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Designed for maximum accuracy
in S02 sampling

NEW RAe 3-Gas Sampler

Outdoor model of RAC 3-Gas Sampler,
with top opened to show installation of an
optional 7-day skip timer. An optional
24-hour timer also is available,

Unique thermoelectric
cooling-heating system"
assures optimum stability
for 50 2 samples at
ambient temperatures
from -25·C to 50·C

Recent studies performed by the EPA
have revealed that the accuracy of
wet-chemical sulfur dioxide (SO,)
sampling procedures are adversely
affected by high ambient tempera
tures. At 50°C (122°F), for example,
roughly 75% of the SO, in a collected
or stored sample will be lost (because
of thermal instability) within a 24-hour
period. Sample degradation begins in
the 20°C (58°F) range, with an initial
loss factor of less than 1% in 24 hrs.

RAG has eliminated this problem in
502 sample collection with its newly
developed 3-Gas Sampler. Featuring
a rugged solid-state thermoelectric
(Peltier Effect) cooling-heating mod
ule, this instrument maintains the SO,
reagent (absorbing solution) attem
peratures ranging from 7°G to 17°G
(44.6°F to 62.6°F).

As a result, all the SO, collected dur
ing a sampling cycle is preserved for
optimum accuracy of sample evalua
tion. Another 'irst 'rom RAe!

The RAG 3-Gas Sampler is designed
to collect nitrogen dioxide (NO,) and
a third (optional) gas simultaneously
with 502 samples. In fact, it will sam
ple any gas 'or which there is a suit
able reagent, including hydrogen
sulfide (H,S), ammonia (NH 3 l. and
aliphatic aldehydes (GHO).

The latest RAG gas sampler design is
available in a portable outdoor model
and a smaller, lighter weight indoor
model. The outdoor model can be
equipped with optional 24-hour or
7-day (skip) timer mechanisms.

For de'ails, send for BULLETIN 2441

_n_.,_

A new thermoelectric
system controls temp
of bubbler with SO,
reagent (in insulating
jacket) for maximum
sample stability. Temp
of the other two bub
blers is kept above
16·C (60.S·F) by en
closed thermostat
controlled heater,
at right.

"Modification kit is available
to adapt new cooling-heating
module to existing RAe 5-Gas.
Samplers (outdoor models): . IA RESEP,RCN -A,P:?L1ANCE COMPANY

: . • ROJ.e fi. GibSOl.I~~?a. 1524.t . 412-443-5935

, t'nvlfon';'enial instru'ments / Laboratory Products
®
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MELOY FPO' SULFUR ANALYZERS
• Proven Reliability in the field.

laboratory and process plants
• Unattended Operation for weeks at

a time

M I
6715 Elec1ronlc Drtve

eloy Laboratories, Inc. Springfield. Virginia 22151
INSTRUMENTS 6: SYSTEMS DIVISION Phone: (703) 354-2600

TB.EX 899-440

SULPHUR ANAl.VZERS • OZONE ANAl.VZERS • NO, ANAl.VZERS
HYDROCAIl8ON ANAl.YZERS " PHOSPHORUS ANAl.YZERS " CAUIRATION SOURCES

'Flane Photometric Detecfor

us POfent Number 3.489.498

Man has held Old Faithful to be the
symbol of reliability since its discovery.
The Meloy FPD" Sulfur Analyzer has also
been the symbol of reliability for over
TEN years. Ourcustomers have reported
excellent up time operation of 92% to
100% with many corresponding
valid-data years. Thousands of
instruments now in continuous service
are evidence to that fact. You deserve
the best. and we have it at the best
price, Only Meloy has carefully
designed the highest integrity into its
FPD Sulfur Analyzers.

The new Meloy SA285 Sulfur Analyzer
shown is the most reliable and most
sensitive FPD sulfur analyzer available, It
provides continuous detection and real
time measurement of sulfur compounds
in concentrations as low as 0.5 parts per
billion. And response time can be
fast -less than 10 seconds rise or fall time
to 95%,

Applications? New uses appear
almost daily now that this extremely high
sensitivity and stability is available, Here
are some new onesl

1. Area monitoring of ambient air in
pristine environments.

2, Transport and dispersion studies of
plumes via aircraft tracking,

3. Monitoring of trace sulfur gases in
industrial process streams.

4. Research studies of sulfates.
5. Development of processing

techniques for synthetic fuels.
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When you're doing
air or water pollution
monitoring or analysis
the last thing you want
to be concerned a
is your filter medium.
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CURRENT RESEARCH

Biological regeneration of ammonium-saturated
clinoptilolite. I. Initial observations 255

Michael J. Semmens" and Robert R. Goodrich, Jr.

Regeneration of clinoptilolite with nitrifying sludge is conducted by
batch tests with known weights of sludge and clinoplilolite. An 80%
regeneration can be obtained in 1-3 h. Rate of regeneration
increases as nitrifying sludge concentration increases.

Biological regeneration of ammonium-saturated
clinoplilolite. II. Mechanism of regeneration and influence
of salt concentration 260

Michael J. Semmens', James T. Wang, and Alan C.
Booth

Concentration of free ammonium in solution controls nitrification
during regeneration of clinoptilolite. Rates of regeneration are
accelerated by addition of NaN03. Ion exchange followed by
oxidation of liberated ammonium is the mechanism for regeneration.

Heavy metal concentrations in water, sediments, and fish
from Mediterranean coastal area, Israel 265

Igal Roth and Hava Hornung"

Water, sediment, and fish samples are analyzed for Cd, Pb, Cu, Zn,
Ni, and Cr by atomic absorption spectrophotometry. No significant
heavy metal pollution in the area is found.

Phenalen-1-one: Occurrence in a fuel oil and toxicity to
microalgae 270

Kenneth Winters, John C. Batterton, and Chase Van
Baalen'

Phenalen-1-one is isolated from the water soluble fraction of a No.2
fuel oil. It is toxic to blue-green algae at 5 ppm. Toxicity to green
algae and to a diatom is wavelength dependent.

Synchronous fluorescence spectroscopy and its application
to indigenous and petroleum·derived hydrocarbons in
lacustrine sediments 272

Stuart G. Wakeham

A comparison of conventional fluorescence emission spectra and
spectra from synchronously scanning excitation and emission
monochromators is made. The synchronous method is used to
characterize aromatic hydrocarbons in sediments from Lake
Washington.

Partial extraction of metals from aquatic sediments 277

Bernard A. Malo

Four procedures are evaluated for removing surface coatings from
sediment particles. Data on relative recovery efficiency are
reported. Extraction with 0.3 M HCI has the most advantages.

• To whom correspondence should be addressed.

This issue contains no papers lor which there is supplementary malerial in microform.
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Distillation/headspace/gas chromatographic analysis for
volatile polar organics at ppb level 282

Edward S. K. Chian', Powell P. K. Kuo, William J.
Cooper, William F. Cowen, and Rogelio C. Fuentes

A distillation procedure is combined with headspace gas
chromatography for analysis of volatile water-soluble organics.
Concentrations as low as 8 "gil. are determined. Principles.
advantages, and applications are discussed.

Sulfate and particulate emissions from an oxidation catalyst
equipped engine 285

Ander Laresgolti and George S. Springer'

Particulate and H2S04 emissions in engine exhaust with and without
a catalyst are studied under different operating conditions. Results
indicate that sulfur conversion depends primarily on catalyst
temperature. Air-fuel ratio and secondary air have little effect.

Fluorescence immunoassay technique for detecting organic
environmental contaminants 292

Herbert R. Lukens, Colin B. Williams', Stuart A. Levison,
Walter B. Dandliker, Dennis Murayama, and Ronald L.
Baron

A fluorescence polarization immunoassay is developed for 2
aminobenzimidazole, a degradation product of some carbamate
pesticides. Preparation of the fluorescent conjugate and an antibody
to the contaminant is described. Sensitivity is in the sub-nanograml
ml range.

NOTES

History of heavy metai pollution in Southern California
coastal zone-reprise 297

Kathe K. Bertine and Edward D. Goldberg'

Anthropogenic fluxes of Pb, V, and Zn to sediments 100 km off the
coast are much less than those at 30 km. Values fall off as the
square of the distance from the shore. Cr, Cu, As, and Cd are not
detected in the outer basin.

Sample size effect of geometric average concentrations for
log-normally distributed contaminants 300

Donald E. Michels

Sampling programs which use different volumes to redundantly
monitor the same space may give different average concentrations.
This effect is thought to be statistical and may be due to sample
volume being too small. An example with PU02 is given.

CreditS: 230 (miQjle). Searchliglt (Redding. Calif.); 234 (2 photos). ES& T's Julian Josephson:
239. The Yankee Atomic Electric Co.; 242 (left). EG&G; 242 (right). Tom Owen. Carohna
Power & Light Co.
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The Calgon Adsorption SelVice:M

It controls organic pollution
and recovers materials

worth real dollars.

Discharge

IMPROVED BIO SYSTEM
OPERATION - By reducing the
concentration of organic mate
lials - some of which may be toxic
to the biomass-in a waste stream
before it goes to an existing bio
logical treatment unit, a Calgon
Adsorption Service system can
increase efficiency greatly. The
adsorption system also can be
used to upgrade the effluent from
a biological plant.
TOXIC CHEMICALS REMOVAL
- New waste-discharge and safe
water laws drastically reduce the
allowable levels of a number of
toxic organic compounds. Many of
them can be effectively removed
by carbon adsorption.
PROTECTION OF WATER
TREATMENT RESINS-Carbon
adsorption ahead of resin columns
maintains water treatment

Product

CAS UNIT

Recycle

Product

The Water Managers

G~~~
SUBSIOIARY or M[RCK /'. CO" INC.

CIRCLE 2 ON READER SERVICE CARD

efficiency, by removing organic
matelials which degrade resins.
CONTACT CAlGON for details
on how waste treatment can pay
extra dividends. Call:
(412) 923-2345 in Pittsburgh.
(713) 682-1301 in Houston.
(314) 863-3201 in St. Louis.
(415) 369-4684 in Redwood City,
Califomia.
(201) 526-4646 in Blidgewater,
New Jersey.
Or wlite for brochure to Calgon
Adsorption Systems, Calgon
Center, Pittsburgh, Pa. 15230.

Product

Recycle

Biodegradable
wastewater

BOilER
HOUSE

Product
Carbon adsorption of dissolved
organic matelials from wastewater
(including toxic and refractory
compounds Iis one of the most cost
effective methods now available.
Calgon has packaged its carbon
adsorption expertise into compact,
modular treatment units that we
install, maintain, and can even
operate on your property for a
preagreed-on service fee. No major
capital investment for you. We can
be operating in as little as 45 days
after the service agreement is
completed.
As a bonus. Calgon Adsorption
Service users find that they can
often realize benefits from the
treatment that help to pay the
operating costs or improve overall
waste-treatment efficiency.
CONDENSATE RECOVERY
By removing organic con
taminants, condensate can be
reclaimed. Recycling this highly
purified water cuts down feed
water, chemical treatment. and
energy costs.
PRODUCT RECOVERY -There's
often enough val uable organic
matelial in a wastewater stream to
justify recovery for return to the
process. Calgon Adsorption Ser
vice systems concentrate the
organics in the granular carbon
from which they can be recovered.
Alternatively, contaminated prod
uct streams can be processed for
removal of contaminant so the
product stream can be recovered.
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STILL e
GOING
STRONGEST

=-

PHILIPS ;;- Philips S02 Monitor
EPA Approved

Standard of the world-for reliability, accuracy, durability &
long-term performance ... just one surprise: a new low price.
Everything else is just the same.
Call us today for the good news. 201-529-3800.

Philips Electronic Instruments, Inc.
85 McKee Drive
Mahwah, New Jersey 07430
A North American Philips Company
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EDITORIAL

An invitation
If you are interested in the application of chemical

technology to environmental improvement, consider
participating in the activities of the Division of Environmental
Chemistry. The proud history of this Division, which dates to
1915, reveals a consistent tendency to anticipate trends in
chemical research and member interest. The record includes
an extensive preprint publication series, symposia, the
launching of this journal, and, up until recently, the
organization of symposia in recognition of Monsanto award
winners.

The current dynamic Chairman, Dr. Nina McClelland, is
seeking ways to make the Division attractive to an expanded
membership, and her efforts are worthy of support from each
of us. Dr. McClelland is calling for an infusion of new spirit in
Divisional activities, involvement with chemical engineering
and health-related disciplines, and establishment of a patron
program for partial financial support. She argues that the
Division is not the exclusive domain of full-time
environmental researchers, and should function as a forum
for the exchange of professional views on all aspects of
chemical hazards in the human and natural environments.

As chemists, we have a moral responsibility to consider
whether the considerable benefits brought to mankind as a
result of our profession outweigh the potential for harm. We
cannot deny that the development of useful materials in
chemistry has been beneficial, but it has also unwittingly
sponsored a vast geophysical experiment with this planet
through the discharge of wastes and the exposure of living
systems to compounds of unknown effects. Through Dr.
McClelland's and the Division's activities we have an
opportunity to participate in this dialogue.

The program activities scheduled for New Orleans this
month are particularly appropriate. Little more than two years
ago the potential for human health impact from organic
materials in drinking water dawned on the national
conscience as a result of studies in the New Orleans
Jefferson Parish area. A two-and-a-half-day symposium on
drinking-water quality enhancement is now scheduled for
New Orleans, along with programs on wastewater
technology, atmospheric sulfates, and the monitoring of
gaseous pollutants.

In addition, you are invited to meet Dr. McClelland and the
Divisional Executive Committee at their meeting in the
Choctaw Room of the Royal Sonesta at 8 p.m. on Sunday,
March 20. Your views, ideas, and participation will be
welcomed.
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Some straight talk about automated
ion selective electrode technology from Technicon,
the creators ofautomated systems for analytical chemistry.

Optimized
ion selective electrode analysis
A reality withTechnicon automation!

Ion selective electrodes have been around since they were first used for pH
measurements approximately 40 years ago. Since then, many other electrodes
were developed and have enjoyed limited success due to the inherent problems and
frustrations associated with manual ISE analysis.

About a year ago, Technicon Industrial Systems introduced automated ISE
analysis, which combined the proven Technicon AutoAnalyzer II technology with
the benefits of ion-selective electrode analysis.

Since its introduction, the Technico'n AutoAnalyzer II • ISE continuous-flow
system has proven itself in many laboratories; for many applications. These systems
are being delivered regularly and routinely. They perform!

Whether your sample volume is minimal or in great numbers, Technicon
Automated ISE offers problem solutions, benefits, advantages and performance
that is simply not attainable with manual techniques. Consider:

.• Significantly improved precision and accuracy
• Greater productivity through a high analysis rate
• Simple calibration over wide dynamic ranges
• Rapid analysis of weakly-buffered samples
• Optimized probe performance
• Permanent, on-going records in chart and/or digital form
• Elimination of tedious manual procedures

And, as they say, "to top it off;' consider that the Technicon AutoAnalyzer II •
ISE system is basically modular and, with the addition of other detection modules,
you can perform:

• Automated Colorimetric Analysis
• Automated UV Spectrophotometric Analysis
• Automated Fluorometric Analysis, and ...
• Automated Thermometric Analysis

If you are interested in optimized ISE analysis, with or without additional
versatility, come to the experts in automation. Call or write Department 260, .

111III1 Technicon Industrial Systems
Tarrytown, NY 10591

CIRCLE 19 ON READER SERVICE CARD
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INTERNATIONAL

In Its 5-y environmental program
(1977-81), the European Economic
Community strives for improved quality
of life without compromising economic
growth. Among its eight objectives, the
report cites improved integration of
environmental protection and regional
development. The majority of the
program's budget is devoted to
research to identify the problems and
suggest appropriate solutions. An
ecological map of Europe to assess the
causes and effects of pollution is to be
produced.

WASHINGTON

As one of his last official acts, former
President Ford presented his final
budget to Congress. EPA's share is
$802 million for fiscal 1978; this
represents an increase in the operating
budget of $28 million. A major item in
Ford's budget for EPA is $45 billion
over a 10-y period beginning with $4.5
billion in fiscal 1978 for construction
grants for new municipal sewage
treatment plants. This $45 billion
comes on top of the $18 billion in
grants already authorized by Congress
and which EPA must obligate by the end
of this fiscal year, September 30. Under
Ford's program, storm sewers and
sewer rehabilitation projects would not
be eligible for federal funds. The Carter
administration did not alter Ford's
budget for EPA, and the agency is now
appealing. ERDA's share of Ford's
budget is $2.8 billion for direct energy
RD&D, fully 90% of Ford's budget in
the energy field.

EPA has Issued final standards that
will 11m" Industrial discharge to
waterways of five toxic chemicals.
The industrial discharges to be limited
are benzidine, aldrin/dieldrin, DDT and
related compounds, endrin and
toxaphene. These standards are issued
under P.L. 92-500, but do not cover
indirect discharges through municipal
sewage treatment plants. DDT, aldrin/
dieldrin are banned completely; endrin
discharges are limited to 1.5 ppb for
existing plants; toxaphene is limited to
1.5 ppb and benzidine is limited to 10
ppb in existing plants. In a separate
issuance, the EPA prohibited the
discharge of PCBs into waterways; this
standard was also issued under P.L.
92-500.

CURRENTS

In a recent report "Problems and
Progress In Regulating Ocean
Dumping of Sewage Sludge and
Industrial Wastes," the General
Accounting Ollice recommended that
EPA take the lead in locating sites
where dumping can occur at rates safe
to the marine environment and to
navigation. Further, GAO asked EPA to
consider the ellects of alternatives to
ocean dumping, since these
alternatives may be more harmful than
ocean disposal. To the Dept. of
Transportation, specifically the Coast
Guard, GAO recommended increasing
the level of dumping surveillance,
especially night dumping; and the
development of new methods to better
monitor compliance with ocean
dumping permits.

OSHA's ability to enforce workplace
safety and health standards may be
hampered If the Supreme Court
upholds a recent U.S. District Court
(Boise, Idaho) ruling. In the Idaho case,
the District Court ruled that OSHA's
inspection authority under the
Occupational Safety and Health Act
violates the Fourth Amendment search
and seizure rights. OSHA sought to
have the decision stayed, but its motion
was denied in January. The agency has
suspended all inspections in Idaho, but
not in other states, while it seeks relief
in the Supreme Court from the District
Court's ruling. The ramifications are
vast: should the District Court's ruling
be upheld, warrantless inspections by
other federal agencies and state and
local fire and health departments may
also be allected.

A Federal Power Commission (FPC)
Judge has recommended a trans
Canadian route for delivery of Alaskan
natural gas to the energy-starved
Midwest U.S. Natural gas would be
transported 4175 mi in a pipeline
traversing Canada and branching into
western and upper midwestern states.
The $8.5 billion proposal was submitted
by a 16-company (U.S. and Canada)
consortium, the Alaskan Arctic Gas
Pipeline Co. Administrative Law Judge
Nahum Litt recommended this proposal
over those submitted by EI Paso Alaska
Co. and the Alcan Pipeline Co.
Environmentalists favor the Alcan
proposal. Competing companies claim
that Canadian provinces could
unreasonably tax the proposed Arctic

pipeline and thereby raise consumer
prices in the U.S. A final
recommendation must be made by the
full FPC and delivered to President
Carter I:lY May 1. Carter must then
make a decision by December 1.

EPA Is now using the blacklist to
persuade major Industrial polluters to
comply with air and water laws. Under
never-before-used provisions of the
Clean Air Act and the Federal Water
Pollution Control Act Amendments of
1972, the EPA can list serious,
continuing violators, making them
ineligible for federal contracts,
subcontracts. grants or loans. The first
company to be blacklisted for polluting
the air is Allied Chemical's coke plant
in Ashland, Ky. Several months ago,
EPA blacklisted Del Monte and Star-Kist
for violating P.L. 92-500. EPA was
prodded into using this method under
pressure from the Natural Resources
Defense Council. The agency refuses to
estimate the number of companies
eligible for blacklisting, and claims it
will not use the list indiscriminately.
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Ruggedness doesn't show up on the specification
sheet - it's proven only after many years' service, or
by rigorous tests such as when we towed our Model
1680 Sampler down the muddy Platte river.
Dragging over sandbars and floating upside down all
the way didn't hurt it a bit: not a drop of water
leaked into the watertight stainless steel case
containing all motors, drives, and electronic compo
nents. The Nicad dry battery wasn't damaged, and
the sampler passed a complete function test before it
was even pulled out of the water.

Your sampling program probably won't involve
the risk of losing a sampler down a river, but this is
the kind of ruggedness you need to rely on for any
job, whether it's a permanent outdoor installation or
sampling a different manhole every day.

ISeO's versatile automatic samplers also operate
on Ae line power, and are available in 28 bottle
sequential and 3 or 5 gallon composite models. Both
can also be supplied in refrigerated versions. All

have electronic digital controllers for reliable,
flexible selection of sample volume and frequency.

Samplers can be controlled by either of two flow
meters for flow proportioned collection. Iseo float or
bubbler flow meters are not affected by temperature,
and have a unique optical-electronic system which
converts head height to flow rate with an accuracy of
better than ± 0.2%. Flow rate vs. time may be
recorded on a manhole-proof, battery operated
recorder. The convenient linear strip chart puts an
end to interpreting curved lines on a circular chart. If
you want to save even more work, our battery
operated digital printer can give you an already
integrated printout of incremental and total volumes
in gallons, liters, or any other unit, along with the
time and date.

Iseo equipment gives you what you want, and it
works when you want it. Send for our catalog or
phone us today - we may be able to arrange a
demonstration tomorrow.

seQ
Box 5347 Lincoln, Nebraska 68505 Phone (402) 464-0231
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TECHNOLOGY

Carbon slurry process

tratorCo

Flue gas desulfurization (FGD)
systems can be made to work, but
they will be expensive, and their
perfection will take time. This was a
"consensus" of government, utility, and
research organization representatives
at a meeting on FGD held recently at
Battelle (Columbus, Ohio). What was
not pinned down at the meeting was

electrochemical oxidation of S02 into
sulfuric acid. Adsorption efficiencies of
90-100 % can be expected if the
adsorbent, slurry concentration, and
residence time are properly selected,
Maget says. Oxidation is more efficient
with slurry electrodes than with
conventional electrodes. Slurry can be
regenerated, and water recycled; and
sulfuric acid, and hydrogen resulting
from the electrochemical process, are
marketable.

Sulfuric
Power acid

Dcpow~erSUPPIY
,,---.Cation exchange

membrane

Slur Hy rogen
elect ode el trode

Electrochemical cell

Slurry
source

Slurry /
"'::':':::':':'..!.....---I•••,'water

S02 abatement could be enhanced by
the simultaneous use of a slurry as a
scrUbbing agent and as an electrode in
an electrochemical cell. According to
Henri Maget, manager, business
development of United Technologies'
Chemical Systems Division (Sunnyvale.
Calif.), S02 is adsorbed by a
suspended, moving adsorbent, such as
carbon. The next step is

planning, construction and maintenance
of water pollution control and water
supply facilities. The city of Camden,
N.J., has received another reprieve in
its long-standing battle to continue
dumping its untreated sewage sludge in
the Atlantic Ocean. Denied the right to
dump its sewage 35-mi off the Maryland
and Delaware coast, the city has
received permission to continue
dumping in the ocean 90 mi due east of
Cape May, N.J.

New Mexico recently adopted
statewide groundwater regulations,
which are believed to be the first such
detailed regulations in the nation. These
regUlations set numerical standards for
groundwater quality and establish limits
of contaminant concentrations in
discharges to groundwater. Sources to
be controlled are sewage and other
wastewater disposal lagoons, injection
wells, ore-leaching operations, tailings
ponds and land applications of
wastewater. Exempted from the
regulations is the largest user of
groundwater-irrigated agriculture.
This exemption was based solely on
inadequate information; agriculture's
adverse impact on groundwater is
considered serious. Those to whom the
regulations apply must submit
"discharge plans" to the Environmental
Improvement Agency prior to discharge
of contaminants.

New York City must enforce its
transportation control plan as
mandated by the Clean Air Act, the U.S.
Court of Appeals for the Second Circuit
ruled recently. The transportation plan
calls for the imposition of bridge tolls,
the prohibition of taxis from cruising on
busy streets in midtown and the
reduction of parking space in the
central business district. Also to be
studied is the ban on truck deliveries
during peak hours of congestion. Robert
Low, administrator of the city's
Environmental Protection Agency,
argued for the elimination of the bridge
toll stipulation, and a modification of
other provisions of the plan. He
contended that the tolls would not
discourage motorists from driving into
the city and, therefore, would not help
to improve air quality.

were achieved by converting 239
schools heating plants from coal to gas
fired, and from the success of citywide
industrial air pollution programs. New
York City claimed improved air quality
for 1976. CityWide carbon monoxide
levels were down by 13% over 1975
levels, and none of the city's monitoring
stations reported violations of sulfur
dioxide standards. On the other hand,
the Lane Regional Air Pollution
Authority (Oregon) reported slightly
higher levels for suspended particulate
matter and carbon monoxide in 1976.

New Jersey, with the highest cancer
rate in the U.S., is contemplating the
banning of 16 industrial cancer-causing
agents from the state. Among the
chemicals that would be subjected to
zero emissions standards are vinyl
chloride and asbestos. Last November,
the state's voters approved the "New
Jersey Clean Waters Bond Act of
1976." This act authorizes the sale of
$120 million in bonds to be used for the

Progress in improving air quality
around the country is mixed. Chicago
claimed a 15 % drop in peak hourly
ozone levels since 1974; the city also
recorded a significant decrease in
partiCUlate matter, sulfur oxide, carbon
monoxide, nitrogen oxides and
hydrocarbons. The latter reductions

According to the Chamber's executive
vice president, Don A. Newton, the
objective of this department is
"promotion of environmental protection
practices that are compatible with the
preservation of our economy and the
free enterprise system." The EED will
supply Birmingham's citizens with the
necessary information to make
intelligent decisions.

Birmingham EED's Mason

How to handle the sewage sludge
problem? The Los Angeles/Orange
County Metropolitan Area Regional
Wastewater Solids Management
Program has entered its second phase.
During this phase, 17 identified feasible
alternative sludge management
schemes will be evaluated. Each of the
17 systems is designed to recover,
reclaim, or recycle at least one
resource-be it energy, nutrients or
metals-contained in sewage sludge.
Muskegon County, Mich., is applying
the products of treated wastewater
water and fertilizer-to land. In 1975,
the county grew more than 250 000
bushels of corn on previously
unproductive land. New York state
recently promulgated rules and
regulations governing the certification
of pesticide applicators and the
disposal and reuse of pesticide
containers.

Birmingham, Ala., is the first U.S. city
to set up an Environmental Economics
Department (EED) to assess the impact
of proposed environmental activities on
its economy. This new department.
established by the Birmingham Area
Chamber of Commerce and funded by
the city's citizenry, will be managed by
Alan Mason, a former banker.

STATES
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Down the
drain?c,

Process water isn't cheap any more.
It's expensive to acquire. To use. Even

to throw away. ~.

Asensible solution is to re-cycle it. Use
it over and over again. But to do this .

you must control its quality. Especially
its organic pollution load. Otherwise,

forget it.
Control, of course, means

measurement. Conventional BOD and ldJ~fWI

COD methods are too slow. Too
expensive in manpower. Intermittent.

So they miss the quick changes in "f ~

oxygen demand.

The only practical way is to use a Philips Automatic
TOO (Total Oxygen Demand) Monitor.

Automatically measures for oxygen demand every 5 or 10
minutes. No reagents. No calibration. No operator! No waste!

Get the full story.

Please direct all enquiries to:
Philips Electronic Instruments, Inc"
85 McKee Drive,
Mahwah, New Jersey 07430

... enquiries outside USA. to:
Philips Industries,
Pollution Measuring Department,
Building TQIII-2, Eindhoven, The Netherlands.

Water is money...
save it continuously...
with Philips

Scientific &
Analytical Equipment PHILIPS
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what the expenses and perfection time
necessary for FGD-involving mostly
scrubbers-would be. While EPA took
the position that FGD scrubbers are a
viable option, an American Electric
Power speaker said that they are
uneconomical and unworkable. An
Electric Power Research Institute (EPRI)
assessment was that scrubbing is the
only near-term alternative, but that EPRI
is actively pursuing other technologies.
Meanwhile, FGD costs are expected to
be 15 mills/kWh by 1985.

Steel mill wastes are recycled in a
novel way at Kawasaki Steel Corp.
(Japan). Iron ore dust discharged from
mill furnaces is recaptured and
processed to make reduced iron ore
pellets by use of a technique known as
the Reduced Pellet method. Furnace
dust is blended and reshaped into
particles of 12-13 mm in diameter.
These are preheated, reduced in a
rotary kiln, and cooled. The reduced
pellets have an average iron content
exceeding 90%. Normally, such dust is
an air pollutant that a 10 million-tpy
steel mill can belch out to the tune of
360000 tpy. This method abates that
dust and recovers important ferrous
values.

A solar energy concentrator can focus
the sun's rays without the need for a
tracking mechanism. It was invented
by Katsunori Shimada of NASA, and
patented by NASA; it uses a multi
faceted Fresnel lens system to magnify
solar energy 10 times. The heat
transfers to a suitable liquid released by
a thermostatically controlled valve.
NASA has licensed Owen Enterprises,
Inc. (Wilmington, Calif.), an American
Indian-owned firm, to produce the
device. Meanwhile, governor Jerry
Apodaca and the New Mexico
Congressional delegation expressed
enthusiasm about plans to add a solar
receiver/mirror array to an existing
gas-fired power plant near
Albuquerque, under an idea presented
to ERDA by Public Service Co. of New
Mexico.

Ozone generators designed and buill
by Emery Industries, Inc. (Cincinnati,
Ohio) will be used for upgrading and
expanding an 8 mgd (peak 10 mgd)
wastewater treatment plant for the City
of Murfreesboro, Tenn. About 560 Ibs/d
of ozone, made from high-purity
oxygen, will act as a disinfectant, along
with an oxygen-activated sludge system
and cryogenic oxygen generators. This
installation is the second to use large
scale ozone disinfection systems
developed by Emery; startup is
expected late next year. The company
sees advantages in shorter contact
time, smaller doses, no harmful by
products, and better taste, odor, color,
clarity, and virus kill. Emery is the

world's largest ozone producer and
consumer, mainly for its normal
chemical operations.

Free, unlimited energy, even with sun
and wind absent? Herman Sheets,
chairman of the ocean engineering
department. University of Rhode Island,
says yes, and that it is to be found in
the oceans, especially in warmer
Climates. Sheets suggests using ocean
temperature differences, by which cold
water from about a 2000-11 depth
condenses a gas, such as ammonia,
freon, or propane. The condensed gas
is pumped up to warmer ocean layers,
boils, and runs a power-generating
turbine. To be economical, the plant
should generate at least 100 MW,
which would require a 250 OOO-t
platform in place for 25-40 years.
Costs might be $2100-2600/kW
about the same as for nuclear plants
but the "fuel" is free, Sheets said.

INDUSTRY

Georgia-Pacific (Portland, Ore.) has
announced a "first in the nation"
paper recycling system that can
change once unusable waste paper into
high-quality printing stock, save energy
and water, and reduce other
environmental problems. The key is a
new process which removes ink,
varnish, lacquer, staples, binding tape,
glue, thread, and even plastics.
Recycled fibers are blended with
"Virgin" fibers to meet specifications
for any printing needed. The $3 million
plus system can handle 33 000 tpy. It
also uses 3000 gal of water/t of
cleaned fiber; standard washing
systems use about 14 000 gal. The
water used is also 60 OF cooler, and is
recycled. What heat the make-up water
needs is reject heat from the paper
machine.

W.R. Grace & Co. (New York, N.Y.)
will help to take salt out of the
Colorado River near Yuma, Ariz., at a
104-mgd desalination plant to be
completed in 1981. The plant, under
construction by the U.S. Dept. of the
Interior, ...ill use reverse osmosis (RO)
and electrodialysis (ED) to reduce
salinity of water draining from
farmlands in the Wellton-Mohawk
Valley, in keeping with a 1973 treaty
with Mexico to improve river water

W. R. Grace'5 Triggiani

quality. Grace research division
president Leonard Triggiani foresees
that the use of RO/ED membrane
technology could have a long-term
impact on potable water availability, as
well as energy use reduction. He also
sees membrane technology as a major
advance over present energy-intensive
distillation methods of desalination.

"Power company executives are
insensitive to environmental and social
concerns"-this is a popular image. Is
it correct? A University of Notre Dame
study indicates that as individuals, they
are not insensitive; but as industry
representatives, they are. To evaluate
these attitudes, Notre Dame
researchers used some standard, and
some specially devised tests. They
consider their findings important-and
"disturbing"-because the decisions
these executives make at work can
have extensive public impacts, while
they involve value judgments seldom
exposed to public scrutiny. Most of the
value weaknesses the study found
involved a lack of active concern for
future generations and of sensitiVity to
considerations of equitable distribution;
and a tendency to equate desire for
electric power with need.

Resource recovery from solid waste
got a boost when American Can Co,
announced that its Americology project
at Milwaukee, Wis., processed its first
truckload of municipal refuse. By mid
April, the $18 million privately-funded
facility goes into commercial operation.
It will process all of the 250 000 tpy of
waste collected within Milwaukee under
a 15-year agreement between the city
and the company. Recovery of up to
90 % by bulk is anticipated, inclUding
ferrous metals, aluminum, newspaper,
corrugated board, and glassy
aggregate. Some 50-60% of the
refuse will be combustible fuel to be
used by Wisconsin Electric Power Co.,
to save 75 000 tpy of coal.

An improved construction growth
period may have EPA's construction
grants program to thank, according to
Robert Sansom, who is studying the
matter for the National Utility
Contractors Association (NUCA,
Washington, D.C.). The program
granted $1.42 billion/y in 1975, and
$2.25 billion last year. Sansom
estimated outlays of $3.2 billion for this
year. Sansom is a former EPA assistant
administrator for air and water
programs. NUCA president Bill Lee said
that "tens of thousands of jobs are
avai lable if the program is regulated
properly," but feared that if long-term
funding and system improvement are
not passed by Congress this year, these
new jobs-almost 26 000 in New York
alone-could be lost.
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PAT REPORT
PRACTICAL, AVAILABLE TECHNOLOGY

Away to lower NOx in utility boilers
The Exxon thermal deNOx process reduced emissions

50 % and worked at full load on a refinery in Japan

Data. Richard K. Lyon of the Corporate Research Labs of the Exxon Research and En
gineerino Company checks the temperature distribution within the boiler with changing
load

When fossil fuel is burned within most
combustion devices, nitric oxide (NO) is
formed both by thermal fixation of atmo
spheric nitrogen and by oxidation of or
ganic nitrogen compounds present in the
fuel. The NO formed in these different
modes is often referred to as thermal NOx
and fuel NOx, respectively. While the NO
formed within the combustion device is
discharged to the atmosphere largely as
NO, it is thereafter slowly converted into
N02, a key component of photochemical
smog and by itself a highly poisonous
substance. Accordingly, the emission of
NO and N02 (NOx) from mobile and sta
tionary sources has been regulated in the
U.S., Japan, and to a lesser extent in other
countries.

The problem

The prospect in the U.S. is for in
creasingly severe regulation of stationary
sources in those regions where the am
bient air quality is a problem. The reason
for this is twofold: First, regions with air
quality problems tend to be regions with
high industrial growth rates. Thus, if the
total contribution of all stationary sources

to the air quality burden is to be held
constant, the amount each source may
emit must be reduced in proportion to the
growth.

Second, there is a growing body of
opinion to the effect that it is more cost
effective to control stationary sources
than to control mobile sources. To regu
late mobile sources one must regUlate all
mobile sources nationwide, whereas one
can selectively regulate only those sta
tionary sources within air quality critical
regions. Further, since one large station
ary source has NOx emissions equivalent
to those of many automobiles, there is an
obvious economy of scale to regulating
the former. In direct conflict with this trend
toward more severe regulation, there is a
concurrent trend toward the use of fuels
with higher nitrogen contents, especially
coal and, in the not too distant future,
shale oil.

The technology now used in the U.S. to
meet NOx emissions standards is com
bustion modification, chiefly the two-stage
combustion and flue-gas recirculation
processes. The former involves burning
the fuel with insufficient air, followed by

adding more air to complete the com
bustion. The latter involves diluting the
combustion air with recirculated flue gas,
thereby decreasing the peak flame tem
perature.

While both processes can prOVide
substantial reductions of thermal NOx,
two-stage combustion has a very limited
effectiveness against fuel NOx, and flue
gas recirculation is totally ineffective.
Thus it seems probable that many areas
in the U.S. will have more severe NOx
emission standards that can be met with
combustion modification technologies. In
Japan, such severe standards are already
law.

One control option

To meet this challenge, Exxon Re
search and Engineering Company (ERE,
Linden, N.J.) has developed a new pro
cess based on the selective homoge
neous gas-phase reduction of NO by NH3
(ammonia). Practically, what this means
is that no catalyst is required. One simply
contacts the flue gas with NH3 at the
correct temperature. A rapid reaction
occurs in the gas phase, and NO is re
duced to N2 and H20. Because this is a
selective reaction, the amount of NH3
needed is comparable to the amount of
NO reduced.

Thus, the Exxon process is extraordi
narily simple. One finds the location within
a boiler/furnace at which the temperature
of the flue gas is optimum for the process
and, the internal configuration of the
boiler/furnace permitting, installs the
ammonia injection hardware in that
location. However, use of the correct
temperature is critical because the
chemistry of the selective reduction of NO
by NH3 is highly temperature sensitive.

Laboratory data, obtained by ERE's
Corporate Research Laboratory, illustrate
this sensitivity. When the temperature is
too low, NH3 and NO tend to remain un
reacted; when the temperature is too high
the NH3 tends to be consumed ineffi
ciently, with relatively little net reduction
of the NO. Thus, it is possible to achieve
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Reduction of NOx up to 70%
are possible ...

'" 50% reduction was
achieved under full load
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"Larger units involve multiple injection points

140 million Btus per hour. It's a swing
boiler, used when one of the other boilers
is out of service. The furnace is gas-fired,
operated at 500 million Btu/h, and is in
continuous service.

Since this commercial demonstration
the process has been installed in other
units in the Kawasaki refinery with simi
larly good results. Further, one Japanese
firm not associated with Exxon has taken
a license for use of the process and in
stalled it in a boiler. Although the internal
configuration of the boiler was not entirely
suited to the process, reductions of NO of
50 % at full load were achieved.

Costs

While costs of the Thermal Denox
Process are sensitive to the user's par
ticular circumstances, for normal retrofit
ERE estimates the range to be 7-15¢/106

Btus fired.
NatL!rally, considerable savings are

possible if, when new equipment is de
signed, provision is made to accommo
date the process. This is a consideration
of importance to those now planning new
boilers/furnaces for operation in regions
where the ambient NO, level is now
considered marginally acceptable. In such
areas, the standards for NO, emissions
may be made more stringent during the
nonmal lifetime of combustion equipment.
If provision is now made within the
boiler/furnace design for the Thermal
Denox Process, it will later be possible to
install the process at reduced cost in the
event that more severe standards are
promulgated.

Secondary effects

There have been a number of cases,
recently publicized, of pollution control
processes which, despite their initial
promise, were later found to solve one
pollution problem only at the expense of

an efficient reduction of NO with lillie NH3
remaining, but only within a narrow tem
perature range.

For furnaces and boilers that operate
at varying loads. this would appear to pose
a severe problem since the temperature
distribution within the furnace/boiler
varies with changing loads. However. the
addition of a small amount of hydrogen
(H2) markedly decreases the temperature
at which optimum results are achieved.
The extent by which the temperature for
optimum results is reduced depends on
the amount of H2 added; thus, by adding
the correct amount of H2, one may control
the temperature for optimum results to
match the variation of the temperature of
the injection point caused by changing
load. Laboratory data illustrated ERE's
solution to this problem.

Field evaluation

Obviously, conditions cannot be as
accurately controlled in practical com
bustion equipment as in laboratory ap
paratus. Consequently, the nearly quan
tative NO reductions achieved in labora
tory experiments cannot be obtained in
real furnaces and boiler.

This demonstration of the Exxon pre
cess on a real furnace and boiler was
done at the Kawasaki refinery of Exxon's
Japanese affiliate, and was an entirely
retrofit operation: both the boiler and
furnace were taken as found and the
process installed within them without
modification of any operating component
of either unit. Reductions of NO, of up to
70% were achieved by the Exxon Ther
mal Denox Process during its commercial
demonstration (August 1974).

The installation was done by the regular
operating staff of the refinery, and with no
interruption or interference with normal
refinery operation. The demonstration
boiler is oil-fired, and operates at up to
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DbieEliuely.
The Metronics DynacaJibrator

gives you cal ibrations traceable
to NBS standards for almost any
gas analyzer: in the lab or in the
field. That includes units you've
rigged up yourself, and even in
struments with suction rates up
to 25 I/min. And since calibra
tion is our only business, you get
an instrument that's coldly pre
cise, easy-to-use and competi
tively priced. Key DynacaJibrator
features include:
• Oven control within ± .05°C,

NBS traceable
• Variable oven temperatures up

to 50°C, 110°C optional
• Flow calibrated and stable to

within 1% of each individual
reading

• Our own calibrated permeation
devices, certifications trace
able to NBS standards

• Continuous, unattended auto
matic or remotely-controlled
operation

• Optional "in-transit" mainte
nance of purge and temperature

• Dynam ic gas concentration
ranges of 60:1
The result? Calibration that's

above suspicion-your best in
surance against costly errors.
Three models meet every require
ment. For details and a demo,
call or write: Metronics, 3174
Porter Drive, Palo Alto, CA 94304.
Phone: (415) 493-5632
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creating a new and equally serious one.
Recognizing the danger of other undesir
able secondary effects, ERE has imple
mented an extended program of labora
tory and field testing.

Special attention was given to the
question of whether or not such sub
stances as N20, CO, HCN, S03, and
NH.HSO. might be produced within the
Thermal Denox Process and constitute
new pollution problems.

Although the main products of the re
duction of NO by NH3are N2and H20, N20
(nitrous oxide) is also formed in trace
amounts, about 1 or 2 moles of N20 for
every 100 moles of NO reduced. This
amount of N20 proved too small to be
detected by gas chromatography but was
readily measurable by long-path infrared
spectroscopy.

This production of N20 would not ap
pear to represent a significant disadvan
tage to the Thermal Denox process, since
N20 is generally accepted as a harmless
substance, and, harmless or not, it is
naturally present in the environment at a
worldwide ambient concentration of about
0.3 ppm. Thus, since N20 is present in
nature in massive amounts, its ambient
concentration is not readily subject to
change by human activity, and the pro
duction of traces of N20 by the Thermal
Denox process does not represent a
problem.

Tests for CO (carbon monoxide)
emissions show that the Thermal Denox
reaction does not reduce CO2 to CO.
Thus, the reaction does not per se gen
erate CO; however, it was also found that
NH3 does inhibit the oxidation of CO to
CO2, Thus, if any CO is left unburnt at the
point where the flue gas reaches the NH3
contactor, that CO may be left in the flue
gas when it is discharged to the atmo
sphere. For normally operating gas- and
oil-fired units, this is not a problem. In
these units CO oxidation is complete long
before the combustion gases reach the
ammonia injection point. At present, not
enough information is available to deter
mine whether or not incomplete CO oxi
dation will be a problem in coal-fired
units.

It was found that HCN (hydrogen cya
nide) can be formed if and only if hydro
carbons are present in the region in which
the Thermal Denox reaction occurs. For
a normally operating boiler, gaseous hy
drocarbons will be present only if one in
jects them along with the NH3. However,
if one injects NH3 with H2added for tem
perature compensation, HCN cannot be
formed. If one injects NH3 with CH.
(methane) for temperature compensation,
then a few ppm of HCN can be formed
less HCN than is found in automobile ex
haust.

Whenever one burns a sulfur-contain
ing fuel, the sulfur appears in the com
bustion gases chiefly as S02, but there
are also traces of S03 (sulfur trioxide),
normally 1-2% of the total sulfur. This

small amount of S03 is a significant con
cern because at lower temperatures, S03
tends to form sulfuric acid mists that can
cause corrosion problems at the back end
of the boiler. Also, if the flue gas is not
properly dispersed, the formation of sul
furic acid mist can be a severe local
problem, although there is controversy
about this in the technical literature. It
appears that some of the S03 comes di
rectly out of the flame, and some is pro
duced by oxidation of S02 on the heat
exchange tubes; that is, some S03 is
produced by a homogeneous oxidation
and some by a heterogeneous oxidation.
Detailed laboratory experiments have
been completed and the Thermal Denox
process was found to cause neither ad
ditional homogeneous nor additional
heterogeneous oxidation of S02 to S03'

However, although there is no change
in the amount of S03, there is an effect.
The thermal reduction of NO leaves some
NH3 unreacted, and downstream of the
Denox reaction zone the combustion
gases are cool enough for the ammonia
to react with S03 and H20 to form am
monium sulfates. Whether or not these
sulfates should be considered as an added
source of particulate emission is a ques
tion of definition. Both S02 and S03, when
discharged to the atmosphere, can form
sulfate particulates. The effect of using
the Thermal Denox process is that a small
fraction of the total sulfur oxides are dis
charged as a particulate rather than
forming a partiCUlate at a later time.

While this change does not appear to
be of environmental concern, it is of
concern with respect to boiler/furnace
operation. It is normal practice to avoid
corrosion by sulfuric acid mist by running
the back end of the furnace/boiler at a
temperature above the acid dew point,
generally around 180 OF. In contrast,
ammonium bisulfate is a corrosive liquid
in the temperature range 400-500 ° F.
Thus, one might fear that ammonium bi
sulfate formation might result in a new
corrosion problem.

Prior to the first commercial demon
stration, a laboratory simulation of a boiler
was set up and the corrosion rate of steel
in flue gas was measured in the presence
and absence of NH3. No change in this
corrosion rate was observed up to the
highest NH3 concentration tested, 45
ppm. Moreover, short-term commercial
demonstration has not disclosed difficul
ties with corrosion or fouling. Long-term
experience is being accumulated.

Patent licenses

The Exxon Thermal Denox Process is
covered by U.S. Patent 3,900,554. Those
interested in purchasing licenses under
this patent and technical assistance in
using the process may contact Mr. S.
Stahl, Patents, Licenses, and Technology
Sales Division, Exxon Research and En
gineering Co., 1600 Linden Ave., Linden,
N.J. 07036.
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OUTLOOK
Garbage is
awaste is
ahazard is
aresource

We Americans are so inventive and so
intrigued by new products wrapped in
ever-so-clever packaging that we flit from
one new gadget to another, discarding the
old for the new. This throw-away mentality
results in mounting piles of refuse and
severe headaches for the states and
municipalities charged with the ultimate
disposal of this solid waste.

