave., R.s....It, III. Ill/III-me

$),,.fi'~1N
LABORATORIES INC.

5.5 Commuce 51. 201·337.4774
fr.nltlin l.kn, N. J. 07417

• AtOMic AbtorptloA • Opllc.l EMlnioA
• (h.... le.. • X.,• ., Spectro",.It.,

"n.lytic.1 Ser.... ices lor the
Environment.! Enginur I Industry

ENVIRONMENTAL
CONTROL
SERVICES

ENVIRONMENTAL RJLLUTION
CONTROL SERVICES

Galson

(CompuTIl' compat,ble)

INSTRUMENTS
RECORDERS
CONTROLLERS
TRANSDUCERS

CALIFORNIA TOXICOLOGY
SERVICE, INC.

Analytical services for the indus
trial hygienist and environmental
engineer. Airborne sampling serv
ices and special photographic
studies available in SW area.

AIR
BIOLOGICAL MATERIAL
INDUSTRIAL WASTE
WATER

trace melals-chemicals-drugs-sclvenls-gases
2333 W. THIRD ST.

LOS ANGELES, CA. 90057
(213) 387-7684

f Texas Electronics, Inc.
P. o. Box 72250.
Oallas. Texas 75209 (214) 631-2490
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Controls for Environmental Pollution, Inc.
1925 Rosina St.. Santa Fe, New Mexico 87501

Comolete
capaBilities

in environmental
monitoring .. :- :.

Laboratory Analysis,
Consultation

and Field Surveys

Third Party monitoring
for

Industry,
Government Agencies,

Institutions
and Individuals

Call collect:
505 982·9841

I~'" SCIENCE
~)I ASSOCIATES, INC.

prof...iona' con.ullanf. on
meteorological ;ntfrumentration to

government, education,
;nau.fry, ana the public

Selection of the proper equipment
depends on survey objectives,

techniques of analysis,
and funds available.

230 NASSAU STREET. BOX 230 N
PRINCETON, NEW JERSEY 08540

TELEPHONE: 608·924·4470

©[}{]~~~©
POLLUTION ABATEMENT AND
PROCESS SYSTEM ENGINEERS DAMES & MOORE

FEASIBILITY STUDIES' TESTING
DESIGN' FABRICATION· CONSTRUCTION

CHEMEC
PROCESS SYSTEMS INC.

Consulting Engineers in Applied Earth and Life Sciences

Air Pollution, Water Pollution
Solid and Liq uid Waste Disposal

Environmental Studies for Nuclear Power Plants

Two Pennsylvania Plaza, New York, New York 10001

~
INDUSTRIAL POLLUTION TESTING LABORATORIES, Inc.

IPTL 2907 Parnell Ave., Fort Wayne, Ind. 46805/Telephone484-8723 (Area Code 219)
• Water & wastewater effluent evaluation by atomic absorption spectropho

tometry. autoanalyzer systems & chemical analysis
• All analyses performed by college trained personnel
• Precision results at nominal fees
• Shipping containers furnished at no charge
• Discounting available for contractural agreements

Brochure & Fee Schedule available upon request

505 ROUTE 303, TAPPAN, N.Y. 10983
(914)359-3008

f~) 5901 OLSON MEMORIAL HIGHWAYt:.r''[}!) MINNEAPOLIS. MINNESOTA 5&422

Envlronment"l Systems
Gu Turbine Power Plents

Therm.l .nd Superprl"ure ProcesMs
Pl.nt Actl ....tlon. Pt.nt t mprovemlnt

Gu Dyn.mlcs .Model Testlng
STUDIES .DESIGN. TESTING

Ambient Systems Inc.
AIR Pollirtion • WATER Pollution. SEWAGE Treat"'tlt

Consulting & Engineeriftl
Equipment, Insuumcntuion, System' Design, Spc:cifica
tions up to &. including turn-key insulluioos; su,.n:YI
&. sampling-airborne, arnhien[, industrial J[udiCl;
maimenance &: repair KrYiccs.

P.O. Doz 234 Ha(~~~~~;;:~~~~son, N.Y. 10706

With Office. in Principal CiIi•• Throughout the World

REYNOLDS, SMITH AND HILLS

ENG I :i::':;"~' ~SION

environmental engineering, inc.
Offer diversified services in Pollution Abate·
ment, Resource Management and Environ·
mental Consultation.