Ironically, adding to the disposal burden
are the industries who fulfill the public's
whims. These industries must comply with
air and water laws now on the books, and
so they take pollution control measures to
prevent pollutants from escaping to the
media. But these very control measures
generate enormous quantities of solid
waste in the form of sludges and other
residues.

The usual and, until recently, cheapest
disposal method-land disposal-has
generally gone unregulated and uncon
trolled. Dumped onto open land, into pits,
ponds or lagoons, the sometimes haz
ardous waste leaches from the original
disposal site to contaminate ground and
surface waters.

But help is on the way! Lost in the wake
of the enactment of the Toxic Substances
Control Act, another piece of major en
vironmental legislation was passed by the
94th Congress and signed by former
President Ford last October. This new law,
the Resource Conservation and Recovery
Act of 1976 (P.L. 94-580), regulates those
wastes destined for land disposal and is
designed to recover valuable materials
and energy, whenever possible.

Of proportions large

The dimensions of the disposal prob
lem are clearly delineated by the enor
mous volumes of solid waste generated
in the U.S. According to EPA's latest fig
ures (1974) in millions of wet metric tons
per year, industry generates 344, munic
ipal wastes amount to 122, and sewage
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wastes total 33. Of the total industrial
wastes, about 40 million tons/year are
estimated to be hazardous. The energy
potentially recoverable (1973 figures)
from municipal and commercial waste is
also tremendous: 899 trillion Btu's or 154
million bbl/y of oil equivalent.

These numbers are expected to rise as
the effluent limitation gUidelines of P.L.
92-500 go into effect in 1977 and 1983,
and as industry begins to meet the re
quirements of the Clean Air Act. The po
tentially hazardous portion of solid waste
alone is expected to increase by about
3 % a year. The generation of all waste
has been nearly 8 % per year.

According to the advocacy group En
vironmental Action (EA), municipal waste
totaled 150 million tons in 1976, a
staggering 1400 Ib (4-lb/day) of re
source-containing garbage per person.
This group estimates that recycling this
trash would save the U.S. the equivalent
of 400 000 bbl/day of oil, 7 % of its iron,
8% of its aluminum and 14% of its paper.
Industry's contribution to the waste burden
in 1976 according to EA was 380 million
wet tons, most of which was destined for
disposal in unregulated landfills, open
dumps and lagoons.

But America is rapidly running out of
land, at least in high-density areas, to
dispose of its mounting heaps of sol id
waste. As Sheldon Myers, deputy assis
tant administrator of EPA's newly created
(mandated by P.L. 94-580) Office of Solid
Waste, so aptly stated: "The sink of last
resort is going to disappear as an inex
pensive option for hiding our mistakes and
in its place environmentally sound pro
cedures for dealing with wastes will
emerge."

To this aim, P.L. 94-580 was enacted
"to promote the protection of health and
the environment and to conserve valuable
material and energy resources ... " P.L.
94-580 is the evolutionary product of two

,
r
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Source: National Center for Resource Recovery

• As of January 1977 CI Shredding; air classification: magnetic separation C RefusEKlerived tuel d Magnetic metals.
aluminum

Operational resource recovery systemsa

definition of hazardous waste, which is
truly the cornerstone of the foundation for
managing these materials.

Current agency thinking on the defini
tion's parameters, according to John
Lehman, director of EPA's Hazardous
Wastes Management Division, calls first
for separation of these wastes into acute
and chronic hazardous materials. Acute
materials would display the characteris
tics of explosivity, corrosivity, flamma
bility, acute toxicity and infectivity (etio
logical agents such as viruses and bac
teria capable of inducing disease).
Chronic characteristics under consider
ation include chronic toxicity, carcino
genicity, mutagenicity, teratogenicity,
persistency and bioaccumulation. Lehman
cautions that all these parameters may
not appear in the final definition and, at
present, the criteria levels have not been
set. EPA published an advance notice of
proposed rulemaking on the criteria for
defining hazardous wastes last month.

More provisions

The agency also must promulgate, by
April 1978, regulations and standards
covering the total life of hazardous waste
from its generation to ultimate disposal.
These regulations and performance
standards will affect generators, trans
porters and owners/operators of treat
ment, storage or disposal facilities.

The hazardous waste will be tracked at
each step of its life through the use of a
manifest system. This system will identify
the quality, composition, origin, routing
and destination of hazardous waste and
assure that all generated hazardous waste
is destined for a facility holding a permit
signifying that it can properly handle these
dangerous substances in an environ
mentally. sound manner. Regulations
governing permits are to be promulgated
by the agency by April 1978.

To assist the states in the development
of hazardous waste management pro
grams, the EPA is to develop guidelines by
April 1978. States will be authorized to
manage their own programs if, upon
compliance with EPA's guidelines, they
receive the agency's authorization. The
law authorizes $25 million for each of
fiscal 1978 and 1979 to assist the states
in the development and implementation
of hazardous waste programs.

To foster environmentally sound state
or regional waste disposal programs, to
encourage the maximum use of valuable
resources, and to stimulate resource
conservation, the new law authorizes
funds totaling $30 million in fiscal 1978
and $40 million in fiscal 1979. An addi
tional $15 million is specified for each of
these years for grants to implement spe
cific programs of approved plans.

(Continued)

Status

Partially operational; fully
operational by spring 1977

Fuel is being made: presently
testing

Operational

Operating since 1971

Beginning shakedown mid-May
1977

Operational May 1977

Operational

Operational demonstration
plant

Operational

.Shakedown stage-city only;
Monsanto pulled out

Output

similar to the construction grant program
of the Federal Water Pollution Control Act
Amendments of 1972, although it does
authorize substantial funds for specific
purposes. Total authorizations including
general authorizations for fiscal 1978 are
$179.7 million, and for fiscal 1979,
$158.5 million.

Specifically, the new solid waste law
requires that EPA develop guidelines for
solid waste management by October
1977. Included in these guidelines are
minimum criteria to be used by the states
in defining those activities that constitute
open dumping. The EPA is also to provide
technical assistance on solid waste
management, resource recovery, and
resource conservation to state and local
governments requesting such aid. The
EPA will provide this assistance in teams
termed "Resource Conservation and
Recovery Panels."

By April 1978, the EPA must develop
and promulgate criteria and regulations for
identifying hazardous waste. By this date,
the agency must also list particular ma
terials as hazardous wastes. One of the
most troublesome problems ior EPA is the

RDF for use by utility; bundled Shakedown phase; fully
paper and corrugated; glass operational spring 1977
concentrate; •
Steam for urban heating and Operational
cooling

Paper; .; non-magnelic
metals; glass

Pyrolytic oil; magnetic, non
magnetic metals; glass

RDF; glass for secondary
products;·

Ecc-Fuelll- for industrial
boiler; magnetic metals

RDF for use by utility;
magnetic metals

Paper fibers; colorsorted
glass;·

Steam for industrial use;
magnetic metals

Fuel gas

Process

b plus other mechanical
separation
b

Incineration

Baling; screening; other RDF C for use by utility;
mechanical separation baled paper; .; and other
plus b non-magnetic metals

Landgardt process: shredding, Steam; magnetic metals;
pyrolysis, water quenching, glassy aggregate
magnetic separation
b

Location

Ballimore,
Md.

New Orleans, b plus other mechanical
La, separation; hand-picking

(paper)

San Diego b plus other mechanical
County, Calif, separation; froth flotation;

pyrolysis

Saugus, Mass, Water-well incineration;
magnetic separation

Purox 1M oxygen converter
(pyrolysis); shredding

Baltimore
County, Md.

Brockton,
Mass.

Chicago, III,

South
Charleston,
W, Va,

Nashville,
Tenn,

Ames,
Iowa

Franklin, Ohio Hydrasposal'"/Fibreclaim'"
proprietary processes using
wet pulping and magnetic
separation; heavy media;
jigging; electrostalic
precipitation; optical sorting

Milwaukee, b plus other mechanical
Wis, separation

The act mandates

The major provisions of the law are
those pertaining to hazardous waste
management; the closing or upgrading of
existing open dumps and the prohibition
on the establishment of new dumps; and
the promotion of resource recovery
technology and markets for recovered
materials. The latter responsibility is en
trusted to the Department of Com
merce.

The act clearly spells out an "up front"
state and regional presence in the man
agement of solid waste, and spokesmen
for the EPA have repeatedly called for
major state and local involvement. The
act, however, does not set up a program

previous laws, the Solid Waste Disposal
Act of 1965 and the Resource Recovery
Act of 1970; this new law provides for
continued and stronger federal involve
ment in solid waste matters. It significantly
extends the federal involvement and, in
turn, state involvement, in solid waste
management with special emphasis on
hazardous waste management, resource
recovery and resource conservation.
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• Determine Potential Health
Effects
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State plans must meet certain mini
mum requirements to be eligible for such
funds. Among these requirements are:

• the prohibition of new open dumps
• a plan to close or upgrade all existing

open dumps
• the disposal of discarded materials

at a resource recovery facility, in an ap
proved sanitary landfill or in an environ
mentally sound manner

• the establishment of regulatory
powers within the state to carry out the
solid waste management plan.

By October 1977. the EPA must publish
criteria that can be used by states to dis
tinguish open dumps from sanitary land
fills. The agency is now wrestling with the
problem of whether pits, ponds and la
goons used for the disposal of industrial
wastes are to be considered open dumps.
One year later, October 1978. the EPA
must publish an inventory of all open
dumps in the U.S. By 1983 all open dumps
must be closed or upgraded to sanitary
landfills.

The new law provides for authoriza
tions of $25 million for fiscal 1978 and
1979 to assist rural communities in
managing their solid waste problems. The
new law also authorizes $45 million in
fiscal 1978 for special studies, RD&D,
training and information activities.

The lawmakers have also been gen
erous in their authorizations for the gen
eral administration of the new law: $35
million in fiscal 1977. $38 million in fiscal
1978 and $42 million in fiscal 1979. At
least 30 % of these funds must be used to
implement the hazardous waste program,
and another 20 % must be used for the
Resource Conservation and Recovery
Panels.

Roles are defined

The act gives the Department of
Commerce the responsibility for devel
oping standards for the substitution of
recovered materials for virgin materials.
Commerce must also stimulate the de
velopment of markets for recovered ma
terials and, in general, promote resource
recovery technology. At present. how
ever. the line separating a commodity
(recycled material) from a waste is
hazy.

The law also requires that the federal
government institute a policy of procuring
recycled materials in lieu of virgin mate
rials when the former meet certain
specifications and can be purchased at
reasonable prices.

This new legislation makes very clear
the preeminent role to be assumed by the
states in the administration and enforce
ment of solid and hazardous waste man
agement programs. But, the act does not
require that the states "play the game."
Should states fail to act. the EPA would
have to do the job; it clearly has the power
to step in.

Efforts under way

In the face of burgeoning mounts of
solid waste, steps are being taken to de
crease the amount destined for land dis
posal. and to recover both valuable ma
terials and energy.

A 10-year-old European innovation has
recently been transported to American
shores. The industrial waste exchange.
which acts as a mediator between buyer
and seller. makes one company's wastes
another's feedstock. Such an exchange
has been flourishing for one year in St.
Louis. Mo. This exchange has made 13
deals during the year involving baghouse
dust. waste oils, lime slurry and spent
sulfuric acid, among other items. Other
regions are beginning to pick up on this
clearinghouse idea.

The Iowa Industrial Waste Information
Exchange, which is supplying information
on items for exchange to businesses in
that state. went into operation in April
1976. In October of last year the Houston
Chamber of Commerce began an infor
mation program on recycling chemi
cals.

These waste exchanges act merely as
conduits of information; they take no part
in negotiating transactions or in setting
prices. But they serve a very beneficial
purpose, both to industry and to the pro
tection of America's environment.

Communities or, in some cases, states
prodded by scarcity of land, spoilage of
potable water sources, economic incen
tives. the need for recovered materials
and energy, and the technical wherewithal
to initiate resource recovery facilities.
have begun the search for more envi
ronmentally acceptable ways of getting rid
of their discards.

Several systems have emerged. from
the simple but labor-intensive source
separation programs to the more techni
cal materials and energy recovery facili
ties. The National Center for Resource
Recovery (Washington, D.C.) keeps a
close watch on these emerging systems.
Their latest tabulation shows that almost
31 facilities for materials and/or energy
recovery were in operation (9); in the
shakedown stage (3); being planned, de
signed or constructed (6); being con
tracted for or at the bid stage (3); or had
requests for proposals issued (10). Two
additional projects are under way to re
cover methane gas from sanitary landfills.
America's throwaway mentality is slowly
being whittled away.

Solid waste by any other name-trash.
garbage. refuse. discards, rubbish. sludge.
hazardous waste-is still waste requiring
disposal. The Resource Conservation and
Recovery Act of 1976, and the recent
spate of state and local efforts, go a long
way in assuring that all solid waste, in
cluding the most hazardous variety, will be
disposed of in an environmentally sound
manner. LRE
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- cleaner wastewater
discharges
The American Association of Textile Chemists
and Colorists discuss the best technology
for meeting pressing practicable deadlines

There is nothing like a colorful envi
ronment, particularly if one thinks of the
myriad colors of nature. However, nature
did not intend that the colors in the envi
ronment come from dyes, dye wastes,
and related chemical compounds. Such
colors come under the heading of pollu
tion, especially in the water. Accordingly,
to address this problem, the American
Association of Textile Chemists and
Colorists (AATCC, Research Triangle
Park, N.C.) organized its Committee RA
58, Environmental Science Technology.

It started in 1952

The stimulus for the organization of
what is now Committee RA 58 was the
passage, in 1951, of the North Carolina
Stream Sanitation Law-that state was
then rapidly becoming a major world
textile manufacturing center. Thus, in
1952, the AATCC formed RA 58's pre
decessor, the National Committee on
Stream Pollution. That committee had
certain objectives as regards pollution:

• to be concerned primarily with textile
industrial wastewater

• to promote technical investigations
on specific problems in this field

• to study new methods for the ex
amination and treatment of textile
wastes

• to study BOD determinations as a
measure of pollution in textile wastes

• to study specific textile chemicals as
related to pollution

• to publish case histories.
Currently, the Committee's scope is to

provide a forum for the dissemination and
exchange of knowledge on problems
concerned with air and water conserva
tion and pollution abatement. Another

function is to encourage research on
textile wasie disposal.

Then and now

One of the first accomplishments of the
National Committee on Stream Pollution
was the compilation and publication of a
Bibliography on Textile Waste. This hap
pened in 1955, and in that year, and the
succeeding ones, the committee publi
cized pollution control research work of
some of its member mills. The principal
effort was to show how highly alkaline
textile waste could be biologically treated
without addition of acid, in a cost-€ffective
manner. Also, during those years, coop
eratively with the U.S. Department of
Health, Education, and Welfare, the
committee put out the industrial guides to
wool-processing wastes, cotton-pro
cessing wastes, and laundry wastes.

During the 1960's, the committee's
research began to pay dividends. Based

AATee committee chairman Lesslie
Committee organized in 1952

on what was learned, textile companies
began installing aeration-type activated
sludge systems to treat textile wastes, and
create a forerunner for "best practica
ble." Also there was a move to use low
or no-BOD chemicals, development of
environmentally "cleaner" detergents,
and publication of a waste guide for syn
thetic textile fiber processors.

From 1969 to now, the committee
launched a series of symposia concerning
textile industry pollution control, and
started exchanging technological know
how with other industries-especially
paper and leather. By 1971, the RA 58
Committee was constituted in its present
form, and branched out to cover air, as
well as water pollution. In 1972-1973, it
cooperated in an EPA study concerning
radiation as a means of treatment. Since
then, the committee has also become
concerned with OSHA matters. Its fourth
symposium was covered in ES& T (August
1975, P 706).

Meeting in Atlanta

Would you like to hear, for example,
how ozone and chlorine compare in tex
tile-chemical waste treatment? Might
chlorine become passe? Allison Maggiolo
of Bennett College, Greensboro, N.C.
(ES&T, January 1977, p 27) will explain
what he found out, at the AATCC RA 58
Committee's Fifth Environmental Sym
posium, to be held at the Omni Interna
tional Hotel in Atlanta, Ga., on March
29-30. Other papers will cover toxic
chemicals, water reuse, monitoring,
bioassays, and numerous other practical
topics discussed by speakers from aca
demia, government, and industry.

Hope to see you in Atlanta! JJ
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Looking for ways to take the economic pain out of

compliance, and maybe come up with some new items

to sell? Then consider this approach ...

••• Don't control pollution; prevent it!
"This is a noteworthy occasion-when

the makers and enforcers of environ
mental rules and those who must comply
with them meet harmoniously on common
ground." With these opening words, Lewis
Lehr, president of U.S. operations for the
3M Co. (St. Paul, Minn.), keynoted the
conference, "Beyond Environmental
RegUlations: Industry Takes the Initiative."
The conference, held at Chicago, III., in
January, and attended by almost 400
people, about 98% of whom were from
industry, also heard Lehr note' that the
cooperation of government and industry
in organizing the conference may be "a
sign of mutual maturity." It was sponsored
by EPA Region V, the Department of
Commerce, chambers of commerce, and
industrial firms.

To Lehr, the conference presented two
significant points:

• the need for government and indUStry
alike to look beyond more pollution re
moval to protect the environment

• recognition of industry for taking di
rection-"a refreshing change from being
castigated as Ogre of the Eco-System."
The initiative Lehr meant is the effort to
prevent pollution at the source, where
possible, rather than control it at the end
of the pipe. This effort is essentially en
ergy and resource conservation/reuse
oriented, and is being increasingly exerted
by a number of companies. However, its
broadest and most thorough application
is presently found at 3M, where it is called,
"Pollution Prevention Program", or
"3P".

A recession baby

In a sense, the 3P program was born of
the 1974-1975 recession, during which
many companies sought ways to cut ex
penditures. Accordingly, in late 1974, at
a top management meeting of 3M, chair
man Raymond Herzog asked where out
lays could be reduced. When Herzog
turned to Joseph Ling, 3M's vice president
for environmental engineering and pollu
tion control, Ling said that there was no
way that pollution control (pc) costs could
be cut. At the time, Ling foresaw that en
vironmental regulations would grow ever
more restrictive, and that the EPA, other
agencies, and Congress would most likely
not ease up on their cleanup achievement
and maintenance goals, even if the U.S.
economy was "hurting".
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Thus, Ling suggested to 3M's man
agement that rather than control pollution,
prevent it. Then, there would be little or
nothing to control, and even a possible
solution to the problem of meeting 1985
zero discharge goals. By contrast, an
end-of-pipe pc "black box" would use up
90-95 % of company environmental
capital. Then, because regulations be
come stiffer, the black box must become
more expensively elaborate, and costlier
to operate and maintain. Moreover, Ling
pointed out that trained personnel are
needed to run these black boxes, and
these people do not come cheaply.

Ling also noted at these management
meetings that once a capital investment
in a black box is made, the company "is
stuck with it forever. Also, the device
could produce bad 'gunk' one may have
to dispose of, and that could add much to
one's problems," Ling reasoned at the
time.

So chairman Herzog asked Ling, "Joe,
can you come up with a money-saving
program incorporating your concept?"
Ling answered, "Yes, but not with a
handful of people. But if the 4000 tech
nical people we have at 3M could help, we
can do it." Herzog gave his consent, the
3P program started in 1975, and the
conference-an outgrowth of the pro
gram-learned from Ling that 3M had, by
late 1976, launched 19 pollution preven
tion projects. These projects have elimi
nated 73 000 tons of air pollutants and
500 million gal of polluted wastewater.
They also saved $11 million in actual or
deferred pc equipment and operation,
energy, and raw materials costs, as well
as product sales over the nex1 few years,
according to 3M.

How 3P works at 3M

In order to be considered by 3M, a
proposed project must first meet two
criteria:

• It must reduce or eliminate a pollu
tant that is, or could become a problem.

• It must carry mO'netary benefits
through reduced or deferred pollution
control or manufacturing costs; increased
sales of an existing or new product; or
other reduction in capital or operating
expenses.

There are secondary guidelines, as
well. The project should reduce energy
consumption, and improve efficiency in

3M vice president Ling
"End-of-pipe controls cost too much"

Rep. Florio
Wants to help innovators

materials and resource utilization. It
should also involve a technical accom
plishment, innovative approach, or unique
design. The pollution prevented must
occur at the source, not through addition
of pc equipment. The pollution prevented
must also stem from generally accepted
practice, and be "first generation".
Moreover, the individuals working on a 3P
project should have made concrete efforts
to reach the accomplishments, as well as
put forth the idea.

It a 3P proposal meets the criteria that
3M set forth, it becomes a "recognized"
project. Employees who launch such a
recognized project receive a certificate
signed by chairman Herzog, vice presi-



100% solids $3 million Pollution control Hydrocarbons 35000 tpy
coating eliminated

High-conversion $1 million Pollution control Odor 80% reduction
polymer eliminated

Cooling water $200000 Pollution control Water 1.5 mgd
recycle eliminated

Modified polymer $800 000 Operating cost Hydrocarbons 4.5 million
coating savings Ibs/y

Product reuse $500000 Operating cost Incinerated 100 tpy
savings scrap

Incinerator $175000 Operating cost S02 and 21 tpy
improvement savings particulate

Resin $330000 Sales retained Mercury 5000 g/y
reformulation

Source: 3M Co,

Making pollution prevention pay:
technical people came up with some answers

estimated Type of Pollution
Project benefit benefit eliminated

dent Ling, and their division vice president
or general manager.

Legislative Impact

Rep. James Florio (D, N.J.), whose
district takes in Camden, told the confer
ence that the pollution prevention ap
proach might well have a legislative im
pact, especially because it entails an
energy and resource conservation aspect.
He said that Congress recognizes that a
company has a very hard time trying to
comply with existing and forthcoming
regulations, and developing innovative
approaches at the same time. Thus, he
noted that, for example, in the Clean Air
Act Amendments, if they pass (they died
in the last Congress), he hopes to see a
provision granting a company a 5-year
compliance extension. The company
would have to demonstrate that it is in
novating, particularly if costs could be cut,
and resources and energy could be con
served. However, some compliance
schedule would be mandated, so that "no
one gets a free (ide," Rep. Florio ex
plained.

Rep. Florio acknowledged that present
environmental legislation and rules, as
well as tax regulations and incentives,
emphasize the end-of-pipe pc approach.
However, he predicted that Congress
would take a much closer look at process
changes and other prevention concepts,
especially as more information becomes
available from meetings such as the
Chicago conference, and other sources.
Still, he warned the meeting that Congress
would not move automatically-"Like it
or not," he said, "laws will be put together

by politicians. If you feel that certain
provisions or changes are necessary,
come in, get involved in the legislative
process, give your expertise, so that we
will have the necessary information with
which to make sound judgments."

3M's Ling added that he foresees that
legislators, regulators, and businessmen
can work together. He also predicted that
legislation will take increasing cognizance
of the prevention/conservation approach,
and observed that "technology itself is not
the problem; those who apply it some
times are."

How about self-regulation?

In 1972, Carl Gerstacker, then chair
man of Dow Chemical Co. (Midland,
Mich.), said that his company would meet
its own guidelines, or those of govern
ment, "whichever are tougher." Still,
meeting such guidelines had to be done in
a way that would enhance the profit pic
ture, for, as in any company, profits affect
the jobs, pay, dividends, and futures of
employees, management, and stock
holders. Earle Barnes, executive vice
president of Dow, mentioned a number of
steps that Dow took toward meeting tough
guidelines.

For example, in the drier climates of
the southwestern U.S., Dow's Western
Division has converted everything to solar
evaporation. This, of course, saves en
ergy, and allows for virtually zero dis
charge. At another plant, Dow recovered
hydrocarbons worth about $100 OOO/y,
representing a 3 % return on the invest
ment in a certain process.

In the light of Dow's strict approach,

Amount
eliminated

.. f
1I1""1"18'"

Barnes recommended that industry be
given a chance at environmental self
regulation, such as ERDA is allowing Dow
for 2 years on the Equal Employment
Opportunity (EEO) program. Barnes pre
dicted that Dow's, and other companies'
in-house administrators would be much
tougher and more thorough, just as they
are on the EEO program. And Barnes has
a precedent. In the securities industry, for
example, the National Association of
Securities Dealers (Washington, D.C.) is
one of the strictest, most thorough-going
industry self-policing organizations that
one could imagine. An environmental
self-policing organization could be just as
tough, or more so.

A systematic approach

Perhaps a clear idea of a systematic
approach to conversion, where possible,
of pollution control to prevention was of
fered to the conference by Richard Saw
inski of Hydroscience, Inc. (ES&T, January
1975, p 22). He recommended a thorough
look at process modification, involving all
phases of chemistry, equipment, opera
tion, waste segregation/reduction, and
recycling. The specific steps he advo
cated were baseline evaluation, problem
definition, process definition, process
design, and waste characterization aimed
at developing a logical work plan with
economic incentives for preventing pol
lution at the source.

Thus, for one client, Hydroscience
found a way to recover S02 from spent
pulping liquor, rather than sewering the
waste. The result was saved sewer fees
and other money, and led to smoother
process operations because of "debot
t1enecked" evaporators, and recycled
wastewater. Another client reduced
emissions toxic to plants by 90 %, and
increased saleable product yield by 10%
through process change, Sawinski said.

The prevention approach, however, will
not become instant reality. It will take
considerable development time, as well
as interdisciplinary cooperation within a
company or industry, and between in
dustry and government. But it is an idea
whose time has not only come, but is
overdue; perhaps better late than never.
The prevention/conservation concept,
however, might be a key to taking much
economic pain out of pollution abatement,
and, perhaps, generating profits from
otherwise lost by-products. It is an idea
that 3M's Ling worked with for a long time,
and if he had one complaint about the
conference-in large measure brought
about through his efforts-it was that the
meeting did not take place at least 15
years ago! JJ
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Ocean incineration anew

the second incineration venture of the
Matthias III. stack monitors for carbon
dioxide, carbon monoxide, oxygen, and
organic chloride apparatus were supplied
by Dragerwerk, AG (Lubeck, W. Germa
ny). These monitors were installed and
operated by David J. Davies, a Drager
werk employee.

No significant effects on the ocean
were found below the plume of either
ship. There were no significant changes
in the pH or in the organic chloride content
of the ocean in either case. Even when
ocean samples were subjected to gas
chromatographic separation and con
centration, followed by mass spectro
photometric analysis, the level of organic
material lies below or at the level of sen
sitivity of the analytical system.

Further trials chart the

way of this technology for

chemical wastes disposal

What is new with ocean incineration
of waste chemicals? Shell Chemical
Company (Houston, Tex.), the first user of
the technique in the country (ES& T. May
1975, p 412), last month began burning
organochlorine chemical wastes once
again on an incineration ship in the Gulf of
Mexico.

Now, under an EPA special permit the
Shell Chemical Co. has been granted a
2.5 year permit to burn at sea as much as
50 000 metric tons of chemical waste
by-products. This burn (February-March
1977) will destroy about 16000 metric
tons. The Shell liquid wastes are by
products-<>rganochlorine materials from
five process waste streams-generated
in the manufacture of epichlorohydrin,
epoxy resins, glycerine, and vinyl chloride;
all streams result from purification pro
cesses.

Previously, Shell Chemical, as envi
ronmental watchers attest, was granted
two research permits and an interim
permit (see box) to burn similar wastes in
the Gulf of Mexico. The data from these
incinerations showed that the incineration
of the Shell wastes were compatible with
provisions of the Marine Protection, Re
search and Sanctuaries Act (P.L. 92
532).

During October 1974-January 1975
similar wastes from Shell Chemical Co.
were incinerated on board the incinerator
ship, Vu/canus. in the Gulf of Mexico.
Extensive monitoring conducted in the
early research incinerations qualified the
Vulcanus to burn these wastes under an
interim permit and now under the provi
sions of a special permit. One difference
in the two permits is that the research
permit requires elaborate monitoring and
analysis of combustion products. Quali
fication tests for the incinerator ship
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Matthias /1/ were conducted last fall in the
North Sea.

Operations

As stated, these wastes are being in
cinerated in a special area in the Gulf of
Mexico, some 190 nautical miles south of
Cameron, Louisiana, and 170 nautical
miles south southeast of Galveston, Tex.
For purposes of the environmental impact
statement. this site in the Gulf of Mexico
is good for five years. EPA filed its impact
statement in July 1976.

Although the Shell permit leaves open
the option for the selection of incineration
ships. the only incinerator ships listed in
the Shell special permit are the Vulcanus
and the Matthias III. Qualification test
burns aboard the Matthias III occurred
August 29-September 3 in the Dutch in
cineration area of the North Sea off the
coast of the Netherlands. Based on this
burn, EPA contract representative Howard
J. Fisher, who witnessed the operation on
the Matthias III said that the two ships
Vulcanus and Matthias III-appear to be
equivalent, based on performance criteria
established by the U.S. EPA.

Ideally, the complete incineration of a
chloroorganic material yields water, car
bon dioxide, hydrogen chloride, and ni
trogen. Because of its high chloride con
tent, the ocean is peculiarly adapted to
receive large amounts of hydrogen chlo
ride without serious imbalance of chlorine
content. Furthermore, because ot its
built-in carbonate-bicarbonate buffering
system, the ocean is also able to deal with
the acidity produced by the HCI in order to
maintain its normal pH of approximately
8.

To date, the monitoring and sampling
of both the air and water were pursued in
the incineration areas. For example, on

Earlier, on the Vulcanus burns in the
Gulf of Mexico, it was noted that the stack
sampling operation suffered from prob
lems of inadequate reach of the sampling
probe, resulting in the inability of either
probe to draw samples of gases from all
parts of the stack exit.

The Vulcanus is being sampled with a
probe designed by TRW (Redondo Beach,
Calif.) under contract to the U.S. EPA.
When Matthias /1/ is tested an even longer
probe will be required because of the
reach, owing to the large diameter (15 m),
of the furnace on this ship. The French
scientists of the French Atomic Energy
Commission (CEA) used similar equip
ment during a previous Matthias III burn
(June 1976).

The French scientists also looked at an
optical method for measuring temperature
and identifying components of stack
gases by IR emission spectroscopy. They
concluded that the system held promise
but that it was still in the research
stage.

Analyses

The chemical waste materials are an-
alyzed for:

• calorific value (kcal/kg or Btu/lb)
• chlorine content in wt %

• pH
• trace elements such as heavy met-

als
• presence of multiorganic com

pounds
• bioassay of wastes.

The first three parameters point out
combustion details; the latter three serve
as environmental indicators. In actual
practice the throughput of the Vulcanus
in the Gulf of Mexico was 25 tons/h. The
throughput on the second voyage of
Matthias III was 28 tons/h.



The regulations

The Vulcanus. a 4770 dwt chemical
tanker of Ocean Combustion Service, a
subsidiary of the Hansa Line. and the
Matthias 1/1. a 19 300 dwt chemical tanker.
of the SBB (Stahl- und Blech-Bau GmbH)
are double-hulled vessels that meet all
applicable requirements of the IMCO
concerning transport of dangerous
cargoes by tankers. The IMCO, the Inter
governmental Maritime Consultative Or
ganization. a specialized agency of the
United Nations, has under study the reg
ulations and safety of such ships.

It may make economic sense to have
a burn lane across the ocean. The eco
nomics of operation could favor a sea
lane for burning across the Atlantic; these
problems will be addressed by the IMCO
safety and regulations committee.

On the international scene. The Con
vention on the Prevention of Marine Pol
lution by Dumping of Wastes and Other
Matter was negotiated in London in No
vember 1972. This convention became
effective on August 30. 1975, when 15
countries ratified it. The IMCO organiza
tion was designed to implement the con
vention and held a first meeting on the
subject September 14-20. 1976.

Incineration at sea is one of the agenda
items of this convention; it will be dis
cussed further at a second meeting in
London this September. Some items for
discussion include:

• identification of incinerator ships
• safety considerations
• sea route for incineration ships
• special provisions for the prevention

of marine pollution from incineration.

The burners

The Vulcanus has two incinerators with
three nozzles in each, whereas the Mat
thias 1/1 has only one incinerator and 20
burners around the base of the furnace.
An additional feature of the Matthias III is
the coincineration of solid wastes and
wastes stored in drums with the liquid
waste.

On each incineration ship the burners
are a liquid/air type with air and liquid
being fed through a firing nozzle through
concentric tubes. The 20 liquid waste
burners on Matthias III are arranged
symmetrically and evenly spaced around
the base of the incinerator. The burner
flame, which can be seen through the
burner mounting ports. was observed to
be bright yellow to white. free of dark
areas, and to be stable and non-sputter
ing.

Storage facilities for the chemical
wastes are below decks in tanks that are
contained inside the double hull. On Mat
thias III, liquid wastes are carried in nine
inner tanks inside a double hull to elimi
nate the danger of ocean pollution in the
event of a collision. One emergency shut
off system goes into effect when the in
cineration temperature goes below 1200
°C, although this system was not in effect
during the August 29-September 3
burn.

Flame temperature was measured by
an optical pyrometer and wall tempera
tures were measured by several thermo
couples. A minimum average flame
temperature of 1200 °C was maintained.
Calculated residence time for Matthias 1/1
is of the order of 2.6 sat 1200 °C; for

Burns to date

Vulcanus it is of the order of 1 s at 1200
°C.

On the Vulcanus. with two combustion
chambers, three burners are located
roughly symmetrically around the bottom
of each furnace. The Vulcanus has ro
tating cup-fuel injection that provides
vortex turbulence and distribution of feed
throughout the entire chamber.

The following environmental items
must be resolved:

• criteria for designating incineration
zones

• special provisions for controlling the
operation of incinerating systems.

The following safety considerations
must be resolved:

• appropriate identification signals for
ships engaged in incineration at sea. For
example, without these signals another
ship might regard the "burning" ship as
one in distress and come into the plume

• safety measures including the pos
sible need for specifying a suitable route
for incinerator vessels on a trans-Atlantic
voyage. Here, the need for international
controls are recognized.

Federal view

EPA regional administrator John C.
White for Region VI said. "We have been
encouraged by the prospect that ocean
incineration is an acceptable. if not de
sirable, alternative to the disposal of these
chemical wastes." He concluded, "We
have been helped a great deal in this effort
by several state, county. and local agen
cies. as well as other federal agencies,
and we want to express our thanks to
them for helping us evaluate this prom
ising program." SSM

Where

Gulf of Mexico

In the North Sea

In the North Sea off the Dutch Coast

Gulf of MexIco

In the North Sea off the Dutch Coast

The compelllion

When

Feb 1977 EPA special permit

August 9-September 3, 1976

1st week June 1976

October 1974-January 1975
2 EPA research permits
1 EPA interim permit

For approximately 6 yrs

Vulcanus
4770 dwt tanker

What Ship

Shell Chemical Vulcanus
wastes

Matthias III, 2nd burn

French chemical Matthias III, initial operation
waste

Shell Chemical Vulcanus
wastes

Matthias III
19 300 dwt tanker

Combustion unIts IlAJ
IE- 8.8-7l

Waste carrying capacity

Burntlme for capacity

• Based on rales of 25-40 metric tons/h.

4200 metric tons

168-210 h a

7-9 days

15 000 metric tons

375-600 h 8

16-25 days
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FEATURE

Environmental and economic costs vary as a function of

site parameters and plant-design technology options;

estimating these costs is difficult at best

William Ramsay

Resources for the Future
Washington, D.C. 20036

Estimating economic and environmental costs for proposed
power plant sites is a difficult art, which becomes even more
difficult when a utility or a state wants to systematically screen
an entire service area or region. Looking at a large region in
evitably involves generalizing about environmental impacts
("costs") as well as the usual engineering and financial costs.
Such problems are being faced more often in the early site re
views performed by the Nuclear Regulatory Commission (NRC)
for nuclear stations, and in the site-banking programs of some
utilities and states-Maryland. for example.

Certain methods are described that have been inspired, in part,
by the ongoing efforts of the Maryland Power Plant Siting Pro
gram to acquire altemative sites to ensure backup sites for future
energy needs. Illustrative costs of the type that could be used
in such a program are also given.

Prices and quantities

In Maryland, one agency is responsible for the total cost
benefit analysis of a siting decision in a more comprehensive
way than federal agencies are; for example, in the cost-benefit
analyses done under the National Environmental Protection Act.
The Maryland program has to invest tax-generated funds for
future use in the acquisition of sites. The financial costs asso
ciated with power generation are expressed in dollars, and the
screening process often involves elaborate numerical compu
tations that compare total financial and environmental costs. In
one way or another. the size of total costs are compared, so it
would be rather artificial to insist on not expressing environ
mental costs in dollars. Also, expressing nonmarket costs such
as habitat impacts in dollars tends to prevent one from hiding
ill-considered value choices under the blanket of unfamiliar
valuation units, such as "natural resource units" or "compatibility
rankings."

Therefore. let us consider the problem of expressing both
ordinary economic and environmental impacts in terms of dol
lars. Since units of dollars are being used, it is convenient to
separate the impact into quantity and price.

The "quantity" of environmental goods is analogous to the
quantity of ordinary marketplace economic goods, while the
"price" of environmental goods is like the price of the usual
market goods. Therefore, the environmental impacts of a power
plant can be fitted neatly into the same kind of scheme that one
applies to building a new railroad spur into the plant site. In this
example, the quantity of "railroad" could be given in terms of
new miles of track needed, and the price could be the total
dollars needed for systems expenditures corresponding to each
track mile. Similarly, the quantity of a particular kind of envi-
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ronmental good could be specified as the area of habitat cor
responding to a particular species that may be destroyed or
degraded by the siting, while the price could represent the dollar
value one attaches to the loss or degradation of habitat.

Such prices and quantities may take on rather extreme values.
If one accepts that certain standards for water quality mandated
by law, for instance. must be achieved, then the quantity of en
vironmental goods (or "bads") associated with changes in water
quality could be associated with a price of zero dollars for water
quality vah,Jes below the limits of the standard and infinite dollar
prices for values over the standard. Zero prices and infinite
prices correspond here, of course, to a yes or no decision on
the prospective siting area.

Methods of valuation

Prices and quantities for the usual kind of financial or engi
neering factors-such as railroad spurs and protective
levees-can be readily determined, at least in principle, in a
cost-benefit analysis. In practice, of course, the art of cost es
timating is a difficult one. Cost estimating is complicated here
by the need to estimate average costs of factors over fairly large
geographical segments.

Estimating environmental costs, of course, is even more
difficult, in that one often does not know how to assign the costs
even in principle. Some "environmental costs" are really losses
of economic production, such as the conversion of farmland to
a cooling lake for a power plant. In principle, this kind of sub
stitution can be treated by standard types of economic analysis.
Other environmental costs can be evaluated by correlation with
the costs of abatement measures, even if those measures are
not actually taken. Such abatement costs, however, can only
supply a minimum value for environmental impact costs, but a
lower bound is often far better than nothing.

Environmental costs may also be detected indirectly in the
form of certain "transaction costs." The siting of all nuclear
power plants and of many fossil power plants is regulated by
state or federal agencies. The regulatory process incurs many
transaction costs: costs of environmental report preparation;
costs of heari'lgs and public meetings; and especially the cost
of extra dela/s resulting from unresolved environmental (or
safety) issues. These are all real money costs to the utilities and
are passed along to either the ratepayer or taxpayer. Experience
in regulation :>f power plants is not yet sufficient to determine
the exact value of expected transaction costs for a particular
kind of siting. However, existing experience is adequate to
provide some approximate estimate for many otherwise in
tractable environmental cost problems.



Another approach is to observe choices of different design
alternatives that previous planners have made. Here, one pre
sumes that those choices were made to avoid uncertainty about
either state or federal regulatory approval or to shorten the
regulatory process. For example, it is relatively easy to find
examples of a utility's choosing a cooling tower instead of
once-through cooling, especially in estuarine areas where ef
fects on nursery grounds of important aquatic species are feared,
but the probable extent of such impacts may be uncertain. Since
the biological as well as the economic or economic-environ
mental impacts are so obscure in such cases, a direct mea
surement of cost would be difficult.

However, the fact that in certain cases the more expensive
cooling tower option was chosen could serve as an indirect in
dication of the minimum value of the environmental costs in
volved. In some cases, one may also have several alternative
closed-cycle cooling system options, and one may be able to
imply differential environmental costs by observing the actual
environmental equivalents of the economic costs chosen in
substituting cooling ponds for cooling towers or vice versa. One
might denote this type of reasoning-really a hypothetical
abatement calculation-as a costing by a "balancing out of al
ternatives. "

In general, the costs per unit impact are not independent of
the quantities of impact involved. But often it is difficult enough
to determine even a "price" for anyone "quantity" of environ
mental impact, much less a complete environmental impact
supply curve. On the other hand, data or even intuition may
suggest that some total environmental cost curves can be rel
atively well approximated by linear forms (constant price per
unit of impact) while other costs-of the standards type-can
only take on values of either zero or infinity, depending on
quantity of impact.

Where information is lacking, but linear or zero-infinity ap
proximations seem inappropriate, a logarithmic extrapolation
may be useful when the environmental price obviously becomes
very large for large impacts. For the assumed logarithmic
functions. "intermediate" impact values are then needed to
specify the shape of the curve (see table). Naturally, the use of
such extrapolation formulas or, alternately, of zero-infinity for
mulations, remains a matter of judgment.

Design options, siting costs

Environmental and economic costs vary as a function of site
parameters and plant design technology options. Design tech
nologies that can be considered are of several kinds. First of all,
one can consider fuel type: nuclear, coal or other fossil fuel. Then

there are cooling-type categories: once-through, cooling towers
(natural draft, mechanical, dry), and cooling ponds. Also relevant
are such subsidiary design features as height of smokestack for
fossil plants and special "esthetic screening" designs for power
plants located near natural areas.

The goal of the analysis is to identify relative siting feasibility
for different geographical grid points (on a 9-acre scale) for each
reasonable permutation of a set of specific design technologies.
Some examples: nuclear with cooling pond or coal with once
through cooling and 400-foot smokestack. Then the impacts and
their cost on the total environmental and economic picture of
the region for the design technologies specified are determined.
These impacts are divided into several categories: geology,
seismology, meteorology, population, hydrology, ecosystems,
land use, transportation, and transmission lines. This particular
breakdown is found in a Regulatory Guide issued in 1975 by the
Office of Standards Development, NRC.

Geology. An obvious possibility for specifying a quantitative
geological criterion for large-scale site screening is slope.
Land-use data are often available for slopes in several categories
(1-5%, 5-10%, 10-20%, 20-30%, and over 30%). Extra
construction costs per cubic yard of material to be excavated
can be roughly estimated for each of such slopes.

The average one-gigawatt station has been taken here as
haVing an area of 130 acres, and the amount of extra material
to be moved has been taken as the volume of a uniform wedge
having a square base and an altitude equal to the average slope
of the land. The costs of moving the material obviously depends
on the nature of the material (soil or rock) but for a very rough
average, Federal Highway Administration figures for average
earth-moving costs on highways have been used. This price
apparently supposes that hauling of cut and fill material wilt be
only over short distances, so it may represent a minimum price
for many configurations. The conversion-factor cost, as given
in the table, is $2.5/kWe/percent slope or $25 000 000 for a
one-gigawatt plant on a uniform 10% slope. It can probably be
assumed here that for the plant sizes of interest, the relationship
is linear in kilowatts of capacity.

Other geologic parameters could also be costed. For example,
areas having a liquefaction potential greater than a given figure
could, at least in principle, be evaluated as incurring an extra cost
per square foot of construction area, and a cost then assigned
analogous to that for slopes.

Seismology. As far as the safety of the nuclear power plants
is concerned, NRC guidelines for seismic investigations may be
taken as an indication of possible health costs that might be
risked by the public in the event of earthquakes. Since the
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guidelines deal with borderline cases involving a distance of five
miles from a "surface capable fault" greater than 1000 feet in
length, such a fault could be used as a basis for mapping relative
risks of locating plants at different grid points on a map.

To convert such risks into a dollar value is difficult, but a
"balance of alternatives" technique could be used. For example,
the NRC requires that applicants for nuclear power plants design
against certain "safe shutdown earthquakes" and such earth
quakes are defined in terms of expected ground accelerations
(measured in units of g) at the site. Admittedly, there has been
only limited experience in determining the extra costs of de
signing against particular safe shutdown earthquakes. However,
construction of a nuclear plant might be inadvisable at very high
g's, so a logarithmic form is suggested in the table, going to in
finite cost at 0.5 g while giving moderate curvilinear changes
at lower g's. Alternatively, a more conservative course would
be to treat this as a zero-infinity criterion, with the cost jumping
to infinity at 0.5 g. The rather arbitrary choice of parameters
shown gives $10/kWe per 0.1 g in the interval close to 0.2 g.

Meteorology. For nuclear plants, meteorological criteria do
not generally affect site suitability. Plant design can be changed
or the configuration of exclusion zones can be modified to make
acceptable the possible release of radioactivity under expected
meteorological conditions.

Nuclear plants are also required to design against probable
hurricanes or tornadoes, and in hurricane- or tornado-prone

areas such design criteria may be quantified in the same way
as the seismology criterion mentioned above.

The situation for air quality standards for fossil fuel plants is
different. EPA or state air quality standards for emissions and
for ambient air quality must be met for 502, particulate matter,
and so on. For each possible design technology-scrubber, fuel
type, smokestack height-emission standards will be met or not
met at given geographical points for a particular plant. Therefore,
within the simplified framework assumed here, one can consider
this an on-off phenomenon, that is, the cost for a fixed technology
is zero for meeting the standards and infinite for not meeting the
standards. Alternately, one might introduce design flexibility
(improved scrubbers) as a changing cost factor, depending on
geographical grid points.

Fogging and icing from cooling towers or ponds and canals
is somewhat more complicated. In environmental impact
statements it is customary to estimate the number of extra hours
produced by the facility over hours of natural fogging or icing.
Taking this as a measure of impact, one might specify a rough
cost by supposing that a doubling of natural fogging of a major
highway or airport would be clearly unacceptable. Also, theo
retically, it should be possible to move the highway away from
the foggy area by a "thought experiment" and so to develop a
cost calibration by such a radical but conceivable method of
"abatement." Such a calibration has not, however, been at
tempted here.

TABLE I. Costs for environmental and economic impacts

Population density Nuclear

Population:
Population centers Nuclear

Cost of levee
building
Use state and
federal
standards
See additional
reading, N.Y.
State Public Ser
vice Commission

2 months delay,
@ $10'/month,
used as surro
gate measure
2 months delay,
@ $lO'/month,
used as surro
gate measure

Remarks

Uses cost of
earth-moving
for average
highways
Rough estimate

Use state and
federal
standards

y~ = $2.5/kWe/percent
slope

Extrapolation parametersd
ExtrapolationC

formula, type

Linear

X: Impact variable

Slope, percentage

"g's" for safe shutdown Logarithmic X(l) = 0.15 g, X(~) =
earthquake 0.5 g, y{l) = $10/kWe
/lg/m' or other concen- Step function X(~) = standards value
tratiQn variables for
pollutants

Inverse distance, Logarithmic X(l) = 0.25 mile-I,
mile-I X(~) = 0.4 mile-I,

y(l) = $2/kWe

Persons/mile' Logarithmic X(l) = 500 mile-',
X(~) = 1000 mile-',
y(l) = $2/kWe

Depth beiow MPF level Quadraticd y~(X) = $0.015 (1 +
in feet (plus 1 foot) 0.25X)/kWe
Concentrations of Step function X(~) = standards value
pollutants

Distance, height (No formula; Use New York PSC
use graphic curves
solution)

Fossil

All

Nuclear

All

All

Nuclear

Typical
design optionsb

Quality

Supply cost

Category<'

Geology

Hydrology:
Floods

Meteorology

Seismology

Ecosystems:
Impingement and

entrapment

Migratory species

Habitats

Once-through

Once-through

All

Percentage of new Logarithmic
water used

Percentage of waterway Logarithmic
impacted

Percentage of habitat Logarithmic
impacted

X(l) =20, X(~) = 30,
y(l) = $70/kWe

X{l) = 67, X{~) =80,
y{l) = $70/kWe

World: X(~) = 1,
X(I) = 0.5
Nation: X{~) = 5,
X(l) = 2.5
State: X(~l =10,
X{I) = 5
y(l) = $70/kWe
(aquatic)
y(l) = $70/kWe - p·A
(terrestrial)

Hypothetical
cooling tower
costs used as
surrogate.
Hypothetical
cooling tower
costs used as
surrogate
Cooling tower
costs less
cooling lake
costs where
applicable



Population (radiological impact). Quantification of the eco
nomic costs of population-dose risks from radiation is contro
versial; however, it is possible to use reactor licensing experi
ence, especially NRC regulations and those rules of thumb used
by NRC staff for examining reactor license applications. Ac
cording to NRC Regulatory Guide 4.7, the limit on population
center distance for nuclear plants can, on a rule of thumb basis,
be taken as four miles. Population centers much closer than this
could well lead to difficult licensing problems. Therefore, the
effective cost might be taken as infinite at, say, two and one half
miles. The problem of assigning a cost to intermediate values
is difficult. As a substitute for a correct safety or health calcu
lation, however, a cost of licensing delay, set at $1 000000 a
month ($1 /kWe) could conceivably be used, and a more-or-Iess
arbitrary figure of two months' delay could be assigned to the
critical or "intermediate" distance of four miles.

A similar heroic approximation might be used for population
density. Recent licensing experience at the NRC (as expressed
in "Standard Review Plans") implies that serious investigations
involving some delay might come in at 500 people/mi2, and so
a $2 000 000 penalty ($2/kWe) is shown at this distance in the
table, representing a (nominal) two-month delay. The figure of
1000 persons/mi2 is taken to be the point where, assuming li
censing is not allowable, effective licensing costs, at least in the
context of this type of survey, can be taken as infinite.

Hydrology. As far as the maintenance of water quality is
concerned, the approach is the same as for state and federal
meteorology standards. It is assumed that groundwater quality
problems can be handled at a fairly modest cost, while quality
compromises made under Section 316(a) of P.L. 92-500 are
treated below under "Ecosystems."

As far as floods are concerned, the relevant parameter for
nuclear plants, and probably a reasonable enough one for fossil
plants, is the depth of the site terrain below the level of the
maximum probable flood (MPF) level (plus one foot) measured
in feet. The relevant design to avoid this danger could well be
in the form of a levee. For purposes of a rough screening, a levee
800 yd2 (consistent with the standard 130-acre station discussed
above) is assumed. According to informal Army Corps of Engi
neer staff estimates, a reasonably-sized levee might be made
10 It wide at the top, with a 2.5 to 1 ratio for the slopes, assuming
average soil material. Assuming a construction cost of $4/yd3 ,

the total cost then is $4 X 3200 yd circumference X (3.3 + 2.5
H) X H, where H is measured in yards. This formula (converted
from yards to feet) is given in the table in terms of capacity in
kilowatts electric.

For consumptive use of water, the situation varies so much
from place to place that individual regional water allocations or
local prices for water must be consulted.

For water flow costs, that is, the expense of actually securing

Typical ExtrapolationC

Category. design optionsb X: Impaet variable formula, type Extrapolation parametersd Remarks

Land Use:
Special public All Co-location or Step function X(~) = 0 No conversion

areas," direct conversion allowed
Special public Cool ing towers Visual angle sub- Logarithmic X(I) = 0.5 steradian Hypothetical

areas,e indirect tended, steradians X(~) = 1 steradian replacement of
y(l) = p·N/-$70 kWe tower by lake

Specialty cropland Cooling lakes Percentage of total Logarithmic World: X(~) = I, Use revenue lost
spe.cialty cropland X(I) = 0.5 as approxima-

Nation: X(~) = 5, tion to dis-
X(I) = 2.5 benefit
State: X(~) = 10,
X(I) = 5
y(l) = value of lost
crop

Transport:
Airports (safety) Nuclear Air movements/year Logarithmic X(I) - 50 AM/d', Use seismic

divided by distance X(~) = 100 AM/d', design estimates
cubed y(l) = $10/kWe above as a cost

correction for
hardening

Road cost All Miles distant Linear y~ = ($0.2M + 1.2 p)/ Construction
mile cost plus land

price
Railroads Coal Miles distant Linear y~ = ($0.35M + 1.2 p)/ Construction

mile cost plus land
price

Transmission lines All Miles distant Linear y~ = ($0.2 + 1.8 p)/ Construction
kWe-mile cost plus land

price, scaled for
capacity

fl:~g~Yt~~?~~pf:e~~O;t5I:~:I s~~~J'ar~s~tb'-O:~~9~P6'J~~~~~mYinq~:~~~:
31 have more overlap than shown: a study of typical Plant perform
ance characteristics may be necessary. cFormulas are given below In

r~~iat~v~o~~~ec~~t,~' ~~5~:p'la~~~e b~x~r~~11~g~s fgf ~~~ii6~~.tW~~~
trapolation formulas and parameters are: Unear (or quadratic, for

y~ = p·ALinear Acreage A can
be estimated
from addi
tional read
ing, Rarn~ay
and Ree... IX

which y'c =y'c(X»:y =y'c'X; LogarithmIc: y =y,(I) log (1 -

}~/~I~ ~~OO). ~Jlrt~~:b~I~~egf fl~.~~~i~~j:u;te~ ~ofro~o~s~u~oNonYcostC;
~~ir~o~ri~~cfab~:; ~a~t.t~~c~c~:ai;p:rc~~'~)~ JJ~: ~:9~~~tt~re.;i~~ig~
4.7 (NRC, 1975) for definitions of special public areas.

PriceAll
Other

Land cost



Cooling tower. Natural draft tower of the Trojan nuclear plant
in Oregon tradeoffs water quality for atmospheric modification

the requisite amount of water for cooling, there are tradeoffs
between piping water from a stream and locating close to a
stream, and also tradeoffs between once-through and closed
cycle cooling. For these purposes, the table suggests the use
of the curves developed by the State of New York in its siting
investigations showing average costs as a function of distance
from the water body and height of pumping needed.

Ecosystems. For the problem of impingement and entrain
ment, the suggestions in the Regulatory Guide 4.7 Appendix are
followed, and a criterion based on the percentage of the water
taken from the stream is used. Since 10-20% was defined as
being an acceptable range, a logarithmic formula is used and
the cost becomes infinite at 30 %. The cost at 20 %, the ap
proximate upper limit indicated in the Guide, has been equated
here to the costs of a possible partial abatement procedure:
installing a cooling tower instead of once-through cooling. From
the New York State reference, a very approximate figure of
$70/kWe for this surrogate procedure can be obtained.

For migratory species, one-fourth to two-thirds of the water
way impacted (zone of passage blocked) is the limit recom
mended in the Regulatory Guide 4.7 Appendix. An impact of
67 % is assigned a surrogate cost that corresponds to the cost
for substituting an "average" cooling tower as a means of
abating the impact. Costs are assumed infinite at 80%.

For impacts on habitats, a percentage of the allowable amount
of habitat impacted can be considered. In these rough estimates
for site screening, probably only gross acres of land and water
by land-use type need be treated. In the first place, the extent
and detailed nature of the habitats of most species are not yet
well known. Moreover, much habitat analysis must be treated
on the basis of a detailed site investigation. Therefore, recog
nizing different interests at different political levels, a triple
standard-for state, national, and world ranges-is proposed
here as a rough estimate. The percentages of habitat seriously
degraded at which the impact cost becomes infinite are pro
posed rather arbitrarily at 10% (state), 5% (national), and 1%
(world). The corresponding intermediate percentages for loga
rithmic functions are chosen to be 5, 2.5, and 0.5. For aquatic
habitats, a cooling tower substitution could be taken as a possible
abatement measure, and the figure of $70/kWe is again used
for costs at the intermediate impact percentage value.

For terrestrial habitats, the major siting problem is apt to be

242 Environmental Science &Technology

Intake canal. In the foreground is the intake structure and canal
of the Brunswick nuclear plant at Southport, N.C.

for cooling lakes that take up a considerable amount of land.
Therefore, cooling tower costs could again be chosen as a
possible surrogate costing factor. However, in the terrestrial
case, the net cost of the hypothetical changeover should be
reduced by the financial cost of the cooling lake, which may be
approximated by the price per acre of the land times the acreage
of the land (plus the construction costs for cooling lake dams and
embankments, prorated by acreage, and included in the land
price in the table).

Land use. As shown in the table, locating a site on special
public use lands, such as those specified in Regulatory Guide
4.7, is counted as an infinite cost; the same would hold true for
historical sites if the construction of the station would be certain
to destroy or severely impact the site itself.

For indirect esthetic impacts on such critical areas, the angle
subtended by plant structures (in steradians) is taken as the
measure of the impact. Based on very fragmentary evidence,
the intermediate point in a logarithmic extrapolation is taken at
one-half steradian, which appears to be approximately the
boundary between the "middle field" and the "far field" in one
study (Burnham et al.), which investigated the esthetic precep
tions of a planned cooling tower. The point at which the impact
becomes infinite is put at one steradian. A surrogate value for
the impact cost parameter can be estimated by noting that this
case is the reverse of the terrestrial habitats case. Here, the
esthetic impact is apt to be caused by a lake. Therefore, the
eqUivalent impact cost is the same cost option as for the ter
restrial ecology case, but reversed (that is, the cost of substi
tution of a lake for a tower).

In the category of specialty-crop agricultural land, the quan
titative measure of impact is the number of areas converted. The
limits of impact should be determined by an economic calcula
tion, but in default of SUCh, the same kind of percentages used
for terrestrial ecology is proposed here: 10% of state, 5% of
national, and 1% of world cropland devoted to the particular
specialty crop constitute an unacceptable impact, while cost
impact values of half these percentage acreage values are taken
to be roughly measured by the dollar value of the crop impacted.
Naturally, this total revenue dollar value is not all returned to the
land factor. However, corrections to such a value (farm subsi
dies, open-space amenities) can go either way, so total revenue
is taken as a very approximate estimate of benefits foregone.



Transportation, transmission lines, other costs. For airports,
the Regulatory Guide 4.7 Appendix guidelines limits lor aircraft
hazards are used as an intermediate impact value, with twice
that amount taken as inlinite cost (see table). For the interme
diate cost value, hardening costs are taken to be roughly those
corresponding to the special seismic design costs used
above.

For building railroads, the cost shown per mile tor track and
land costs are adopted; namely, $350 OOO/mi plus the price 01
land per acre (p) X 1.2 acres at land/mi. Equipment costs are
not considered since they are relatively independent at geo
graphical grid point.

For roads, estimates are used lor "average terrain." The cost
is taken to be $250 OOO/mi plus the cost of 1.2 acres 01 land per
mile lor right-of-way.

Costs lor transmission lines vary greatly. However, very ap
proximate average costs are given in the table: 20¢/kWe plus
the cost 01 1.8 acres 01 land, both per mile 01 right-aI-way.

Other costs may need to be included but are not calculated
here. One analytically accessible category is land acquisition
cost (Table), which must be determined locally. Also, there are
difficult social costs that seem impractical to quantify at present.
For example, socioeconomic costs such as impacts on local
government services and tax structures can undoubtedly be
mitigated by clever siting procedures; this problem area deserves
more investigation. Patterns 01 land ownership may also be 01
crucial importance to the state or the utility; but it is difficult to
know how to treat such patterns, e.g., ownership 01 the land by
government agencies such as the Delense Department may be
a hindrance to land acquisition. On the other hand, il deactivation
of a military base were to become a possible option, then such
land may be very desirable lor siting.

Summing up

Quantitative power-plant-site-screening analysis requires
some numerical estimate of environmental impacts. Estimating
these impacts in terms 01 real or hypothetical money costs is
no worse than other methods, and the conventional cost method
may, in fact, help the analyst detect very high-cost anomalies
that might be obscured in other rating methods. Transaction
costs such as licensing delays and the costs 01 alternative plant
systems, including abatement devices, may be of use in as
signing environmental costs in otherwise obscure situations by
means 01 a "balance-aI-alternatives" approach.
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Coal burns cleaner in afluid bed ...
. . . But it's always a good idea

to look at what pollutants may

remain. Here are a number of

possibilities

Fluidized-bed combustion systems operate at significantly
lower temperature than conventional systems (about 1650 of
vs. 2700 of, respectively). The solids are supported on a grid
at the bottom of the boiler through which combustion air is
passed at high velocities, typically 2 to 5 feet per second. The
solids are held in suspension by the upward flow of the air and
a quasi-fluid is created that contains many properties of a liquid.
The most important liquid-like property to the boiler designer is
the fact that the bed material is exceptionally well mixed and
flows throughout the system without mechanical agitation.

Fluidized-bed combustion systems for the production of steam
and/or electricity have several advantages over conventional
combustion systems. These include:

• High heat transfer coefficients and volumetric heat release
rates will reduce the boiler size by one-half to two-thirds or more
compared to a conventional unit.

• Capital costs will be reduced because of the size reduction
and the potential for shop fabrication instead of field construc
tion.

• The use of limestone as bed material provides a means for
in situ SOz removal.

• The high heat transfer coefficients permit lower operating
temperatures (1550-1750 of), which can potentially decrease
NO, emissions.

Questions have been raised concerning the emissions that
could result at these lower operating temperatures. As a first step
in answering these questions, one can conduct a "preliminary
environmental assessment." In performing a preliminary envi
ronmental assessment, one's major role in a sense is to serve
as a devil's advocate with respect to pollutant generation. The
air is to focus attention on potential environmental problems as
early in the development cycle as possible. This provides
maximum lead time to gather the technical data on which de
cisions regarding control technology or process modifications
(should they be needed) can be based.

It is widely known that fluidized-bed combustion (FBC) of coal
results in low SOz and NO, emissions. The idea in this feature
article is to focus attention on the so-called "other" pollutants.
These pollutants are divided into three generic classes: trace
elements, organic compounds, and particulates. There are some
limited experimental data available on trace elements in FBC;
also, investigations of particulate size distribution and their
chemical composition are just underway. Unfortunately. no data
available on organic compounds that could be produced in
coal-fired fluidized-bed combustion are yet available.

Numerous compounds can be included in an initial list of
conceivable pollutants. Developing a list of conceivable pollu
tants is not necessarily a technically sophisticated task, but is
an important effort. It establishes the scope of the environmental
assessment; the more comprehensive the list, the less chance
there is for unexpected pollutants to escape discovery.
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Organic and other pollutants

Potential organic pollutants are those compounds that could
form from the incomplete combustion of coal. One can sim
plistically view it as a sequential process. The particle vaporizes
or volatilizes; the volatile compounds can react among them
selves in a chemically reducing atmosphere. Next, they react
with oxygen within the system in a diffusion flame. After devo
latilization is completed, the char continues to burn. To specify
the potential organic compounds that could form, the basic
question is, what types of chemical species are produced during
coal pyrolysis and to what extent will they survive in the reactive
environment of a fluidized-bed combustor?

Only two classes of hydrocarbons should be of any signifi
cance in coal combustion: small hydrocarbons (less than about
three carbon atoms) and polynuclear aromatic hydrocarbons.
Both could form and survive within the bed at temperatures on
the order of 1500 OF.

The chemical structure of coal can be viewed as a network
of interconnected aromatic hydrocarbon compounds. Small
hydrocarbons can form directly from cleavage of substituted alkyl
groups. Polynuclear aromatic hydrocarbons can also form di
rectly via bond cleavages in the structural network, or they can
form through condensation reactions of various hydrocarbon
decomposition products. Even though generally endothermic,
at FBC temperatures of 1500 OF, these condensation reactions
probably proceed at a significant rate. This belief is based on
the fact that branched or cyclic hydrocarbons are seldom found
as products of coal pyrolysis at similar temperatures.

Similar arguments apply to the generation of organic nitrogen
and sulfur compounds. Species such as pyridine decompose at
temperatures on the order of 1000 OF to form hydrogen cyanide
(HCN) and small hydrocarbons. Thiophenes and mercaptans can
also decompose to form small hydrocarbons and hydrogen
sulfide (HzS).

Concentration estimates

For a rough estimate of the concentrations at which some of
the small hydrocarbons and reduced sulfur and nitrogen com
pounds might exist, one can use equilibrium calculations based
on free energy minjmization. An upper limit can be obtained from
calculations performed in conjunction with coal gasification
experiments where highly reducing, fuel-rich conditions exist.
For example, even with only 60% stoichiometric oxygen
present, concentrations of HCN, carbonyl sulfide (COS), carbon
disulfide (CSz), and the like, are less than 10 parts per million
(ppm). Extrapolation of the calculations to typical operating
conditions such as 20 % excess air, in which case S02 and NO,
become the predominant sulfur and nitrogen compounds, indi
cates that compounds such as HzS, HCN, COS, and cyanogen
((CN),) should be present in concentrations less than 1 ppm.

Free energy minimization calculations for the more compli
cated polynuclear aromatic hydrocarbons are impractical.



TABLE 1.

Assessment of trace element emissions
from coal-fired fluidized-bed combustion

and coal pyrolysis indicates that at temperatures similar to that
in coal-fired FBC, chlorine (when present) exists predominantly
as hydrogen chloride (HCI). Accordingly, one would not expect
significant concentrations of PCB's in coal-fired FBC. If presel'\!
at all, they should be in concentrations less than those of the
unsubstituted polynuclear aromatic hydrocarbons (1 ppb (V/

Trace elements

Trace elements and their compounds are of concern because
some of these materials can vaporize and exit with the flue gas.
Because they are in the gas phase, they are not captured by
particle collection devices.

There is also concern about the enrichment of trace elements
on fine particles in combustion processes. Studies have indi
cated that certain elements can concentrate in selected size
ranges of particulates. For some elements, such as lead and
cadmium, these sizes tend to be less than a few microns in di
ameter. Such small particles are of special environmental
concern because they are difficult to remove from the flue gas,
and once emitted, they can be readily embedded in the lung
through normal breathing.

However, to estimate the concentrations at which these types
of compounds might exist in the FBC flue gas, one can use
empirical correlations between a compound such as benzo [u]
pyrene and methane (CH4 ) concentrations from measurements
in conventional coal-fired combustion systems.

Under normal operating conditions, about 3 % O2 in the flue
gas (20 % excess air), the concentration of hydrocarbons (as
CH4 ) is about 100 ppm (volume/volume or VIV). Although
emissions can often vary between different fluidized-bed sys
tems. 100 ppm provides a convenient average value. Previous
measurements with conventional coal-fired systems indicate
that the concentration of compounds such as benzo [ lY Ipyrene
is typically 10-5 times less than the concentration of total hy
drocarbons as CH4 .

Thus, using a reference value of 100 ppm CH4 , one can infer
that in a fluidized-bed system, polynuclear aromatic hydrocar
bons (PAH) could exist in the flue gas at concentrations (VIV)
on the order of 1 part ber billion (ppb). However. since flue gases
are eventually diluted by roughly a factor of a thousand when they
are emitted from the stack, ambient concentrations of PAH near
FBC facilities would more likely be on the order of 1 part per
trillion. This corresponds to about 0.6 ng/m3, which is roughly
comparable to the natural background concentration ranges
found in rural areas. Accordingly. it seems that polynuclear ar
omatic hydrocarbon concentrations should not be high enough
to cause problems.

Recently, some coal-fired flue gases have been tested for the
presence of polychlorinated biphenyls (PCB) and trace con
centrations have been reported. Experience in coal combustion

Elements of concern because they could be
emitted in toxic concentrations (based on
"worst case analyses.")

Elements of concern because of possible
enrichment on fine partibles «2 I'm)

Be, As, U, Pb,
Cr, V, CI

Pb, Cr, $e, Br,
Hg

An atmospheric pressure fluidized-bed combustion system,
including selected air and solid waste emission points
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To assess the importance of trace element emissions in
coal-fired fluidized-bed combustion, a "worst case analysis"
approach was used. For both bituminous and lignite coals, ranges
for the heat content and the concentration of trace elements
were obtained. Under the assumption that all of the elemental
material would exit with the flue gas as either a vapor or a par
ticulate, a "worst case" emission factor was calculated (lbs/106

Btu), using the lowest heating value and highest trace element
content of the coals. Based on this emission factor, stack gas
concentrations were calculated and diluted by a factor of 103

to account for dispersion in the atmosphere. These "ambient"
concentrations were then compared to industrial hygiene
threshold limiting values (TLV).

Although industrial hygiene TLV's cannot be used to assess
the absolute environmental impact of pollutants, they do provide
a useful framework in which pollutants can be rank-ordered
according to their toxicity. Any element whose predicted ambient
concentration was within a factor of 100 of the industrial TLV
was considered to be potentially harmful. This scaling factor of
100 was arbitrarily chosen to account conservatively for the
effects of long-term exposure (industrial hygiene limits are
usually based on exposures to healthy adults over an 8-hour
period).

Table 1 lists those elements that could be of concern, based
on the above "worst case analysis." It is important to emphasize
that these worst case analyses are based on 100 % emission
of the various trace elements, which is most unlikely. Much of
the trace element material will either be retained in the bed or
be captured in particulate-control devices. Studies to determine
trace element balances in FBC systems are currently underway,
and preliminary results indicate that, in fact, significant advan
tages may result· in controlling trace element emissions in
fluidized-bed combustion. Compared with conventional com-

Schedule for development of selected
fluidized-bed combustion units

Approxlmete starttng detes·
Un" Contractor and/or construe-
size location lleslgn lion Ope<allon

0.5 MW· Pope, Evans, & In
Robbins operation

Alexandria, Va.
0.83MWc Exxon Research In

and operation
Engineering

Linden, N.J.
1.0MWc Combustion In

Power Co. operation
Menlo Park,

calif.
3.0MWc Argonne Mid '76 Mid '77 late '76

National
lab.

Argonne,lII.
8.0MWc International late '76 Mid '77 late '79

Energy
Agency

Grlmesthorpe,
U.K.

8.0MW· Morgantown late '76 late '77 late '79
Energy
Research
Ganter

Morgantown,
W.Va.

13.0MWc Curtiss-Wright late '76 late '77 late '79
Woodridge, N.J.

30.0MW· Pope, Evans, & In Sept. 76
Robbins progress

Rivesville,
W.Va.

Industrial Various late '76 d late '77 d late '79 d

and
Institutional
applications

• Approximate scheOJIe as of May 1976; b Atmospheric presstI'8; cPressu1zed
combustor; d Earliest starting date of any pro}ects.

TABLE 2.

Estimated concentration ranges of
potential pollutants from coal-fired
fluidized-bed combustion
Gas phase

One hundred parts/million:
Ten parts per million:
One part per million:

One part per billion:

One-tenth (0.1) part per
billion:

Solids
One part per million:

One part per billion:

One-tenth (0.1) part per
billion: '

CH., CO, HCI, S02, NO
S03, C2H., C2H6

HF, HCN, NH3 , (CN)2' COS,
H2S, H2S04 , HN03, F, Na
Diolefins, aromatic
hydrocarbons, phenols,
azoarenes, As, Pb, Hg, Br,
Cr, Ni, Se, Cd, U, Be
Carboxylic acids, sulfonic
acids, polychlorinated
biphenyls, alkynes, cyclic
hydrocarbons, amines,
pyridines, pyroles, furans,
ethers, esters, epoxldes,
alcohols, ozone, aldehydes,
ketones, thiophenes,
mercaptans

AI, Ca, Fe, K, Mg, Si, Ti, Cu,
Zn, Ni, U, V

Sa, Co, Mn, Rb, Sc, Sr, Cd,
Sb,Se,Ca
Eu, HI, la, Sn, Ta, Th

bustion, fluidized-bed systems operate at lower temperatures
and tend to reduce trace element vaporization.

Elements that could be enriched on fine particles are also
listed in Table 1. The chemical composition of particulates as
a function of particle size has not yet been investigated in
fluidized-bed combustion. This investigation should receive high
priority.

For the most accurate environmental assessment, one would
prefer to identify the actual chemical compounds in which these
trace elements exist. This is an extremely difficult task, because
the concentrations of the elements are usually so low that the
identification of specific compounds is beyond the capabilities
of existing analytical technique. At present, the identification
of trace element compounds is based primarily on speculation.
Examples of exotic but highly toxic compounds that could form
include nickel carbonyl, cobalt carbonyl and arsine.

By use of "worst case analyses" similar to those described
previously, it can be shown that contributions to the trace ele
ment emissions from the limestone in an FBC system should be
negligible compared to those of the coal. This estimate is based
on a CalS ratio of 2 and coal sulfur content of 3 % .

Particulate emissions

Only crude data on particulate emissions from fluidized-bed
combustion are currently available. Preliminary data indicate
that the mass median diameter of the flue gas particles (50%
of the mass of the particles are above that size) is about 7 /.1. This
means that significant concentrations of troublesome fine par
ticles could exist, but this is also the case in many conventional
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combustion systems. With suitable central devices, the problem
can be ameliorated. Further experiments on particle size dis
tributions and chemical composition as a function of particle size
should receive high priority.

Table 2 summarizes concentration estimates for potential
pollutants from coal-fired fluidized-bed combustion. These es
timates are often based on limited data and simple assumptions;
hence, they are probably good only to within an order of mag
nitude. The term "gas phase" includes gases, vapors, and very
fine particulates «2 Ill; the term "solid phase" includes the
agglomerated bed material and coarse particulates (>2/l), which
should be collected by conventional particle control devices.

Pollution control technology

The two areas of fluidized-bed coal combustion that will
probably require pollution control are flue gas emissions and
spent sorbent stone disposal. In FBC flue emissions, particulates
will probably pose the most significant problem. Their presence
will require add-on control devices: possible options include
electrostatic precipitators, wet scrubbers and fabric filters.
Fabric filters look especially promising, in view of the lower gas
temperatures and S02 levels encountered in FBC flue gases.

For pressurized operations, gas purity for turbine requirements
may be stricter than environmental regulations; hence, pOllution
control per se may be unnecessary. Moreover, high temperature
(1500 OF) particle cleaning devices, for the most part, are un
proven and not yet commercially available. Gravel bed filters
and special cyclones are options under consideration.

Gaseous pollutants that may require control are CO, hydro
carbons and in some cases, perhaps HCI. CO and hydrocarbons
can be controlled by increased excess air or the addition of
secondary air in the freeboard zone. HCI can be removed via
alkaline scrubbers in conjunction with particulate removal, if
necessary.

Large amounts of solid waste consisting of spent stone and
coal ash will be produced by FBC systems. The amount of solid
waste related to sulfur removal could be greatly reduced by re
generation and recycling. Proper landfill site selection and
management can minimize the potential for groundwater pol
lution. Besides disposal other options are also available for spent
stone utilization, including use in agriculture, bricks, wallboard,
and fill material for roads and concrete. However, utilization as
a gypsum substitute (wallboard and other products) may be very
limited because of transportation costs and a plentiful natural
gypsum supply. Uses in prodUcts in which coal ash is utilized will
also be limited, as evidenced by the fact that only 13 % of coal
ash is utilized. Control of pollutants from coal storage, cooling,
and water treatment can be accomplished by practices currently
in use at conventional power plants.

Although there is virtually no experimental information
available concerning potential organic pOllutants that could form
in coal-fired fluidized-bed combustion systems, simple ther
modynamic considerations, chemical experience and empirical
correlations with conventional combustion systems indicate that
no special problems should occur. Experimental verification,
however, should receive high priority.

In comparison with conventional coal-fired systems, fluid
ized-bed combustion seems to offer significant potential for
reducing trace element emissions. However, data are lacking
in several areas, particularly with regard to the elements arsenic,
beryllium, chlorine, chromium, lead, mercury, selenium, uranium,
and vanadium, and their compounds. Nevertheless, experimental
data indicate that particulate loadings should pose no special
problems. provided conventional control devices such as cy
clones. electrostatic precipitators, or fabric filters are used.

This paper is based on a report prepared by GCA for the U.S. Envi
ronmental Protection Agency. The authors would like to acknowledge

Volume 11. Number 3, March 1977 247



Donald F. Durocher is now on the re
search staff at Kimberly-Clark Corp., in
Lee, Massachusetts. While at GCA, Dr.
Durocher worked on several projects in
vestigating the environmental impact of
new energy systems.

Coordinated by JJ

Hans Klemm is a chemical engineer in
GCA's Environmental Engineering De
partment. His recent experience includes
experimental studies of fabric filtration
and the design and evaluation ofpollution
control systems for the chemical process
industry.

Robert R. Hall is a chemical engineer in
GCA's Environmental Engineering De
partment. Mr. Hall has a wide range of
experience in environmental science and
engineering, having worked on projects
involving boiler emissions, coke oven
emissions, fabric filtration and SOz
scrubbers.

Paul F. Fennelly is a staff scientist at the
GCAITechnology Division where he has
served as program manager for proiects
investigating the environmental impact of
new energy systems. Dr. Fennelly's in
terests also include atmospheric chem
istry and the chemical kinetics of com
bustion.

many helptul discussions with Mr. D. Bruce Henschel who served as
EPA's project of/icer. The opinions and conclusions are those of the
authors and not necessarily those of the U.S. Environmental Protection
Agency.

Additional reading

Sternling, C. V., and Wendt, J. O. L., Kinetic Mechanisms Governing
the Fate of Chemically Bound Sulfur and Nitrogen in Combustion. U.S.
Environmental Protection Agency. Publication No. EPA-650/2-74-017.
August 1972.
Stinnett, S. J., Harrison, D. P., and Pike, R. W., Fuel Gasification: The
Prediction of Sulfur Species Distribution by Free Energy Minimization.
Environ. Sci. Technol., 8, 441 (1974).

Robinson, E. B., Bagnulo, A. H., Bishop, J. W., and Ehrlich, S., Char
acterization and Control of Gaseous Emissions From Coal-Fired
Fluidized Bed Boilers. Pope, Evans, Robbins, Inc., Alexandria, Va.
Report prepared for Division of Process Control Engineering, National
Air Pollution Control Administration (now U.S. Environmental Protection
Agency), 1970, p 103.

Hangebrauck, R. P., von Lehmden, D. J., and Meeker, J. E., Emissions
of Polynuclear Aromatic Hydrocarbons and Other Pollutants From Heat
Generation and Incineration Processes. J. Air Pollut. Control Assoc.,
14, 267 (1964). See also: Hangebrauck, R. P., von Lehmden, D. J., and
Meeker, J. E., Sources of Polynuclear Hydrocarbons in the Atmosphere.
U.S. Depar1ment of Health, Education and Welfare. Publication No. PHS
999-AP-33. 1967.
Cowheard, C., Marcus, M., Guenther, C. M. and Spigarelli, J. L., Haz
ardous Emission Characteristics of Utility Boilers. U.S. Environmental
Protection Agency. Publication No. EPA-650/2-75-006. July 1975.

Threshold Limit Values for Chemical Substances and Physical Agents
in the Workroom Environment With Intended Changes for 1974.
American Conference of Governmental Industrial Hygienists. Copyright
1974. Cincinnati, Ohio 45201 (P.O. Box 1937).

Swift, W. M., et aI., Trace Element Material Balances Around a
Bench-Scale Fluidized Bed Combustor. Paper presented at the Fourth
International Conference on Fluidized Bed Combustion, sponsored by
U.S. Energy Research and Development Agency/Fossil Energy.
McLean, Va., December 1975.

ZipStateCity

Address

Name

SISI American Chemical Society
1155 16th St., N.W., Wash., D.C. 20036

Please send copies of No. 143 Catalysts for the
Control of Automotive Pollutants at $19.95 per book.

o Check is enclosed for $ . 0 Bill me.
Postpaid in U.S. and Canada, plus 40 cents elsewhere.

Catalysts for the Control
of Automotive Pollutants

A symposium sponsored by the Division of Indus
trial and Engineering Chemistry and co-sponsored
by the Board-Council Committee on Chemistry and
Public Affairs, the Division of Environmental Chem
istry, the Division of Fuel Chemistry, and the Divi
sion of Petroleum Chemistry of the American
Chemical Society.

An up-to-date status report on the latest research by
auto makers, catalyst companies. universities, and
chemical and petroleum companies on all aspects of
catalytic conversion to reduce automotive emissions.

The scope of coverage in this timely volume makes
it an ideal reference text on analytical methods, mech
anisms of catalytic removal, and catalysts themselves.

Specific topics examined in fourteen papers include:

• thermocatalytic detection of NO, and factors affecting
catalyst activity

• thermodynamic interaction between catalyst and exhaust,
degradation of control catalysts, and oxidation of CO and
CzH.

• resistance of catalysts to thermal deactivation, variation
of selectivity, catalyst poisoning, and the nature of the
catalyst support.

199 pages (July 1975) $19.95 clothbound

Advances in Chemistry Series No. 143

James E. McEvoy, Editor

248 Environmental Science & Technology



;Choices
'Through
'Chemistry

Around Us:
IWhat
Chemists

IMal\efor
People

,~

Extending
Our Senses:
Seeing
Further
With
Chemistry

I

,v~. 1 AmRlifying I_-.J' . Our Power:
V/ The

'f / IChemistry
"- -'--, Iof Energy

-.•.-* ...
~.
••

I Without Us: Iinside Us:
iThe The
'I Nature of Chemistry
IChemistry of Staying
I Well

r--------------------------,
I Special Issue Sales, American Chemical Society
I 1155 Sixteenth Street, NW., Washington, D.C. 20036

I Please send me __ copies at $2.50 per copy of
I 'Taking Things Apart & Purring Things Together".

I
I Name
Ii Address

I City
I
I State Zip Code
I
I Check must accompany order. Bulk rates availableI on request. IL ~

The American Chemical
Society celebrates its one
hundredth birthday with a
present for you.

"Taking Things Apart &
Putting Things Together," is
lively, informative, colorful
and imaginatively
illustrated. It sums up the
vital role chemistry plays in
our lives with easy-to-read
case histories .... cartoons
.... magnificent photographs
.... and illustrations.

And because the book is in
celebration of the ACS' role
in chemistry, the price is
onlyS2.50!

Students, teachers,
laymen, librarians, even
chemists .... all will want
"Taking Things Apart & Putting
Things Together".
All you have to do is to
complete the coupon below
and mail it back to us today!
We'll do the rest.

Not
just
abook...
A
Celebration!



Incentives for managing the
environment
Once identified, these inducements
can enhance the functioning of
quality improvement programs

Blair T. Bower
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Charles N. Ehler
u.s. Environmental Protection Agency

VVashington, D.C. 20460

Allen V. Kneese
University of New Mexico
Albuquerque, N.M. 87131

A question increasingly being raised at all levels of govern
ment in the U.S. is, "How can environmental quality management
programs be implemented more effectively, efficiently and
equitably?" For example, the Senate Government Operations
Committee recently held hearings on regulatory reform that in
cluded discussions on the implementation of environmental
regulations. The report of the House of Representatives' Com
mittee on Interstate and Foreign Commerce on the proposed
Clean Air Act Amendments of 1976 cites the limited nature of
enforcement options, the implicit incentives to polluters to delay
compliance, and other problems of implementation under current
legislation.

Even within EPA, burdened with National Pollutant Discharge
Elimination System permits and State Implementation plan (SIP)
air emissions limitations, some rethinking of alternative imple
mentation strategies is taking place. In recent remarks to the
National Conference on Regulatory Reform, the EPA Adminis
trator stated that, " ... the only alternative, or effective sup
plement, to such regulation would be a system of effluent and
emission charges ... "

Requirements of both the Clean Air Act Amendments of 1970
and the Federal Water Pollution Control Act Amendments of
1972 require the development of enforceable programs to im
plement state and regional environmental quality management
plans, such as Air Quality Maintenance and Areawide Waste
Treatment Management ("208") plans. The Resource Conser
vation and Recovery Act of 1976 calls for new efforts in planning
and implementing state and local solid-waste management
programs. These federally required programs are significant
departures from previous legislation, which has tended to ignore
considerations of implementation.

250 Environmental Science & Technology

Background

The objective of this brief article is to raise some basic issues
of identifying and selecting incentives, both positive and negative,
as integral components of environmental quality management
plans. In the article, the term "residual" is used to replace the
terms pollutant and waste. A residual is a nonproduct material
or energy output, the value of which is less than the costs of
collecting, processing, and transporting it for use. This economic
definition should be distinguished from its more narrow one in
Section 208(b)(2)(J) of P.L. 92-500, which refers to "residual
waste" as the sludge from wastewater treatment plants.

Some additional introductory remarks are required. First,
producing and maintaining improved environmental quality, as
measured by some set of indicators, involves functions of many
public and private sectors. These include planning; research;
legislation; translation of legislation into guidelines and proce
dures; design, construction, operation and maintenance of fa
cilities; monitoring of ambient conditions, and the performance
of activities; and enforcement and feedback of information. All
these activities are essential to achieve the desired objective
of improved environmental quality.

Second, the real world in which environmental quality man
agement must be performed is dynamic and random in nature.
The dynamic character is reflected in the continual changes that
occur in an urbanized, industrial society in technology, qualities
of raw materials, product specifications, prices, and social
tastes. The random nature of the world is evident in aquatic,
atmospheric, and terrestrial ecosystems-all of which have
assimilative capacities that vary over time. Similarly, residuals
generation by households, industrial plants, and agricultural
operations varies within the day, from day to day, and seasonally,
even under "normal" operating conditions. Upsets, spills,
breakdowns, and clean-up operations also add to the variability
of residuals generation and discharge.

Third, physical, technological and economic interrelationships
exist among the various forms of residuals-liquid, gaseous,
solid, energy-and among the three environmental media-air,
land, water. Measures to reduce the discharge of one type of
residual may increase the Quality of other residuals generated,
which in turn must be disposed of in some manner. For example,
gaseous discharges can affect water quality via washout, as in
the case of acid rain. Solid residuals can become airborne re
siduals when incinerated.

The management Issues

Given the foregoing background, what are implementation
incentives in relation to environmental quality management?
Incentives can be positive or negative, but their objective is to
induce action.

Broadly speaking, the desired action is reduction in the day
t~ay use of the environment or maintenance of the use within
some specified limits in order to achieve and maintain desired
levels of ambient environmental quality. More narrowly, the
actions desired are:

• the installation of some physical method or technological
option
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• the continuous operation of these physical methods at
design levels over time. Most of the effort to date by government
agencies involved in environmental quality management has
been focused on installation without a corresponding concern
with operation and maintenance. One exception is EPA's rec
ognition of the problems of maintaining the performance of
vehicle emissions-control devices over time.

Given the complexity of the task of achieving and maintaining
specified levels of environmental quality, the incentives problem
can be characterized by a set of questions (see box). These
questions comprise the essence of the incentives problem. The
problem in turn is most usefully addressed in the context of en
vironmental quality-management strategies.

Incentives as components of strategies

An environmental quality management strategy consists of
three interrelated components: a set of physical methods; im
plementation incentives; and an institutional arrangement.

The physical methods are those actions by households, in
stitutions, industrial, commercial, or agricultural operations, or
municipalities that reduce or modify the discharge of residuals
to the environment and/or directly make beller use of the assi
milative capacity of the environment. Incentives are the positive
and negative inducements that stimulate the installation and
continued operation and maintenance of the physical methods.
The institutional arrangements impose the incentives and
complete other management functions. These three elements
must be considered simultaneously, if the desired improvement
in environmental quality is to be produced. In addition, the in
centives and institutional arrangements must be considered si
multaneously at all levels of government to ensure that an in-

centive adopted at one level is consistent with an incentive
adopted at another.

Table 1 presents a classification of physical methods. The
examples are illustrative, not exhaustive. In connection with
physical methods, a great deal of confusion has arisen over the
use of the terms "structural" and "non-structural." Structural
measures have generally been defined as technological options,
such as sewage treatment plants, emission control equipment
on stacks, or emission control devices on automobiles. Zoning
ordinances, performance standards, permits, and effluent
charges have been defined as non-structural measures. The
connotation has clearly been that the choice is either/or, that
is, non-structural measures are alternatives to structural mea
sures.

In reality, the objective in environmental quality management
is to achieve some change in the behavior of the relevant sec
tors. Therefore, we prefer the terms "physical methods" and
"implementation incentives." The adoption of a particular
physical method can often be induced by more than one type of
incentive. For example, if a sewage treatment plant is selected
as the physical method for modifying discharges, a federal or
state grant to help finance capital costs exemplifies an imple
mentation incentive to induce construction. But construction of
the plant could also be stimulated by an effluent charge. The
point is that the methods and incentives are not independent of
one another, but must be identified jointly and their costs and
effectiveness evaluated in combination.

Implementation incentives induce action. They can be positive
or negative, direct or indirect, or prescriptive or proscriptive.
Figure 1 illustrates .the locations in the physical system where
incentives can be imposed. The figure indicates the flows of
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materials and energy into, through, and from the physical system
that generates and discharges residuals. These flows can be
modified in quantity, quality, timing and location by the use of
alternative physical methods. The adoption of a particular
physical method is influenced by the incentives imposed. In a
given regional context, the prevailing institutional arrangement
has a set of incentives from which it can choose; each activity,
in turn, has a set of physical methods from which to choose in
responding to the implementation incentives imposed upon it.
Finally, alternative institutional arrangements are possible.

Table 2 lists some implementation incentives. Each incentive
has its strengths and weaknesses, so that the incentive chosen
in a particular management context must be matched to that
particular situation. No one implementation incentive is likely
to provide optimal environmental quality management at anyone
geographical scale.

Characterizing incentives

Although the categories and examples in Table 2 are mostly
self-evident, some further discussion is merited. First, some of
the implementation incentives can be imposed at more than one
level of government. For example, an upper limit on the sulfur
content of fuel has been specified by local and state govern
ments. Similarly, restrictions on non-returnable beverage con
tainers have been imposed at both local and state levels. On the
other hand, some incentives are more, or exclusively, relevant
to one particular level of government. Requiring householders
to keep used newspapers separate from other solid residuals
is relevant at the local level; reqUiring automobiles produced in
the U.S. to meet a minimum iuel/distance standard is relevant
only at the federal level. Some incentives can be imposed in
crementally at more than one level of government, such as a
national effluent charge on suspended solids discharge into water
courses combined with an additional state effluent charge on
such discharges.

Second, mixes of implementation incentives can be applied
to the same activity. An effluent standard in terms of mean daily
kilograms of BODs discharge can be coupled with an effluent
charge (¢/kg) on all BODs discharges or on all discharge above
a specified limit.

Third, incentives imposed on one residual can have positive
and/or negative impacts on other residuals and/or environmental
media. An ordinance specifying limits on concentration of par
ticulate discharges from building incinerators may force many
of these incinerators to shut down with a consequent increase
in solid residuals for disposal.

Fourth, many of the incentives are not under the jurisdiction
of environmental quality management agencies. Probably the
clearest examples are tax policies such as depletion allowances.
capital gains, severance, accelerated depreciation, and real
estate.

Fifth, "administrative" implementation incentives reflect in
ternal responses to external stimuli. That is, a public or private
manager reacting to external stimuli may adopt an administrative
incentive infernally within the scope of his jurisdiction. The
stimulus may be economic, as when the costs of disposing of
solid residuals increase to a level that recycling used paper
merits consideration. It may be a public relations move, with or
without external pressure from a public interest group. It may
be in response to the possibility of a class-action court suit. It
may be to set an example for other governmental agencies.

Problems associated with incentives

Consideration of implementation incentives begins with what
now should be a universally accepted principle, namely, that
environmental services, in terms of the capacity of environ
mental media to assimulate residuals, are no longer free. There
is no "right" to the free use of such services. there is no "right
to pollute." Given that principle. there are at least three problems
common to all incentives.

TABLE 1

Classification of physical methods for improving environmental quality
Category
of method

Reduce residuals
generation

Modify residuals aller
generation, In on
slle and/or
collective facilities

Make beller use 01
the assimilative
capacity 01 the
natural environment

Increase the
assimilative
capacity of the
natural environment

Subcategory

Increase longevity of consumer
goods

Change type of raw material inputs
Change production process,

including mode of transport
Change final demand

Change product mix
Change product specifications

Materials recovery (direct recycle)

By-product production (indirect
recycle)
To linal products
To intermediate products

Modification 01 residuals stream
Effluent reuse

Direct
Indirect

Change the spatial distribution of
existing and/or new activities

Change the temporal distribution of
existing and/or new activities

Change the spatial distribution of
the discharge of residuals

Change the temporal distribution of
the discharge of residuals

Examples

Longer-lived appliances

High to low-sulfur-fuel oil
Individual vehicles to mass transit

Reduce number of grades or styles of product
High-octane to low-octane gas
Chemical and fiber recovery in paper production

Peach pits into charcoal briquettes
Obsolete vehicles into steel scrap/steel
Combustion of solid residuals to generate energy

Recirculate water from washing to toilets
Groundwater recharge
Establish "auto-Iree" areas

Phase the location of new activities until adequate public services
are available

Pipe residuals to areas of higher assimilative capacity

Withhold residuals discharge during periods 01 low assimilative
capacity

Low flow augmentation, artificial mixing or aeration



Some materials are so toxic that their discharge to the envi
ronment should simply be prohibited. However, it is no easy task
to determine just what materials in what quantities under what
conditions are toxic to what species, homo sapiens included.
A particular concentration of a material in a body of water may
have no adverse effect on some fish species under low or normal
temperature conditions, but very adverse effects under high
temperatures, or in the presence of some other material, or
when dissolved oxygen is low. In some cases, other contributing
or intervening variables may affect the response, such as the
state of health of the target species. Finally, toxicity is both a
short-run and a long-run problem. Concentrations that result in
immediate fish kills are obvious; those that result in a build up
in tissues and/or organs over time, with long-term effects on
reproduction and viability, are not so obvious.