HOME orrlCE

Box 4850. Jacksonville. Florida 32201

Problem Evaluation • Research and

Development· Planning' Reports'
Design • Supervision • Program

Management

• Environmental Surveys,
Monitoring Instrumenta
tion • Impact Studies •
Site Selection & Hy
drology • Waste Water
Characterization • Bot
tom and Subbottom
Profiling. Bioassays &
Inventories' Resources
Management Studies.

~
ENVIRONMENTAL
SYSTEMS CENTER

80x 360, Portsmouth, R.I.
02871 (4011847·8000

,,-V-., K I··
~Lil: U J_an
ENVIRONMENTAL ENGINEERS

• WATER &AIR POLLUTION CONTROL
• WATER SUPPLY & TREATMENT
• LIQUID &SOLID WASTES OISPOSAL
• NOISE LEVEL CONTROL

STUDIES' REPORTS· DESIGN
CONSTRUCTION • OPERATION

1945 WALNUT ST., PHILAOElPHIA, PA. 19103
TeL, (215) 561·5300

RYCKMAN / EDGERLEY / TOMLINSON
.nd ASSOCIATES

£ Consulling Engineers Speci.li,ing
in Pollution Control

WA TER 'nJ WASTE WATER, AIR,
SOLID WASTES, HEALTH, HYGIENE,

NOISE POLLUTION CONTROL
12161 Lackland Rd., St. Louis, Mo. 63141 314-434-6960
Wash., D.C.; Memphis, Tenn.; Dayton, 0.; Chicago, Ill.
Bryan, Te.;Caspcr, Wy.; Northumberland, Eng.; Rome, 1[.

P &W Engineers, Inc.
ENVIRONMENTAL ENGINEERING CONSULTANT
10J W.Jed,o" BllId., C1Iiu,o,lII. ,,,,,, • 3]2 421·2100

~~~l~~nj W~~4p~a~t~~it~ntrol
W4ste Disposol Systems
Moteriols Hondling Systems
Municipol Engineering Services

UNITED STATES TESTING COMPANY INC
1~15 Par. A.enue 2&0') George Wash IVa,

Hoboken N J 07030 Rchland \'Iasn 99352

Environmental Testing Specialists

• Dust Collection Measurements
• Source Sampling
• Combustion Evaluation
• Complete Source Surveys
• Code Compliance Investigatiogs
• Incinerator Efficiencies a
• Industrial Hygiene .,
• Control Equipment Evaluation
• Complete Water Pollution Studies

nVlfonmenl8J SCiences DIVISion
John PIZZO Don Wdcoll:

(201) 792 2400 (509) 946 5157
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CLASSIFIED SECTION

IMPORTANT NOTICE
Various state laws against discrimination and
the Federal Civil Rights Act of 1964 prohibit
diacrimination in employment because of sex
unle.8 bued on a bonafide occupational
qualification. Help wanted and situatiOn8
wanted advertisement. On these page. ilre for
readers' convenience and are not to be can
ftnled aI in.trumenb leading to unlawful
dilCrimination.

POSITIONS OPEN

ENVIRONMENTAL
ENGINEER

Progressive environmental monitoring
company, with headquarters in Dallas, is

:ep~bi~it~8~~oJe~~nnaliale~ffr:~bi:~i~
to advance rapidly into a management
position. Experience is needed in stack
sampling, ambient air sampling networks,
and atmospheric dispersion analysis. The
successful candidate must have an under
graduate technical degree plus at least 3
years experience in environmental moni
torinj;t or an appropriate advanced degree.
Excellent emloyee benefits. Salary com
mensurate with qualifications. Send con
fidential resume to:

Box 10185, Dallas, Texas 75207

GROWTH POSITIONS
ENVI RON MENTAL SYSTEMS

$12.000-$25.000
ENGINl-;EHING-Hl-;SEAHCH-~L\NAGEin};KT

MAUKJ:TIKG-MAKUFACTURIKG
APPLICATION

}'ees company paid. Include vrescnt salary, mlni
lllUIII salar)' requirement and location flexIbility
with resume. };II\'!rolllllcntal B)'stems Dh'.. Long
berry Employment Service, Inc" 650 Niles Bank
B1d~.. Niles, Ohio H446,

WATER TREATMENT
ENGINEER

Graduate Chemical Engineer with minimum of 5
years experience with an engineering design
firm, water treatment equipment manufacturer.
or water treatment consulting firm (field exper
ience). Require familiarity with design and
application of processes involving sedimen
tation, Mtration and ion exchange; chemical
feed equipment; analytical instrumentation;
internal treatment of cooling towers and high
pressure utility bOilers: and environmental
trends, Position has responsibility of deter
mining overall water and liquid waste treatment
approach for central station power plants.

Permanent assignment with one of the most
stable Engineer/Constructor firms in the U.S.A,
engaged in heavy industrial power. petroleum,
mining and metallurgical plant fields. Excellent
living conditions, good salary, attractive benefit
program, plus relocation expense.

Please forward your resume to: l. C. Mcf(inney,
Personnel Manager.

P.O. BOX 5886 / DENVER, COLORADO 60217

ENGINEERS FOR INDUSTRY SINCE 1885
An Equal Opportunity Employer

ENVIRONMENTAL
ENGINEERS

RETA neooa 3 Environmental Engineers or
Scientists with 1\18 or PhD 3-5 years experi
ence with industrial, municipal or environ
mental systems projects. Systems oriented
man must hn ve documented computer cap-