A related problem is the lack or incomplete knowledge of both
the effects of the discharge of a residual on environmental quality
and the damages (effects) to various species from this change
in environmental quality. Again, both short-run and long-run time
frames are involved. The impact of discharges of f1uorochlo
rohydrocarbons on ozone content of the stratosphere is an ex
ample. The long-run impact of particulate matter and CO2 dis
charges on the atmosphere is another.

The impact of the incentive on technological change is im
portant. The relevant question is, "Does the implementation
incentive bias the selection toward a particular discharge re
duction technology, or does it stimulate the investigation of the
entire range of alternative methods, in relation to residuals
handling technology and in relation to altering factor inputs,
product output specifications, and production technology?"

Evaluating strategies

Because any environmental quality problem can be managed
by a variety of alternative strategies, criteria for the selection
of a best strategy for any given situation must be developed.
Suggested criteria for evaluating strategies follow.

• Physical effects, or the degree that the physical method
will: reduce the discharge of a residual from a specific source
category; reduce a specific total discharge of the residual in the
environmental quality management area; and change the rele
vant indicator(s) of environmental quality, which in turn may result
in other physical effects such as decreased mortality or mor
bidity, decreased deterioration of materials, or increased fish
biomass.

• Economic effects, including: direct benefits, or the trans
lation of the changes in physical effects into monetary value,
where possible, such as reduced medical costs, reduced costs
of cleaning and maintenance, or increased value of fish catch;
the direct costs to the residuals discharger-industrial plant,
municipality, feedlot-of implementing the physical method in
terms of capital, operating and maintenance costs, or to the
environmental quality management agency for implementing
physical methods to reduce discharges or which directly affect
assimilative capacity; administrative costs, both public and
private, in terms of accounting and reporting, monitoring, anal
ysis of samples, and supervision of operating personnel; and
indirect economic effects in terms of employment effects,
changes in income tax, changes in property taxes, increased
cost of user goods and dislocation of people.

A most important consideration with respect to both physical
and economic effects is their distribution. Who benefits from
improved environmental quality, and who pays and in what forms
for the improvement? Distributional effects should be determined
in relation to political jurisdictions and socioeconomic groups
within the environmental quality management area; and the di
vision between direct costs incurred within the area and those
incurred external to the area; for example, the proportion of costs
to be forthcoming from federal or state treasuries.

• Flexibility in administration, or the administrative ease with
which a strategy may be applied or removed, and the degree to

TABLE 2

Classification of implementation
incentives
Regulatory-by law, or ordinance, permit

Speclfk:atlon of a physlcal method
Specify characteristics(s) 01 raw material input, e.g., no

more than 1% sullur luel
Specify "production process," e.g., amounts of thermal

insulation in buildings
Specify residuals modification and/or handling process,

e.g., require householders to separate used newspapers
Irom other solid residuals

Specify product output characteristics, e.g., amooot 01 lead
in gasoline

Specification 01 a result or performance
Specify discharge per unit 01 product or raw material pro

cessed 5 some specified amount, e.g., 5 X kilograms
01 suspended solids per ton 01 steel

Specify total quantity of a residual discharged per unit 01
time 5 some specilied amount, e.g., Y pounds 01 B005
per day

Specify concentration 01 residuals in discharge 5 some
specified magnitude, e.g., 530 mg/L 01 SS

Specify environmental quality to meet or exceed certain
levels lor specified periods 01 time, e.g., mean annual
concentration 01 sullur dioxide 575 mg/m3

Specify perlormance, e.g., automobile must achieve at
least 40 km per liter 01 luel in city driving

Specification 01 limitations on location 01 activity, e.g., pro
hibition 01 development where utility capacity-water,
sewer, electricity-Is Insufficient

Specification of extent, timing, type of aellvlty, e.g., prohi
bition of trucks on particular routes during particular
times

Specification 01 procedure, e.g., requirement that environ
mental Impael slatement lor each project be prepared
according to guidelines

Economic
Applied directly to residuals, e.g., charge on each unit of re

sidual discharged in ¢/kg
Applied to inputs or product outputs, e.g., charge on pack-

aging .
Applied to activities, e.g., reduced parking lees lor car

pools
Applied to residuals modification, e.g., lederal and state grants

lor construction and operation/maintenance 01 municipal
sewage treatment lacilities

Direct public investment in other than residuals modification
lacilitie~, e.g., open space, mass transit

Admlnlslratlve-by order within governmental agencies
or private organizations

Applied directly to residuals, e.g., separate various types of
paper residuals In offices for recycling

Applied to products used, e.g., specify energy limits not to be
exceeded in new buildings

Applied to activities, e.g., specification ollimils on thermostat
settings lor heating and air conditioning

Judicial
Court and/or administrative law review and action, or threat

thereol, to compel compliance; civil and/or criminal
suits

, Educational/Informational
Programs can be lTlOlI'lted to inlorm groups 01 the implications

01 their activities with respect to residuals generation and
adverse impacts on ambient quality, and alternative be
havior patterns that would reduce such impacts, e.g., liller
campaigns, appliance labeling
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posed at one level of government is consistent with those im
posed at other levels of government. A tifth component would
be public acceptance. Finally, the sixth component would relate
to the degree ot difficulty in obtaining legal authority for the in
stitutional arrangement to impose the incentive. This includes
such questions as: Does adequate authority to implement the
strategy exist? Would existing legislation have to be changed
to enable implementation, or would entirely new legislation have
to be passed? Are questions of preemption, due process, or
takings involved?

o Intermedia effecls should also be explicitly considered with
regard to the quantities ot other residuals generated and dis
charged into any of the environmental media. Three primary
resource-use effects to be evaluated would include net energy
required, net land required, and net consumptive use ot water.
An environmental quality management strategy may be energy
intensive, or it may actually reduce total energy use in the area.
The land required by a strategy to dispose of mixed solid resid
uals and sludge, tor example, may be an important consideration
in a densely urbanized area. The use of ponds, lagoons, and
spray irrigation to reduce discharges may increase the net
consumptive use of water in an area.

After evaluating each strategy according to the indicated
criteria, the final step in evaluating strategies is to combine the
ratings on the individual criteria. This process involves assigning
relative weights to the individual criterion, which is the respon
sibility of decision-makers, not analysts. Those in positions of
accountability in any society are likely to have judgments con
cerning which criteria are more important than others.

Concluding comment

A wide range of physical methods for improving environmental
quality exists, many of which, however, are never identified or
evaluated in the planning phase. At the same time, a wide range
of implementation incentives also exists, particularly in the
category of economic incentives, which are rarely considered.
Actions at all levels of government, as well as the private sector,
affect environmental quality and these must be considered ex
plicitly, particularly with respect to consistency among the in
centives at various levels.

No single management strategy will be best for all situations.
Only through a systematic evaluation of the many alternative
strategies available for any given problem and an explicit
trade-off of the many conflicting effects of any chosen strategy,
is desired environmental quality likely to be achieved in an ef
fective, efficient, and equitable manner.

Characterizing the incentives problem
• Whal sl/mulales a slale governmenl 10 Implemenl lis

responslbll/I/es for envlronmenlal qual/ly managemen/? Is II
Ihe provIsIon of planning funds? Is II Ihe deslgnal/on of par
I/cular Iypes of planning areas or planning agencies? Is IIlhe
requlremenl of oblalnlng approval of plans and designs by
EPA? TIle provision of planning funds clearly has resulled In
lhe general/on ofplannIng documents. Bul, 10 whal ex/ent has
Ihese plans been Implemenled and Ihe desIred Improvemenl
In envlronmenlal qual/ly aclual/y achIeved?

• Whal Induces a slale, In lurn, 10 sl/mulale Ihe seclors
wllhln Ihe slale-munlclpal/I/es, Induslrlal operal/ons, slale
facl/Illes-Io ac/? Is IIlhe provision of granls for conslrucl/on
of sewage Irealmenl planls (or olher facllll/es)? Is IIlhe pro
vision ofgranls for operal/on and malnlenance? How can Ihe
slales be Induced 10 do a more adequale job ofmonllorlng Ihe
actlvl/les of dischargers, and of enforcing whalever cons/ralnts
are Imposed on Ihem? How can Ihe federal governmenl
measure lhe performance of Ihe states, and the states, In turn,
measure the performance of lower levels of government?

• What Implementation Incentives are most appropriate for
what types of residuals generaled by whal spec/llc acl/vllles?
Even If lolal suspended sol/d (TSS) residuals had Ihe same
envlronmenlallmpacls, regardless of Ihe source, Ihe gener
al/on phenomena are nol Ihe same for Induslrlal aCl/vllles,
mining acl/vllles, munlclpal/I/es, urban-slorm runoff, or agrl
cuI/ural acl/vllles. Assessing an effluenl charge on TSS dis
charges from agrlcullural operal/ons would be more dlfflcull
Ihan assessing such a charge on an Induslrlal discharge, bul
nollmposslble.

• Even If Ihe Installation of melhods 10 reduce discharges
can be Induced, what Incentives are Ihere to Induce operation
and maintenance of these melhods over I/me? Operal/ng fa
cl/llles Involves costs; any reducl/on In OAM for any acl/vlly
Induslrlal, municipal, or agrlcullural-reduces costs to that
acl/vlly. Because there Is no net gain to the acl/vlly from re
ducing the discharge ollis residuals, par/lcularly If the bene
IIclarles are downslream, Ihere Is no Internallncenl/ve to op
erate facll/I/es efflclenl/y.

• Consld8rable variation exists In residuals generation over
I/me In mosl acl/vllles, even under normal condlllons. Whal
are lhe mosl efflclenllmplemenlal/on Incenl/ves 10 reduce Ihe
variability and Ihe mean discharges of residuals?

which it remains effective under changed conditions. Consid
eration should be given to whether it can only be applied inter
mittently or continuously, as well as whether or not the strategy
can be applied to selected activities-either within a category
or among categories-or can only be applied to all activities
generating the residual.

o Simplicity in administration, or the procedural ease with
which an incentive can be implemented. A major criticism ot
permit systems. for example. is the multiplicity and duplication
of applications and approvals that must be obtained betore an
activity can operate.

o Timing consideralions relate to the fact that strategies vary
with respect to both the time required to put the physical method
in place and into operation and the time required after it is in
operation before the effect on environmental quality occurs.
Timing is particularly important where adverse ambient condi
tions exist that need to be ameliorated as soon as possible.
Timing is affected also by legal considerations. If new legislation
must be enacted. implementation may take longer than if legal
authority already exists. Public receptivity also affects timing.
A strategy new to the public may require more time to implement
than one that is not.

o Political considerations would include at least six compo
nents. The first would be the policymaker's sense of his con
stituency's perception of the particular problem in relation to
oth.er environmental quality problems; for example, improved
air quality vis-a-vis improved water quality. The second would
be his constituency's perception of environmental quality
management problems in relation to other social problems in
the area, such as housing, transportation, and employment. A
third would be the impact on interiJQvernmental relations, which
should be considered vis-a-vis the strategy's effect on the normal
way of doing the government's business. A fourth component
refers to the degree to which an implementation incentive im-
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CURRENT RESEARCH

Biological Regeneration of Ammonium-Saturated Clinoptilolite
I. Initial Observations

Michael J. Semmens' and Robert R. Goodrich, Jr.'

Department of Civil Engineering, University of Illinois at Urbana-Champaign, Urbana, III. 61801

• In the search for a more economical regeneration technique
for ammonium removal from secondary effluents by use of
selective ion exchange, tests were made to determine whether
nitrifying bacteria can regenerate ammonium-saturated cli
noptilolite. Small-scale batch regeneration tests were con
ducted in which known weights of ammonium-saturated cli
noptilolite were contacted with varying concentrations of
nitrifying sludge of known activity. Following contact under
carefully controlled conditions for a measured time period,
the extent of regeneration was determined by eluting the re
sidual ammonium and measuring its concentration. The re
sults indicated that high levels of regeneration (80%) may be
achieved in short periods of time (1-3 h) under the conditions
tested and that the rate of regeneration increases as the con
centration of nitrifying sludge increases. A mechanism of re
generation is suggested, and the application of a biological
regeneration process is briefly discussed.

The naturally occurring zeolite, clinoptilolite, has been
demonstrated to be effective in removing ammonium ions
from secondary and tertiary effluents. However, the cost of
chemical regeneration remains high and represents more than
50--£0% of the total process costs even with regenerant reuse
(J). As a result, a number of alternative regeneration schemes
have been devised, and some have been tested (1-4). This
paper presents the initial results of a study to determine
whether nitrifying bacteria may be used to regenerate spent
clinoptilolite.

In 1973 Sims et aI. (5) reported that powdered clinoptilolite
added to the aeration tank of an activated sludge pilot plant
and recirculated with the sludge improved the nitrifying
performance of the sludge. They suggested that clinoptilolite
continually concentrated the ammonium at its surface where
a layer of nitrifying bacteria oxidized it. In this way they be
lieve the clinoptilolite was continually regenerated. However,
the data and the arguments substantiating the biological re
generation mechanism were weak. The objective of this study
was therefore to determine whether indeed nitrifying bacteria
could regenerate clinoptilolite and, if so, to determine the
extent of regeneration that could be achieved in different
times and with different concentrations of nitrifying bacte
ria.

Experimental

Preparation and Characterization of Clinoptilolite.
The clinoptilolite was supplied (in rock form) by the Double
Eagle Mining Co., Casper, Wyo. The zeolite was ground and

I Present address, Exxon Research & Engineering Co., Florham
Park, N.J. 07932.

sieved, and the fractions between U.S. Standard mesh num
bers 18 and 50 were used in these studies. The zeolite samples
were washed to remove fines and conditioned by alternate
treatment with 0.25 M ammonium sulfate and 1 M sodium
chloride. The zeolite was then rinsed thoroughly and stored
dry in the sodium form.

The zeolite was characterized by its performance in column
operation. Fifty- to 100-g quantities of the conditioned zeolite
were transferred to a Plexiglas column measuring 2.5 em i.d.
by 60 em. An ammonium chloride solution of known strength
was applied to the column by a gravity feed constant head
device so that the maximum deviation from the mean flow rate
of 12 bed volumes per hour in each of the tests was less than
4%. The ammonia content of the column effluent was mea
sured with time. The breakthrough curve so obtained was used
to calculate the capacity of the zeolite for ammonium ex
change.

Culturing Nitrifying Bacteria. Asample of waste sludge
was taken from an activated sludge pilot plant which was
being operated in the Environmental Engineering Labora
tories at the University of Illinois. The plant was treating
domestic sewage and was operated with a long mean cell res
idence time. The sludge sample was used as a source of ni
trifying bacteria.

The nitrifying bacteria were cultured in a 16-1. aeration tank
to which ammonia and other nutrients were added with a draw
and fill technique. Once a day the air was turned off for ap
proximately 20 min, and the sludge was allowed to settle.
Eight liters of the supernatant solution was then replaced with
81. of dechlorinated tap water and nutrient solutions. Initially,
low concentrations of ammonia were added to the reactor, and
over a two-week period the concentration of ammonia was
increased to 200 mg/l. as nitrogen and then maintained at that
value. The nutrient solution addition provided the following
concentrations in the reactor when aeration was resumed:
(NH4hS04, 200-400 mg/l. as N; NaHC03, 420 mg/l.;
K2HP04·3H20, 1000 mg/l.; CaC03, 10 mg/l.; MgS04·7H20,
100 mg/l.; NaHP04, 100 mg/l.; FeCI3, 2 mg/l.; and (NH4)6

M00 24·4HzO, 2 mg/l.
The culture reactor was equipped with a Leeds & Northrup

Model 7075-3 pH controller which maintained a pH of7.9 ±
0.2 by regulating an ASCO 0.187-in., two-way stainless steel
solenoid valve for the controlled addition of 1 M Na2C03• The
volatile suspended solids content of the reactor was monitored
on a daily basis.

Nitrification Tests. To determine the nitrifying activity
of the sludge in the culture reactor at the time of its use in
regeneration tests, nitrification tests were conducted. The
procedure consisted of taking a known volume of sludge from
the aerated and well-mixed culture reactor and allowing it to
settle in a graduated cylinder for lh h. The clear supernatant
was then decanted and replaced with deionized water to bring
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the total solution volume to 11. The contents of the cylinder
were transferred to a 1-1. beaker equipped with a pH electrode
and air diffuser. Ammonium sulfate solution was added to the
aerated contents of the beaker in sufficient quantity to provide
an initial ammonium concentration of 100-150 mgll. as N. The
pH of the solution was maintained manually at pH 8 by the
dropwise addition of sodium carbonate, and the rate of ni
trification was determined by monitoring the ammonium ion
concentration in solution with time. The temperature of the
solution was not controlled, but initial and final temperature
measurements were taken.

The concentration of volatile suspended solids in the culture
reactor was determined at the time of these tests to relate the
nitrifying activity to the weight of sludge employed in the
nitrification test.

Clinoptilolite Regeneration Tests. These tests were also
conducted on a batch basis. Preweighed samples, usually 5 g,
of the conditioned zeolite in the sodium form were saturated
with ammonium ions and washed with an excess of deionized
water. The zeolite samples were transferred to a 1-1. beaker
with approximately 700 ml of deionized water. The contents
of the beaker were aerated and stirred for approximately 5
min, and the pH of the solution was raised and maintained at
8 ± 0.2 by the manual addition of 1 M Na2C03. Simulta
neously, a known volume of 'sludge was removed from the
batch culture reactor, and the nitrifying organisms were al
lowed to settle for 112 h. The supernatant was decanted, and
the nitrifying sludge contained in approximately 100-200 ml
volume was added to the beaker containing the zeolite. The
volume of solution in the beaker was adjusted to II., and the
starting time was recorded. The temperature of the reactor
was not controlled, but initial and final temperature mea
surements were taken.

At timed intervals the ammonia content of the solution and
the amount of base added for the maintenance of pH were
measured and recorded. At the conclusion of the test, the
ammonium concentration in solution was recorded, and the
zeolite was separated from the nitrifying sludge which was
returned to the culture reactor for subsequent reuse. The re
generated clinoptilolite was then transferred to a small
Plexiglas column, and its residual ammonia content was
measured by elution with an excess of 1 M sodium chloride.

Analytical

Ammonium and nitrite concentrations were measured by
use of Orion ion selective electrodes coupled with an Orion
Model 701 expanded scale digital pH/millivolt meter. The
electrodes were calibrated for each test and checked routinely.
Several investigators have previously reported on the inter
ferences and the accuracy of the ammonia electrode in mea
suring different concentrations in waters of varying quality
(6, 7). Nitrate analyses were initially conducted with an Orion

Table I. Clinoptilolite Capacity Measurements
Recorded as Milliequivalents of NH4+ per Gram of Dry
Clinoptilolite in Sodium Form

30 X 40 Mesh 20 X 25 Mesh

Test no. AS Bb A B

1 1.84 1.74

2 2.04 2.00 1.98
3 2.04 2.06 2.25 2.21

a Total ammonium capacity as meas....ed from the breakthrOtJ!tl ClWVe. b Total
ammonium capacity as measured by elution of ammonium from the saturated
clinoptilolite.
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model nitrate selective electrode; however, the electrode gave
an erratic response, and it was abandoned in favor of the UV
spectrophotometric method described by Goldman and Ja
cobs (8). These nitrate analyses were conducted on an ACTA
III UV spectrophotometer at a wavelength of 220 nm. The
volatile suspended solids measurements were made in ac
cordance with the procedure described in the 13th edition of
"Standard Methods".

Results

Characterization of Clinoptilolite. The total exchange
capacity of the Wyoming clinoptilolite was determined from
the breakthrough curves and from the subsequent elution of
ammonia from the saturated columns. Three measurements
were made of the zeolite capacity for two different mesh sizes:
30 X 40 mesh and 20 X 25 mesh. The same preconditioning
treatment and the same technique for measuring capacity
were used for each mesh size, and the results are tabulated in
Table I.

The mean capacity for the 30 X 40 mesh zeolite was deter
mined to be 2.0 meq/g of dry clinoptilolite and that for the 20
X 25 mesh zeolite 2.04 meq/g. These measured capacity values
are in agreement with values reported for clinoptilolite from
the Hector deposit in California (I, 9).

Cultivation of Nitrifying Bacteria. Nitrifying bacteria
were cultivated readily using the draw and fill technique, and
the solids level in the reactor rose quite rapidly. The unit was
operated for three weeks prior to being used in any tests.
However, since sludge was not wasted during the test period,
the mixed liquor volatile suspended solids in the reactor
continued to increase slowly from approximately 200 mgll. at
the start of testing, to values in the region of 500 mgll. at the
conclusion of the test period (a period of 30 days). The ni
trifying sludge so generated was very flocculent in nature and
settled extremely well leaving a very clear supernatant.

The ammonium ion concentration fed to the reactor was
depleted very rapidly, being reduced to near zero within a
matter of 4-5 h; consequently, the feeding procedure was
modified, and the reactor was fed on a twice daily basis mid
way through the testing period.

Nitrification Tests

Prior to any nitrification or regeneration studies, tests were
made to determine the extent of ammonia stripping under the
test conditions. A liter of deionized water containing 150 mgll.
of ammonia nitrogen was held at pH 8.0 and 29 ·C and aer
ated. The air flow rate was measured and corresponded to 10
standard ft'l/h. This air flow rate was the maximum ever used
in nitrification studies since any increase caused excessive
turbulence and loss of solution from the test reactor. Aeration
over long time periods indicated an hourly ammonium loss of
1.1 mgNIl./h. Very similar rates of ammonia stripping may be
calculated from the data ofSrinath and Loehr (IO) who ana
lyzed ammonium desorption by diffused aeration. The very
low rates of ammonia stripping were negligible in this study
since the rates of nitrification were very much greater as shown
below.

Nitrogen balances were not conducted in the majority of
the nitrification and regeneration tests owing to the failure
of the nitrate electrode that was used initially. When Gold
man's method was employed for nitrate analysis, however,
good nitrogen balances were obtained. An example of the data
obtained from a nitrification test is presented in Figure 1.
Nitrite nitrogen concentrations were less than 0.2 mgll. at all
times and thus were negligible.

The good nitrogen balances that were obtained, however,
and the observations that nitrogen losses through ammonia
stripping or nitrite accumulation were negligible made it valid
to monitor the rate of nitrification by means of the rate of
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Figure 1. Example of nitrogen balance obtained in nitrification test
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Figure 3. Influence of sludge concentration on rate of nitrification in
nitrification test reactor

Different volumes of sludge were withdrawn from the cul
ture reactor and used in nitrification tests to identify the in
fluence of sludge concentration on the rate of nitrification. In
Figure 3 the rate of nitrification, measured as mg N oxi
dized/!./h, is plotted vs. the concentration of mixed liquor
volatile suspended solids concentration in the nitrification
reactor. The line drawn through the data is not linear, and the
slope of the curve tends to decrease with increasing
MLVSS.

Measurements of dissolved oxygen concentration (DO) were
not taken during the initial nitrification tests. However,
subsequent tests, duplicating the nitrification rates shown in
Figure 3 and collected under identical experimental condi
tions, indicated that the DO ranged from 6 down to 1 mg/!. at
the highest sludge concentration tested. Since the data of
Nagel and Haworth (I1) showed that the nitrification rate was
depressed at low dissolved oxygen concentrations, it is likely
that the nonlinearity in Figure 3 results from the low DO levels
in the reactors tested with high sludge concentrations.

The amount of base added to the nitrification test reactors
was monitored with time to determine whether the base ad
dition could be used to monitor the extent of nitrification. The
amount of base added per meq of ammonium oxidized, how
ever, varied widely from 50 to 150% of the stoichiometric re
quirement of 2 meq/meq ammonium oxidized. When alka
linity measurements were made before and after each test, it
was determined that alkalinity changes in solution were in
part responsible for the variation in the amount of base re
quired for the maintenance of pH. When the alkalinity
changes in solution were accounted for, the consumption of
base ranged from 1.6 to 1.9 meq/meq of ammonium oxidized.
It is probable that the stripping of CO2 during aeration may
account for the remaining differences between the measured
and stoichiometric base requirements.

The rate of addition of base reflected the rate of nitrification
observed during nitrification tests, being greatest when ni
trification was greatest and slowing down as the ammonium
concentration dropped to near zero. However, since the al
kalinity of the solution varied during the test and since there
was no consistent relationship between the amount of base
added to the amount of ammonium oxidized, the rate of base.
addition could not be used to monitor the rate of nitrification
with any accuracy.

ammonium disappearance from solution. All of the oxidation
rates reported in this paper were based upon the measured
rates of decrease in ammonium concentration.

Each time a regeneration test was made, a simultaneous
nitrification test was conducted. The total ammonium content
of the solution in the nitrification reactor corresponded closely
to the total ammonium content of the clinoptilolite (ap
proximately 140 mg NH4-N). Since the mixed liquor volatile
solids content of the culture reactor was also measured it was
possible to determine the activity of the nitrifying slud~e. The
activity of the sludge measured as mg N oxidized/h/mg
MLVSS varied between 0.1-0.2 with a mean of 0.15 during the
test period.

A typical nitrification test curve showing the ammonia
concentration as a function of time is shown in Figure 2. This
figure indicates that the oxidation of ammonia is zero order
with respect to ammonia concentration at high ammonium
ion concentrations; however, the nonlinear relationship ob
served at low ammonium ion concentrations indicates that the
nitrification rate is a function of ammonium concentration
in this range. The deviation from zero order kinetics was ob
served at concentrations of NH4-N as high as 40 mg/!., but
most frequently it was below 30 mg/!. N.

The deviation from linearity was checked to determine
whether it resulted from any nutrient deficiency; however, the
addition of nutrients did not influence the nitrification ki
netics. Temperature variations could not be held to account
for the observed behavior because of the narrow temperature
range investigated (25-29 ·C). Furthermore, the behavior
appeared to be independent of MLVSS concentration.

The rate of nitrification that was used to characterize the
activity of the sludge was determined from the linear portion
of the curve shown in Figure 2.
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Figure 2. Typical nitrification test result showing nonlinearity below 30
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Figure 4. Influence of sludge concentration on average rate of nitrifi
cation in regeneration test reactor

Table II. Regeneration Test Results
Regen- Ret. of %

Temp ....tlon ""rlfl· Regen-
Run MLVSS. range, time, cation, ....llon
no. mgli. ·C h mgll.1h achieved

1" 93 27-28 3.92 9.7 5.4
2 218 27-28 4.75 24 82
3 696 28-29.5 3.50 29 72
4 1096 28-29.5 1.78 66 81
5 1458 25-27 1.52 75 80
6 261 27 3.58 28 70
7" 1674 28 2.15 113 87
8 570 27-28 3.05 37 78
9 1185 28-29 2.00 58 79

10 1850 28-29 1.30 80 73
11 2864 28 1.00 110 76
12 1098 27 1.68 57 68
13 1060 26-27 2.00 59 84
14 1044 27 1.67 65 76
15 998 27-28 1.67 58 70
16 972 27-28 1.67 64 76

825 9 of clinoptilolite in reactor. b 10 9 of clinoptilolite in reactor.
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centrations resulted in the displacement of higher ammonium
concentrations from the clinoptilolite. This was explained by
considering the experimental technique. The sludge used in
the regeneration studies incorporated some of the nutrient
solution drawn from the cultivation reactor; thus, higher
ambient salt concentrations prevailed in the regeneration
reactors operated with large sludge concentrations. The higher
ambient salt concentration encouraged the exchange dis
placement of ammonium ions and resulted in the higher so
lution concentrations observed. The curves also indicate that
the free concentration of ammonium in solution was never
more than 50 mg/!. and dropped to lower levels as regeneration
proceeded. Since the nitrification rate was a function of am
monium concentration in this range, the lower nitrification
rates observed during regeneration may be a reflection of this.
The rate of nitrification may therefore have been limited by
the free concentration of ammonium in solution.

Figure 5. Ammonium concentration observed In solution during two
regeneration studies

Discussion

These batch studies have clearly shown that it is possible
to regenerate ammonium saturated clinoptilolite through the
use of nitrifying bacteria. Furthermore, the regeneration
process is quite rapid. The time required for regeneration
depends very much upon the nitrifying activity of the sludge

Regeneration Studies

The results of 16 regeneration tests are shown in Table II.
The percentage regeneration for each test was calculated by
dividing the amount of ammonia removed from the clinop
tilolite by the total original ammonium content of the cli
noptilolite. The amount of ammonium removed from the ze
olite was estimated by subtracting the amount of ammonium
eluted from the regenerated clinoptilolite from the total am
monium content of the saturated clinoptilolite.

The tests were varied so that a variety of sludge concen
trations and regeneration times were studied. The tabulated
data indicate that regeneration levels in the range of 70-80%
were routinely achieved in a time frame of 1-3 h depending
upon the sludge concentration (MLVSS) employed in the
regeneration reactor.

The data in Table II were used to construct a plot of the
amount of ammonium oxidized per hour vs. MLVSS shown
in Figure 4. This figure is analogous to Figure 3 calculated for
the nitrification tests. It is likely that the nitrification rate in
the regeneration reactor varied during the test period, and one
cannot assume it was constant. Figure 4 therefore reflects the
influence of sludge concentration on the average nitrification
rate during the test period. The data points shown in Figure
4 are (like Figure 3) described by a curvilinear plot. The data
exhibit slightly more scatter than Figure 3; however, the same
trend is apparent. From Figures 3 and 4, the rate ofnitrifica
tion is much slower during regeneration than it is when the
ammonium is present in free solution. This is not surprising
since the ammonium ions within the crystalline cages of the
zeolite are not accessible to nitrifying bacteria. For the am
monium to be oxidized, it must first diffuse to the particle
surface or into solution where it becomes accessible to the
bacteria. The rate of nitrification during regeneration may
therefore be governed by the rate at which ammonium be
comes accessible.

The free concentration of ammonium in solution in the
regeneration reactor was monitored with time during each
test, and the typical variation in ammonium concentration
is shown in Figure 5 for two MLVSS concentrations.

The curves in Figure 5 indicate a trend that was apparent
in the data collected on solution ammonium concentrations
in the regeneration reactors. The use of higher sludge con-
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used. For example, with high sludge concentrations, as much
as 80% regeneration was achieved in less than 2 h of contact
time.

The rate of nitrification during regeneration was always
observed to be much slower than the rate of nitrification of
free ammonium in solution.

Similar batch tests were conducted by Sims et al. (5) except
that they added 10 mg/l. NH.-N to a batch reactor containing
both a nitrifying sludge and varying quantities of the clinop
tilolite. They observed that the presence of 10 g of clinop
tilolite caused no significant difference in nitrification rate.
The presence of 100 g of clinoptilolite reportedly enhanced
the nitrification rate. However, the authors did not maintain
exactly the same pH in all their tests; the control pH averaged
6.9 and the zeolite tests averaged 7.5. Sawyer et al. (12) re
cently summarized the literature regarding the influence of
pH on observed rates of nitrification. This summary suggests
that the improved nitrification kinetics that Sims et al. (5)
observed in the presence of zeolite may stem from the pH
difference alone. Nevertheless, these authors' data also suggest
that ammonium associated with clinoptilolite can be nitri
fied.

It is questionable whether the slower nitrification rates
observed during regeneration arise from the availability of the
ammonium since ammonium was shown to be present in so
lution. However, the solution concentrations of ammonium
present in the regeneration reactor were in the range in which
nitrification rate was a function of ammonium concentration.
As such, the amount of available ammonium may have limited
the nitrification rate. This remains unclear, for it is not pos
sible to estimate the availability or the quantity of ammonium
ions associated with the external surface area of clinoptilolite
particles.

If it is the free ammonium concentration present in solution
that is controlling the rate of nitrification, then it may be
possible to improve the rate of regeneration by increasing the
salt concentration in solution. This would have the effect of
increasing the amount of ammonium displaced from the ze
olite, thereby increasing the solution concentration of am
monium. The salt concentration differences between reactors
in this study were not marked enough to cause large enough
increases in solution ammonium concentration. However,
large salt concentrations may inhibit the activity of nitrifying
bacteria, and research is needed to identify the best conditions
for regeneration.

The study conducted by Sims et al. (5), in which clinop
tilolite was added to an activated sludge treatment plant and
recirculated continually with the sludge, clearly did not take
full advantage of the capacity of the clinoptilolite to remove
ammonium from the water. The capacity of the clinoptilolite
may have been useful in reducing the ammonium content of
the solution when first added, but once a slime layer of at
tached microorganisms developed, it is questionable whether
any benefits were derived from the use of clinoptilolite that
would not develop from the use of inert particulate material
such as sand.

To take full advantage of the clinoptilolite's exchange ca-

pacity and selectivity for ammonium ions, it must be used as
an ion exchanger first, and then regenerated biologically in
the same way that chemical regeneration is practiced.

The biological regeneration process would result in the
accumulation of nitrogen in the form of a nitrate brine rather
than as a concentrated ammoniacal brine. The latter brine
which results from the chemical regeneration process must
be stripped of its ammonia content and reused for the chem
ical regeneration process to be economically attractive. The
nitrate brine, however, may be denitrified in a number ofways;
for example, the brine may be used to raise the redox potential
of raw sewage entering a waste treatment facility. As such, this
may be a significant advantage in favor of biological regen
eration.

Conclusions

The data presented in this study indicate that 5-g quantities
of ammonium saturated clinoptilolite may be 80% regenerated
in a period of 1-3 h by 11. of nitrifying sludge at a temperature
of approximately 27 DC. The rate of ammonia nitrification
during regeneration was considerably slower than the nitri
fication rate of free ammonium ions in solution observed in
control tests. The results obtained, however, indicate that the
rate of regeneration of clinoptilolite may be increased by in
creasing the concentration of nitrifying sludge in solution.
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Biological Regeneration of Ammonium-Saturated Clinoptilolite
II. Mechanism of Regeneration and Influence of Salt Concentration

Michael J. Semmens', James T. Wang, and Alan C. Booth

Department of Civil Engineering, University of Illinois, Urbana, III. 61801

• The influence of high concentrations of sodium nitrate on
the activity of a nitrifying sludge was investigated, and salt
concentrations of up to 0.3 M stimulated nitrifying activity.
When the nitrifying sludge was used to regenerate ammo
nium-saturated clinoptilolite in batch tests, the presence of
salt concentrations up to 0.4 M accelerated the rate of regen
eration, and complete regeneration was accomplished in only
3 h. The data collected in the batch regeneration tests indi
cated that the free ammonium concentration in solution
controls the rate of nitrification during regeneration. Under
the conditions tested, more rapid nitrification was achieved
by decreasing the clinoptilolite particle size and by increasing
the weight of clinoptilolite in a given volume of sludge. Ion
exchange followed by oxidation of the liberated ammonium
was the mechanism of regeneration.

Nitrifying bacteria may regenerate ammonia-saturated
clinoptilolite in relatively short periods of time (l). However,
the rate of nitrification during regeneration was always slower
than that observed in ammonium-containing solutions, and
it appeared as if this difference might stem from the solution
concentrations of ammonium that developed during regen
eration.

The early investigations of nitrification in soils led to two
conflicting opinions of the availability of "sorbed" ammonium.
One group of investigators (2, 3) obtained experimental data
which suggested that the rate of oxidation of ammonium in
soil was proportional to the amount of ammonium sorbed by
the soil, and they believed that the nitrifying bacteria pref
erentially metabolized the adsorbed ammonium at the soil
surface. A second group of investigators (4--8) collected ex
perimental evidence to support their contention that certain
soils or soil minerals may adsorb or "fix" ammonium in a form
that retards nitrification. In 1955 Goldberg and Gainey (9)
resolved these different views by conducting two carefully
controlled experiments. In one experiment, clays in the po
tassium form were added to a nutrient solution containing a
known amount of ammonium and an inoculum of nitrifying
bacteria. In the second experiment an equivalent amount of
ammonium was added to the inoculated nutrient solutions by
adding the appropriate weights of ammonia-saturated clays.
The results of their studies indicated that the extent of ni
trification in both tests was directly related to the concen
tration of ammonium in solution.

These observations provide some evidence that the mech
anism of regeneration may be ion exchange followed by ni
trification of displaced ammonium. If we assume this mech
anism, it is possible to outline a theory of the regeneration
process. The first step is ion exchange, and as soon as the
ammonium-saturated zeolite is placed in solution, a small
amount of ammonium will be displaced according to Equation
1:

Z· NHt + Na+ + CI- ~ Z· Na+ + NHt + CI- (1)

The ion-exchange equilibrium between ammonium and
sodium ions for clinoptilolite has been studied by Koon and
Kaufman (l0). They calculated the selectivity coefficient of
Hector clinoptilolite for ammonium over sodium to be 4.5
from batch isotherm studies at 23 cC. This value was calcu-
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lated when the ionic fraction of ammonium ions in solution
was 0.5 and higher values were indicated at lower ionic frac
tions. However, it is assumed that this value is appropriate in
our analysis. The ammonium ion concentration in solution
may be calculated using Equation 2 if equilibrium in a binary'
system is assumed.

[NHtJ = XNH j ·INa+J (2)
4.5 (l - X NH:)

The square brackets represent concentrations in solution
expressed as meq/!., and the X values represent the ionic
fraction of species in the zeolite phase.

From this equation, the amount of ammonium displaced
from the zeolite is influenced both by the amount of ammo
nium on the zeolite and the salt concentration in solution.
Thus, even if only a very small salt concentration is present
when there is an appreciable amount of ammonium on the
clinoptilolite, a concentration of free ammonium ions will be
found.

As the ammonium ions are liberated, they are oxidized by
the nitrifying bacteria. The reaction stoichiometry is repre
sented by Equations 3-5

Nitrite Production (Nitrosomonas)

NHt + Cl- + ~ O2 ~ NO, + Cl- + 2H+ + H20 (3)
2

Nitrate Production (Nitrobacter)

NO, + Cl- + 2H+ + ~ O2~ NO, + Cl- + 2H+ (4)

Overall Nitrification

NHt + Cl-. + 202 NO:. + CI- + 2H+ + H20 (5)

The hydrogen ions produced during the nitrification process
are neutralized by the addition of sodium carbonate. Equation
5 may be rewritten to include the concurrent neutralization
of hydrogen ions, and the overall equation is presented in
Equation 6.

NHt + CI- + 202+ Na2CO:1
~ NO, + Cl- + 2Na+ + 2H 20 + CO2 (6)

Combining Equations I and 6, we obtain Equation 7 which
describes the overall regeneration process.

Z· NHt + 202+ Na2CO:\
~ z· Na+ + NO, + Na+ + H20 + CO2 (7)

This equation indicates that for each equivalent of ammonia
oxidized, two equivalents of sodium carbonate are required
for pH control. One-half of the sodium ions so added replace
the ammonium ions in the zeolite, and the other half remain
in solution as sodium nitrate. The regeneration process
therefore results in the buildup of sodium nitrate in solu
tion.

The buildup of salt is desirable in that it may improve the
rate of regeneration in the subsequent regeneration cycle.
However, too high a brine concentration may be undesirable
since it may cause inhibition of nitrifying bacteria. Brine must
therefore be wasted after each cycle and replaced with makeup
water to maintain a desirable salt level. The amount of brine



Nitrification Studies

The influence of salt concentration on nitrifying activity
was examined first. Nitrification tests were conducted under
identical conditions except that the solution salt concentration
was varied. Nitrification rates observed with sodium nitrate
concentrations ranging from 0 to 800 meq/l. suggested that
the rate of nitrification may be increased slightly by the ad
dition of 200 meq/l. of NaN03. The addition of 400 meq/l. salt
caused a slight decrease in the rate of nitrification, but the
addition of higher salt concentrations caused significant in
hibition. In Figure 1 the range of salt concentrations studied
was narrowed to observe the range ~oomeq/l. of salt more
closely. The results clearly indicate that the addition of 100
meq/l. gave the most rapid nitrification rate. The 190-meq/l.
concentration also exhibited a better nitrification rate than
the control which contained very little salt. The nitrification
rate at a concentration of 260 meq/l. of NaN03 was very
similar to that of the control; however, 363 meq/l. caused the
rate to decrease somewhat.

The study indicates that the nitrification rate was stimu
lated by salt concentration in the range of 100-300 meq/l. with
the most rapid rate of nitrification being ·recorded for 100
meq/l. It is possible that higher salt levels may be tolerated
without ill effects in cultures of nitrifying bacteria that are
acclimated to high salt levels. The test procedure employed
in this study was harsh. The bacteria were taken from the
continuous culture reactor and an ambient salt concentration
of 75 meq/l., washed in deionized water, and remixed with a
solution containing the test salt concentration. Their behavior
may well be influenced by this chain of events, and the max
imum nitrification rate observed at 100 meq/l. may only be
a reflection of the fact that the culture reactor was operated
at a salt concentration of 75 meq/l. However, if we recognize
the shortcomings of such a technique, the nitrification data
remain valid for the purposes of this study since the bacteria
used in the regeneration tests were treated in the same fashion.
The intermediate wash with deionized water was required to
reduce the initial nitrate level in the reactor so that any change
in nitrate concentration could be determined accurately.

Very few studies have been conducted to determine the
influence of salt concentration upon nitrifying activity. Lip
man and Burgess (12) observed that the rate of nitrification
in soils could be accelerated by the addition of small quantities
of NaCI or Na2S04, and they observed inhibition when con
centrations exceeded 49 meq/1. Na2S04 or 17 meq/l. NaCI.
Much higher concentrations of salt were reported by Meik
lejohn (13), however, who observed that substantial or com
plete inhibition of nitrifying bacteria was caused by sodium
chloride concentration of 0.5 M. Mills and Wheatland (14),
using salt concentrations similar to those employed in this
study, reported that the addition of 6600 mg/l. of NaCI (113
meq/l.) to domestic sewage caused no inhibition of nitrifica
tion in a trickling filter. When 20 000 mg/l. (342 meq/l.) of salt
was added, 10-17% inhibition was noted.

In other studies the addition of salt to nitrifying cultures
caused a variable response. Coleman (15) noted that the ni
trification in certain soils was stimulated by the addition of
NaN03, while no effect was observed in other samples. Sim
ilarly, Loveless and Painter (16) reported that the addition
of sodium sulfate to a number of activated sludge samples
resulted in increased nitrification rates in only some of the
samples. These differences may possibly be caused by varia
tions in the type of nitrifying bacteria present in the individual
test units. Recently, investigators (17, 18) have observed that
pure cultures of nitrifying bacteria isolated from saline waters
respond in different ways to salt (NaCO concentration. Al
ternatively, these differences may be explained by differences
in the cationic composition of the solutions in different test
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wastage will depend upon its concentration; for that reason,
it would be desirable to operate at as high a brine concentra
tion as practicable.

From the above discussion, any research on the biological
regeneration of clinoptilolite must take into account the very
important influence of salt concentration. Unfortunately,
there is very little information available which characterizes
the behavior of nitrifying bacteria in waters of high salt con
tent. The main objectives of this research were, therefore, to
identify the influence of salt concentration upon nitrification
and regeneration and to obtain experimental data to support
the ion-exchange mechanism postulated.

Experimental

Nitrifying bacteria were cultivated in a continuous flow
reactor with sludge recycle. The 30-1. aeration tank was
equipped with a Leeds & Northrup Model 7075-3 pH con
troller set to maintain a pH of 7.8-8.0 through the controlled
addition of 2 M Na2C03. The composition of the influent was
the same as previously described (1) except that the ammo
nium nitrogen concentration was elevated to 1000 mg/l. The
influent flow rate to the aeration tank was 20 ml/min, corre
sponding Joo a hydraulic detention time of approximately 1
day. The reactor was operated at room temperature, 2&--30 ·C.
The sludge was recycled after sedimentation in a 4-1. baffled
sedimentation tank. A timer-controlled, variable speed
Masterflex pump recycled the sludge at a flow rate of ap
proximately 500 ml/min for 1 min in every hour.

Effluent ammonium concentrations and the mixed liquor
volatile solids were measured routinely every other day. The
nitrification tests, regeneration tests, and analytical methods
used in this study were all the same as described previously
(1 ).
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Figure 1. Influence of sodium nitrate concentration on nitrification
rate
o No salt added..... 100 rneq/l. NaN03 • b. 190 meq/l. NaN03 , • 260 meq/l.
NaN03 , and • 364 meq/l. NaN03

Results

The cultivation of nitrifying bacteria in a continuous flow
unit proved trouble free, and the unit required little attention
over a five-month operating period. Sludge was wasted to
maintain a mean cell residence time of 16 days. Over the
two-month test period the MLVSS ranged between 600 and
750 mg/l. at this wastage rate.

The effluent ammonia concentration from the culture re
actor was always 0.1 ~ 0.5 mg/l. as nitrogen, being unaffected
by variations in the sludge age. Maximum nitrogen oxidation
rates ranged between 0.01-0.1 mgN/mg MLVSS/h and did not
appear to be related to sludge age either.

Volume 11. Number 3. March 1977 281



TIME (MINUTES)

Figure 2. Influence of varying salt concentrations on rate of nitrification
in regeneration reactor

units. McCarty et al. (19) reviewed the influence of salt con
centration on the physiological processes of a variety of or
ganisms and noted that while high concentrations of salt in
hibit biological activity, the toxicity of a cation varies with the
presence of other cations in solution.

In this study the concentrations of metals other than sodi
um were negligible. However, if nitrifying bacteria are re
peatedly used to regenerate spent clinoptilolite, significant
concentrations of magnesium, calcium, and to a lesser extent
potassium may develop in solution. Since these ions may cause
antagonism or synergism when present together with a high
sodium concentration, further studies are needed to determine
their influence upon nitrification rates.

Regeneration Studies

Kinetic studies were made of the rate of nitrification in
solutions containing ammonia-saturated clinoptilolite and
varying salt concentrations. The results are reported in Figure
2 where the percentage of the ammonium nitrogen initially
on the zeolite that is oxidized to nitrate is plotted as a function
of time. The total initial ammonium nitrogen content of the
clinoptilolite was calculated from the amount of nitrate pro
duced during regeneration plus the amount of ammonium
eluted from the zeolite at the conclusion of the regeneration
process. The curves obtained indicate that the salt concen
tration exerts a strong influence on the rate of nitrification in
this system as well.

All of the curves obtained were linear during the initial stage
of regeneration; however, the rate of nitrification character
istically decreased as the extent of nitrification increased. The
decrease in the rate of nitrification was most pronounced in
the regeneration tests conducted with no added salt or with
low salt concentrations. At the higher salt concentrations
studied, the curves were almost linear up to complete regen
eratioh.of the zeolite.

The initial slopes of the curves in Figure 2 vary with salt
concentration. Nitrification rates computed from these slopes
are presented in Table I and compared with the measured
nitrifying activity of the sludge on the days of the tests. The
data show that the nitrification tate in the regeneration re
actor is lower than that observed in the nitrification study
except when 100-200 meq/l. of NaN03 is present in the re
generation reactor. As observed above, the salt concentrations
in the regeneration reactor first enhance the rate of nitrifi
cation, and then as higher concentrations are used, inhibition
occurs. The difference in nitrification rates observed in the
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Table I. Influence of Sail Concentration on Initial Rate
of Nitrification in Regeneration Reactor

Nitrification b

Nltrtfylng 8 rate during tlr.t
activity of 50 % 0'

sludge, mpNI nltrUle.Uon, NR
I./h (HAl mgHll./h (HAl iiA X 100. %

[NH4-N]s + [N03-N]s (8)
Total equivalents N originally on clinoptilolite

A plot of % regeneration is therefore obtained by combining
Figures 2 and 3 as shown in Figure 4. The crosshatched area
in each curve represents the contribution of free ammonium
to the extent of regeneration. The dashed line under the
crosshatched area represents the extent of nitrification and
is the same as that shown in Figure 2. The heavy solid line
describes the extent of regeneration at any time.

Considering the curves presented for different salt con
centrations in Figure 4, it is apparent that during the early
stages of regeneration the linear portion of the nitrification
curves corresponds to the time at which a large ammonium
ion concentration exists in solution. As the ammonium ion
concentration dropped, the rate of nitrification tended to
decrease, in accord with the nitrification studies. Eventually
ammonium concentrations were reduced to very low levels,
and the approach to complete regeneration was governed by
the rate of nitrification. For example, in the reactors con-

II Determined in a nitrification control test in which the salt concentration
.-...{l-10 meq/l. and ammonia concentration are approximately 140 mgll. as N.
b In regeneration reactor.

case where no salt is added to the regeneration reactor may
be explained by the free ammonium ion concentration in so
lution during this test. If the ammonium on the zeolite is in
accessible for nitrification, the rate of nitrification will be
controlled by the availability of ammonium in solution. The
nitrification rate data collected at the time of the test indi
cated that the rate of nitrification decreased when the free
ammonium-nitrogen concentration fell below 20 mg/l.

The deviation from linearity observed in Figure 2 as the
extent of nitrification increases correlates well with the am
monium ion concentrations present in solution. The ammo
nium concentration in solution is plotted as a percentage of
the total nitrogen in the reactor for each of the regeneration
tests, and the data are presented as a function of time in Fig
ure 3.

The curves in Figure 3 for different salt concentrations very
clearly show that as the salt concentration in the reactor is
increased, the initial fraction of ammonium-N in solution
increases as expected. The concentration of ammonia in so
lution then decreases as nitrification occurs.

The percentage regeneration at any time is equal to the
fraction of nitrogen that has been transferred to the solution
phase. The percentage is therefore defined as shown below in
Equation 8, where [ ]s refers to equivalent concentrations
in solution.

% Regeneration

400320240
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Figure 5. Influence of particle size upon rate of nitrification in regen
eration reactor

taining 0, 100, and 200 meq/!. NaNO~, nitrification was ex
tremely slow after 140 min since in each case the ammonia
concentration in solution was only 1-4 mg/!. as N.

The rate of nitrification and thus regeneration were
therefore limited by the extent of ion exchange during the final
stages of regeneration. If the salt concentration in the reactor
was increased so that a greater amount of ammonium was
displaced from the clinoptilolite, then the rate of nitrification
was more rapid, and complete regeneration of the clinoptilolite
was accomplished sooner. Thus, Figure 4 indicates that the
reactor containing 400 meq/!. achieved complete regeneration
first, even though the initial rate of nitrification in this reactor
was not as great as that measured in the reactors of lower salt
content.

Further studies were conducted to determine the influence
of particle size upon the rate of regeneration; a typical result
of these studies is presented in Figure 5. When clinoptilolite
particles of different sizes were regenerated in a solution
containing 200 meq/!. of NaCI, the initial rate of nitrification
was not altered significantly. However, the approach to
complete regeneration was always observed to be more rapid
with particles of smaller size.

As shown previously (l), the capacity of the clinoptilolite
for ammonium may be considered independent of particle
size. As the particle size is reduced, however, the kinetics of
ion exchange are increased. The faster approach to complete
regeneration with the smaller clinoptilolite particles may
therefore be explained in terms of their more rapid release of
ammonium ions.

Many investigators have observed that the provision of a
large surface area enhances biological activity (20). This
phenomenon has been explained primarily as a result of the
fact that a large surface area may provide an interface at which
bacteria and their nutrients tend to concentrate. Thus the
provision of a large surface area would clearly enhance bio
logical activity where the ambient nutrient concentration is
low or where attachment to a solid surface would prevent or
ganism washout in a continuous flow system. It may therefore
appear that the surface area effects could also account for the
difference in the curves shown in Figure 5, and one could
perhaps argue that in the latter stages of regeneration when
the ammonium concentration is low, the additional surface
area in the reactor with the smaller particle size may enhance
the rate of nitrification. This is considered improbable for two
reasons, however: the clinoptilolite particles showed no signs
of any attached growth at the conclusion of the tests, and even
if any bacteria were attached to the particle surface during the
test, their mass would represent an insignificant fraction of
the total organism mass in the system. For these reasons,
surface area effects were considered negligible, and the dif
ferences in the rates of ion exchange must be invoked to ac
count for the observed rates of nitrification.

Some tests were also conducted to determine the rates of
regeneration of different weights of clinoptilolite. One, two,
five, and ten-gram quantities of ammonium-saturated zeolite
were each added to a liter of nitrifying sludge containing 50
meq/!. NaC!. A low salt concentration was selected for this
study to ensure that the ammonium concentrations that de
veloped in solution were not too high. With Equation 2 it was
calculated that with 50 meq/!. NaCI, maximum concentrations
of 24, 43, 85, and 134 mg/!. NH.-N would develop in the re
actors containing 1, 2, 5, and 10 g of clinoptilolite, respectively.
The observed ammonium concentrations in solution and rates
of nitrification are presented in Figures 6 and 7, respectively.
The ammonium concentrations that actually developed were
significantly less than predicted values. This may in part re
flect the use of an inappropriate value for the ammonium
sodium selectivity coefficient, but it may also be explained by
slow ion-exchange kinetics and the relatively rapid rate of
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Figure 3. Concentration of ammonium in solution as function of time
and salt concentration in regeneration reactor
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Figure 4. Variation in rate of regeneration with varying salt concen·
tration
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Figure 6. Influence of clinoptilolite quantity on ammonium concentra
tions present in solution during regeneration
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Figure 7. Influence of clinoptilolite quantity on rate of nitrification in
regeneration reactor
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nitrification, The curves shown in Figure 7 indicate that the
nitrification rate increased with increasing weight of clinop
tilolite. This result was not anticipated but may be accounted
for by considering the nitrification kinetics on the days of the
tests.

These data, which are shown in Figure 8, indicate that rate
of nitrification was dependent upon the solution concentration
of ammonium when it was less than 100 mg/l. Since the am
monium concentrations in the regeneration reactors were
generally less than 100 mg/l., the rates of nitrification in each
of the regeneration reactors were limited by the free ammo
nium concentration. A comparison between the initial rates
of nitrification in the regeneration reactors and the rates of
nitrification computed from the slope of Figure 8 at the av
erage ammonium concentrations.shown in Figure 6 showed
very close agreement and thus confirmed that the free am
monium ion concentration is controlling the rate of nitrifi
cation in the regeneration reactors.

Complete regeneration of the clinoptilolite should increase
the nitrate content of the water by approximately 28, 56, 140,
and 280 mg/l. N03-N for the reactors containing I, 2, 5, and
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Figure 8. Observed dependence of nitrification rate on ammonium
concentration during tests depicted in Figures 6 and 7

• First test date, 0 second test date

10 g of clinoptilolite, respectively. Figure 7 indicates that
complete regeneration of the 1-g batch of clinoptilolite was
achieved in 80 min, and after 200 min the 2-g batch was
completely regenerated, whereas only 65 and 48% nitrification
was achieved in the 5- and 10-g reactors.

Summary

These results all confirm the observations of Goldberg and
Gainey (9) and indicate that it is the solution concentration
of ammonium which controls the rate of nitrification. The
ammonium concentration in solution is in turn controlled by
the amount of ammonium displaced by ion exchange. De
creasing the particle size of the clinoptilolite and increasing
the salt concentration in solution increased the rate of re
generation by increasing the rate of ion exchange. The ni
trifying bacteria were however inhibited significantly'by salt
concentrations higher than 0.6 M, and no nitrification at all
was observed in a regeneration reactor tested at 1 M salt
concentration.

Not only did salt accelerate regeneration by increasing the
extent of ion exchange, but it also stimulated the nitrifying
bacteria in low concentrations, 0-{).4 M, a result which is
consistent with a number of previous studies. Since sodium
nitrate increases in concentration naturally during the bio
logical regeneration process, advantage may be taken of this
effect by operating at a salt concentration of, say, 0.4 M.

These studies also indicate that it is possible to ach'ieve
higher levels of regeneration than previously recorded (J). In
this study, for example, 99% regeneration was achieved in less
than 3 h when 400 meq/l. of sodium chloride were added to the
regeneration reactor.

These results and the confirmation of the mechanism of
regeneration have two major implications with respect to the
design of a biological regeneration process. Firstly, they in
dicate that nitrification can take place in concentrated salt
solutions which is prerequisite to the economical operation
of a biological regeneration process; it means that the volume
of waste brine to be disposed of is not excessive. Secondly, they
suggest that regeneration may be accomplished just as satis
factorily if a salt brine is used to extract the ammonium and
the brine is biologically restored for reuse.
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Heavy Metal Concentrations in Water, Sediments, and Fish
from Mediterranean Coastal Area, Israel

Igal Roth and Hava Hornung"

Israel Oceanographic &Limnological Research Ltd., Haifa laboratories, P.O.B. 1793, Haifa, Israel

• Samples of water, sediment, and fish were collected along
the northern part of the Mediterranean coast of Israel and
analyzed for cadmium, lead, copper, zinc, nickel, and chro
mium by atomic absorption spectrophotometry. The obtained
values showed no significant heavy metal pollution in the
studied area, compared with values found in literature for
metal concentrations in other parts of the world.

The Bay of Haifa receives domestic, industrial, agricultural,
and natural runoff from a heavily populated and fairly in
dustrialized area. The Qishon and Na'aman Rivers, both
flowing to the Haifa Bay area, are heavily polluted, the former
by industries and the latter by agriculture and domestic
sewage. The Bay is also an important fishing ground for trawl,
pelagic, and reef fishes.

Trace elements introduced into the marine environment
from effluents and river runoff may be concentrated in marine
organisms by a factor ranging from 1 000 to 10000 (J). Metal
concentrations in water and sediments of four streams and
estuaries were studied by Roth and Hornung (2). Of these,
only the Na'aman River flows into Haifa Bay. The values for
metal concentations (Cd, Pb, Cu, Zn, Ni, and Cr) in the water
and sediments of the Na'aman River were similar to, or only
slightly higher than, those found along the Israeli shore. Since
no previous data on the concentration of trace elements in the
Bay of Haifa are available, this survey was undertaken to
initiate a routine monitoring of the heavy metal concentration
in that Bay.

Water, sediment, fish, and random samples of algae were
collected to determine the trace metal concentrations. The
primary objective of the fish analyses was to ascertain whether
the most commonly caught species contained concentrations
of heavy metals hazardous to public health, and to establish
the general levels and ranges for each of the metals in the
edible parts of fish species.

Materials and Methods

Nearshore samples of water and sediments were collected
at ststions between Rosh Hanikra and Haifa. Fishes were
collected from catches taken along the whole Mediterranean
coast of Israel. Samples of some common marine algae were

collected at the water's edge on the Nahariya, Acre, and Haifa
seashores.

Water Samples. Surface seawater was sampled with a
plastic bucket, and subsurface samples with Niskin PVC water
bottles. The water for determination of Cd, Pb, Cu, Zn, and
Ni was filtered through a 0.45-!tm membrane filter immedi
ately after sampling, so that there was no need to test the
possible adsorption of the metals onto the containers. Each
2-1. sample was then passed through a glass column containing
ion-exchange resin (Chelex-lOO) and treated according to the
procedure outlined by Riley and Taylor (3). The resulting
solutions were then analyzed by atomic absorption spectros
copy. The analyzed filters showed low values of the adsorbed
metal.

The blanks and efficiency of the columns were determined
on stripped seawater (filtered seawater which passed the
Chelex-lOO resin). Part of this water was spiked with known
amounts of metals to be analyzed at levels approximating
twice their seawater concentrations. The spiked samples were
analyzed in the same way as the other samples. The efficiency
of this procedure and the limit of detection for each metal are
given in Table 1. The values of the blanks were below the limit

Table I. Percent Efficiency for Concentration of Metals
with Chelex-100 Resin

Experiment no. B Cd PO Cu Zn HI

I 88.0 81.7 78.5 87.8 82.5
II 84.4 87.0 86.0
III 83.3 86.6 92.3 86.2 89.9
IV 84.9 80.0 80.0 86.7 92.7
V 88.9 76.2 72.6 87.6 84.2
VI 83.9 65.8 72.2 89.1 73.5
VII 79.2 68.2 82.2 84.0 78.5
Mean value 84.7 78.0 79.6 86.8 83.6
Standard deviation 3.2 8.4 6.8 1.6 7.1
% coefficient of variation 3.8 11.0 8.5 1.9 8.5
Standard error 1.2 3.2 2.6 0.6 2.9
Limit of detection (ppb) 0.6 20 2 2 8

R Each experiment was replicated.
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Table II. Trace Element Concentration In Waters of Northern Israeli Coast Compared with Other Regions In the
World in p.g/I. (ppb)

Cd Pb Cu z. NI

Drinking water standards ( 13) 10 50 100 1000 100
Unpolluted seawater (14- 16) 0.11 0.03 3.0 10.0 0.7-7.0
Present work, northern shoreline 0.6-2.9 2.1-11.4 0.8-31.2 1.0-256.0 2.0-5.4
Present work, average 0.94 6.4 3.7 38.3 3.3
Mediterranean off Crete ( 17) 0.65 24.7
Red Sea, surface ( 17) 0.2-0.4 2.4-24.8
Suez Canal ( 17) 3.9 40.0
Ligurian Sea ( 1Ef) 0.7-4.8 3.3-86.0
Adriatic Sea, coast & Gulf of Trieste (19, 20) 0.5-5.0 11.8
English coast, Liverpool Bay (21) 0.14-0.74 0.7-4.2 0.9-3.0 2.3-47.6
English coast, Bristol Channel (21) 0.3-4.2 0.4-5.1 1.0-4.7 3.6-21.4
Clyde Bay, Scotland (22) 0.01-0.18 0.02-0.36 0.3-1.5 1.8-11.8
Menai Straits, Wales (23) 0.5-3.0 5.0-60.0 0.8-2.6
Irish Sea, shoreline (24) 0.03-1.4 0.6-2.9 0.9-3.1 3.8-49.1 0.9-9.8
Northeast Atlantic (25) 0.07-0.71 0.4-12.3 1.0-22.0 1.1-4.0
Northeast Atlantic, nearshore (26, 27) 0.04-0.3 0.3-3.8 0.6-12.6 0.5-5.2
Monterey Bay, California (2Ef) 0.02-4.7 0.2-2.0 0.5-4.5 0.7-35.0
California & Florida, shoreline (29, 30) nd-36.0' 20
Hong Kong, shoreline (31) 45 660 69 92

II nd = not detected.

of detection. Corrected values for the metals studied are
presented in Table II.

Sediments. Nearshore sediment samples were collected by
hand, and deep water samples were taken with a bottom grab
covered with epoxy paint to eliminate contamination. Each
sample was washed, oven-dried at 100 ·C, and ground in an
agate mortar. The particles which passed through a 200-l'm
(70 mesh) nylon sieve were analyzed.

Samples for Cd, Pb, Cu, Zn, Ni, and Cr analysis were de
termined using the combined acid-reducing technique of
Chester and Hughes (4). The concentration measurements
were taken on a Techtron AA-5 atomic absorption spectro
photometer.

Fish. For the determination of the trace elements (Cd, Pb,
Cu, Zn, Ni, and Cr), the homogenized fish tissue was oven
dried at 105 ·C. The dry material was weighed in the Teflon
vessel of the Uni-seal decomposition bomb, digested with
concentrated nitric acid, and heated for 1 h at 130 ·C. The
cooled acid digest was evaporated to dryness, diluted to a
standard volume (10 ml) with 0.1 M HN03, and analyzed by
AAS (Techtron AA-5). The advantage of bomb decomposition

is the rapid and complete digestion of the biological material,
especially fatty matter. This was in contrast to the methods
of Leonard (5) and Anderson (6), tried by us, in which fatty
matter caused difficulties.

All analyses of water, sediments, and fish samples were done
at least in duplicate, but most were done in triplicate. Blanks
and standards were prepared in triplicate, using the same
procedure as that for the samples. No significant interference
from other ions was detected when samples of water, sedi
ments, and fish were treated by spiking with standard solu
tions.

Results and Discussion

Water. The preliminary results presented here illustrate
the general levels found in the waters of the Israeli northern
shore. The data show that only slight variations occur in the
concentrations of lead, cadmium, copper, and nickel in the
water, and most of the values are close to the overall mean
given in Table II. High values of Cd (2.0-2.9 ppb), Cu
(22.1-31.2 ppb), Pb (10.7-11.4 ppb), and Ni (5.0-5.4 ppb)
found in the surface samples opposite densely populated

Table III. Concentration (ppb) of Trace Metals In Water Samples of Three Coastal Stations (20 October-10
November 1974)

Acre Klf)'at Yam Hal'a

Cd Pb Cu z. NI Cd Pb Cu Z. NI Cd Pb Cu Z. NI

20 Oct 0.8 8.3 2.5 87.2 3.8 1.5 9.3 3.7 24.4 5.0 0.6 6.7 1.5 52.9 2.6
21 Oct 0.7 6.9 1.6 86.5 3.4 0.7 7.6 3.2 24.6 3.6 0.5 5.9 1.8 57.4 2.3
22 Oct 0.6 7.9 2.3 13.4 3.2 0.9 7.5 2.9 17.3 3.7 0.7 8.0 3.2 48.8 3.1
23 Oct 0.6 5.5 1.6 8.9 2.7 0.6 6.7 1.9 67.6 3.1 0.8 6.2 1.9 17.3 3.0
25 Oct 0.7 7.5 2.3 33.3 3.1 0.7 5.8 2.3 17.5 2.7 0.8 6.2 1.8 32.4 2.8
5 Nov 0.8 7,.7 2.1 15.9 3.0

10 Nov 0.8 7.3 2.0 32.1 3.5
Mean 0.7 7.2 2.0 43.6 3.3 0.9 7.4 2.8 30.3 3.6 0.7 6.8 2.1 37.5 2.8
Min 0.6 5.5 1.6 8.9 2.7 0.6 5.8 1.9 17.3 2.7 0.5 5.9 1.5 15.9 2.3
Max 0.8 8.3 2.5 87.2 3.8 1.5 9.3 3.7 67.6 5.0 0.8 8.0 3.2 57.4 3.1
Max:min 1.3 1.5 1.6 9.8 1.4 2.5 1.6 2.0 3.9 1.9 1.6 1.4 2.1 3.6 1.3
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z. N' Cr

0.4-24.2 nd-2.4 nd-5.8
5.7 0.5 0.4

0.2-11.2

3.9-16.3 0.1-1.30.1-8.9

nd-2.1
0.4

0.4-4.4

0.1-13.3

2.4
nd

0.6-3.5
0.1-0.3

nd-0.8 8

0.2
0.01-0.06

Our data, range
Our data, mean
Clyde Bay (22)
Trieste Bay (19)

North Sea, shoreline (32)

Table IV. Concentration of Heavy Metals in Particulate Matter in ~g/l. (ppb)
Sampling are. Cd Pb Cu

II nd = not detected.

Table V. Concentration Range of Heavy Metals In Sediments from Various Marine Areas (ppm in Dry Sediment)
Are. Cd Pb Cu Zn HI Cr

Present work, range 0.3-2.2 3.9-19.7 0.3-2.9 2.1-18.2
Present work, average 0.7 8.4 1.6 7.0
Israel coast, Tel-Aviv-Gaza (B} 1.4-24.2 5.4-49.6
English coast, Southampton (27) 0.6-0.7 115.0-224.0
English coast, Tor Bay (33) 0.2-0.7 21.3-65.7 2.4-7.6 17.2-42.0
Cardigan Bay, Wales (34) 1.1 25 11 36
Swansea Bay, Wales (35) 15 195 75 170
Clyde Bay, Scotland (22) 0.4-1.5 12.0-45.0 2.7-17.1 34.0-102.0
Clyde Estuary, Scotland (36) 1.0-3.0 24.0-67.0 9.0-20.0 60.0-130.0
Atlantic Ocean (37) 16.0-35.0
New York Bight (3B} 12.0-25.0 3.0-8.0 18.0-26.0
Harbor Island, Gulf of Mexico (39) 0.4-1.1 3.4-9.0 2.7-5.2 14.0-28.0

Table VI. Trace Metals In Marine Algae

2.3-9.3
4.8

2.1-7.3

4.2-15.0

15.0-50.0
55

3
5.0-10.9

1.7-12.4
4.2

2.7-17.3

5.8-17.0

10.0-65.0
100

2.0-6.0

Date Dry weight Concentration (ppm dry weight) No. of
Location (1974) Alg•• (%) Cd Pb C. z. NI Cr sampl••

Acre (shore) 11 Jan Chlorophyta 7.6 1.2 5.6 2.9 5.2 5
Haifa (beach) 24 Jan Rhodophyta 22.7 2.1 22.2 7.6 5.8 6.7 3
Na'aman R. Estuary 28 Jan Chlorophyta 7.6 0.9 1.9 5.5 218 5.3 2.6 3
Nahariya (shore) 3Jul Chlorophyta 8.0 1.2 5.3 5.4 117 5.5 2.8 3

settlements and in the vicinity of a chemical plant's sewage
outlet were exceptional. Considerable variations were found
also for zinc, with high levels of 175.1-256.0 ppb in Haifa Bay.
These high values of the trace elements could be attributed
to the runoff from the two polluted rivers in this area. Com
parison of sea areas in Table II confirms the general view that
the water at the shoreline, near densely populated and in
dustrialized areas, contains higher levels of heavy metals than
do coastal and ocean waters.

Daily fluctuations of heavy metal concentrations were
checked at sampling stations along the shore of Haifa Bay
between 20 October and 10 November 1974. The three stations
chosen are close to the shore (10-20 m from the water's edge),
and hence were expected to be most affected by runoff. The
data in Table III show that except for Zn, there were no sig
nificant daily fluctuations in the metal concentrations.

Particulate Matter. With the exception of lead and zinc,
heavy metals are found in solution rather than associated with
particulate matter. The mean values obtained from all our
data are close to the values found in Clyde Bay, Scotland,
Trieste Bay, and the North Sea (Table IV). The high values
of lead (5.S-13.3 ppb) and zinc (10.0-24.2 ppb) may have re
sulted from contamination or from organisms (retained on the
filter pad) which concentrate these two elements (7).

Sediments. The heavy metal concentrations in the sedi
ments are presented together with data from other areas in
Table V. A comparison of our results with those of Amiel and
Navrot (8) shows that the concentrations of copper, zinc, and
chromium along the southern shoreline are considerably
higher than those obtained by us in the Haifa Bay area. The
concentrations of nickel are the same for both areas. Most of
the values for trace metal concentrations found in this study

are low when compared with values from other regions in the
world. The present low levels of the trace metals in the near
shore sediments may represent an early stage in the accu
mulation of these elements, which may increase as pollution
continues. The highest values of Cd (2.2 ppm), Pb (19.7 ppm),
Cu (2.9 ppm), Zn (18.2 ppm), Ni (9.3 ppm), and Cr (12.4 ppm)
were found along the shores of Akhziv, Nahariya, and Acre.

The presence of high concentrations could be explained by
the proximity of domestic and industrial sewage outfalls.
Trace elements in estuarine sediments are often much higher
than those observed in sediments from the adjacent coastal
areas (Clyde Bay-Clyde Estuary, Table V).

Marine Algae. Only two species of algae were examined,
Corallina virgata (red algae, Rhodophyta), collected on the
seashore near Haifa, and Codium tomentosum (green algae,
Chlorophyta), collected at the Na'aman Estuary, Nahariya,
and Acre seashores. Both species are commonly found washed
up on the beach and do not necessarily represent the dominant
algae in the sea. The method applied for the determination
of the metals was taken from Bernas (9), and the results are
summarized in Table VI. The values obtained are useful only
as a rough comparison with data in the literature. The ranges
for Cd in marine algae found by Mullin and Riley (10) (0.3-2.1
ppm dry weight) and levels for the other elements detected
by Black and Mitchell (11) (Pb: 2.0-26.0, Cu: <3.0-31.0, Zn:
40-136, Ni: 1.5-9.3, Cr: 0.4-3.7, all ppm dry weight), are very
close to the ranges found here (Table VI).

Fish. The concentrations of six elements (Cd, Pb, Cu, Zn,
Ni, and Cr) only in the edible muscle tissue of twelve species
of sea fish are summarized in Table VII.

Cadmium. Most of the fish contained Cd concentrations
of less than 0.4 ppm (dry weight), The highest values of Cd
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Table VII. Trace Metals in Fish from Mediterranean Coastal Waters of Israel
Are. + Me.n lotal Me.n No.o' Drr Concentration (ppm/dry w.~t)

Collection depth '_h weight Individual. weight
Specl•• dale (1974) (lms) (em) (g) analyzed (%) Cd Pb Cu Zn NI Cr

Sardinella 4 Sept Haifa Bay 17.0 42 16 24.8 0.6 0.6 3.4 81.6 2.3 3.4
aurita off Oishon R. 18.5 56 7 25.1 0.6 0.7 6.0 84.3 2.3 3.4

9 Sept Haifa Bay 11.2 14 8 29.7 0.6 0.4 4.7 61.3 2.6 2.2
14 13.5 21.5 30 31.8 0.6 0.3 2.8 40.2 1.6 2.1

17.2 50 4 26.8 0.5 0.5 4.9 78.6 3.4 2.5
Saurida 25 Mar Haifa Bay 26.0 116 4 25.4 0.3 2.8 1.3 5.3 2.9 1.4
undosquamis 14 28.8 127 3 25.4 0.3 2.7 0.9 0.5 6.3 1.2

30.5 230 1 24.4 0.4 2.8 0.7 5.0 10.8 1.7
33.0 271 1 24.4 0.4 3.2 3.9 7.7 1.5 1.7

13 Jun South coast 20.2 62 10 24.1 0.3 2.7 6.4 32.1 2.4 2.2
16 27.5 150 4 24.5 0.3 2.5 2.5 20.2 1.2 0.9

7 Sept South coast 24.2 43 3 24.3 0.2 0.3 2.0 20.5 0.3 0.6
20 26.8 140 4 24.0 0.2 0.3 2.5 32.2 0.8 0.8

31.8 238 3 23.2 0.2 0.4 2.4 20.8 0.9 1.0

Mer/uccius 6 Mar Central coast 21.5 70 2 20.5 0.2 2.6 5.2 26.8 ndo 2.2
merluccius 40 24.5 128 2 21.4 0.2 4.4 2.9 7.9 0.1 2.3

26.5 157 3 21.4 0.3 2.7 3.8 2.7 0.2 2.7
31.5 276 1 21.4 0.3 4.8 3.1 12.7 1.0 2.3

Epinephe/us 26 Jul Central coast 48.0 1200 1 23.3 0.1 0.04 5.4 33.0 1.6
aensus 27

28 Aug South of 36.0 556 23.1 0.2 0.3 2.6 21.7 1.1 1.0
Haifa Bay

70
28 Aug Haifa Bay 37.0 614 21.5 0.2 0.3 2.6 23.3

14
Epinephe/us 8 Sep Central coast 60.0 2150 18.8 0.1 0.3 3.3 25.5 0.8 2.4
guaza 30

Mullus 6 Mar Central coast 16.0 54 18 20.4 0.7 3.4 6.4 14.9 1.4 2.8
barba/us 48

13 Jun South Coast 11.0 30 2 21.4 0.6 3.2 4.2 1.6 4.9
16

7 Sep South coast 14.0 32 10 24.7 0.2 0.4 5.3 22.0 1.8 2.9
20

Upeneus 6 Mar South coast 17.5 62 5 0.3 5.3 5.0 23.1 0.7 4.1
moluccensis 10

13 Jun Haifa Bay 16.5 48 3 27.0 0.4 2.9 8.3 27.2 1.6 2.0
30

1 Sep South coast 14.5 35 10 23.8 0.2 0.3 4.5 25.1 1.7 2.3
20

Diplodus 1 Aug Central coast 18.9 133 6 23.4 0.3 0.3 4.2 26.5 1.7 1.0
vulgaris 8
Sphyraena 20 May Haifa Bay 31.5 108 4 26.8 0.3 5.2 23.5 20.7 0.1 2.0
sphyraena 5 40.5 285 2 24.5 0.3 1.8 4.8 20.2 0.5 1.7
Siganus 8 Sep Central coast 24.5 236 10 25.1 0.2 0.3 3.1 25.8 0.7 1.4
rivula/us

Solea 7 Sep South coast 20.5 62.7 10 23.6 0.2 0.3 1.4 22.1 1.1 1.1
solea 20

a nd = not detected.

were detected in Mullus barbatus (benthic) and Sardinella
aurita (pelagic) (0.6-0.7 ppm). The World Health Organiza
tion (12) provisional tolerance level for human consumption
is 0.4-0.5 /Lg Cd/person/week, which means that to exceed this
tolerance, a person must consume more than 5 kg of these fish
per week.

Lead. The tolerance level for lead in fish for human con
sumption set by the Canadian Food and Drug Directorate is
2 ppm wet weight-a value higher than all the measured
concentrations in the analyzed fish.

Copper. The copper concentrations varied according to the
sampling area. An exceptionally high value (23.5 ppm) was
found in one sample of Sphyraena sphyraena (pelagic) and
in one sample of Upeneus moluccensis (benthic) (8.3 ppm)
from Haifa Bay (this area ia polluted by industrial sewage).
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Otherwise, the range of values is similar to those from other
unpolluted areas (Table VIII).

Zinc. The concentration of zinc in fish from different fishing
areas followed the same pattern as that for copper. The
highest values (61-84 ppm dry weight) were found in Sardi
nella aurita from Haifa Bay, the most highly polluted of the
areas sampled. Except for these high values, there was, how
ever, very little difference in the concentration of zinc.

Nickel. The majority of values [with the exception of one
high value, 10.8 ppm in Saurida undosquamis (benthic) from
Haifa Bay] in all the species are within a limited range close
to the mean value of 1.8 ppm dry weight.

Chromium. The mean concentration of Cr found in the fish
samples was 0.5 ppm, being the same as for fish from England
and Wales (0.5-0.6 ppm, Table VIII).



Table VIII. Heavy Metal Levels of Commercial Fish In Catches from Coast of Israel and Other Selected Areas
(Concentrations in ppm)
Location Cd Pb Cu Zn HI C,

Present paper, range Dry wt 0.1-0.7 0.04-5.3 0.7-8.3 0.5-84.0 nd-10.8" 0.6-4.9
Wetwt 0.02-0.17 0.01-1.3 0.17-2.0 0.1-20.3 nd-2.6 0.14-1.2

Present paper, mean Dry wt 0.33 1.8 3.8 27.2 1.8 2.1
Wetwt 0.08 0.4 0.9 6.6 0.4 0.5

Scottish waters (40) Dry wt
Wetwt 0.03-0.12 <0.2-1.2 0.05-4.3 1.6-23.0

England and Wales (41) Dry wt
Wet wt <0.05-0.16 0.5-1.0 0.5-1.8 4.4-6.6 <0.5-0.6

North Atlantic (42) Dry wt <0.1-2.1 1.5-3.2 8.0-20.0
Wetwt

Northeast Atlantic (43) Dry wt 0.05-0.98 44
Wetwt

New Zealand (44) Drywt
Wetwt 0.001-0.2 0.04-1.6 0.03-3.4 0.9-56.0 0.01-0.1 0.01-0.05

• nd = not detected.

Conclusions and Recomm.endations

From the data presented in this study, we can infer that the
concentration of the heavy metals investigated both in water
and sediments is similar to those found in literature for un
polluted regions.

The results obtained from the analyses of the edible muscle
tissue of the 12 most common commercial fish show low con
centration levels of the six trace elements investigated.

We conclude that the area is still relatively unpolluted and
recommend continuing the monitoring of heavy metal con
centrations to improve our understanding of their cycle in the
marine environment.
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Phenalen-1-one: OCcurrence in a Fuel Oil and Toxicity to Microalgae

Figure 1. Structures of phenalen-1-one (I) and 9-f1uorenone (II)

Materials and Methods

Organisms and Growth Conditions. Strains PR-6 (Ag
menellum quadruplicatum) and 17a (Coccochloris elabens)
are coccoid blue-green algae. They are isolates of this labo
ratory. Strains DUN (Dunaliella tertiolecta) and 580
(Chiarella autotrophica) are green algae and were originally
obtained from R. L. Guillard, Woods Hole. AMP-I (Amphora
sp.) is an estuarine diatom recently isolated into pure culture
in this laboratory by J. C. Morgan (6). PR-6 and 17a were
grown on medium ASP-2 (7) containing 8 ~/!. of vitamin BIZ,
DUN, and 580 on medium ASP-2 plus 8Itg/!. vitamin B,z and

• Phenalen-l-one (perinaphthenone) was isolated and
characterized from the water soluble fraction of a No.2 fuel
oil. Phenalen-l-one had two very different effects on the
growth of microalgae. With blue-green algae there was an
abrupt toxicity, independent of wavelength, at 5 ppm. With
two green algae toxicity was strongly wavelength dependent.
In white light (Daylight fluorescent) 250 ppb was lethal; with
this same lamp screened by a sharp-cut yellow filter (530 nm),
growth rate was not affected until the concentration reached
10 ppm. The growth inhibition of a diatom by phenalen-l-one
was also wavelength dependent, but the concentration re
quired was some twentyfold that for green algae.
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I mg/!. vitamin B,; AMP-l was grown on medium ASP-2
containing 8 Itg/!. vitamin B,z, 1 mg/!. vitamin B" and 250
mg/!. NazSiO~·5HzO.

All liquid culture work was done in a water bath at 30 ± 0.1
°c under continuous illumination from Sylvania F20T12-D
Daylight fluorescent lamps, two on each side of the bath, 7.5
cm from the lamp center to the position of the tubes in the
bath. The growth tubes were Pyrex 22 x 175 mm test tubes
fitted with bubbling tubes, through which was passed con
tinuously 1 ± 0.1% COz-in-air. This general procedure is an
adaptation of the methods of Myers (8).

With each organism the inoculum was preconditioned to
the above growth conditions. The inoculum size used to start
each growth run was approximately 105 cells/ml. Specific
growth rate constants were determined from a plot of 10glO
N/No vs. time, where N = cell number, determined turbidi
metrically using a Model 402-E Lumetron colorimeter. For
convenience in data presentation the specific growth rate
constants are herein given as generations/day.

An algal lawn technique was used to test pure compounds.
Exponentially growing cells (final concentration 5000-10000
cell/ml) were added to agarized medium (1% Difco agar, 0140)
held at 42°C; 20 ml was then immediately distributed to
plastic Petri dishes. The test materials, with absolute ethanol
as solvent, were presented to the algal cells embedded in the
agar by absorbing them on antibiotic sensitivity discs (12.7
mm) and placing the discs directly on the agar surface. The
plates were then sealed with Scotch tape and incubated in the
light for 3-7 days, 28-30 °c. The experimental endpoint was
the zone size of growth inhibition around the pad, judged vi
sually and microscopically. No inhibition was observed with
appropriate ethanol controls.

Isolation and Characterization of Phenalen-I-one.
Water extracts were prepared by gently stirring 8 parts dis
tilled water with I part American Petroleum Institute # 2 fuel
oil for 24 h as previously described (2). This fuel oil is one of
four oils set aside by API for use by the scientific community
as reference oils. Our sample was obtained from Jack Ander
son, Texas A&M University, College Station.

Organic components of the water extract were reextracted
into benzene and analyzed on a Perkin-Elmer Model 900 gas
chromatograph. A Dupont 21-491 mass spectrometer inter
faced to a Varian 2700 gas chromatograph was also used for
qualitative analysis. A component was identified as phen
alen-I-one on the basis of its mass spectra (Figure 2) and re
tention times on two stationary phases of different polarity
(FFAP and Apiezon L). Authentic phenalen-I-one (perina
phthenone) was obtained from Aldrich Chemical Co., Mil
waukee. Another sample purchased from ICN Chemicals,
Plainview, N.Y., behaved similarly, both chemically and bi
ologically.

Phenalen-l-one was isolated from other components of the
water extract by chromatography on a 1.7 X 150 cm column
of Sephadex LH20 in isobutyl alcohol. Purity of the material
obtained was about 95% by gas chromatography. The ab
sorption spectra of the sample and standard in 95% ethanol
were obtained on a Cary 118 spectrophotometer. Infrared
spectra in carbon tetrachloride were recorded on a Perkin
Elmer 2378. Sample and standard spectra were in good
agreement over both spectral regions.

The concentration ofphenalen-I-one present in the water
extract, as determined by gas chromatography, was 0.2 ppm
(mg/!.).

There is an increasing body of evidence suggesting that
crude oils and products derived therefrom inhibit growth and
photosynthesis in microalgae (1-3). In a search for the basis
of toxicity in water soluble extracts of fuel oils, we have iso
lated and identified phenalen-l-one (Figure I) from an
American Petroleum Institute (API) No.2 fuel oil sample
commonly used in toxicity testing.

Although we have not been able to find phenalen-I-one in
water solubles of four other No.2 fuel oils, its toxicity to mi
croalgae, especially green algae, merits comment.

It is interesting to note that phenalen-I-one has been iso
lated from organic extracts of airborne particulates (4,5). In
the context of these papers it was tested for potential carci
nogenic activity via a photodynamic assay with Paramecium
caudatum, an indirect index of carcinogenicity owing to po
lynuclear compounds. Its microalgal toxicity described herein
may be cause for further concern for its presence in the envi
ronment.
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Table II. Effect of Pure Compounds on Growth, as a
Lawn, of Green Alga, Chlorella autofrophica, Strain
580 a

Figure 2. Mass spectrum of phenalen-1-{)ne isolated from water soluble
fraction of API NO.2 fuel oil

Results

Table I shows the effects of phenalen-l-one on the growth
of five microalgae, representative of three major groups. For
the two blue-green algae tested, strains PR-6 and l7a, phen
alen-l-one had no effect on growth until the concentration
reached 5 mg/l., wherein an abrupt toxicity was evident. The
inhibition of growth of these two marine, coccoid, blue-greens
was independent of the wavelength distribution of the light
source used for growth. In contrast, the two green algae tested,
strains DUN and 580, were remarkably sensitive to phen
alen-l-one but only when the fluorescent lamp source was not
screened by a sharp-cut yellow Plexiglas filter (transmission
> 530 nm). When the light source was screened by the yellow
filter, these two organisms were even more resistant than the
two blue-greens. The response of the diatom, strain AMP-I,
was intermediate between the blue-green and green algae.

The extreme toxicity of phenalen-l-one toward the green
algae 580 and DUN manifested only in white light suggested
that photochemical alteration was occurring. Since the yellow
Plexiglas filter also screens out radiation into the region of
bulk carotenoid absorption in an algal cell, the possibility
existed that phenalen-l-one toxicity was being sensitized by
carotenoids. The latter was not the case since the toxicity
picture for strains 580 and DUN was not changed by further
experiments with colored filters in which the actinic beam
contained wavelengths down to 440 nm; the long wavelength
absorption of phenalen-I-one extends to 450 nm.

Table II sets in perspective the extreme toxicity of phen
alen-l-one in white light to orgariism 580 vis a vis other toxic
compounds. An instructive comparison can be made with
p-toluidine. p-Toluidine is the most toxic compound we have
yet found in water soluble extractives from fuel oils for blue
green algae (3). With lllg per pad of p-toluidine in the same
type of assay as used in Table II with organism 580, there was
a clear inhibition of growth with organism PR-6. For organism

Amt on Compounds
pad, ~g Ph.no Cres Tofu TMPh Melnd DIMeAn DMN

1 0 0 0 0 0 0 0

10 2 0 0 0 0 0 0

50 11 0 0 0 2 0 0

100 20 0 0 0 10 0 0

500 36 0 0 2 (10) 36 0 1

1000 36 0 4 (15) 20 (36) 36 2 2

2000 36 0(3) 36 36 36 5 (10) 3

10000 36 36 36 36 36 36 36
8 Numbers indicate zone of inhibition of growth around pad in mm; 36 mm

means no growth on Petri dish. Numbers in parentheses are zone sizes of re-
duced colony size indicative of some but not complete inhibition. 0 Compound
identification: Phen =phenalen-1-one, Cres = o-cresol, Totu = p-toluktine. TMPh

=2.3.5-trimethylphenol. Melnd =7-methylindole. DiMeAn =2.<klimethylaniline.
DMN = 1.4-<limethylnaphlhalene.

580 in white light, phenalen-l-one approaches the toxicity of
p-toluidine to blue-green algae.

Discussion and Conclusions

We can only speculate as to the biochemical reason phen
alen-l-one, or possibly a photochemically produced product,
is so lethal to green algae. Strain 580 does show a small degree
of adaptation. When grown in sublethal levels (0.125 mg/I.)
in white light, organism 580 then acquires resistance to 0.500
mg/1. but not to higher concentrations. Phenalen-l-one is
without immediate effect on photosynthesis as measured on
the oxygen electrode at light saturation in white light. How
ever, some 6-8 h (about one generation time) after incubating
organism 580 with a 0.50-1.0 mg/l. ofphenalen-l-one in white
light, the typical yellow-green of the cells' color perceptibly
lightened. After 10-12 h the cells bleached completely, that
is, the suspension became white. Correlating with this pro
gressive destruction of the photosynthetic pigments was a
decline in rate of photosynthesis (02 output) to zero some 6
h after addition of phenalen-l-one. This latter observation
suggests that the basis of phenalen-l-one toxicity may lie in
a photochemically induced, highly oxidizing species which
causes oxidation of general cellular components. However,
prediction of a photochemically formed strong oxidant as the
basis for phenalen-l-one toxicity to green algae is greatly
weakened by its lack of effect under similar lighting conditions
and at a similar level in blue-green algae.

Phenalen-l-one and its 6-hydroxy derivative have dem
onstrated antibacterial activity (9). Perhaps of more interest

Table I. Effects of Phenalen-1-one on Growth a of Five Pure Cultures of Microalgae
Phenalen- Organisms

1-one PR~6b 17A . DUN 580 AMP-1
concn, mgll. We y w y W y w y W y

0.0 6.0 4.0 6.0 4.0 3.3 2.0 2.7 1.8 3.5 3.2
0.125 6.0 4.0 6.0 4.0 3.3 (2) 2.0 1.0 (4) 1.8 3.5 3.2

0.25 6.0 4.0 6.0 4.0 NG 2.0 NG 1.8 3.5 3.2

0.50 6.0 4.0 6.0 4.0 NG 2.0 NG 1.8 2.3 (1) 3.2
1.00 6.0 4.0 6.0 4.0 NG 2.0 NG 1.8 0.5 (11) 3.2
5.00 NG NG NG NG NG 2.0 NG 1.8 NG NG

10.00 NG NG NG NG NG 1.3 (2) NG 0.4 (4) NG NG
OJ Numbers given are generations/day. reproducible to ±0.2/day. Values in parentheses are lag times in days as compared to controls. Notation NG means no

growth. (I Organisms PR-6 and 17A were grown at 39°, DUN. 580 and AMP-1 at 30°. C W means illumination used for growth included all wavelengths common
to emission spectrum of a Dayli~t fluorescent lamp; Y the same lamp but wavelengths restricted to 530 nm and beyond by Room and Haas, 3-mm ('k in.), transparent,
yellow Plexiglas filter. No. 2422.
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in connection with our results are the observations on the
occurrence of phenalenone derivatives in the seed capsules
and roots of Lacanthus tinctoria ("red-root") and in the
mycelium of Penicillium herquei (10-12). Phenalen-I-one
or related compounds have not, so far as we know, been re
ported in green algae. However, the extreme toxicity of phe
nalen-I-one suggests that biochemically significant phen
alen-I-one pigments may occur in green algae.

The extent of phenalen-I-one distribution in petroleum and
petroleum products is unknown. It is improbable that the
compound is unique to this fuel oil. The presence of phen
alen-I-one in urban airborne particulates appears to indicate
a widespread occurrence in, or production from, fossil fuels.
Phenalen-I-one may be a product of combustion and/or re
finery processes, although its occurrence in crude oils is not
unlikely. Alkyl substituted f1uorenones (Figure 1) have been
reported in a crude oil (13). Compounds with molecular
weights corresponding to Ch C2, and C3 substituted f1uo
renones were described. The parent compound, f1uorenone,
an isomer ofphenalen-I-one, was not found.

Wherein phenalen-I-one occurs in a petroleum derived
product, its relatively high water solubility, low volatility, and
herein demonstrated high and selective lethality toward green
algae suggest that it could be environmentally dangerous.
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Synchronous Fluorescence Spectroscopy and Its Application to
Indigenous and Petroleum-Derived Hydrocarbons in Lacustrine Sediments

Stuart G. Wakeham'

Department of Chemistry and Department of Oceanography, University of Washington, Seattle, Wash. 98195

• A comparison of conventional fluorescence emiSSIOn
spectra and spectra produced by synchronously scanning both
excitation and emission monochromators is made on a series
of standard oils to demonstrate the increased resolution
achieved by the synchronous technique. Greater information
on the aromatic content of the oils is obtained by separating
the aromatic hydrocarbon fractions by liquid-solid column
chromatography prior to fluorescence analysis. Fluorescence
spectroscopy, in particular the synchronous method, is used
to characterize the indigenous and petroleum-derived aro
matic hydrocarbons in sediments of Lake Washington,
Wash.