~~~~~~~ p~~ji~~tsdi~;~~hlt.t~~l\~or~t~~it~~vir~:~
:~~~ald~~;ollr~~I~i~~~~~;~;:~~~~~~~i~,~~j~lll~~~~
~e~u~~~f~i~I~'sa~~:~rrli~:,~~~0~~$~~~~r2~n~e~~
Dr. George 1\1. Barsoill, Assistant Vice Pres.

&
RYCKMAN/EDGERLEY/TOMLINSON

and ASSOCIATES, INC.
" Consulting Environmentdl Engineers

. 12161 Lackland Road, SI. Louis. Mo. 63141
.4.n Equal Opportunity Hmll{oyer

AIR POLLUTION &
MEDICAL INSTRUMENTS

Xl'('d h'l'hllkall)' SII'OIIIo1 l{rlls s""cil\li~im:" ill 11I,IlU
lillli Hnt! IIlt'dil'al illi;lrulll"lllalh,n. Stal,·-of-thl'·al'l
I<a.~ allal,l"sis illSII'IIIIH'Ilt.~ for amhit-lit alld SUIl'k
IllOlll10l'illlol. !II"U.·.·ss ('tlllIr"t ,Inri III..di.·:ll

ARKON SCIENTIFIC LABS

MISCELLANEOUS
LEASE - MERGER

Complete Chemical Distilling
and Processing Plant

Beautiful Facility. 72,000 Square Feet
Masonary Building. 330,000 Gallon

Heated Storage • Rail Siding
Natural Gas • Deep Wells and
River Water. Chicago Suburb-

Access to Tollways
Box 472-2, Environmental Science & Technology,

Easton, Pa. 18042

Business Opportunity
Profitable, financ1ally responsible san1tary matn
tenance chemical product manufacturer Wishes
to purchase or merge w1th knowledgeable and
prohtable analytical and consulting laboratones
1n alr, water pollution and envlronmental pro
tection held Eventual aun-going pubhc All
1nqumes Will be held confidential BOX 472-1,
ENVIRONMENTAL SCIENCE & TECHNOLOGY,
EASTON. PA 18042
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We'll go almost anywhere
to solve your in-plant pollution problems.

In the last five years alone, we've won
over 1,000 battles against in-plant
dust, vapor, fume, gas and noise
pollution.

Now we're making our services
available to every other firm that
has those problems. It's Johns
Manville's Industrial Hygiene
Engineering Services: 30 pollution
control specialists, with more
experience than you could find almost
anywhere else in the world, backed
up by 50 engineers, scientists and
technicians and one of the world's
great industrial research centers.