Fluorescence spectroscopy is a useful technique for the
analysis of aromatic hydrocarbons in the environment (1).
Zitko and Carson (2), Thruston and Knight (3), and Coakley
(4) have summarized the use of ultraviolet fluorescence
spectroscopy to identify oils by differences in their aromatic
composition which produce the spectra. A number of workers
have used fluorescence spectroscopy to estimate petroleum
hydrocarbon concentrations in seawater (5-10) and in marine
sediments (11). Ultraviolet fluorescence spectroscopy offers

I Present address, Swiss Federal Institute for Water Resources and
Water Pollution Control (EAWAG), CH-8600 Dubendorf, Switzer
land.
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the advantages of greater sensitivity and selectivity for aro
matic molecules than conventional ultraviolet absorption
measurements.

An improvement in the fluorescence analysis of complex
mixtures of fluorescing compounds has recently been made
by Lloyd (12). Satisfactory resolution of complex mixtures
often cannot be achieved by the usual technique of recording
emission spectra produced by excitation at fixed wavelengths
which have been specifically selected for individual com
pounds. However, Lloyd has shown that considerable im
provement in resolution of the spectra may be made by
varying the excitation and emission monochromators simul
taneously, with the excitation wavelength maintained 20-30
nm less than the emission wavelength. In a study of the syn
chronous excitation of emission spectra of a number of pure
aromatic hydrocarbons and several motor oils, Lloyd (13-15)
has demonstrated that the wavelength of maximum emission
is a function of the number of fused aromatic rings in a mol
ecule. Gordon and Keizer (9) have recently applied synchro
nous fluorescence analysis to a determination of petroleum
hydrocarbons in seawater.

This report presents further data comparing conventional
fluorescence emission spectra with spectra obtained by the
synchronous scanning technique. In addition, the synchronous
fluorescence method has been applied to an investigation of
indigenous and petroleum-derived hydrocarbons in sediments
of Lake Washington, Wash. Of particular interest is a com-



Figure 1. Conventional emission (excitation wavelength 310 nm) spectra
(A) and synchronous spectra (6) of four API reference oils
Concentrations are 40 ,lJ.g/10 ml. No.2 fuel oil-x-; Kuwait·· . ; South Loui
siana -; Bunker C - - -; cyclohexane solvent--

A

"" >60 "'"
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hydrocarbons were analyzed by gas chromatography, radio
carbon dating, and stable carbon isotope ratio measurements
(I 7), while the aromatics were analyzed by fluorescence
spectroscopy as discussed in this communication.

To compare the aromatic hydrocarbon content of Lake
Washington sediments with that of the several suspected
hydrocarbon sources of the lake, samples of sediment from the
rivers which feed Lake Washington, terrestrial plant material
(peat and humus) from local areas, mixed plankton hauls
(vertical tows with a standard 64-"m nylon net) from Lake
Washington, and atmospheric dustfall (separated from
rainwater by filtration with preextracted glass fiber filters)
were collected and analyzed for hydrocarbons as discussed
above. Urban stormwater runoff which drains into the lake
was also collected in stainless steel containers. Lipids were
extracted from the water with pentane, and hydrocarbons
isolated by means of silica gel/alumina chromatography.

Results and Discussion

One of the primary concerns of this investigation was to
document the differences between conventional emission
spectra and the synchronous scanning method, and to point
out the advantages of the latter technique. This difference is
illustrated in Figure 1, where conventional and synchronous
emission spectra of the four API oils are plotted together. The
major peaks in the synchronous spectra are identified ac
cording to Lloyd's data (I5), with the number of fused aro
matic rings present in the sample determining the wavelength
at which maximum emission occurs. Thus, benzenes emit most
strongly in the 280--290-nm region, and naphthalenes emit at
about 310-320 nm. Aromatics having three and four rings
generally emit between 340 and 380 nm; compounds having
five or more fused rings emit above about 400 nm. Clearly
more fine structure is apparent using the synchronous mode

parison of the fluorescence spectra for aromatic hydrocarbons
isolated from sediments contaminated with petroleum, for
hydrocarbons from uncontaminated sediments, and for the
hydrocarbons from the several possible sources of organic
matter to the lake (rivers, stormwater runoff, atmospheric
dustfall, plankton, and terrestrial plant material).

Experimental Methods

Fluorescence spectra were obtained using a Farrand Optical
Corp. MK-l spectrofluorometer equipped with a corrected
excitation module. The advantages of corrected fluorescence
spectra, discussed in detail by Porro et al. (16), are the elim
ination of shifts in excitation peak positions; distortions of
band shapes, and changes in relative band intensities caused
by nonconstant output of the excitation source and nonlinear
response of the photomultiplier. Corrected excitation
(200-450 nm) and emission (220-580 nm) scans were made
on the samples of interest to determine the general fluores
cence characteristics of the hydrocarbons present. Synchro
nous scanning of the excitation and emission wavelengths was
performed in a manner similar to that employed by Lloyd
(12). Excitation and emission monochromators were offset
by 25 nm, and the emission between 245 and 500 nm was re
corded. Throughout this investigation, slits for the excitation
and emission monochromators were 2.5 and 5 nm, respec
tively. Spectral grade cycloh~xane was used as the solvent for
the fluorescence analysis.

To ensure that concentrations of sample solutions were not
so high as to cause quenching and distortion of the fluores
cence spectra, a series of spectra was obtained for solutions
of varied concentrations. Even at the highest concentrations
tested, which were about an order of magnitude higher than
sample concentrations normally used in this study (10-40
"g/IO ml), no significant distortion of the spectra was ob
served.

The four American Petroleum Institute reference oils
(South Louisiana, Kuwait, Bunker C, and No.2 fuel oil sup
plied by J. Anderson, Texas A&M University) of known
composition were used as qualitative fluorescence standards.
Excitation, emission, and synchronous spectra were obtained
for the whole oils (40 "g/IO ml) as outlined above. In addition,
a sample of the Kuwait crude oil was separated into aliphatic,
mono- and di-aromatic, and polynuclear aromatic hydrocar
bon fractions by silica gel/alumina column chromatography
as described in more detail below. Fluorescence spectra of the
aromatic hydrocarbon containing fractions were recorded to
determine if this preseparation results in increased resolution
of the aromatic constituents.

Sediments containing the hydrocarbons to be analyzed by
the fluorescence techniques were collected from Lake
Washington by use of procedures to minimize contamination
by petroleum-type hydrocarbons. Sediment cores were col
lected in solvent-rinsed stainless steel barrels using a corer
having a hydrostatically damped rate of penetration, thus
reducing disturbance of the sediment/water interface. Fol
lowing collection, the cores were frozen upright in the barrels
and stored until analysis. Details of the collection, extraction,
and hydrocarbon isolation procedures may be found elsewhere
(I7). In brief, lipids were Soxhlet extracted from the sediment
with benzene:methanol (1:1). Fatty acids and their esters were
removed by saponification. Hydrocarbons were isolated from
other nonsaponifiable lipids by solid-liquid chromatography
with alumina beds packed on top of silica gel beds. Three
hydrocarbon fractions were routinely collected-aliphatic
hydrocarbons were eluted with pentane, mono- and di-aro
matic hydrocarbons were eluted with 20% benzene iil pentane
(in some cases, two fractions were collected by elution with
10 and 20% benzene in pentane), and the polynuclear aromatic
hydrocarbons were eluted with pure benzene. The aliphatic
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primary source of the petroleum hydrocarbons in the surface
sediments was determined to be stormwater runoff from the
urban areas around the lake. The stormwater contained high
levels of hydrocarbons from lubricating oils and pyrolysis
products released by automobile traffic (J 7).

It was of interest to characterize by fluorescence spectros
copy the aromatic composition of both contaminated surface
sediments and uncontaminated sediments at depth in the
sediment column. Conventional and synchronous emission
spectra were obtained for the pentane, 20% benzene in pen
tane, and 100% benzene eluted hydrocarbon fractions from
0-2, 14-16, and 40-42-cm sections of a Lake Washington
sediment core. In addition, spectra were also recorded for the
aromatic hydrocarbons isolated from the several known
sources of hydrocarbons to the lake (river sediments, dustfall,
stormwater, plankton, peat, and humus),

Fluorescence spectra of the pentane eluted hydrocarbons
for all samples and solvent blanks were not significantly dif
ferent, thus indicating the absence in this fraction of any
fluorescing aromatic molecules. In contrast, the 20% benzene
in pentane and the 100% benzene eluates contain a complex
assemblage of aromatic hydrocarbons. Synchronous spectra
of these two fractions from Lake Washington sediments and
several hydrocarbon sources are illustrated in Figures 3 and
4.

Spectra of the aromatic hydrocarbon containing eluates
from the 0-2-cm sediment in Lake Washington show the
presence of naphthalenes in the 20% benzene in pentane
fraction (Figure 3), and aromatic compounds containing three
and four fused rings in the benzene cut (Figure 4). In addition,
the presence of lesser amounts of more highly condensed ar
omatics in the benzene fraction is indicated by fluorescence
bands at 400, 440, and 460 nm in the synchronous scans
(Figure 4). Such a wide range of aromatic compounds is typical
of the aromatic composition of petroleums, as shown in the
petroleum spectra above.

The naphthalene and three- and four-ring components of
the hydrocarbon spectra of surface sediment are quite similar
to the components observed in the spectra of the aromatic

Figure 3. Synchronous spectra of aromatic hydrocarbons in 20%
benzene in pentane fractions of Lake Washington sediments and several
sources of hydrocarbons
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Figure 2. Conventional emission (excitation wavelength 310 nm) spectra
(A) and synchronous spectra (B) of four column chromatography frac
tions for Kuwait crude oil
Cyclohexane solvent and pentane - -'; 10% benzene in pentane - --;
20 % benzene in pentane' •• ; 100% benzene --

if the sampie being analyzed is a complex mixture of fluores
cing aromatic molecules. At fixed excitation wavelengths,
much of the fluorescence of polynuclear aromatic hydrocar
bons is masked. For pure compounds, however, the synchro
nous approach does not offer significant advantages over
normal emission spectra.

Separation of the aromatic hydrocarbons into fractions
based on their polarity as determined by elution from the
silica/alumina columns helps to resolve the individual aro
matic compound classes which are responsible for the fluo
rescence spectrum of the total hydrocarbon sample. Fluo
rescence spectra for four column chromatography fractions
of the Kuwait crude oil are shown in Figure 2. No fluorescing
material is apparently present in the pentane eluted fraction,
which is expected since the fraction consists largely of ali
phatic hydrocarbons. Benzenes and naphthalenes are present
in those fractions eluted by 10 and 20% benzene in pentane,
while the pure benzene eluate contains aromatics having three
or more rings. It is interesting to note that while the normal
emission spectra of the 10 and 20% benzene in pentane frac
tions are nearly identical in band shape, the synchronous
spectra for these two fractions are quite different (Figure 2),
providing further evidence of the increased resolution
achieved by the synchronous scans.

Once the utility of the fluorescence technique, especially
the synchronous approach, had been shown for the analysis
of complex mixtures of aromatic hydrocarbons, the technique
was applied to an investigation of the indigenous and petro
leum hydrocarbons in sediments of Lake Washington. Pre
vious work has shown that surface sediments in the lake
contain elevated aliphatic hydrocarbon levels (about 1400 p.g/g
dry weight) relative to sediments at depth in the sediment
column (30 p.g/g). Gas chromatograms and radiocarbon
measurements indicated that the aliphatic hydrocarbons in
surface sediments were largely of petroleum origins. The
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Figure 4. Synchronous spectra of aromatic hydrocarbons in 100%
benzene fractions of Lake Washington sediments and several sources
of hydrocarbons

hydrocarbons isolated from urban stormwater runoff (Figures
3 and 4), providing further evidence of the importance of
urban runoff as a source of petroleum hydrocarbons to Lake
Washington surface sediments.

Polynuclear aromatics are also predominant in the atmo
spheric dustfall, Cedar river sediment, and humus (from a
local evergreen forest) samples (Figures 3 and 4), although the
input from these sources is believed to be minor compared to
stormwater.

The aromatic hydrocarbons containing five and more rings
in surface sediments of Lake Washington (indicated by fluo
rescence bands at 400, 440, and 460 nm in Figure 4) are be
lieved to be coming primarily from atmospheric dustfall, as
these components appear to be present in the dustfall (Figure
4) and absent in the stormwater. These multiringed aromatic
hydrocarbons are usually of pyrolytic origins and are often
present in urban atmospheric fallout (l8, 19). It is possible
that these highly condensed molecules are the product of in
complete combustion of fossil fuels as has been previously
discussed by Giger and Schaffner (l9) in relation to the
presence of these compounds in sediments of a Swiss lake. It
is interesting to note that fluorescence bands indicative of
these highly condensed aromatic hydrocarbons are also
present in the spectrum of hydrocarbons isolated from the
humus sample (Figure 4). While the source of these hydro
carbons is presently unknown, it is possible that the hydro
carbons are ultimately derived from atmospheric fallout.

The aromatic hydrocarbons isolated from the 14-16-cm
sediment of Lake Washington (deposited about 1900 as de
termined by 210Pb dating and containing about 400 JJ.g/g hy
drocarbons) generally are similar to those in surface sediments
(Figures 3 and 4). However, these deeper sediments appear
to contain, in addition to the naphthalenes and three- and
four-ringed compounds, significant amounts of perylene, as
indicated by the large doublet centered at about 450 nm in the
synchronous spectrum of the benzene eluted fraction (Figure
4). Corrected excitation, emission, and synchronous spectra

of the sediment hydrocarbons all have bands with the correct
shape and wavelength that were recorded for authentic per
ylene. The identity of this component as unsubstituted per
ylene has been confirmed by gas chromatography, high
pressure liquid chromatography, combined capillary gas
chromatography-mass spectrometry, and high-resolution
mass spectrometry (17). The significance of perylene in recent
sediments will be briefly discussed below.

Of the hydrocarbons in the 40-42-cm sediment of Lake
Washington (deposited about 1850 and having about 30 JJ.g/g
hydrocarbons), perylene is the predominant fluorescing
compound in the benzene eluate (Figure 4), although minor
amounts of some other aromatics are also' present. The pres
ence ofsuch a complex mixture of aromatics (although without
the predominance of perylene) has been reported by Giger and
Blumer (20), Blumer and Youngblood (21), and Youngblood
and Blumer (22) for sediments and soils believed to be un
contaminated by petroleum hydrocarbons. The actual origin
of these hydrocarbons in recent sediments is presently un
known. Perylene is also the primary aromatic hydrocarbon
constituent of the peat sample analyzed in this investigation
(Figure 4).

The presence of perylene in recent sediments has been re
ported earlier for deep sea, coastal, and estuarine marine
sediments (20, 23-26), soils (27), peat (26, 28, 29), and
freshwater lake sediments (30). In most cases, perylene de
terminations have been only qualitative. However, where
quantitative data are available, perylene content in marine
sediments ranges from --0.001 JJ.g/g dry sediment [Tanner
Basin (24), Gulf of Mexico (26)I to 0.26 JJ.g/g [Santa Barbara
Basin (24)] and 2.4 JJ.g/g [Saanich Inlet (25)J. An English Peat
has been found to contain 3.0 JJ.g/g perylene (26). Perylene
content in sediment cores was generally found to increase with
increasing depth in sediment cores, indicating in situ forma
tion by some diagenetic process.

Perylene concentrations in Lake Washington have been
roughly calculated [based on high-pressure liquid chroma
tography (17)] to be 1.0 JJ.g/g dry sediment at 14-16 cm and
1.4 JJ.g/g in the 40-42-cm section of the sediment core which
was analyzed. Surface sediments are not believed to contain
perylene (based on the fluorescence spectra), although at the
present the data are not conclusive. Perylene was also ap
'parently absent from stormwater, river sediments, humus, and
plankton (Figure 4), although it is present in the peat sample
at a level of about 6.3 JJ.g/g.

Aizenshtat (26) has proposed a possible mode of perylene
formation in marine sediments which may also apply to Lake
Washington. Perylene precursors are believed to·be land
derived (as indicated by high levels of perylene in peat)
nonhydrocarbon compounds, such as hydroquinones resulting
from degradation of carotenoids and chlorophyll-derived
chlorins. These compounds must be rapidly transported
through the water column and deposited in reducing sedi
ments where transformation into perylene may occur by re
duction. If sedimentation is slow and/or the precursors remain
in oxidizing sediments, the compounds may be oxidized and
thus destroyed. In this manner, it is possible to account for low
concentrations of perylene in Tanner Basin and the Gulf of
Mexico sediments (farther offshore and with lower sedimen
tation rates) relative to Santa Barbara Basin and Saanich Inlet
sediments (inshore and with high sedimentation rates). In the
case of Lake Washington, there would be a relatively short
period of transportation of large quantities of terrestrial plant
matter to the lake's sediments, followed by fairly rapid burial
(sedimentation rate of about 3 mm/yr based on 21°Pb mea
surements) in a mildly reducing (based on the presence of
elemental sulfur) sediment column. Thus, the precursors
would be preserved, and perylene may be formed by reduction
of these precursors.
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It is possible to make a rough· estimate of the rate of pery
lene formation in Lake Washington based on the increase in
perylene concentration between the 14-16 and 40-42-cm
sediment intervals ("-'0.4 J.lg/g) and the time period involved
(about 100 years). Thus, perylene appears to be forming within
the lake sediment at a rate of about 4 J.lg/g-1000 years. This
rate is compared to rough estimates of 0.2-0.8 J.lg/g-1000 years
in Saanich Inlet [calculated using data of Brown et al. (25)]
and 0.1 J.lg/g-1000 years in Santa Barbara sediments [based
on data of Orr and Grady (24)]. It is not clearly understood
why the rate in Lake Washington may be so high, except that
the terrestrial organic matter content of the lake sediments
may be somewhat higher than in either Santa Barbara Basin
or Saanich Inlet sediments, and/or that greater amounts of
the necessary precursors reach the sediments of Lake Wash
ington. This suggestion is supported by the fact that Lake
Washingtlln sediments generally contain greater carbon
content (4-6%) than sediments of Saanich [2-4% (25)1.

Conclusions

Synchronous scanning of excitation and emission wave
lengths yields more information about the aromatic compo
sition of a complex mixture of aromatic hydrocarbons than
conventional fluorescence spectra obtained at fixed excitation
wavelengths. Note that the information obtained by fluores
cence spectroscopy is primarily qualitative, and even semi
quantitative measurements on such complex mixtures as
petroleum and sediment hydrocarbons are most difficult. For
more detailed quantitative data, one must rely on more
elaborate instrumentation, such as gas chromatography, mass
spectrometry, or a combination of the two.

Hydrocarbons isolated from sediments of Lake Washington
were analyzed by fluorescence spectroscopy to show the use
fulness of the synchronous method in investigations of aro
matic hydrocarbons in sediments. Surface sediments, known
to be contaminated with petroleum hydrocarbons, contain
large amounts of naphthalenes, three- and four-ring aro
matics, and some more highly condensed aromatic molecules.
Fluorescence spectra of surface sediment hydrocarbons are
remarkably similar to spectra of hydrocarbons isolated from
stormwater runoff and atmospheric dustfall. In contrast, the
indigenous hydrocarbons at depth in the sediment column are
predominated by perylene, which is believed to be forming
with the sediment in the time period of about a century.
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Partial Extraction of Metals from Aquatic Sediments

Bernard A. Malo

U.S. Geological Survey, Central Laboratory, Albany, N.Y. 12201

Table I. Sample Identification and Location

accurately determined, and a separate subsample was dried
at 105 ·C to determine moisture content.

Test Procedures

Four partial extraction procedures were selected for eval
uation. These involve the use of 0.3 M HCI (1), pH 3 buffered
citrate-dithionite (E. A. Jenne, oral communication, 1972),
pH 7 buffered citrate-dithionite (2), and 1 M hydroxylamine
hydrochloride in 25% by volume acetic acid (3) solutions. For
comparison purposes the samples were subjected to Na2CO"
fusion (4) for determination of total metals and silica, and to
a rigorous HNO,,-dry ashing procedure (5).

Four replicate subsamples of each sample were taken for
each analytical procedure. Prior to application of the partial
extraction procedures, the samples were treated with 30%

Table II. General Sample Characteristics

Size distribution, % Carbon content, %

Sample Sand Slit Clay Total Inorganic Organic pH

1 68.8 20.7 10.5 2.48 0.05 2.43 6.6

2 81.0 15.7 3.3 2.12 0.95 1.17 5.7

3 11.0 61.9 27.1 7.02 0.05 6.97 6.5

4 98.9 1.1 0.0 0.19 0.11 0.08 7.6

5 88.0 7.6 4.4 2.05 0.92 1.13 7.1

6 76.9 19.6 3.5 2.77 0.34 2.43 7.3

7 19.2 57.1 23.7 5.32 0.10 5.22 6.6

8 27.9 51.5 20.6 3.32 0.05 3.27 6.1

9 35.2 21.8 43.0 4.28 0.04 4.24 6.6

10 27.5 44.6 27.9 1.70 0.08 1.62 7.2
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Highly micaceous red
sediment

Undisturbed sample from
cellar of home on bank of
river

Sample contains sediment
of lateritic soil origins
Muck sample

Comments

Receives industrial and
municipal waste
Downstream of lead-zinc
mine wastes. Lead and
zinc sulfide minerals
Impoundment receives
coal mine drainage from
upstream sources
Major river receiving
municipal, agricultural,
and industrial wastes
Ahighly calcareous
sediment containing shell
fragments and organic
material
Sediment contains waste
from mercury mine spoils.
Probably sulfide minerals

Sample Location

Raritan River at South Bound
Brook, N.J.

2 South Fork Coeur d'Alene River
near Pinehurst, Idaho, above
mouth of Pine Creek

3 Curwensville Reservoir on Bald
Eagle Creek near Curwensville,
Pa.

4 Mississippi River at St. Louis,
Mo. (Station 960)

6 New Almaden, Calif. area
composite. Sample from
Alamitos Creek and from an
unnamed tributary to Alamitos
Creek
Susquehanna River flood
sample (Ott composite), June
1972, approximately 15 miles
north of Harrisburg, Pa.

8 Waikele Stream at Waipahu,
Honolulu, Hawaii

9 Peacock Creek near Mcintosh,
Ga.

10 South River at Island Shoal
Road near Atlanta, Ga.

5 Antietam Creek below
Hagerstown, Md., sewage
treatment plant

Interest in the source, transport, deposition, biological
utilization, and release of trace metals in the aquatic envi
ronment has necessitated the investigation of analytical
methods for determining the more readily available forms of
metals that are associated with organic and mineral sediments.
It is generally recognized that sediments, both suspended and
bottom, constitute a potential source for many dissolved
chemical species. It is reasonable to expect that trace metals
associated with degradable organics and with the surface
coatings of mineral particles would be more available than
those incorporated in primary minerals or occluded by sec
ondary mineral structures. Metals in the surface coatings of
sediments, both in suspension and in bottom deposits, may
be brought into solution by changes such as the intrusion of
water of significantly different quality. Processes operating
under these conditions would be principally of the exchange
type, although it is conceivable that strongly acidic or alkaline
discharges could dissolve a portion of the surface coating.
Changes in the oxygen regime, such as in stagnant pools and
impoundments, may also contribute to the solution of metals.
In addition, water treatment processes such as chlorination,
dialysis, and reverse osmosis may cause solution of surface
coatings.

The purpose of this study was to determine which of the
evaluated procedures can provide an acceptable analytical tool
for monitoring trace metals in the surface coatings of mineral
sediment particles. Methods were selected from those that
have been proposed for use in cleaning coatings from mineral
particles prior to x-ray diffraction analysis and in investigating
the partitioning of trace metals in sediments and soils. Method
evaluation was based on the effectiveness of removal, mini
mization of structural degradation, and operational suitability
for large numbers of samples.

Materials and Procedures

Test Samples. Bottom material samples were collected
from 10 sites representing a wide range of natural and man
made environmental influences. Sample locations and com
ments are listed in Table I. The samples were collected by
personnel of the U.S. Geological Survey and shipped to the
laboratory in a moist condition. Upon receipt the samples were
wet sieved through a 2-mm nylon screen and stored in tightly
sealed, 1 gal, wide-mouth glass bottles at 4 ·C. General char
acteristics of these samples are listed in Table II.

Suhsamples for the individual partial extraction procedures
were obtained by forcing a 20-mm o.d. glass tube to the bottom
of the sample container, sealing the end, and removing the
tube containing a vertical section of the sample. Several such
vertical sections were taken when necessary to obtain suffi
cient weight of sample. The wet weight of each subsample was

• Four procedures employing 0.3 M HCI, pH 3 or pH 7 ci
trate-dithionite, or acetic acid-hydroxylamine solutions are
evaluated for their potential to remove the surface coatings
from aquatic sediment particles. Ten test samples repre
senting a range of sediment types and broad geographic dis
tribution are examined. Data on the relative recovery effi
ciency of each method are reported. Selection of a procedure
for use on large numbers of samples is made on the basis of
recovery efficiency, limitation of structural degradation, and
operational simplicity. Single operator precision data for the
more efficient methods are reported.



hydrogen peroxide (H20 2) on a steam bath to destroy organic
matter. All of the methods under evaluation incorporated the
same peroxide pretreatment so that they could be compared
on an equivalent basis.

To obtain measurable quantities of trace metals in the final
solution for direct determination by atomic absorption
spectrophotometry (AAS), wet sample weights were selected
to give the equivalent of 5-10 g of oven-dry sediment. The
exception to this was in the total analysis by fusion where the
size of the available platinum crucibles limited the sample size
to 1 g. As a result, the fusion data for trace metals were not
acceptable because sufficient quantities of the metals were
not available for measurement; the fusion data are valid for
total Si02, AI, Fe, and Mn concentrations.

The extraction procedures result in solutions for analysis
of widely differing pH, viscosity, and salt composition and
concentration. To avoid matrix problems created by these
variables, the standard solution for each metal for each pro
cedure was prepared in the respective extraction solution.

The following are brief descriptions of the four partial ex
traction procedures and the HNOa-dry ashing treatment:

0.3 M HCI. The sediment-water mixture, following H20 2
treatment, is diluted to 200 ml with deionized water. Ten ml
of 6 M HCI is added, and the suspension is mixed and heated
to just below boiling on a hot plate. Heating at this tempera
ture is continued for 30 min. The hot mixture is filtered
through a Whatman No. 42 filter paper, or equivalent, and the
filtrate is collected in a 250-ml volumetric flask. The residue
on the filter is washed at least three times with hot, dilute HCI
(1 + 19), and the filtrate is cooled and brought to volume with
HCI (1 + 19).

pH Buffered Citrate-Dithionite. Add 40 ml of pH 3 ci
trate buffer 060.0 g citric acid and 71.3 g sodium citrate dis
solved in deionized water to give a final volume of 1000 ml) to
the peroxide treated sample and heat with occasional swirling
for 1 hat 80°C in an oven. Add 80 ml of purified dithionite
citrate solution (95.6 g sodium citrate and 36.8 g citric acid
dissolved in 11. of deionized water, extracted by shaking with

1 g APDC, 100 ml ethyl propionate, and 50 g sodium di
thionite, and reextracted using only 100 ml of solvent) and
hold at 80°C with occasional swirling for 3 h. If the solution
temperature exceeds 80°C, insoluble sulfides will form. Re
move from oven and flocculate the sediment with saturated
sodium nitrate solution, centrifuge, and decant into a 250-ml
volumetric flask. Wash the sediment twice with 10-ml citrate
buffer, combine washing and extract, and adjust to volume
with deionized water.

pH 7 Buffered Citrate-Dithionite. Add 50 ml 0.3 M so
dium citrate (88 g NaaC6H507·2H20/i.) and 5 mil M sodium
bicarbonate (84 g NaHC03!l.) to the peroxide treated sample.
Heat to 80°C in an oven, remove, and quickly add 10 ml of
sodium dithionite solution 000 g Na2S20./l.). Heat to 80°C
in an oven and continue heating for 15 min. If the solution
temperature exceeds 80 °C, insoluble sulfides will form. Cool
and flocculate sediment with saturated sodium chloride so
lution, centrifuge, and decant the clear supernate into a 250-ml
volumetric flask. Wash residue twice with lO-ml portions of
0.3 M sodium citrate and combine washings with the extract.
Adjust to volume with deionized water.

I M Hydroxylamine Hydrochloride in 25% (v/v) Acetic
Acid. Add 50 ml of mixed acid-reducing reagent [mix 150 ml
of 25% (w/v) hydroxylamine hydrochloride and 350 ml of 35%
(v/v) acetic acid] to the peroxide treated sample in a 250-ml
conical flask. Place on a mechanical shaker and shake at room
temperature for 4 h. Filter through No. 42 Whatman paper
into a 250-ml volumetric flask. Wash the residue on the paper
several times with deionized water, combine washings and
filtrate, and adjust to volume with deionized water.

HN03 Dry Ashing Extraction. Add 35 ml concentrated
HNOa and 5 ml 30% H20 2 to the sample in a beaker and
evaporate to dryness on a hot plate. Ash at 400 to 425°C for
1 h in a muffle furnace and cool. Add 25 ml of acid mixture
(200 ml conc. HNOa, 50 ml conc. HCI, and 750 ml deionized
water), 20 mllO% NH.CI and 1 ml Ca(N03l2·4H20 (ll.8 g/loo
mI). Heat gently for 15 min and cool for at least 5 min. Sepa
rate the residue by filtration or centrifugation, wash the res-

Table III. Mean Concentration of Major Constituents (All Values In Ilg/g Unless Noted)

Deter-
mln8- Sample
lion Method a 10

Si02, % (a) 78.0 61.8 50.3 87.2 84.1 59.0 65.4 32.7 73.0 67.6
(b)
(c) 0.77 0.32 1.05 0.11 0.14 1.21 1.03 1.68 0.41 0.52
(d) 0.32 0.28 0.84 0.096 0.18 0.59 0.51 0.73 0.50 0.34
(e) 0.065 0.074 0.24 0.027 0.045 0.17 0.088 0.24 0.21 0.087
(I) 0.068 0.095 0.36 0.011 0.024 0.13 0.074 0.30 0.26 0.072

AI (a) 34600 28000 106000 24500 9890 41100 45000 115000 42700 79200
(b) 11000 3340 31900 1510 4600 14900 15300 56400 10800 29700
(c) 3930 1270 19200 522 1280 5280 7070 10300 2940 5200
(d) 2310 898 21500 256 1440 2530 4620 7910 2950 4410
(e) 830 187 10700 40.0 313 270 1560 1780 1440 976
(f) 991 258 13400 33.9 223 432 1310 1900 1960 1090

Fe (a) 21900 111000 61700 6960 13700 39700 36100 137000 169.00 35800
(b) 14400 76600 60200 4110 10000 38800 34000 57800 5010 31000
(c) 7890 79800 36900 1600 3130 15000 17600 18000 2700 10500
(d) 12300 18200 53000 2130 9000 20700 20600 69500 3830 25700
(e) 5370 4550 25000 626 2390 4700 9900 13000 2390 7620
(I) 2780 3100 12700 184 876 3020 2280 4980 2420 5610

Mn (a) 331 9040 701 116 203 718 1320 1370 113 908
(b) 139 3960 519 71.4 155 623 1170 613 31.3 680
(c) 109 9600 693 52.9 139 523 1360 922 37.2 942
(d) 119 1520 783 53.9 166 487 1380 1000 45.3 926
(e) 26.8 805 524 8.62 17.8 220 1090 693 12.7 725
(f) 76.8 1030 478 31.3 88.2 326 1040 813 43.9 931

• (a) Fusion, (b) ashing, (c) 0.3 M HCI, (d) pH 3 C-D, (e) pH 7 C-D, (f) acetic acid.
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idue twice with deionized water, and combine washings and as a reference point to determine the relative recoveries of
extract in a 250-ml volumetric flask; adjust to volume with trace metals because trace metal concentrations recovered by
demineralized water. the ashing procedure approach their total concentration in

Results and Discussion
the sediments. Tables V and yI present data showing the
mean recovery and standard deviation from the mean of major

The mean concentration of four replicate analyses for the and minor sediment constituents relative to the total amount
major constituents by each of the six analytical procedures is present and to the concentrations as determined by the
presented in Table III. Similar data for minor constituents are HN03-dry ashing digestion, respectively. Note that the pH
in Table IV. Because of the limited sample size used for the 7 citrate-dithionite and the 25% acetic acid extractions re-
total analyses by fusion and because of the volatility of some covered significantly less of all constituents than the 0.3 M
constituents, no satisfactory data are available for the total Hel and pH 3 citrate-dithionite procedures.
concentration of trace metals. The ashing procedure is used Examination of the data in Table VI indicates that 0.3 M

Table IV. Mean Concentration of Minor Constituents (All Concentrations In ~g/g)

Det.r-
mlna- Sample
lion Method a '0

Cu (b) 78.4 148 38.1 1.62 14.4 32.8 36.5 169 1.19 44.0
(c) 73.8 66.9 57.2 0.67 12.7 22.4 32.3 172 2.06 34.8
(d) 67.4 29.9 41.9 0.87 11.7 16.2 32.4 159 3.90 33.8
(e) 1.98 1.09 3.42 0.12 0.00 0.17 1.25 4.77 0.60 0.87
(I) 64.2 30.0 39.4 0.11 8.6 9.5 16.2 126 0.35 34.5

Ni (b) 21.4 13.1 72.2 7.07 8.63 599 47.1 238 1.82 28.3
(c) 12.7 7.95 48.8 5.83 5.03 367 30.5 67.6 1.36 12.4
(d) 13.1 6.96 45.4 5.69 8.59 330 25.8 111 2.91 10.6
(e) 4.06 1.72 19.2 1.06 2.04 61.7 9.02 35.5 1.18 7.37
(I) 4.39 2.09 28.9 1.18 3.64 75.3 10.9 25.5 1.95 8.69

Pb (b) 157 6010 121 50.9 93.9 67.5 233 91.9 51.0 153
(c) 93.4 5160 56.6 5.64 44.2 25.6 158 28.4 17.4 104
(d) 103 1480 65.9 20.3 40.8 34.6 151 45.4 31.0 103
(e) 36.2 178 43.6 8.82 15.1 19.1 62.2 23.6 15.7 42.2
(I) 70.5 4050 39.8 2.49 29.3 15.4 92.8 17.7 20.9 89.1

Zn (b) 115 4310 300 12.9 79.6 74.9 276 123 11.3 442
(c) 99.3 2040 254 7.03 76.2 55.8 230 73.6 7.75 460
(d) 65.8 1780 241 5.27 75.0 35.2 169 82.5 5.03 400
(e) 10.0 1280 108 0.00 31.0 0.00 92.5 39.2 7.45 436
(I) 45.4 1200 141 0.01 47.4 14.3 80.5 35.2 4.60 382

Cd (b) 0.98 27.5 1.37 0.06 1.69 0.60 1.44 0.88 0.25 4.46
(c) 1.38 15.4 1.32 0.11 1.85 0.54 1.68 0.88 0.17 6.42
(d) 2.02 7.40 1.57 0.64 2.04 0.84 2.38 1.22 0.62 6.83
(e) 0.89 4.26 1.94 0.21 0.32 0.40 0.83 0.75 0.23 3.10
(f) 0.98 10.2 1.21 0.04 1.31 0.16 1.22 0.62 0.66 7.24

Cr (b) 13.0 3.20 27.7 2.90 30.2 368 20.2 118 9.07 55.5
(c) 22.2 2.71 14.9 1.35 20.3 128 14.8 58.7 3.51 42.9
(d) 25.5 2.55 22.7 1.64 29.2 114 13.6 184 4.73 54.4
(e) 23.2 1.28 17.6 0.92 15.8 25.5 10.2 45.4 3.56 37.8
(I) 16.6 .65 12.9 0.02 11.9 16.6 5.92 17.3 2.99 35.3

Co (b) 8.03 12.5 37.7 3.44 4.83 44.8 32.4 53.3 2.24 15.2
(c) 5.11 8.82 32.9 2.55 6.09 31.3 26.0 48.9 1.78 10.8
(d) 9.42 8.27 33.8 3.99 9.08 26.0 27.0 49.1 3.59 10.0
(e) 2.94 3.81 14.5 1.64 1.45 9.84 12.7 30.5 16.3 7.49
(f) 2.38 4.25 22.5 0.74 3.50 15.6 15.0 30.1 1.44 8.08

• (b) Ashing. (c) 0.3 M Hel, (d) pH 3 CD, (e) pH 7 CD, (f) acetic acid.

Table V. Recovery of Major Constituents from All Samples Relative to Total Amount Present (All Values in
Percent)

pH 3 pH 7
cltrate- cUrete- Acetic

Aahlng 0.3 M Hel dlthlonlte dllhlonlte acid

Si02 X(mean) 1.5 0.89 0.27 0.32
R(range) 0.13-5.14 0.11-2.23 0.03-0.73 0.01-0.93
(f (sid dey) 0.50 0.24 0.09 0.12

AI X 30.9 10.0 8.2 2.7 3.0
R 6.2-49.0 2.1-18.1 1.0-20.3 0.2-10.1 0.1-12.6
(f 4.5 1.7 1.9 1.0 1.2

Fe X 71.5 35.8 50.9 18.0 9.3
R 29.6-97.7 13.1-71.9 16.4-85.9 4.1-40.5 2.6-20.6
(f 7.8 6.4 7.3 3.6 2.1

Mn X 62.0 73.2 68.1 36.3 49.8
R 27.7-88.6 32.9-106 16.8-112 7.4-82.6 11.4-103
(f 7.1 9.7 10.9 10.8 9.3

0'1 Si02 is not brought back into solution following dry ashing of samples. No data are therefore available on Si02 concentration extracted.
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HCI recovers more Zn and less Cd, Cr, and Co than the pH 3
extract. There is no difference in the recovery of Cu, Ni, and
Pb by either procedure. Table VII indicates that this rela·
tionship is generally valid for samples of widely varying par·
ticle size distribution.

In addition to extraction efficiency, another criterion ap·
plied to the selection of a procedure is the limitation of
structural degradation. The concentration of Si02 and AI in
the extracts is assumed to reflect the extent of degradation
since the principal mineral structure in the samples consists
of alumino·silicates. Data in Table V show that both of the
more efficient procedures recover approximately 1% of the
total Si02 and 10% of the total aluminum. The lower end of
the range in each case was for sample #4, a predominantly
sand sample from the Mississippi River. Sample # 8, a sedi·
ment of lateritic origin having highly weathered Si02, is at the
upper end of the Si02 range. Sample # 3, from Curwensville
Reservoir in Pennsylvania, yielded the maximum aluminum
values. This high yield of aluminum is to be expected since a
relatively small percentage of the total aluminum is present
as secondary minerals. The reservoir has received coal·mine
drainage, and the native aluminum is present in greatest
quantities as the sulfate.

To test the significance with regard to structural degrada·
tion of extraction of approxim'ately 1% Si02 and 10% alumi·
num, five samples were selected and subjected to three suc·
cessive extractions with 0.3 M HCI. The data for each sample
are presented in Table VIII and for the mean of all five ana·
Iyzed samples in Figure 1. From these data, the recovery of
trace metals more closely approximates the recovery of Fe and
Mn than Si02 and Al for the series of extractions. This does
not ensure either that all of the minor elements present in the
surface coatings are recovered or that there is no structural
degradation. It does indicate that for a wide range of physical
and chemical sample characteristics, a significant part of the
surface coatings is being removed while solution of structural
components is minimized. The extent to which a given sample
will only be stripped of its surface coatings or will be degraded
upon application of a specific chemical treatment is deter·
mined by mineral type, degree of weathering, composition of
the coating matrix, and particle size.

Another factor examined was the extent to which the H20 2

pretreatment removes metals and Si02• Table IX gives the
data for the mean relative recovery and the standard deviation
from the mean of major and minor sample components as
determined in the filtrate obtained after peroxide digestion
only. If we compare these data with those in Tables V and VI,
the H20 2 pretreatment accounts for from 10 to 20% of the
recovery by the more efficient procedures, 0.3 M HCI or pH
3 citrate-dithionite. There is also an apparent loss of copper
from the pH 7 citrate-dithionite extract. This may be due to
readsorption at the more alkaline pH and is indicative of the

Table VII. Concentrations of Metals In Samples of
Varying Particle Size Distribution (All Values In J.Lg/g)

Hel

Sample NO.4 (98.9 % sand; 1.1 % sill & clay)
AI 522 256
Fe 1600 2130
Mn 52.9 53.9
Cu 0.67 0.87
Ni 5.83 5.69
Pb 5.64 20.3
Zn 7.03 5.27
Cd 0.11 0.64
Cr 1.35 1.64
Co 2.55 3.99

Sample No. 1 (68.8 % sand; 31.2 % sill & clay)
AI 3930 2310
Fe 7890 12300
Mn 109 119
Cu 73.8 67.4
~ 1~7 1&1
Pb 93.4 103
Zn 99.3 65.8
Cd 1.38 2.02
Cr 22.2 25.5
Co 5.11 9.42

Sample No.3 (11.0% sand; 89% sill & clay)
AI 19200 21500
Fe 36900 53000
Mn 693 783
Cu 57.2 41.9
Ni 48.8 45.4
Pb 56.6 65.9
Zn 254 241
Cd 1.32 1.57
Cr 14.9 22.7
Co 32.9 33.8

probable readsorption of other sample components during
extraction at the comparatively high pH of this solution.

A further consideration in the evaluation of analytical
procedures is the operational utility. In addition to extracting
a high percentage of the components in surface coatings with
minimum structural damage, a method should be suitable for
use with large numbers of samples and involve a minimum of
manipulation. All of the partial extraction procedures ex·
amined require that the extract be separated from the sedi·
ment residue by either filtration or centrifugation. The 0.3 M
HCI extraction requires the use of a single reagent addition
and heating at 90-95 ·C for 30 min prior to separation. The
acetic acid extraction similarly employs a single reagent ad·
dition but requires shaking for 4 h prior to separation. The
strong acetate odor necessitates using a good exhaust system
for all manipulations. Both of the citrate--<lithionite proce·
dures require several reagents yielding high salt concentra·

Table VI. Mean Recovery of Metals from All Samples Relative to Ashlng Procedure (All Values In Percent)

AI
Fe

Mn
Cu
Ni
Pb
Zn

Cd
Cr
Co

0.3 M Hel

34.1 ± 4.2
50.0 ± 7.3

117 ± 20.3
93.0 ± 13.8
60.1 ± 5.1
48.9 ± 7.3

75.9 ± 6.1
110±12.6
59.8 ± 5.8
81.4 ± 5.9

pH 3
cltr.te

dtthlonlte

26.7 ± 5.2
73.2 ± 8.9

96.7 ± 15.9
73.4± 9.7
71.1 ± 11.9

52.2 ± 4.5
62.4 ± 6.7

146 ± 22.0
80.1 ± 11.3

104 ± 14.2

pH 7
cltrale

dlthlonlte

8.8 ± 3.1
26.0 ± 4.4

51.7 ± 15.1
3.2 ± 1.1

23.2 ± 5.2
23.5 ± 3.1
34.3 ± 10.1
70.9 ± 13.7
46.5 ± 6.6
39.0 ± 3.9

AceUc acid

10.2 ± 4.0
14.7 ± 4.5

69.9 ± 14.0
52.8 ± 10.5
32.0 ± 9.5

36.2 ± 6.1
37.8 ± 7.8
80.8 ± 15.6
30.6 ± 6.9
47.2 ± 5.6
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Table VIII. Percent 01 Component Remaining Following Successive 0.3 M HCI Extractions

Extraction
Sample no. 510. AI Fo Mn Cu HI Pb Zn Cd C, Co

2 1 99.5 95.1 30.6 10.8 51.4 43.5 10.6 42.0 10.2 32.8 14.4
2 99.2 92.5 24.9 8.6 46.7 20.8 9.2 29.3 0.0 25.3 3.3
3 99.0 92.1 23.2 8.4 45.2 17.7 8.7 24.4 0.0 25.3 3.3

3 1 98.0 79.0 40.4 22.7 0.0 26.2 35.5 20.7 0.0 57.8 0.0
2 97.1 76.5 21.9 16.7 0.0 15.9 12.0 9.3 0.0 47.0 0.0
3 96.3 75.1 13.2 14.9 0.0 11.9 0.0 3.7 0.0 45.0 0.0

5 1 99.8 85.8 67.6 11.3 16.0 30.6 41.0 4.6 5.9 27.5 0.0
2 99.6 81.5 43.8 0.0 12.6 13.7 21.1 0.0 5.9 17.0 0.0
3 99.5 78.2 30.4 0.0 10.9 5.3 2.6 0.0 5.9 13.2 0.0

7 1 98.9 86.2 67.6 16.7 15.1 35.5 30.5 10.5 7.6 40.1 0.0
2 98.3 81.8 50.7 13.5 3.8 22.5 18.2 0.0 7.6 33.1 0.0
3 97.8 79.3 38.9 12.0 0.0 16.2 5.9 0.0 7.6 27.9 0.0

8 1 95.8 90.9 87.2 45.8 4.1 69.8 55.3 28.8 8.0 51.4 4.3
2 93.4 87.7 80.7 43.4 0.0 60.3 29.9 14.3 8.0 38.0 0.0
3 90.6 84.5 74.3 42.0 0.0 52.1 2.9 1.1 8.0 25.5 0.0

tions in the extract which leads to frequent clogging of the
atomic absorption three-slot burner and excessive flame noise
when determining lead. Reagent purity is a problem and ne
cessitates purification prior to use. The salt concentration and
noise problems can be eliminated by chelation and extraction
of the metals from solution, but this adds several additional
manipulations to the procedure.

The precision statements for metals recovered by the 0.3
M HCl, pH 3 citrate-dithionite, and ashing procedures are
listed in Table X for the stated concentration ranges. The
expression of precision is based on the assumption that pre
cision (8) varies linearly with concentration (x) over the range
encountered in the 10 test samples. The data used for the
statements were collected by a single operator in one labora
tory using four replicates of each sample. Outlying values
among replicates were tested and eliminated by applying the
t test (6) using a limiting value oft = 2.0.

The precision data for the ashing procedure are included
here for comparative purposes because this procedure has had
wide use. The data for the three procedures compare favorably
with published precision data for metal analysis by direct
atomic absorption spectrophotometry (7).

Conclusions

Based on the results of this study, the following conclusions
can be made: .

• The acetic acid-hydroxylamine hydrochloride and pH
7 citrate-dithionite extractions are unacceptable because of
low recovery efficiency and operational problems

• The pH 3 citrate-dithionite procedure, although possibly
more efficient than the 0.3 M HCl extraction, is not suitable
for high production large-scale laboratory use principally
because of the number of manipulations involved and dif
ficulties associated with analyzing the high solids concentra
tion extracts by atomic absorption spectrophotometry

• The 0.3 M HCI extraction requires fewer manipulations
than the citrate-dithionite procedure, yields approximately
the same recovery efficiency with minimum structural deg
radation, and results in an easily analyzed solution

• Serial extraction with 0.3 M HCI indicates that the so
lution of trace metals more closely follows the solution of Fe
and Mn than the structural components Si and Al

• The precision data obtained for the combined extraction
analysis for metals by the three procedures reported compare
favorably with published single operator precision data for
direct metal analysis by atomic absorption spectrophotometric
methods (7).

The numerous advantages of the 0.3 M HCI extraction
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Table IX. Relative Recovery 01 Sample Components
by HzOz Pretreatment (Ail Values in Percent)

Figure 1. Mean recovery of metals by successive extractions with 0.3
M HCI solution
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Table X. PrecIsion Statements for Metals Determined (All Concentrations Expressed in ILg/g)

0.3 M HCI pH 3 chr.te-dlthlonlt. Aahlng

Conen Conen Conen
Mete' ,.- Precision r._ Precision rena· Precision

AI 522-19200 S = 0.014x - 0.28 256-21500 S = 0.005x + 0.04 1510-56400 S = 0.017 X + 0.02
Fe 1600-79800 S = 0.022x + 0.12 2130-69500 S = 0.031x - 0.19 4100-76600 S = 0.022x - 0.10
Mn 37.2-9600 S = 0.039x - 13.0 45.3-1520 S = 0.007x + 3.7 31.3-3960 S = 0.061x - 19.7
Cu 0.67-172 S = 0.013x + 0.37 .87-159 S = 0.018x + 0.44 1.19-169 S = 0.019x - 0.21
Ni 1.36-367 S = 0.053x + 0.07 2.91-330 S = 0.016x + 0.12 1.82-599 S = 0.008x + 0.10
Pb 5.64-5 160 S = 0.022x - 0.22 20.3-1480 S = 0.070x - 1.9 50.9-6010 S = 0.013x + 0.98
Zn 7.03-2040 S = 0.038x - 2.0 5.03-1780 S = 0.002x + 3.9 11.3-4310 S = 0.007 x + 0.88
Cd 0.11-15.4 S = 0.032x - 0.03 0.62-7.40 S = 0.009x + 0.05 0.06-27.5 S = 0.008x + 0.03
Cr 1.35-128 S = 0.069x - 0.76 1.64-184 S = 0.014x + 0.29 9.07-368 S = 0.010x + 0.92
Co 1.78-48.9 S = 0.022x + 0.15 3.59-49.1 S = 0.022x + 0.28 2.24-53.3 S = 0.009x + 0.09

procedure make it preferable for routine use in monitoring the
readily acid-soluble minor elements in aquatic sediments. For
samples requiring more detailed information, laboratories
should be able to perform other procedures to provide data
on the concentration of exchangeable and total metals.
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There is a need to develop sensitive analytical methods for
determining the concentrations in drinking water of trace
amounts of organics, especially some of the volatile polar or
ganic compounds. Solvent extraction and sorption on solid
adsorbents.such as activated carbon and resins are the two

• The distillation technique was used to concentrate volatile
polar water-soluble organics in the distillate for later head
space gas chromatographic analysis. A fast, easy, and reliable
headspace gas injection system equipped with an evacuated
gas sampling valve was used. Methanol, ethanol, acetone, 2
propanol, and methyl ethyl ketone were determined at con
centrations ranging from 0.008 to 13 mg/!. in many samples
of membrane-treated hospital wastewater. The detection limit
was approximately 4 I'g/!. for all of the compounds except
methanol and ethanol for which the limit was 8 I'g/l. Com
bining the headspace gas chromatographic method of analysis
with sample preconcentration by the distillation technique
made it possible to determine volatile polar organics at the
ppb level. The basic principles, advantages, and applications
of these techniques are discussed.

Distillation/Headspace/Gas Chromatographic Analysis for Volatile
Polar Organics at ppb Level

Edward S. K. Chlan· and Powell P. K. Kuo

Environmental Engineering, Department of Civil Engineering, University of Illinois, Urbana, Ill. 61801

William J. Cooper, William F. Cowen, and Rogello C. Fuentes
U.S. Army Medical Bioengineering Research and Development Laboratory, Ft. Detrick, Md. 21701

methods most widely used for concentrating the less volatile
organics from water for subsequent determination by gas
chromatography (GC) and gas chromatography/mass spec
trometry (GC/MS). For the determination of volatile water
insoluble (i.e., nonpolar) organics, the Bellar and Lichtenberg
procedure of gas stripping, adsorption onto a suitable medium,
and subsequent thermal desorption in combination with GC
or GC/MS methods has received increasing interest (J -3).
This method, however, is not successful for trace determina
tion of volatile polar organic (VPO) compounds such as the
low-molecular-weight alcohols, ketones, and aldehydes. Sol
vent extraction is unsatisfactory because either the extraction
efficiency for VPO's is low or they tend to be lost via evapo
ration during the solvent concentration step. Likewise, poor
stripping efficiency along with poor sorption efficiency on solid
adsorbents makes the sorption method unsuitable. The Bellar
and Lichtenberg procedure has been used with only limited
success for determining VPO's in water (2). In view of their
significant contribution to the total organic carbon level in
wastewaters treated for reuse, the VPO's can by no means be
overlooked.

Recently, gas chromatography using the headspace gas
injection technique has been discussed for determining vol-
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atile organics (4), and a septumless gas injection system has
been developed for fast, easy, and reliable headspace gas in
jection (5). VPO's can be detected at the sub-ppm level with
the headspace gas injection technique, whereas the detection
limit could not be reduced below the ppm level with direct
aqueous injection (6, 7).

To meet the need for monitoring trace organics in water,
it is necessary to determine VPO's at the ppb level. Hence, it
is necessary to improve the sensitivity by a factor of 10--100,
which can be accomplished either by improving the sensitivity
of the final analytical step (GC or GC/MS) or by preconcen
trating the initial sample. Recently, a simple distillation
procedure has been demonstrated to concentrate VPO's into
a few milliliters of distillate by the distillation of a few hundred
milliliters of sample solution. The resulting concentration
factor was found to depend on the initial sample volume, the
final volume of distillate collected, and the volatility of the
specific VPO's relative to that of water. A concentration factor
of 10--100 can be easily achieved with the distillation technique
(8). Therefore, VPO's in the distillate can be determined at
the sub-ppm and ppb levels by the direct aqueous injection/
GC method and the headspace gas injection/GC method, re
spectively. The purpose of this study was to demonstrate the
application of the distillation/headspace gas injection/GC
(DHGC) method in determining VPO's in hospital wastewa
ters treated for nonconsumptive water reuse. Based on the
composition of the synthetic wastewater and the nature of the
treatment processes, the organic compounds present in the
treated waters are mostly the low-molecular-weight polar
compounds, either volatile or nonvolatile (9, 10).

Experimental

Samples. Synthetic MUST (medical unit, self-contained
transportable) hospital wastewaters were treated by ultra
filtration, followed by reverse osmosis (RO) and final ozona
tion (03) by Walden Research Division of Abcor, Inc., Cam
bridge, Mass. (11). The integrated test protocol called for
reusing the product water effluent from each test for the
subsequent run's wastewater makeup. Samples of RO per
meate and ozonated RO permeate from integrated tests 3-7
were sent via the U.S. Army Medical Bioengineering Research
and Development Laboratory (USAMBRDL) to the Uni
versity of Illinois where they were distilled and the distillates
collected. A given amount of distillate from the samples and
the standard solutions was stored in headspace serum bottles
(5), and mailed to USAMBRDL where headspace gas injec
tion/GC analyses were performed.

Reagents. Standard stock solutions were prepared from
ACS reagent-grade chemicals using distilled water. These
stock solutions were then mixed and diluted with distilled
water, which was freshly stripped at elevated temperature
with purified nitrogen gas, to prepare standard solutions with
concentrations ranging from 0.008 to 16 mg/I.; n-butanol,
internal standard, was added to give a 0.8 mg/J. concentra
tion.

Procedures for Distillation. One hundred ml of each
sample solution was spiked with n-butanol to give a 0.8 mg/J.
level and saturated with 21.3 g of dried sodium sulfate in a
250-ml round-bottomed flask. A 7.75-in. Vigreux column was
connected to the flask. A small distilling head with a ther
mometer and a small condenser attached was connected to the
upper end of the Vigreux column. During the distillation
process, the vapor temperature at the distilling head was
controlled at 100 ·C by regulating the voltage supply to the
heating mantle. Distillation continued until the first 1.5 ml
of distillate was collected. From that amount, 1 ml was in
jected with a 2-ml syringe into a 15-ml headspace serum bottle
containing 1.2 g dried sodium sulfate. Distillations were done

in duplicate for each sample. The standard solutions and
distilled water were distilled in the same way.

Apparatus and Procedures for Headspace Gas Anal
ysis. Only a brief description of the valving system is given
here, since it has been described in detail elsewhere (5).
Headspace bottles were heated in a 70 ·C water bath for at
least 70 min, The headspace gas was injected via an eight-port
gas sampling valve into a gas chromatograph equipped with
flame ionization detectors. The gas chromatograph was fitted
with a 183-cm, 2-mm i.d. glass column packed with GP 0.4%
Carbowax 1500 on 60/80 mesh Carbopack A (Supelco, Inc.,
Bellefonte, Pa.). After injection the column temperature was
held at 60 ·C for 2 min, then increased at 8 ·C/min to 150 ·C
and held for 5 min. The carrier helium flow rate was 10 mil
min. An electronic integrator was interfaced to the flame
ionization detector for acquisition of retention time and peak
area data. The ratios of the peak areas of the resulting chro
matograms to internal standard peak area were used for
standard curves.

Excluding the time required for heating and equilibrating
the solution in serum bottles, which could actually be left
unattended, the sample preparation and analysis time is less
than 50 min. It takes approximately 25, 3, and 18 min, re
spectively, for distillation, headspace gas sampling and in
jection, and GC run.

Results and Discussion

The gas-liquid equilibrium headspace system has been used
to determine the activity coefficient of solutes and the molar
energy of mixing (12) as well as the partition coefficient of
solutes (13). It has also been used to determine VPO's in water
(6, 7, 14). The principle of this technique for quantitative
analysis is that, by injecting into the GC the equilibrated gas
over a liquid phase, the solute concentration in the gas (Ce)
can be determined. By knowing Ce, K T , the partition coeffi
cient between the liquid and gas phases, and the volumes of
the liquid and headspace (VL and Ve ), the initial solute
concentration (C~) before equilibrium can then be determined
according to the following equation,

However, by fixing VL and Ve, a calibration curve can be
made to relate C~ and Ce permitting quantitation without
knowledge of the values of K T. The values of Ce were deter
mined experimentally by measurement of peak area relative
to an internal standard peak area, and C;. values obtained by
reference to the standard curve.

The basic principle of distillation for sample preconcen
tration has been described elsewhere (8, 15). The technique
takes advantage of the difference in volatility between the
more volatile organics and less volatile water so that the VPO's
can be concentrated in a small volume of distillate. The con
centration factor is higher for compounds having a higher
relative volatility. For example, a higher concentration factor
can be expected for methyl ethyl ketone than for methanol.

In this study a calibration curve was made for each solute
to correlate its original concentrations in the standard solution
to the GC peak area ratios obtained from the distillates of the
standard solution using headspace gas analysis. A linear re
gression analysis of the calibration curve using five concen
tration points (0.008, 0.08, 0.8, 8, and 16 mg/J.) was performed
to obtain a least-squares fit. Linear standard calibration
curves for methanol, ethanol, acetone, 2-propanol, n-propanol,
methyl ethyl ketone, ethyl acetate, 2-butanol, 3-pentanone,
and n-pentanol were obtained. The proportion of explained
variation due to the linear relationship, r2, was better than 0.97
for all model compounds. This fact indicates that the areas
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Figure 1. Headspace gas chromatogram of distillate from 0.08 mgt!.
standard mixture of volatile compounds.
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of the GC peaks, relative to the n-butanol internal standard
area, were directly proportional to the original sample con
centration with the DHGC procedure.

VPO's were tentatively identified according to the relative
GC retention time with n-butanol as the internal standard.
A representative chromatogram of a standard solution is given
in Figure 1.

The results of wastewater analyses are shown in Table I in
which solute concentrations of the original wastewater sam
ples were determined using the calibration curves described
previously. As can be seen, 2-propanol and methyl ethyl ke
tone were determined at concentrations as low as 8 "gil. The
detection limit was estimated to be about 4 "gil. for most of
the compounds. This limit was determined by the background
signal in distilled water blanks rather than by the sensitivity
of the DHGC technique. The detection limit for methanol and
ethanol was approximately 8 "g/!. The relative standard de
viation, determined for independent triplicate runs of stock
solutions containing 16"g/l. of methyl ethyl ketone, was 9.2%.
With the exception of methanol, the concentrations deter
mined for other compounds in this study agreed fairly well
with those obtained by direct headspace GC analysis of the
original samples without distillation preconcentration as
shown in parentheses in Table I. The discrepancies between
the results of methanol determination using DHGC and
headspace GC techniques are because the concentration of
methanol in most wastewater samples is beyond the sensitivity
limit and, thus, accuracy of the headspace GC analysis, i.e.,
5 mg/!. Ethanol, however, was not detectable without the
preconcentration step (Table I).

By use of the distillation preconcentration technique, the
sensitivity of VPO determinations was greatly improved. The
fact that the results of this study were obtained from distillates
obtained in one laboratory and mailed to another for head
space analysis points to another potential advantage of the
distillation technique: volatile organics can be distilled off
from a large sample at the sampling site and can be preserved
in a small bottle for ease of storage, shipping, and subsequent
analysis at a second laboratory, thus elirriinating the problems
associated with shipping large samples required for analysis.
Degradation of the volatile compounds as a result of the
presence of microorganisms can also be avoided by preserving
the distillate instead of the original sample.

The sensitivity of the DHGC method can be further im
proved by analyzing a highly enriched distillate. As has been
mentioned, 11. of sample solution or more can be distilled to
recover almost completely the VPO's in 100 ml of distillate.
A second distillation can then be performed to further con-

Table I. Quantitative Analyses of MUST Hospital Synthetic Wastewater Samples by DHGC and Headspace GC
Techniques

Concentrallon, mgll.

Methyl
Sample Methanol Ethanol Acetone 2-Propanol ethyl ketone

IT-3-RO 13 (13)' 0.04 2 (3) 0.4 (0.4) 0.2 (0.2)
3-RO + 03 0.6 (2) 0.05 2 (2) 0.04 «0.08) 0.08 (0.1)

1T-4-RO 12 (11) 0.02 0.8 (2) 0.3 (0.2) 0.08 (0.1)
4-RO + 03 0.2 (3) 0.02 0.8 (0.8) 0.02 «0.08) 0.07 «0.08)

IT-5-RO 0.3 (2) 0.02 0.6 (0.6) 0.05 (0.08) 0.08 (0.2)
5-RO + 03 0.2 (2) 0.02 0.5 (0.2) 0.02 «0.08) 0.02 «0.08)

IT-6-RO 13 (5) 0.03 0.7 (0.6) 0.2 (0.08) 0.2 (0.08)
6-RO + 03 0.6 (6) 0.03 2 (0.3) 0.02 «0.08) 0.03 «0.08)

IT-7-R0 4 (5) 0.02 2 (4) 0.5 (0.2) 0.2 (0.2)
7-RO + 03 0.8 (3) 0.02 0.8 (2) 0.02 «0.08) 0.08 (0.2)
7-RO + 03· 0.08 (2) <0.008 0.04 «0.08) 0.008 «0.08) 0.008 «0.08)

a Data enclosed in parentheses were obtained by headspace GC technique. b Additional ozonation period of 3 h.
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centrate the VPO's into a few milliliters of final distillate (8).
Headspace GC analysis of VPO's from distillates thus ob
tained is then possible at the ppb (!'g/!.) level or lower. Besides
VPO's, other volatile, nonpolar, water-insoluble organics can
also be determined by the DHGC method. The detection limit
should theoretically be much lower because the concentration
factor during the distillation step and the sensitivity during
headspace GC analysis is much higher, a result of the higher
relative volatility and smaller K T of the volatile nonpolar
compounds. Research is underway to investigate the appli
cation of the DHGC method in determining volatile, nonpolar
compounds in water at the sub-ppb level.

Conclusion

VPO's at concentrations as low as 8 !,g/l. can be determined
in treated hospital wastewaters by the distillation/head
space/GC method (DHGC). Determinations at the ppb level
or lower are attainable by applying headspace analysis to
highly enriched distillate samples using two- or multistage
distillation. It is expected that this technique can be applied
to determining volatile nonpolar water insoluble organics at
even lower concentrations. Besides the sensitivity of the
DHGC technique, the posSibility of processing samples on site
and the ease of preserving and shipping the distillate in serum
bottles will lead to even broader applications.
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Su"ate and Particulate Emissions from an Oxidation Catalyst Equipped Engine

Ander Laresgoltl and George S. Sprlnger*

Department of Mechanical Engineering, The University of Michigan, Ann Arbor, Mich. 48104

• Particulate and sulfuric acid emissions were studied in the
exhaust of a production Chevrolet V-8 engine, both without
a catalyst in the exhaust system and with the engine equipped
with a pelleted or a monolithic catalyst. The weight and sul
furic acid content of the particulate matter and the percent
of fuel sulfur emitted as H2S04 were determined under dif
ferent operating conditions. Tests were performed at various
constant speeds in the range 35-96 km h- I to evaluate the
effects of the following parameters: catalyst temperature in
the range 573--773 K, fuel sulfur content in the range 0.14>.3%,
fuel consumption, exhaust gas flow rate through the catalyst
(space velocity), amount of secondary air, and air-fuel ratio.
The results showed that with the sulfur storage-release pro
cesses equilibrated, the sulfuric acid and particulate emissions
and the sulfur conversion depended primarily on the fIrSt four
of these parameters. Within the temperature range and sec
ondary air range studied, the air-fuel ratio and the amount
of secondary air did not seem to affect the results significantly.
The weight and sulfuric acid content of the emitted particu
late matter were also measured with different sulfur content
fuels during a simulated seven-mode Federal Test Proce
dure.

Gasolines contain a small amount of sulfur which is emitted
mostly in the form of sulfur dioxide if the engine is not
equipped with a catalyst. When the engine fs equipped with

an oxidizing catalyst, some ofthe sulfur dioxide is converted
into sulfur trioxide which combines rapidly with water vapor
in the exhaust and is emitted in the form of sulfuric acid. Al
though oxidation catalysts reduce gaseous emissions, they give
rise to the emission of sulfuric acid. In addition, the installa
tion of oxidation catalysts in automobile exhaust systems
causes an increase in the amount of particulate matter emit
ted.

Owing to the possible problems created by the increased
sulfuric acid and particulate emissions from catalyst equipped
engines, it would be desirable to understand the mechanisms
and parameters which control such emissions and to deter
mine the amounts of sulfuric acid and particulates emitted.
In recent years several investigations have been addressed to
this problem. Nevertheless, many aspects of the problem re
main unresolved. Results are not yet available to indicate the
full effects of engine variables, fuel sulfur content, and catalyst
temperature on the sulfuric acid and particulate emissions
from an actual spark ignition engine equipped with oxidation
catalysts. The objective of this investigation was, therefore,
to study the influence of these parameters on emissions from
a Chevrolet V-8 engine operating on a test stand dynamom
eter.

Experimental Apparatus and Procedures

The apparatus used in this study was essentially the same
as that used by Ganley and Springer (J) and Sampson and
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Figure 1. Experimental apparatus
Circles: thermocouple and sampling locations

Springer (2). Therefore, only a brief summary is given to in
dicate the changes made and to facilitate the reading of the
paper.

The engine was a 1970 350 cm 250 HP Chevrolet V·8
production engine mounted on a dynamometer. The tests were
conducted with Indolene HO 0 (clear) fuel, with di.t·butyl.
disulfide added to adjust the sulfur content to the desired
value. The physical and chemical properties of the fuel are
given by Laresgoiti and Springer (3).

The exhaust system, connected to the engine, consisted of
the standard exhaust manifolds and crossover pipe, a surge
tank, a 4.27-m-long, 5.0-8-mm diameter pipe (simulated ex
haust system), and a 22-mm diameter sharp-edged orifice
(orifice A, Figure 1).

Tests were first performed under cyclic conditions without
the catalysts. In turn, a pelleted and a monolithic catalytic
reactor were installed in the exhaust system (50 cm down
stream from the surge tank), and tests were performed with
each catalyst under steady and cyclic operating conditions.
The pelleted catalyst was a General Motors extrudate catalyst
with a 5-to-2 platinum-palladium weight ratio and a nominal
loading of 0.35 g I.-I. The monolithic catalyst was an Engel
hard PTX-type lIB catalyst. For the monolithic reactor only
four of the eight cylinders were connected to the exhaust. The
catalyst temperature was measured with a thermocouple in·
serted into the reactor. For the pelleted catalyst the thermo
couple was near the middle of the reactor; for the monolithic
catalyst it was near the exit.

For both catalysts secondary air was injected into the ex
haust (before the surge tank) by an air pump driven by a V
belt from the crankshaft pulley. The amount of secondary air
was controlled by a valve and was measured by an 18·mm
diameter sharp-edged orifice (orifice D, Figure O.

The sampling train is shown in Figure 2a. The sampling
probes were made of 316 stainless steel (2.6--4 mm i.d., 1 mm
wall thickness). The probes wereJocated in the center of the
exhaust pipe facing the direction of the flow.

The particle collection unit housed a Gelman 47-mm di
ameter type A glass fiber filter placed in a modified Gelman
2220 filter holder (Figure 2b). The matter collected on the
filter was analyzed to determine particulate and H2S04
emissions. The entire collection unit was surrounded with
beaded heaters and kaowool insulation. The current to the
heaters was controlled by voltage controllers. The temperature
of the gas sample was measured with thermocouples inserted
into the gas stream on both sides of the filter holders. The
exhaust gases could be diluted with ambient air. All the data
given in the Results section were obtained by diluting the
sample with air (dilution ratio 8:1) and by keeping the tem·
perature of both the sample gas and the collection unit (in
cluding the filter) in the range 305--315 K. The reasons for
selecting those sampling conditions are discussed subse
quently.

The flow rate through the probe and the amount of dilution
air must be carefully regulated through the tests. The flow rate
through the probe must be adjusted to the proper value for
isokinetic sampling (I). The dilution air must be adjusted to
maintain an 8:1 dilution ratio. At steady operating speeds the
flow rates of the dilution air and the total sample were mea·
sured by wet test meters installed in the system, and the flow
rates were set appropriately. Under cyclic operating conditions
the flow rates through the probe and the dilution system were
modified and adjusted continuously.

The flow rate through the probe was regulated as follows
(Figure 3). A standard 1.3-mm diameter sharp-edged orifice
(orifice B) was installed in the sampling line (Figure 3). The
pressure drop across this orifice was measured by a differential
pressure sensitive transducer. The pressure drop across the
orifice in the exhaust system (orifice A) was measured by a
potentiometer-type differential pressure transducer. The
signals from the two transducers were compared by an oper
ational amplifier. The difference in the two signals was am·
plified by a dc servoamplifier and fed to a motor generator.
This motor generator was connected to a stainless steel valve
through a gear box. The flow rate through the probe was reg
ulated by the valve. The amount of dilution air was controlled
by a similar control system. The orifices were calibrated under
steady-state conditions. The orifice in the exhaust system
(orifice A) was calibrated with a rounded approach air cart.
The orifices in the sampling line (orifice B) and in the dilution
air line (orifice C) were calibrated using the wet test meters.
The sampling system was also tested under cyclic conditions
by comparing on a strip chart recorder the pressure fluctua
tions in the exhaust system (across orifice A) and in the sam·
piing line (across orifice B). Excellent correlation was found
between the two signals as the engine speed was varied.

Before taking the final data the engine and exhaust system
were operated at the test conditions to allow the emissions to
stabilize. When the pelleted catalyst was installed, the engine
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Figure 2. a) Sampling train; b) schematic of collection unit
Open circles: thermocouple locations
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was conditioned for a period equivalent to 8000 km at 88 km
h- I with fuel containing 0.017% sulfur and then for a period
equivalent to 2500 km at 88 km h- I with fuel containing 0.1%
sulfur. When the pelleted catalyst was replaced by the mo
nolithic catalyst, the engine was operated for a period equiv
alent to 2500 km at 88 km h- I with 0.1% sulfur content
fuel.

When the engine was started it was warmed up for lih h.
Then, before each steady engine speed test the engine was
operated for 3 h at the condition of the test. The sampling was
done for a 30-min period. For cyclic tests the system was
warmed up through 10 cycles before sampling. Each test was
repeated five times, and the average of the five data points is
shown in the results presented in the next section. There was
a maximum of ±20% spread in the data. Within this spread
there were no noticeable changes in any of the parameters
measured. This suggests that within the time span of the tests,
thermal storage did not have an appreciable irlfluence on the
results.

After each test the filters were placed for 24 h in an airtight
container having within CaCl2 as desiccant and were then
weighed and prepared for chemical analysis. The sulfuric acid
content of the collected particulate sample was determined
by the Barium-Thorin titrimetric procedure (4, 5). The effect
of filter material on the S02 to H~04 conversion was checked
by making tests without the catalyst in the exhaust. Even at
high S02 concentrations, H2S04could not be detected on the
filters. For additional details of the apparatus and test pro
cedures, the reader is referred to Laresgoiti and Springer
(3).

Sampling Temperature and Sample Dilution. Sulfuric
acid condenses and collects on the filters only below about 350
K, with the exact temperature being dependent upon the test
conditions. The exhaust gas is generally above this tempera
ture. To measure the sulfu.ric acid content, the sample had to
be cooled. However, at low temperatures, water also condenses
and collects on the filters. Water condensation may be pre
vented by diluting the sample with ambient air, and this
method was adopted in the present tests. A series of prelimi
nary tests was performed to establish the proper sampling
temperature and to determine the effects of dilution on the
emission of particulates.

First, particulate emission was measured with the engine
operating without the catalyst (unleaded fuel). Above 400 K
the particulate emission (g km- I ) was determined both with
and without dilution (dilution ratio 8:1). When the sample
temperature was higher than 400 K, the sample temperature
was adjusted to the same value as that of the exhaust gas at
the location of the probe. Above 400 K the results were unaf
fected by the dilution and were insensitive to changes in the
sample gas temperature (Figure 4). This can be explained by
the fact that particulates collected above 400 K are mostly
carbon formed in the combustion chamber due to the dehy
drogenation of hydrocarbons (1).

Below 400 K the sample was diluted with air. These mea
surements showed that below 390 K there is a large increase
in particulate emission, due mostly to condensation of high
molecular-weight organic compounds present in the exhaust
gas (6-9).

It is interesting that during a simulated seven-mode Federal
Test Procedure, approximately twice the amount (by weight)
of particulates is emitted as at 35 km h- I steady speed (35 km
h- I corresponds to the average speed of the cycle). A similar
trend was observed by Ter Haar et al. (10).

Second, particulate emission as a function of sample gas
temperature was measured with fuel containing 0.017% sulfur
(Figure 5). These tests were performed both with and without
the catalysts with the objective of determining the sample gas
temperature at which most of the sulfuric acid condensed.
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Figure 4. Particulate emission vs. sample gas temperature during
seven-mode Federal Test Procedure, and 35 km h-, and 88 km h-'
cruise conditions
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Figure 5. Particulate emission with and without pelleted catalyst
88 km h-' cruise condnion. Catalysllemperalu'e. 755 K. Indolene HO 0 fuel wnh
0.017 % sulfur content. (-) Fit to data

Above 400 K neither dilution nor the presence of the catalysts
affected the amount of particulate matter emitted, suggesting
that most particles were carbon emitted directly from the
combustion chamber (1). Deposition in the catalyst may ac
count for the small difference in the results.

Below 400 K the sample was diluted (dilution ratio 8:1).
There is a sharp increase in the amount of particulate matter
emitted below 390 K. In the absence of the catalyst this in
crease is due to condensation of heavy hydrocarbons. For the
catalyst equipped engine the increase is most likely due to
condensation of sulfuric acid. Below 350 K the amount of
particulate matter collected remained nearly constant when
using a catalyst, implying that most of the sulfuric acid con
densed out of the gas stream. On the basis of these results, in
all subsequent tests (i.e., for all the data reported in the next
section) the collection unit was kept in the 305-315 K tem
perature range by diluting the sample with ambient air
(dilution ratio 8:1). These temperatures were appropriate also
when fuels with higher sulfur content (i.e., sulfur content
above 0.017%) were used, since in this case the condensation
process was completed at even higher temperatures.

Results

The major objective of this investigation was to evaluate the
parameters which affect the sulfate and particulate emissions
from spark ignition engines equipped either with a monolithic
or with a pelleted catalyst. Particular attention was focused
on the effects of catalyst temperature, fuel sulfur content,
exhaust gas mass flow rate through the catalyst (space ve
locity), fuel consumption, air-fuel ratio, and amount of sec
ondary air on the amount of particulate matter emitted, on
the amount of sulfuric acid emitted, and on the sulfur con
version. Tests were performed at engine speeds and loads
corresponding to a 1970 full size Chevrolet cruising at 35, 64,
88, and 96 km h- I , and under a simulated seven-mode Federal
Test Procedure.
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Note that in the following tests the effects of the various
parameters were separated. This was accomplished by varying
one parameter at a time. For example, the temperatures of the
catalysts were regulated by heating tapes and were thus un
affected by the engine speed and load or the secondary air.
This must be borne in mind when evaluating the data and
when comparing them to the results of other studies where
generally several parameters were varied simultaneously.

Sulfur Conversion. The sulfur conversion (percent weight
of sulfur in the fuel converted to sulfuric acid) as a function
of space velocity, exhaust gas mass flow rate, speed, fuel stilfur
content, and catalyst temperature is shown in Figure 6. The
data points are from the measurements. The lines were com
puted from the expression (see Appendix),

[ (

-km (---.!!!L-) PUh)]
C = (XSO,)E 1 - exp m:n~ mf X 100

(1)

where (Xso,)E is the fraction of S02 converted into S03 at
equilibrium, k is the rate constant for the conversion of 802
to 803inside the catalyst, m is the mass of the catalyst, mf is
the mass of fuel burned in the engine per hour, me is the mass
of air entering the engine per hour plus the mass of secondary
air entering the reactor per hour, and Pexh is the density of the
exhaust gas (kg dm-3). Values for (XSo,)E and for the product
km are given in the Appendix.

In Figure 7 the results of Figure 6 were crossplotted using
temperatureas the abscissa and theexhaust gas mass flow rate
(and speed) as the variable parameter. The solid lines in
Figure 7'were calculated from Equation 1 with the values of
km given in the Appendix. The left side of the peaks corre
sponds to reactions in the kinetically limited region; the right
side corresponds to reactions in the region limited by chemical
equilibrium. The data of Creswick et a1. (11), Trayser et a1.
(12), and Holt et al. (13) obtained with pelleted and mono
lithic catalysts are also included in Figw-e 7. The data reported
by these investigators were shifted 70 K to the right (as sug
gested by W. R. Pierson) to allow for the fact that these in
vestigators measured the catalyst temperature at the catalyst
exit and not inside the catalyst. The results of Bradow and
Moran (14) and Somers et a1. (15) are not included in Figure

Figure 8. Effects of space velocity (at 273 K and 1 atm), exhaust gas
mass flow rate through catalyst, catalyst temperature, and fuel sulfur
content on the sulfur conversion
Indolene HO 0 fuel, A/F = 15.0, excess air = 25% (-5% 0,). 0 Pelieted
catalyst data.• Monolithic catalyst data. Solid and dashed lines calculated from
Equation 1 for pelleted and monolithic catalysts. respectively
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Figure 7. Sulfur conversion as function of temperature, speed, and
exhaust gas mass flow rate through catalyst
Indolene He> 0 fuel with 0.1 % sulfir content. A/F = 15.0, excess air 25% (-5%
0,). Open and closed symbols: pelieted and monolithic catalyst data, respec
tlvely. Solid lines calculated from Equation 1

7 because these investigators did not report the catalyst
temperature. The data of Begeman et al. (16) and Irish and
Stefan (17) are not included because thesl! data were taken
under transient conditions.

Mikkor et a1. (18), Hammerle and Mikkor (19), and
Hammerle and Truex (20) also measured sulfur conversion.
Their data are not included here because instead of an engine
they used a simulated exhaust system. Nevertheless, their
results show a trend similar to the curves in Figure 7.

For all the temperatures used in the present tests (catalyst
temperatures less than 800 K), the sulfur conversion increased
with temperature (Figure 7). This indicates that the reaction
in the catalyst was kinetically limited as opposed to being
limited by chemical equilibrium (21). At catalyst tempera
tures above -900 K, where most other tests were performed,
the reactions were in the chemical equilibrium region.

Figure 6 shows that in the temperature range of the present
tests (i.e., below -800 K) the sulfur conversion decreased with
increasing exhaust gas mass flow rate and increasing space
velocity, the latter being defined as the exhaust gas volume
flow rate at 273 K and 1 atm divided by the catalyst volume.
The reason for this is that at higher flow rates (which corre
spond to higher engine speeds and loads), the flow rate
through the catalyst increased, decreasing the residence time
inside the catalyst. However, the residence time (inverse space
velocity) affects the conversion only in the kinetically limited
region. At catalyst temperatures above -900 K the reactions
are in the chemical equilibrium region, and the conversion is
not influenced by the flow rate.

At catalyst temperatures below -BOO K, at the same space
velocity the sulfur conversion is different for the two different
types of catalysts. However, for a given exhaust gas mass flow
rate (i.e., given engine speed and load), the sulfur conversion
is practically the same for both the pelleted and monolithic
catalysts. Thus, under the same conditions, in a given engine
both catalysts would result in approximately the same sulfur
conversion.

Figure 6 also shows the effect of fuel sulfur content on the
sulfur conversion. The conversion is insensitive to the fuel
sulfur content above -573 K indicating that the catalytic
oxidation of 803is limited by adsorption of S02 by the cata
lyst. By use of the monolithic catalyst the amount of sulfur
emitted as H2S04 and the sulfur conversion were also mea
sured at 400 and 530 K. Because of the small scale the data
thus obtained were not included in Figure 6. However, these
results show that below -573 K the conversion decreases with
fuel sulfur content indicating that the limiting mechanism is
desorption of S03 from the catalyst.



100

J5 Aml/-J

01 02 0.3
FUEL S CONT£NT 1.

001

.., 60 80
SPEED 11m h'l

o--_....-o_~

20

10(

MONOLITHIC

Figure 8. Fuel consumption vs. speed. (--) Fit to data

PaLETEO

Figure 11. Particulate end H,so. emissions during seven-mode Federal
Test Procedure and 35 km h-1 cruise condition
Monolithic catalyst. Temperaues Indicated correspond to catalyst temperaues.
Indolene HO 0 fuel

Figure 8. Effects of speed, exhaust gas mass flow rate thre>ugl catalyst,
catalyst temperature, and fuel sulfur content on H2SO. end particulate
emissions
Indolene HO 0 fuel, A/F= 15.0, excess air = 25% (~5% 0,) 0 Pelleted cat
alyst data.• Monolithic catalyst data. Solid lines calculated from Equations 2
and 4

figure 10. Particulate and H,so. emissions dosing seven-mode Federal
Test Procedure and 35 km h-1 cruise condition
Pelleted catalyst. Temperatures Indicated correspond to catalyst temperaues.
Indolene HO 0 fuel

(4)

The value of A was obtained by matching Equation 4 to data
obtained at steady speeds (Figure 9). This procedure yielded
A in the range 2.2-2.8. The lines in Figure 9 were computed

Sulfuric Acid Emi88ion. Once the percent conversion of
S02 into S03 (denoted by the symbol C) is known (see Figure
6), the amount of sulfuric acid emitted can be calculated from
the expression

H2S04 = 3.06(F) (1~) (1~) g km-1 (2)

where F is the fuel consumption in g km-1 (Figure 8), and S
is the sulfur content of the fuel (percent sulfur per weight in
the fuel). The gravimetric factor between H 2S04 and sulfur
is 3.06. Note that the engine speed, space velocity, and catalyst
temperature do not enter into Equation 2 directly. These
variables affect the H~04 emission through their effects on
F,S,andC.

The measured H2S04 emission and the values calculated
from Equation 2 are shown in Figure 9. The sulfuric acid
emission has a minimum at about 90 km h-1. As shown pre
viously, the sulfur conversion decreases continuously with
increasing speed. However, the fuel consumption increases
with speed giving rise to the minimum in the sulfuric acid
emissions.

The sulfuric acid emission for the seven-mode Federal Test
Procedure is shown in Figures 10 and 11. In these figures the
ranges of sulfuric acid emission at the steady speed corre
sponding to the average speed of the cycle (35 km h-1) are also
shown. For the seven-mode Federal Test Procedure the
amount of sulfuric acid emitted increased linearly with the
fuel sulfur content. At 35 km h-1 a similar increase in sulfuric
acid with fuel sulfur content was observed with the pelleted
catalyst. With the monolithic catalyst at the steady 35 km h-1

speed, the sulfuric acid emission seems to be insensitive to the
fuel sulfur content. The latter can be explained by noting that
the rate of reaction at which the S02 to S03 conversion occurs
depends on the concentration of S02 in the exhaust gas at the
inlet to the catalyst and on the catalyst temperature (21). At
low S02 concentrations and at high temperatures the mech
anism limiting the formation of S03 is the adsorption of S02
by the catalyst. Under these conditions the reaction rate varies
nearly linearly with the S02 concentration. At high S02 con
centrations or low temperatures the rate of reaction becomes
constant. In this region the reaction is controlled by desorption
of S03 from the catalyst. In between the adsorption and de
sorption controlled regions the reaction is governed mostly
by chemical reaction. That the amount ofsulfuric acid emitted
remained constant indicates that the reactions in the catalyst
are in the desorption controlled region (high S02 concentra
tion,low catalyst temperature) where the S02 concentration
at the catalyst inlet does not affect the reaction. Since the
amount of S02 is proportional to the fuel sulfur content, in this
region the fuel sulfur content does not influence the results
significantly. At higher catalyst temperatures the reactions
are not in the desorption region, and the amount of sulfuric
acid emitted depends on the fuel sulfur content.

Particulate Emi88ion. There is a distinct similarity be
tween the amounts of sulfuric acid and particulate matter
emitted, because the particulates are composed mostly of
sulfuric acid and water (22). Consequently, the amount of
emitted particulate matter P is expected to be proportional
to the amount of H2S04emitted, Le.,

P = A (H2S04 emitted) g km- 1 (3)

where A is a proportionality factor accounting for the presence
of the water. Equations 2 and 3 give
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where m is the mass of the catalyst in the reactor, (FSo,) is the
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molar flow of S02, and (Xso,) is the fraction of S02 converted
into S03. The subscripts in and out represent the conditions
at the inlet and outlet of the reactor, respectively,

(X ) - (Cso,)out (A )
so, out - (Cso,)out + (Cso,)out 5

By assuming that (XSO,);n = 0, the substituting Equation A2
into A4, we obtain

_m__ _ .lXso,)"U' dXso, (A6)
(FSO,)in - Jo k[Cso, - (CSO,)E]

With the definitions'

Xso, = Cso, = (CSO,);n - Cso, (A7a)
Cso, +Cso, (CSO,);n

(X) (CSO,)E (CSO,);n - (CSO,)E
so, E = (CSO,)E + (CSO,)E = (CSO,);n

Equation A6 yields

(k)(m) (C ) 1:(Xso,)oo, dXso,
--- so, in = (AB)
(FSo,lin 0 (XSO,)E - Xso,

Figure 12. Effects of flow rate through palleted catalyst on sulfur con
version, H2SO. emission, and particulate emission
Open symbols: entire exheust passing t1Youg, cetalyst. Sheded syrnbols:._
flow rates.1ndo1ene HO 0 fuel wl1h 0.1 % sulfur content. 25% excess air (-5%
0,). A/F = 15.0. Temperatures given are cetalyst temperatures
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Figure 14. Effects of secondary air on sullur conversion, H2SO.
emission, and particulate emission lor palleted catalyst
Steady engine speed. Indolene HO 0 fuel with 0.1 % sulfur content

Figure 13. Effects olliow rate through monolithic catalyst on sulfur
conversion, H2SO. emission, and particulate emission
Open symbols: entire exheust passing t!YOU\1l cetalyst. Sheded syrnbols:._
flow rates. Indolene HO 0 fuel wl1h 0.1 % sulfur content. 25 % excess air (-5 %
O2 ). A/F = 15.0. TemperatlW8s given are catalyst temperatLW8s

(Al)

(M)

Appendix. Calculation of Conversion of S02 to S03

S03 is produced by the reaction

S02 + lfz O2 <=' S03

k = -rso, (A2)
Cso, - (CSO,)E

where (-rso,) is the rate of disappearance of S02 (moles of
S02 reacted/catalyst mass kg X h), Cso, is the concentration
of S02 (mol/dm3) at a given position inside the catalyst,
(CSO,)E is the chemical equilibrium concentration of S02
(moIldm3). rso, and Cso, are not known directly but must be
determined from the information available-the amount of
S02 entering the catalyst (reactor) and the amount of S03
leaving the catalyst. To tilize the available information we
assume that the reaction takes place in a plug flow-type re
actor shown in Figure 17. For a differential element containing
a dm mass of the catalyst, an S02 mass balance gives (21)

(FSo,);ndXso, = -rso, dm (A3)

Upon integration Equation A3 becomes

__m .lXso,),,", dXso,

(FSO,);n J (Xso,);" rso,

For this reaction the overall rate constant inside the reactor
[dm3/(h) X (catalyst mass in kg)] may be approximated by
(21)

using the average value of A = 2.4. As in the case of sulfuric
acid emission, the engine speed affects the particulate emis
sion only through the parameters F, S, and C.

Particulate emission under cyclic operation (seven-mode
Federal Test Procedure) is shown in Figures 10 and 11. As
expected, the trend in the results is the same as for the sulfuric
acid emission because of the relationship between the amounts
of sulfuric acid and particulate matter emitted.

Space Velocity. Under the same engine operating condi
tions (speed and load), the effects of space velocity on par
ticulate and sulfuric acid emissions and on the sulfur con
version are shown in Figures 12 and 13. A reduction in space
velocity and a corresponding increase in residence time result
in an increase in sulfuric acid conversion and hence in an in
crease in the amounts of sulfuric acid and particulate matter
emitted.

Secondary Air and Air-Fuel Ratio. The effects of sec
ondary air and air-fuel ratio on the particulate emission were
investigated at various steady engine speeds. Sulfur conver
sion, sulfuric acid, and particulate emissions as a function of
secondary air injected into the exhaust before the catalyst are
given in Figures 14 and 15. The amount of secondary air does
not seem to affect the results, suggesting that there is suffi
cient oxygen for the reaction to be completed. These results
tend to agree with those reported by Mikkor et al. (18) and
Hammerle and Truex (20). At smaller amounts of secondary
air the secondary air might affect the results, but the amounts
needed to observe these effects could not be achieved in the
present tests.

The air-fuel ratio does not seem to influence the results
provided the catalyst temperature is kept constant, and suf
ficient oxygen is supplied (through secondary air injection)
to the catalyst to oxidize the unburned hydrocarbons, carbon
monoxide, and sulfur dioxide (Figure 16).

Concluding Remark. As already noted, in the present tests
the operating conditions were set to indicate the effects of the
various parameters individually. In applying the results to
actual operating conditions, the appropriate combination of
these parameters must be selected.
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Figure 17. Plug flow reactor for calculating 502 conversion
Xso,: fraction 01 SO, transformed to S03' Fso,: molar flow rate of SO, (mol h-').
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Figure 18. Conversion of 502 to 503 at chemical equlllbflum ( 19)
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Figure 19. Relationship between Iraclions of S02 converted to S03 and
502 concentrations as function of temperature
(Fso,l.: molar flow rate of 502 (mol h-'). Subscripts in and out: conditions of
Inlet and outlet of catalytic reactors, respectively
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Figure 18. Effects of air-fuel ratio on sulfur conversion, H2SO. emis
sion, and particulate emission for monolithic catalyst
88 km h-' cruise condition. Excess air 25 % (-5 % 0,). Catalyst temperature
623 K. Indolane HO 0 fuel with 0.1 % sulfur content. (--) Fit to data

Figure 15. Effects of secondary air on sulfur conversion, H2SO.
emission, and particulate emission for monolithic catalyst
Steady engine speed. Indolene HO 0 fuel with 0.1 % sullur content

The subscript E denotes chemical equilibrium. Integration
of Equation A8 gives

(A9)

(A12)

(AIO)

(A14)
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Figure 20. km as function of temperature

(C) 1000 S gmol
S<h in = (20)(32)(100) X X Pexh dm3 exhaust

where Pexh is the density of the exhaust gas (kg dm-3). This
density was calculated by assuming that the density of the

or

since 1 mol ofS in the fuel gives rise to 1 mol ofS02• Equations
A10-A12 give

(C ) - 1000 S gmol (A 3)
so, in - (20)(32)(100) X kg exhaust 1

In [ (XSO,)E ]
(k)(m) = (Xso,)E - (Xso,).ut

(CSO,)in

(FSO,)ln

(XS<h)E as a function of temperature was calculated by
Hammerle and Mikkor (19), and their.result is reproduced
here in Figure 18. (Xso,)out (which is the same as C/1oo) was
measured in the present experiments (Figure 6).

(Cso,lin was determined as follows. The catalyst was op·
erated with 25% excess over stoichiometric. This corresponds
to an "air-fuel ratio" of 19:1 through the catalyst. The "air
fuel ratio" through the catalyst is defined as

(~) = me = 19
F cat mf

The amount of sulfur (kg) per kg of exhaust gas is

• ---.!!!:L- S
m, = me + mf 100 (All)

where S is the percent sulfur in the fuel by weight. The
number of moles of S02 per kg of exhaust gas is

(C ) _ m; kg mol
so, in - 32 kg exhaust
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exhaust gas is the same as the density of air at the temperature
and pressure of the exhaust.

In Equation A9, (FSO,)in is the number of moles of S02
entering the catalyst per hour

(
S ) (1) g mol(Fso');n = mf X WOO 100 3z hour (A15)

To obtain the product km the right-hand side of Equation
A9 was plotted for various temperatures (Figure 19). The slope
of the lines gives km as a function of inverse temperature in
Figure 20. Equations A9-A15 yield Equation 1 in the main
text.
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The need for monitoring pesticide residues has been met
by numerous methods which have been previously summa
rized (I), and it is beyond the scope of this article to discuss
them. Of all methods, however, gas chromatography-mass
spectrometry has achieved the most notable success in the
detection of pesticides at the residue level. In an effort to
improve upon the sensitivity and provide a simpler technique
capable of field operation, the use of a fluorescence polariza
tion immunochemical technique has been investigated. The
use of such a technique has been prompted by the develop
ment and application of these fluorescence techniques to the
measurement of biological substances (2). Available evidence
indicates that specific antibodies can be obtained against
many organic compounds (3). In particular, antibodies have
been obtained against DDT and malathion (4,5) and other
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pesticide residues (I). The availability of a specific antibody
against the structure or molecule to be detected immediately
opens up the possibility of using immunochemical methods
as a highly specific and sensitive (2) detection technique.