You don't have to staff up to solve
the problems you're facing as a result
of the new Federal Occupational
Safety and Health Act. On a fee basis,

our staff will go almost anywhere
they're needed. Here's what they can
provide:
1. In-plant surveys of dusts, fibers,

vapors, fumes and gases, including
sampling and analysis;

2. In-plant noise surveys;
3. Corrective recommendations,

including equipment specifications
and estimated costs;

4. Detailed designs, specifications
and bills of materials for noise or
air pollution-control systems;

5. Complete, turn-key supervision of
construction and installation of
control equipment;

6. Monitoring services;
7. Organization of your own

industrial hygiene department.
Circle "t. 1•• 111M' Senie. tanl

The accent is on services. Whatever
you need, I.H.E.S. can provide.

It won't cost you any more than a
phone call or a letter to find out how
Johns-Manville's I.H.E.S. can help you:
write Johns-Manville, Industrial
Hygiene Engineering Services,
Environmental Control Systems
Division, Box 5705-IHES, Denver,
Colorado 80217.

Johns-Manville Jm1



'How To Measure GAirborneGParticles

Contact Climet for illustrated technical literature on air
borne particle counters. Climet Instruments, A Division
of Wehr Corporation, 1240 Birchwood Drive, Sunnyvale,
California 94086 Telephone (408) 736·6950

Clean room monitoring.

Application

Rugged. low-cost
instrument for general
purpose field
monitoring.

Accurate particle
counting and sizing
for air pollution
and aerosol research

CI·2S0 1 cfh flow rate,
0.5 micron
sensitivity.

CI-208 V. cfm flow rate.
0.5 micron
sensitivity.

CI·201 Analyzes V. cubic feet
of air per minute.
Detects and measures
particles as small as
0.3 micron.

Sensor Perlorrnance

burst of scattered light energy. In the CI-201, the point
ofintersection is located at the primary focal point of an
elliptical mirror, ... and a photomultiplier is located at
the secondary focal point. Each burst of light is trans
mitted directly from scattering point to photomultiplier

_by reflection. The elliptical mirror, which surrounds the
scattering point, collects four or five times as much
light energy for a given particle size than a conventional
lens-type optical sensor. This advantage is particularly
significant where accurate measurement ofsub.micron
particles is required.

Gf'rom BurstsOfGLightTo Data
Each burst of light is converted by the photomultiplier
to a pulse of electricity. The height of each pulse is pro
portional to amount of light scattered, _.. a function of
the size of the scattering particle. The pulses are mea
sured and counted, and the observed data for each cubic
foot ofair analyzed is recorded for later statistical analy·
sis. Climet builds a family of particle data systems, each
incorporating a pulse height analyzer and display, re
cording and programming electronics.

u4Gf'amily-'Of Sensors
Particle size and concen·
tration data is widely used
in general air pollution
studies, health hazard· reo
search, and enforcement
of limits on industrial
emissions. Climet manu
factures a family of par
ticle sensors tailored to
the variety of air pollution
monitoring requirements encountered by research or
ganizations, industrial companies and public agencies.

The AirborneGParticle
Airborne particles are small solid or liquid objects tem
porarily suspended in the atmosphere. For the purpose
ofair pollution measurement, instruments have been
designed to count and
measure airborne par
ticles in size ranges which
produce health hazards
(0.3 to 1.0 microns) or
bothersome soiling (l to
20 microns). The sim
plest of these instruments
merely drives a stream of
particle-laden air through
a paper tape and estimates particle concentration (or
"Coefficient of Haze") according to the color of the
soiled spot on the tape. There is no correlation between
COH and particle size distribution, ... and air pollution
health hazard standards require a combination of accu
rate particle concentration and size distribution data.

To meet these new standards, electronic particle coun·
ters based on the principle of light-scattering have been
developed. These instruments measure the size of each
individual particle, permitting tabulation of the relative
concentrations of various sizes within the total concen
tration, ... vital information for public health-oriented
pollution studies.

Climet Instruments is the leading manufacturer of ac
curate electronic airborne particle measurement instru
ments for pollution studies. This leadership was won by
Climet's unique CI-201 elliptical-mirror optical sensor, a
patented instrument which detects and measures indivi
dual particles as small as 0.3 microns with significantly
greater accuracy than conventional optical sensors.

Gf'rom ParticleToGBurstOf Light
A continuous stream of particle-bearing air is pumped
through the sensor at a fixed rate. Each particle in the
stream intersects an intense beam of light, producing a

eirel, HD. 27 '1 Readers' Senice Car.
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