2-Aminobenzimidazole, the degradation product of several
carbamate fungicides such as Benomyl, was chosen as the
compound for which the fluorescence polarization immu
noassay would be developed.

Any means of applying an immunochemical reaction to a
detection problem ultimately relies upon a reaction occurring
between the substance of interest (antigen or hapten) and its
specific antibody. Perhaps the most general means by which
this interaction can be employed in measurement and detec
tion has come to be known as "competitive binding assay". In
principle, this method requires two essential reagents. These



• The development of an immunological assay for 2-ami
nobenzimidazole, the degradation product of several carba
mate pesticides such as Benomyl, is described. The specific
technique is a fluorescence polarization immunoassay, and
it may be applicable to the detection of many low-molecu
lar-weight organic contaminants of organic concern. The
preparation of the two required reagents, namely a fluorescent
conjugate of the contaminant of interest, together with an

are a labeled form of the substance to be detected or measured,
and an antibody or receptor specifically directed against the
substance. The principle of the assay involves a preliminary
measurement of the binding of the labeled antigen (substance
being detected) with its antibody and then a determination
of the extent of the inhibition of this binding by known
quantities of the unlabeled antigen, which corresponds to the
unknown. From these data, a standard curve can be con
structed which shows the degree of binding by the labeled
antigen under certain specified conditions as a function of
concentration of the unlabeled antigen or unknown added.

Fundamentals of Immunoassay Technique

A substance, which when injected into an animal stimulates
the animal to produce antisera capable of reacting with it in
a highly specific manner, is referred to as an immunogen, and
the specific protein produced is referred to as an antibody.
These antibodies belong to a group of serum proteins known
as immunoglobulins. The production of these antibodies as
a result of the injection of the immunogen takes place over a
period of many weeks, and depends upon the immunization
schedule. In general, "good" immunogens are usually of large
molecular size (>40 000), partially digestible by enzymes, and
are recognized as being foreign by the antibody-producing
animal. It is immediately obvious, of course, that many com
pounds of environmental concern do not have a large molec
ular weight and would, therefore, appear to be incapable of
stimulating antibody formation.

Fortunately, this is not the case, and so-called partial im
munogens or haptens can be produced and are capable of re
acting with specific antibody. Haptens or partial immunogens
are defined as immunogens which alone cannot induce anti
body formation, but in conjugation with a suitable carrier can
produce antibody against themselves, as well as against the
carrier-hapten complex. Examples of such carriers include
ovalbumin, bovine serum albumin, and fibrinogen, as well as
many others.

In summary, the hapten once conjugated with a suitable
carrier can stimulate antibody production. The remarkable
thing about this antibody stimulation is that some antibody

. will be produced which is highly specific in its reaction with
the hapten alone. It is this phenomenon which allows the use
of immunological techniques in the detection and quantitation
of organic contaminants of relatively low molecular weight and
under a variety of practical circumstances.

Review of Immunoassay Techniques

The usual method of labeling the antigen to be identified
in an immunoassay requires the introduction of a radioactive
label. When such a radiolabel is used, an essential and crucial
step in the radioimmunoassay (RIA) is to separate physically
that portion of the labeled antigen which is bound to the
antibody from that which is unbound or free. Only in this way
is it possible, by radioactive counting, to determine what
fraction ofthe radiolabel remains bound, or is being bound,
in the presence of the unknown. Hawker (3) has reviewed
various radioimmunoassay and related techniques.

antibody to the contaminant, is described in detail. The spe
cific contaminant chosen for this study was 2-aminobenzim
idazole (MW = 133), a metabolite of certain fungicide agents
used in agriculture, and the particular fluorescent moiety
chosen to form the conjugate with 2-aminobenzimidazole was
fluorescein. A successful demonstration of the assay is ac
complished, and a detection sensitivity in the subnanogram/
ml range obtained.

Alternatively, a direct way of implementing competitive
binding principles in an immunoassay is to employ a fluo
rescent label which allows the assay to be carried out in prin
ciple, either by fluorescence polarization measurements (FPI),
or in some cases by fluorescence intensity measurements.
Unlike RIA, no separation of the bound and free forms of the
labeled antigen is necessary, since a simple, rapid optical
measurement gives the essential information without physical
separation.

Examples of other radioassays include radioreceptor assay,
which employs a partially purified tissue receptor as the active
reagent, and immunoradiometric assay, which uses radioactive
labeled antibody. In the latter case, separation of bound and
unbound antibodies is accomplished by attachment to the
antigen which is deposited on a solid substrate. Radioenzy
matic assays involve enzymes as the reactive agent. Once
again, a separation procedure is required. In this case, sepa
ration of the radioactive pools requires separation of two
compounds, one formed from the other by the enzyme cata
lyzed reaction. These techniques, however, tend to be inferior
to RIA and FPI in terms ofsensitivity and specificity (J). The
application of immunological techniques to the analysis of
pesticide residue levels appears to be of relatively recent ori
gin, and Ercegovitch (6) in 1971 gave an excellent review of
work in this area. This work appears to be limited to research
carried out on the herbicide aminotriazole and parathion with
sensitivities in the microgram range, and by Centeno et aI. (4)
and Haas and Guardia (5) using a tanned cell hemagglutina
tion inhibition test with detection limits of 0.1 and 1.0 "g for
DDT and malathion, respectively.

Application of Fluorescence Polarization
to Immunoassay Techniques

The essential feature of applying this phenomenon to an
immunoassay consists in first labeling the antigen molecule
with a fluorescent moiety and then observing the degree of
polarization of the fluorescent light upon stimulation with
polarized light of the correct wavelength, or in certain cases,
the intensity of fluorescent light measured, when standard
quantities of the labeled antigen and antibody together with
the unknown are allowed to interact. The dependence of po
larization (and also occasionally, the fluorescent intensity)
upon the extent of reaction between the antigen and antibody
forms the basis for the quantitation and immunoassay. Re
action between the aritigen and antibody results in an increase
in size of the kinetic unit and in a retardation of the rotary
brownian motion, which in turn is manifested by an increase
in the polarization of fluorescence. In the presence of unla
beled antigen in the sample, a smaller percentage of the la
beled antigen is bound to the antibody, and in this circum
stance the polarization observed will be lower. Hence, the
standard immunoassay curve, which can be constructed from
this type of data, would show the polarization of fluorescence
for certain standard chosen experimental conditions plotted
as a function of the amount of unlabeled antigen. This subject
is treated more extensively by Dandliker et al. (7).

Organic syntheses are generally used to prepare the re
quired fluorescent derivative of the hapten. The organic
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syntheses adopted clearly depend on the structure of the
contaminant itself and will vary widely.

Preparation of an antibody against a contaminant begins
by coupling it to a highly immunogenic molecule such as
ovalbumin, and introducing the complex into an animal, for
example, rabbits, by means of intradermal injections. The
initial immunization yields "primary response" antibodies,
which are usually of fairly low specificity. Booster immuni
zations can be given at eight-week intervals, and secondary
response antibody collected 10 days after the booster. This
is generally more specific and of higher titer. Additional in
formation regarding antibody generation is given by Vaitu
kaitis et al. (8).

Experimental

Preparation of Tagged Hapten. 2-ABZI and fluorescein
isothiocyanate (FNCS) were reacted to produce a conjugate
with fluorescein coupled to the 2-position of 2-ABZI by the
following reaction.

The 2-FNCS-ABZI mixture was subjected to separation by
a two-step, thin-layer chromatography procedure-firstly,
on silica gel with 15% methanol in ethyl acetate until the faster
moving unreacted dye was separated from the labeled product.
The latter was removed from the silica gel with methanol and
separated on cellulose TLC using borate buffer (pH 8.8). The
fluorescent zone adjacent to the leading point contained the
desired product which was removed with methanol.

Preparation of Antibodies to 2-ABZI. The preparation
of immunogen was carried out by first reacting tetrahydro
furan solutions of 2-ABZI and thiophosgene to produce the
isothiocyanate of 2-ABZI which precipitated:

The precipitate was filtered, washed, and air dried. An
18-mg aliquot was dissolved in 1 ml of dimethyiformamide and
slowly added to an 8-ml, 0.15 M saline solution of 500 mg of
ovalbumin. The solution was stirred overnight, dialyzed, and
freeze dried to give a yellow-tan product. Spectral analysis
(UV) indicated the product was a conjugate of 2-ABZI and
ovalbumin in the mole ratio of -2:1. This indicated that the
reaction of 2-FNCS-ABZI with amino groups of the ovalbumin
led to a successful conjugation:

This will be designated 2-0v-ABZI.
The ovalbumin conjugate was mixed 1:1 with Freund's

complete adjuvant, and 2-mg portions were injected into two
sites of each of three rabbits (female New Zealand Whites).
Mter eight weeks, the rabbits were boosted and then bled 10
days later (15 ml per rabbit); the blood was allowed to clot, and
the serum separated by centrifugation. The globulins were
separated from the serum by precipitation with (NH4hS04
(at 0.38 saturated ammonium sulfate), followed by centrifu
gation. The globulin fraction was solubilized to its original
serum concentration in 0.15 M saline solution for testing by
FPI.
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Results

Analytical Sensitivity. With the successful production of
antibody to 2·ABZI and also a fluorescent conjugate, a series
of preliminary experiments was conducted to estimate the
aDalytical sensitivity. In these experiments, varying concen
trations of 2·ABZI were incubated with the globulin aliquot
(which contains the antibody), labeled 2-ABZI was added, and
the polarization was recorded as a function of time. The results
of these experiments are shown in Figures 1 and 2. The initial
rate of polarization was diminished in proportion to the log
arithm of the 2·ABZI concentration, which is demonstrated
by the data given in Table I and shown in graphical form in
Figure 3. 2-ABZI acts as an inhibitor of the polarization rate;
hence, it may be called an "inhibitor", and Figure 3 is referred
to as an "inhibition curve". Least-squares fitting of these data
points gives the regression line:

Y = 98.79 - 18.68 X

The observed data points show a standard deviation of 16%,
relative, about the regression line. The value of (dp/dt)o in
the absence of 2-ABZI (67 x 10-4in Table I) is intercepted by
the regression line at X = 1.7; i.e., when the concentration of
2-ABZI is 50 pg/ml. This level cannot be differentiated from
zero 2-ABZI concentration, i.e., this concentration corresponds
to the "noise" ofthe system. However, changes in the initial
rate of polarization of 3 X 10-4units are readily observable.
Thus, a rate ofchange of 64 X 10-4units can be differentiated
from the noise level. From Figure 3, this gives a log concen·
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Figure 1. Rate 01 change 01 fluorescence polarization due to reaction
01 fluorescein-tagged 2-ABZI with Its antibody as lunctlon 01 2-ABZI
concentration
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Figure 2. Rate 01 change 01 polarization as lunction 01 2·ABZI c0n
centration



o OP(Rll«.M1Al POINTS (".161 RElAIIH TO lEAST
SOOAU LIMt)

C L(ASI·SQUAR( rlT , • 98.19·16.68 l

• Initial rate X 10'. • Basic reectlon of 1/l9 2·FNCS·ABZI with 200 /l9 of
globulins in 3 ml of solution.

Table I. Diminution of Initial Fluorescence Polarization
Rate by Preincubation with Hapten

Log,
pg of 2-ABZllml

3.64
4.12
4.64
5.12

InHlal polarlzetlon
ra••,8 (dp/df)o.

units of polarization/min

67.0 b

32.4
19.0
12.6
3.9

tration of 2-ABZI (pg/ml) of approximately 2, which corre
sponds to a minimum detection sensitivity for 2-ABZI of 100
pg/ml.

Specificity. In devising an immunoassay, the degree of
specificity attained is a prime factor in determining the ulti
mate usefulness of the test. No one parameter has been uni
versally adopted as a measure of immunological specificity,
but one of the best would seem to be the binding affinity be
tween antibody and the antigen or hapten as compared to
other, structurally similar compounds. The binding affinity
is a reasonable measure of specificity, since cross-reacting
antigens or haptens usually show lower affinities than that of
the structure contained in the immunizing antigen. The
physical factors contributing to the binding affinity finally
reduce to the number and strengths of all the atomic inter
actions between the antigenic determinant group and the
antibody combining site. The nature of these interactions
includes hydrogen bonding, electrostatic attraction, hydro
phobic bonding, and a variety ofweaker dispersion forces. The
better the match between groups of antigen and antibody, the
greater will be the free energy of interaction when the two
molecules combine, and the greater the "specificity".

To provide an initial estimate of the specificity of this assay,
inhibition experiments involving 2-ABZI and benzimidazole
were conducted. The structure of these two compounds and
their respective molecular weights are as follows.

2-AMINOBENZIMIDAZOLE IMW'133) BENZIMIDAZOLE IMW'118)

LOGCONCENIRAIIONOf7-A811 (pq/mll

(tJ- H

Figure 3. Standard Inhibition curve

Figure 4. Comparative Inhibition: comparison between 2-amlnoben·
zimidazole and benzimidazole

Since the complete immunogen developed in this study
utilized coupling ovalbumin through the primary amino group
of 2-ABZI, benzimidazole copies the structure of "exposed"
or unbound portions of the hapten; thus, benzimidazole was
expected to have greater affinity for the antibody than many
of the available benzimidazole derivatives.

In these experiments, antibody (200 ILl) was added to 3 ml
of buffer, and then 3 ILl of benzimidazole or 2-ABZI was added
to achieve a 10-5 M solution of the respective benzimidazole
compound. The fluorescence polarization was read at timed
intervals after 50 ILl of the 2-ABZI fluorescent conjugate was
introduced.

The resulting data are shown in Table II, and in graphical
form in Figure 4. The results for the case in which no inhibitor
has been added are also given. The initial polarization rates
for the cases of no inhibition, inhibition by benzimidazole, and
inhibition by 2-ABZI were 158,67, and zero (in 1()4 polariza-

Table II. Relative Inhibition Produced by Benzimidazole and 2-ABZI
2·FNCS·ABZI, 2·FNCS·ABZI 2·FNCS·ABZI

no Inhlbttor Ye. 2·ABZI InhlbHor va. benzimidazole Inhibitor

n ..... n ..... Tim.,
min p' p - Po min p' p - Po min p' p - Po

(0) (0.076) 0 (0) (0.076) 0 (0) (0.084) 0
0.28 0.0815 0.0055 0.30 0.076 0 0.30 0.086 0.002
0.38 0.086 0.010 0.55 0.076 0 0.48 0.088 0.004
0.75 0.0895 0.0135 1.0 0.074 -0.002 0.70 0.0895 0.0055
1.00 0.095 0.019 2.0 0.074 -0.002 1.0 0.0905 0.0065
1.58 0.100 0.024 3.0 0.074 -0.002 1.65 0.095 0.011
2.5 0.105 0.029 5.0 0.0775 0.0015 2.70 0.101 0.017
4.0 0.118 0.042 7.0 0.0775 0.0015 4.0 0.107 0.023
5.0 0.125 0.049 10.0 0.076 0 5.0 0.110 0.026

8 P at time zero. Po. obtained by extrapolation of observed data.
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Table III. Data for Standard Inhibition Curve
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Figure 7. Polarization as function of time for unknown sample No. 1

Figure 5. Polarization as function of Inhibitor concentration and time

In"lal potarlzaUon
rate. a (dp/dI)o.

untt. of poIarlzaUon/mln

227

433

617

842

Log,
PfiI of 2·A8Zl/ml

3.60

3.12

2.60

2.12

" Initial rate X 10".

Two aqueous solutions were then prepared containing known
but different quantities of 2-ABZI, and the known values were
not revealed to the analyst until after the experiment was
completed.

The change in polarization as a function of time for these
two unknowns, containing the antibody, tris buffer, and 1111
of fluorescent-labeled 2-aminobenzimidazole was then re
corded. The results are shown in graphical form in Figures 7
and 8.

The estimated initial rate of change from these two curves
is 730 X 10-4 and 670 X 10-4, which from Figure 6 corresponds
to 272 and 347 pg/ml, respectively. The unknown had been
prepared at concentrations of 270 and 330 pg/ml.

This demonstrates the ability of the technique to determine
subnanogram quantities of 2-ABZI in an unknown aqueous
sample to approximately 5% of the true value for the worst
case analyzed in this experiment.

tion units), respectively. It may be noted that 10-6 M benz
imidazole (1.18 IIg/m!) halved the uninhibited initial polar
ization rate, whereas this was accomplished with 3.3 X lO-s

M 2-ABZI (4.4 ng/m!) in a previous experiment (see Table I).
Thus, it required 270 times more benzimidazole by weight
than 2-ABZI to halve the rate.

The significant difference between both the initial rate of
change of polarization for the case of inhibition by 2-ABZI and
benzimidazole demonstrates the high degree of specificity of
the antibody for its hapten.

"Recovery" Experiment. The objective of this recovery
experiment was to demonstrate the ability of the fluorescence
polarization technique to determine on an absolute basis the
presence of 2-ABZI in an unknown sample.

For these measurements, new reagents were prepared.
Firstly, fresh tris buffer at pH 8.0 and 0.01 M concentration
was prepared and filtered through 0.22-lIm miUipore filter to
remove any microorganisms. Next, fluorescein-tagged, 2
aminobenzimidazole (FABZI) was prepared by reacting flu
orescein isothiocyanate with 2-ABZI in tetrahydrofuran, and
purified by sequential TLC procedures, as previously de
scribed.

Previously unused immunoglobulin preparation, which had
been frozen immediately after preparation, was then thawed.
This preparation, obtained from rabbits innoculated and
boosted, was at normal serum concentration in the thawed
preparation.

A set of inhibition curves was then developed for varying
concentrations of inhibitor. All polarization measurements
were made after mixing the reactants in 3.0 ml of tris buffer.
The resulting curves are shown in Figure 5. The initial rate of
change of polarization for each of the four different levels of
inhibitor concentration is shown in Table III. These data
points are shown in graph form in Figure 6. Analyzing these
four points by least squares gives the following linear rela
tionship:

Log Inhibitor Concentration (pg/m!)
= -0.00247 dpldto +4.171

Figure 8. Polarization as function of time for unknown sample No. 2
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Table IV. Comparison of FPI Parameters of 2-ABZI
System w"h Two Other Systems

DNP Ftuor-.c:eIn
Par.met.,. (6) 2~A8ZI (10, 11)

Concentration 01 unbound 10-5 M· 2.4 X 10-8 7
binding sites,' R M·

Heterogeneity lactor, C a 0.6 0.72 1.0
Av association constant, Ko 4.5 X 107 1.4 X 10'0 1 X 10"
Second order rate constant, 5 X 107 /M 2.5 X 108 /M 4 X 108/M

k s s s
Detection limit 10-7 M 10-9 M 10- 11 M

• Antibody from boosted animals. In the case of fluorescein,~ late antibody
was used. b At normal sen..m concentration. C An inverse proportion Is implted
between a and the variety of binding sites.

Discussion of Results

It is of interest to compare the FPI system for 2-ABZI to
that of a typical case, as represented by dinitrophenol (DNP)
(9) and its antibody, and to the optimum system evaluated
to date, i.e., fluorescein and its antibody (10, 11). The relevant
parameters for these systems are given in Table IV. Com
parison of the three systems shows that the FPI system for
2-ABZI performs better than average, but not as well as for
the best test system evaluated to date, namely, fluorescein.

Despite the fact that fluorescein is a considerably larger and
more complex molecule than 2-ABZI, there is reason to believe
that the FPI system for the latter could be brought to perform
nearly as well as the fluorescein system. In particular, it seems
likely that affixing carrier protein to one of the positions of
the six-membered ring of 2-ABZI would provide for greater
participation of the unique triple amine constellation in
antibody formation relative to the present case.

The present 2-ABZI-Ov conjugate presents the hapten with
the six-membered ring foremost in a manner that apparently
minimizes the uniqueness of the molecule as it appears to the
antibody-forming system. Both the small production of
antibody, which suggests that less than the usual number of
lymphocytes recognized the antigen as a foreign entity, and
the comparatively small rate constant, k, which suggests a
relatively large steric factor in the antibody-hapten reaction,
are consistent with this view.

NOTES

The FPI method can be applied to the measurement of 2
ABZI with great sensitivity and specificity and indicates that
this technique has a significant future potential for the anal
ysis of environmental contaminants at the residue level.
Presently, it is necessary that the contaminant be in a nearly
neutral aqueous solution, and chemical processing of the
material of interest may be necessary to achieve this condi
tion.

Acknowledgment

Many of the detailed laboratory analyses and processes were
conducted by A. Hicks of the Biophysical Chemistry Unit,
Scripps Clinic and Research Foundation, La Jolla, Calif., and
were carried out with considerable care and skill.

Literature Cited

(1) Biros, F. J., Ed., "Pesticide Identification at the Residue Level",
Advances in Chemistry Series, No. 104, American Chemical Society,
Washington, D.C., 1971.

(2) Dandliker, W. B., "Thermodynamic and Kinetic Investigation
of the Antigen-Antibody Reaction by Fluorescence Labeling
Techniques", in "Methods in Immunology and Immunochemistry",
Vol III, L. A. Williams, and M. W. Chase, Eds., Academic Press,
New York, N.Y., 1971.

(3) Hawker, C. D., Anal. Chem., 45 (11), 878A (1973).
(4) Centeno, E. R., Johnson, W. J., Sehon, A. H., Int. Arch. Allergy

Appl. Immuno!., 37,1 (1970).
(5) Haas, G. J., Guardia, E. J., "Production of Antibodies Against

Insecticide-Protein Conjugates", Society for Exp. Biology and
Medicine, Proc., Vol 129, pp 546-51,1968.

(6) Ercegovich, C. D., "Analysis of Pesticide Residues: Immunological
Techniques", Advances in Chemistry Series, No. 104, American
Chemical Society, Washington, D.C., 1971.

(7) Dandliker, W. B., Kelly, R. J., Dandliker, J., Farquhar, J., Levin,
J., Immunochemistry, 10,219 (1973).

(8) Vaitukaitis, J., Robbins, J. B., Nieschlag, E., Ross, G. T., J. Clin.
Endocrino!' Metab., 33,988 (1971).

(9) Day, L. A., Sturtevant, J. M., Singer, S. J., Ann. N. Y. Acad. Sci.,
103,611 (1963).

(10) Portman, A. J., Levison, S. A., Dandliker, W. B., Biochem. Bio
phys. Res. Commun., 43,207 (1971).

(11) Levison, S. A., Portman, A. J., Kiertzenbaum, F., Dandliker, W.
B., ibid., p 258.

Received for review March 22, 1976. Accepted October 7, 1976. Work
sponsored by the U.S. Environmental Protection Agency under
Contract 68-02-1266.

• The anthropogenic fluxes of lead, vanadium, and zinc to
sediments of an outer basin off the coast of Southern Cali
fornia' 100 km from shore, are substantially less than those
to deposits 30 km from shore. The values fan off as the square
of the distance from shore. Atmospheric transport, as opposed
to fluvial or sewer outfall inputs, appears to be in accord with
these measurements. Anthropogenic Cr, Cu, Ag, and Cd are
undetectable in the outer basin.

History of Heavy Metal Pollution in Southern California Coastal Zone-Reprise

Kathe K. Bertlne

San Diego State University, San Diego, Calif.

Edward D. Goldberg"

Scripps Institution of Oceanography, University of California at San Diego, La Jolla, Calif. 92093

To what distances off the coasts of highly industrialized
areas are heavy metal pollutants evident in the sediments?
The answer will clearly depend upon the source of the metals
and their intensity as well as their modes of transport (at
mosphere vs. water). In a previous study we had found that
there were readily definable entries of man-mobilized lead,
chromium, zinc, copper, silver, vanadium, cadmium, and
m.olybdenum in sediments approximately 30 km off the
Southern California coast (1, 2). These basin deposits were
anoxic, and their levels were not disturbed by the burrowing
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Figure 1. Location 01 box core in San Clemente Basin. In addition, lIow 01 bottom water between basins is indicated

activities of organisms. Their rates of accumulation varied
between 0.27 and 0.9 cm/year based upon Pb-210 geochro
nologies and varving. Anthropogenic contributions of Cr, V,
and Mo in these sediments probably originated from the sewer
outfall. We were unable to resolve the sources ofPb, Zn, Ag,
Cd,and Cu.

More recently, we have introduced a time frame into a
sediment from a bank slope between San Clemente and Santa
Catalina basins, 100 km to the southwest (32°51'N; 118°1O'W,
depth of 665 m) of the previously studied basins (Figure 1) and
directed away from the centers of industrial activity (3). The
first meter of the accumulation is aerobic and appears to have
been mixed by bioturbation. Its sedimentation rate is 5 cm/
1000 years, about two orders of magnitude less than those of
the inner basins. Is heavy metal pollution detectable in these
deposits?

Experimental

The samples were analyzed by atomic absorption spectro
photometry on a Perkin-Elmer 406 unit using a deuterium
background corrector where necessary. The results for Co, Ag,
Cd, Pb, Cr, Cu, Mn, Ni, Zn, V, Fe, and AI are given in Table
I. The absolute concentrations of aluminum and metal/alu
minum ratios are given. Aluminum is assumed to have had a
uniform flux to the deposits over the past 10 000 or so years.
Thus, changes in water, salt, CaC03, or organic matter con
tents can be compensated through normalization of the metal
concentrations to that of aluminum.

Discussion

Of the 11 elements analyzed, three (lead, zinc, and vana
dium) are significantly enriched with respect to aluminum in
the uppermost 2 cm. Three other elements (cadmium, man-
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ganese, and cobalt) are higher in the first two levels, 0-0.5
and/or 0.5--1.0 em, than those at greater depth.

Bioturbation resulting in downward mixing of sediments
has been proposed to account for the Pu-239 '+- 240 and Pb-21O
distributions (3). For instance, Pu-239 + 240 is found to a
depth of about 10 cm, whereas with a sedimentation rate of
5 cm/1000 years, it should be found within the top 0.2 cm or
last 40 years.

Anthropogenic fluxes for metals in the San Clemente de
posits can be calculated by assuming that all of the higher
metal values, normalized to aluminum, in the top 2 cm result
from anthropogenic inputs of the metal, and by assuming that
without bioturbation the higher values would have been re
stricted to the top 0.2 cm. This 0.2-cm level represents a time
of about 1940 which is when the anthropogenic fluxes first
became evident in the Inner Basin sediments. Anthropogenic
fluxes for the metals in 1973 may then be calculated by de
termining the anthropogenic metal contents in the top 2 em
and compressing this amount into the top 0.2 cm. A linear
increase is assumed from a zero value at 0.2 cm through the
calculated anthropogenic amount at 0.1 cm to obtain the
surface value. For example, the value of the Pb/AI ratio at 0.2
cm (0) is extrapolated through the total anthropogenic Pb/At
ratio (1.89) at 0.1 cm to obtain the surface value of3.78. [The
value 1.89 is the sum of the differences between the upper four
Pb/At ratios and the average Pb/Al ratio for the 2-22-cm in
terval (1.07).1 Then by utilizing this value together with the
sedimentation rate of 5 cm/1000 years, the average AI content
(5.46%), the solids density (assumed to be 2.6 g/cm3), and the
average solid content of 28%, the anthropogenic Pb flux in
1973 of 0.04 jJ.g/cm2/year is calculated.

Table II compares the anthropogenic fluxes for Pb, Co, Cd,
Mn, Zn, and V so derived to the San Clemente Basin with the



Table I. Concentrations of AI and Metal/Aluminum Ratios In Units of ppm Metal/% AI In San Clemente-Santa
Catalina Box Core

Co Ag Cd Pb Cr ~ Mn NI Zn V Fo
Depth, %
em AI AI AI AI AI AI AI AI AI AI AI" AI

0-0.5 3.11 0.11 0.19 1.83 19.0 11.7 73.9 15.2 34.9 21.0 0.68 5.47
0.5-1.0 3.46 0.15 0.12 1.62 17.7 10.6 71.0 16.4 34.6 17.1 0.64 5.49
1.0-1.5 3.31 0.18 0.09 1.38 17.3 11.4 66.7 15.4 34.3 14.8 0.64 5.44
1.5-2.0 2.39 0.16 0.11 1.34 16.9 11.8 66.5 16.5 33.5 15.4 0.57 5.44
2.0-2.5 2.79 0.15 0.11 1.05 16.4 11.3 67.0 14.5 31.0 9.8 0.69 5.74
2.5-3.0 2.32 0.14 0.11 1.09 17.6 10.5 64.5 14.8 31.2 11.2 0.65 5.61
3.0-3.5 2.67 0.17 0.12 1.17 16.7 10.9 65.8 14.4 31.9 14.1 0.62 5.62
3.5-4.0 2.54 0.15 0.09 1.11 19.2 11.4 66.8 15.2 31.9 11.1 0.66 5.52
4.0-4.5 2.48 0.13 0.08 0.97 16.0 10.2 67.8 14.2 31.4 12.4 0.71 6.06
4.5-5.0 2.62 0.19 0.10 1.14 16.1 11.4 67.7 16.4 30.3 15.0 0.64 5.35

5-6 2.82 0.18 0.12 1.19 17.6 11.6 65.3 15.7 31.2 15.3 0.66 5.67
8-9 2.07 0.13 0.11 1.00 17.6 10.7 66.8 15.5 31.2 14.1 0.70 5.81

30-32 2.18 0.19 0.12 0.96 16.5 10.2 70.0 15.6 31.6 12.9 0.60 5.50
70-72 1.93 0.15 0.09 1.03 18.2 9.6 64.8 13.0 32.7 10.0 0.61 5.71

AvO-2 3.07± 0.15± 0.13± 1.54± 17.7± 11.4± 69.5± 15.9± 34.3± 17.1± 0.63± 5.46
0.48 0.03 0.04 0.23 0.9 0.5 3.7 0.7 0.6 2.8 0.05

Av 2-72 2.44± 0.16± 0.11± 1.07± 17.2± 10.8± 66.6± 14.9± 31.4± 12.6± 0.65± 5.66
0.30 0.01 0.01 0.08 1.0 0.7 1.7 1.0 0.6 2.0 0.04

• Units of % Fe! % AI.

Table II. Anthropogenic Fluxes to San Clemente Basin
Compared to Anthropogenic Fluxes for Inner Basins

,.g/cm2/yr

Pb 0.04 1.6
Co 0.05
Cd 0.001 0.07
Mn 0.2
Zn 0.2 2.1
V 0.3 4.0

• From refs. t and 2.

average to the Inner Basin sediments. The anthropogenic
fluxes of lead, vanadium, and zinc to the San Clemente sedi
ments are considerably less than those for the Inner Basins.

Two concepts emerge from these results. First of all, the
anthropogenic fluxes of zinc, vanadium, and lead from the
higherly industrial Southern California coastal zone to the
ocean appear to roughly fall off as the square of the distance.
The fluxes to the San Clemente Basin, 100 km from the coast,
compared to those of the inner basins, about 30 km from the
coast, are less by about a factor of 10 or so (Pb, 40; Zn, 10; and
V, 13). This suggests that the transport of these three metals
is primarily atmospheric. Surface winds prevailing off
Southern California can transport atmospheric particulates
in all directions. Surface ocean currents are weak and variable
but sometimes are in a counterclockwise gyre around the San
Clemente Basin (4). By such a path, materials introduced to
near shore surface waters off the Los Angeles area could be
brought to the San Clemente region. More probably the ma
terials would stay with the waters adjacent to the coast and
move northward. The deep currents (5) between basins are

shown in Figure 1 and, in general, move in a northwesterly
direction. It is difficult to conceive of an oceanic transport to
the outer basins of these highly reactive metals from the in
shore zone, via the gyre, when their residence times may be
of the order of months or less in coastal waters (1, 2).

Secondly, the record of anthropogenic fluxes of heavy
metals to aerobic sediments off the coast of Southern Cali
fornia is distorted by the burrowing actions of organisms.
Pollution histories of the coastal marine environment can
most readily be found in the relatively undisturbed anoxic
sediments.
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Sample Size Effect on Geometric Average Concentrations
for Log-Normally Distributed Contaminants

Donald E. Michels

EG&G Idaho. Inc.• P.O. Box 1625. Idaho Falls. Idaho 83401

• Sampling programs which utilize different sample volumes
to redundantly monitor the same space may yield different
geometric average concentrations, particularly if the material
sought is scarce. Discrepancies approachiilg a factor of 2
should be expected if the standard geometric deviation is
much larger than 3 and if the sample volumes differ by a factor
of 5. This effect is statistical in nature and believed due to the
sample volume being too small, comparable to the scale of
heterogeneity for the substance sought. a concept described.
An example utilizing PU02 particulate concentrations in air
shows how to assess whether a sample is too small.

IO'~~~~~~

9

•
7

1.1

Concentrations of many contaminant and natural materials
are distributed log-normally (1-3). For a set of such data. the
geometric average is preferable as a characterizing central
value (2). However, the arithmetic average is sometimes re
quired (4), as, for example. when total environmental quan
tities are to be calculated. The two are related by Equation 1
(2.5):

_ [1 n ]Xg = geometric average = exp - L: In Xi
nio:::l

Sg = standard geometric deviation

[
1 n _ ]1/2

= exp -- L: (In Xi - In Xg )2
n - 1 i=1

Xa always is greater than Xg

Use of Equation 1 is preferred here for estimating Xa since
it is less sensitive to uncertainties in a few high values. For
example. 90% of the sum of a set of (log-normally distributed)
data may be due to only 10% of the entries, whereas the sum
of the logarithms is not so affected.

Sampling of continuous media. like air or water, is an ad
ditive process in the sense that each sample can be considered
as a composite of smaller elements that are combined prior
to analysis. Combining. iii an additive way. volume elements
which have log-normally distributed concentrations can have
a curious effect. The geometric average concentration is larger
if the sample sizes are larger. Accommodating this effect re
quires knowledge of the standard geometric deviation. The
effect can be important in comparing data since discrepancies
of 100% or more in apparent concentration are possible if the
sampling methods involve greatly different volumes and if the
standard geometric deviations are much larger than com
monly observed (near 2.0). This effect will exist in the case
(among others) where independent samplers operate side by
side at the same time. differing only in the volume-rate at
which they collect or filter a medium. The discrepancy has an
appearance of a bias between the independent efforts, whereas
in fact it is statistical in nature. In cases where agents in con
flict monitor the same space. this effect may deserve special
consideration.

This paper shows how a concentration discrepancy can arise
between sampling efforts due only to differences in sample

Xa = Xg exp (0.5ln2 Sg)

Xa =arithmetic average =!. f: Xi
n i=l

(1)

3 5678910
'-'l/V.

Figure 1. Isopleths of concentration ratios (Xg,l Xg,) due to sampling
different volumes

volume. A graph (Figure 1) shows the size of discrepancy to
expect based on the standard geometric deviation and the
ratios of sample volumes. The effect is reduced if larger vol
umes are taken in sampling. How large is large enough de
pends on characteristics of dispersion for the substance at
interest.

Derivation

Consider an environmentally large volume Vr which con
tains a quantity Qr of contaminant distributed nonhomo
geneously. specifically so that concentrations of small volume
elements conform to a log-normal distribution. The arithmetic
average concentration, Xa = Qr/Vr can be estimated by
Equation 1 if several samples are obtained and analyzed.
[Development of this point ignores sampling and analytical
problems while presuming that all differences in concentra
tions reported by analysis are real and due only to (empirically
log-norm~) random variations among the samples.] The same
value of X a should be obtained (within statistical limits) from
different samplings that involved differently sized volume
elements, as indicated by Equation 2:

Qr - - -
-V = X a = Xg, exp (O.5ln2 sg ,) = Xg .,exp(O.5In2 s ) (2)r - .

Subscript 1 refers to sample volume elements of set 1 which
are (uniform and) smaller than volume elements of set 2
(subscript 2).

From the central limit theorem, one should expect Sg, < Sg,.

Precisely, if the distribution is log-normal, Equation 3
applies

I 2 _ In2
Sg,

n Sg, - V
2
/V, (3)

[Equation 3'can be derived bx.considering In Sg, to be a stan
dard error of the mean (var Xl' 12 as in

2
In2sg =var (In X) ='!...

n

where (J2 is the variance for fundamental units of medium
(volume = v) and n is the number of those units involved in
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(5)

(4)

estimating (In X); that is, n = Vivo Equation 3 involves the
case where volumes in sets 1 and 2 are larger than the funda
mental volume V. Thus,

__ (12 __ (12
var (In X Il =-/- and var (In X 2) = --

VI V V 2/v
The small fundamental volume v and the corresponding
variance (12 cancel when establishing the ratio in Equation 3.)
In Equation 3 V I and V2represent the volumes of individual
samples in sets 1 and 2. A consequence of Equations 2 and 3
is that XXI < Xxz- That X. ,< X., also is apparent considering
(for log-normal distributions) that X. < Xa , together with
results expected due to compositing all samples of a set prior
to analysis. Compositing yields the arithmetic average con
centration for the set. The single value obtained from a com
posited sample (ideally) should be identical to the result of
applying Equation 2 to a log-normal distribution of values
from a number of smaller samples. Thus, by extension, ihe
distribution of results from a set of larger volume samples
tends to show greater geometric average concentrations than
a set of smaller volume samples from the same media.

The relationship can be quantified by substituting Equation
3 into Equation 2, which yields Equation 4:

& _exp 0.5 (In 8.y
X. , - 05 (In 8.,)2

exp. V
2
/V

I

Equation 4 relates the ratio of geometric average concentra
tions (determined empirically) to the ratio of volumes used
in the sampling.

A map of Equation 4 (Figure 1) shows ratios of geometric
average concentrations plotted as a function of volume ratio
and standard geometric deviation. The concentration dis
crepancy is not very severe, i.e., less than 10% mismatch exists
if the standard geometric deviation is smaller than about 1.5.
[For standard geometric deviations smaller than about 1.3,
there is little advantage in treating data as log-normal; they
may be treated as Gaussian (6).] However, for standard geo
metric deviations greater than 2.0, discrepancies greater than
20% mismatch can be expected. A few ultratrace materials
show standard geometric deviations greater than 6 (the author
has observed standard geometric deviations as large as 14 for
23Spu02 in certain stream sediments, for example), and for
these, discrepancies in average concentration approaching an
order of magnitude could be expected between different
samplings solely due to choosing to take dissimilar volumes
in the samples.

In practice,large standard geometric deviations can be re
duced somewhat by increasing sample size according to
Equation 3. For example, if samples of volume VI gave 8. , =
4, a more tractable value of 8. 2 = 2 might be obtained by in
creasing sample volume by a factor of 4 as indicated by
Equation 5.

V/V _[ln8.,]2_[1.39]2_2 ,- - -- -4
In 8. 2 0.69

There is a limit to this application obviously, because
practical volumes are those which equipment and personnel
can handle with suitable economy. The flattening of all curves
in the right side of Figure 1 shows the diminishing effect of
increasing sample volumes.

Scale of Heterogeneity

The steep slope of curves in Figure 1 close to the ordinate
corresponds to severe heterogeneity on a small dimensional
scale. "How small is small" depends on the overall concen
tration of the contaminant. For example, if PU02 particulates
in air have a population density of 1 particle/50 m3, then vol-

umes on the order ofseveral cubic meters should be considered
small. In terms of sample-to-sample variability, successive
samples of 100 m:1, for example, would have significant
probabilities of holding 0, 1, 2, or 3 particles, indicating a broad
range of concentration, i.e., large standard deviation. (In this
case, the probabilities are, respectively, 0.14, 0.27, 0.27, and
0.19.) Because the Pu particles are (hypothesized here to be)
scarce, the scale of heterogeneity is said to be large compared
to a sample volume of 100 m3. This phenomenon is purely one
of scales which can be visualized in another way. For example,
consider measuring the composition of the atmosphere by
taking samples which contain only 10 molecules each. On such
a scale the atmosphere would appear grossly heterogeneous.
In this kind of situation, concepts of concentration, which are
philosophically concerned with homogeneous distributions,
are maladapted to describing the reality of particulate dis
tributions.

When one wishes to describe the abundance of a contami
nant, usually in terms of concentration, a certain emphasis is
given to reproducibility of results from sample to sample. The
problem of sampling scarce particulates is partly one of ob
taining samples large enough so that replicate samples have
a statistical chance of holding the same numbers of particles,
within some preselected precision. For contaminants like
PU02 particles in air, this strategy leads to uncommonly large
volumes per sample. The example below illustrates the
point.

In the vicinity of a nuclear facility, the Pu in air is of two
origins. Residuum from weapons fallout is a low-level back
ground due to particulates with diameters on the order of tens
of nanometers. The effect of the nuclear facility is to add
particulates having a size distribution characteristic of the
plant but with average particle size distinctly larger than
fallout, perhaps on the order of hundreds of nanometers.

A nominal background may be taken as 30 attocuries per
cubic meter of air (30 aCi/m3) which is due to a PU02 particle
abundance on the order of 30 fallout particles per cubic meter.
[A PU02 fallout particle 10 nm across has a nominal activity
of 1 aCi (10-IS Ci).] PU02 particles from our hypothetical
operation have about 1000 times the activity per particle
compared to fallout because their tenfold greater diameters
involve a thousandfold greater mass per particle. If effluent
were to double the gross PU02 content of background air, the
effluent particle abundance would be only '/1000 the particle
abundance of fallout, or 30 particles/1000 in:l (1 particle/33
m3). Obtaining representative numbers of these effluent
particles is a sampling problem.

If replicate samples are expected to agree within ±10% in
terms of the numbers of PU02 effluent particles they contain,
then the required number of effluent particles per sample and
its volume can be calculated, based on statistical consider
ations.

An appropriate model is based on Poisson statistics, since
the collection of a PU02 effluent particle is a relatively rare
event (7). Figure 2 shows how the number of particles in a
(Poisson) sample may differ from the overall average. (Tab
ular counterparts of Figure 2 appear in several statistics texts
up to 50 events, for example, see ref. 7, page 160. Extension
beyond 50 events was calculated according to a Gaussian ap
proximation to the Poisson as described in ref. 8, page 181.)
The upper and lower limits are for a 95% confidence level.
That is, 5% of the samples would lie beyond one limit or the
other. Note that the number of particles collected in a sample
will be reliably (95% of the time) within 10% of the true value
only when the sample contains more than about 400 particles.
Thus, one can calculate that at a concentration of one effluent
particle per 33 m3, samples should involve about 13 000 m3 if
it is intended that they be representative within 10% of the
true (twice background) concentration of our example. (This
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erage concentrations between sets of samples from the same
environment, is related to the different volumes (that may
have been) taken in the sampling, as, for example, when gov
ernment agencies and industry have independent programs
for monitoring effluents in the same space. This effect can be
quantified by considering the relationship between arithmetic
and geometric averages for a data set. The effect can be sub
stantial when standard geometric deviations are greater than
2 and the ratio ofsample volumes is greater than 5 (or less than
0.2).

For sampling to collect enough particles to be representative
of the average abundance (within 10% of the true value 95%
of the time), about 400 particles of the target substance must
be included in the sample. For certain scarce particulates, such
a particle number requirement implies uncommonly large
sample volumes. Note that the collective mass (or radioac
tivity) of the target substance collected in sampling may be
less important to sample-sample reproducibility than the
number of particles involved with that mass.
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example does not consider other factors which cause the final
analytical result to be at variance with the true concentration.
For example, volumes of air pumped during sampling are
seldom known within ±10%, the representivity of the sampling
location may be questionable, and the analysis contains a host
of circumstances which affect accuracy.)

Conclusions

Poor reproducibility of results between replicate samplings
for dilute environmental contaminants may partly be a con
sequence of the sample volume being relatively small. An
additional effect, manifested as differences in geometric av-

Figure 2. Uncertainty in apparent concentrations
Apparent concentration due to observed number of nems (photons. decays. etc.)
could have been due to statistical fluctuations about true concentration. Relative
range of true concentrations which could yield an apparent concentration is
indicated by limit lines. Confidence level is 95 %
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INDUSTRY TRENDS

Reynolds Aluminum Recycling Co.
(Richmond, VA) has established a toll-free
phone number for persons wanting to
know the nearest Reynolds recycling
collection point. It is (800) 243-6000, or,
in Connecticut (800) 882-6500.

Southern California Edison Co. is
"pleased" that ERDA chose Edison's
Barstow, CA, site to build the world's first
electric generating station powered di
rectly by solar energy.

American Air Filter Co., Inc., has devel
oped a new recirculating air cleaning
system that permits indoor firing ranges
to comply with NIOSH standards. It meets
standards of 0.1 mg of lead, and removes
99+ % of particulate matter from range
environmental air.

Super Products (Milwaukee, WI) has ap
pointed Wajax Ltd. as exclusive distributor
for Canada. Super products is marketing
a vacuum loader that removes many air
pollutants to well within EPA standards.

Owens-Corning Fiberglas (Toledo, OH)
foresees a market for 132 million yd2 of
fiber glass over the nex1 decade, brought
about by needs for filter bags for pollution
control, and has prepared a report on the
subject.

Public Service Co. of New Hampshire
announced that construction activities on
the Seabrook Nuclear Project will con
tinue "at substantially reduced levels," but
is not being "scrubbed."

UOP Inc. announced that two electrostatic
precipitators that it recently installed at
Central Electric Power Cooperative
(Chamois, MO) are on stream, and are
being performance-tested.

Culligan International Co. is now mar
keting "DB Deionizers" to provide high
quality water for industrial and institutional
uses, and to treat certain types of waste
water.

RECON Systems, Inc. (Princeton, NJ) has
a 1-y renewable ERDA contract to
stack-test liquid and vapor waste incin
eration at the Synthane coal gasification
pilot plant (Bruceton, PAl, being operated
by Lummus Corp.

Dames & Moore (Los Angeles, CAl is
doing feasibility studies for an under
!Tound coal mine near Rock Springs, WY,
for Sunoco Energy Development Co., and
Rocky Mountain Energy Co. Focus is on
environmental and groundwater engi
neering studies.

Action Instruments Co., Inc. (San Diego,
CAl, which, among its products, offers
monitoring and control instruments, has
formed Action Electronic Instruments Ltd.,
at Mississauga, ON, Canada.

Enpo-Cornell Pump Co., (Piqua, OH), a
division of Roper Industries, Inc., has
purchased the pump business of Con
struction Machinery Co. (Waterloo, IA).
Among pumps made by the acquired firm
are self-priming pumps used for handling
wastewater.

Engineering-Science (Arcadia, CAl said
that a wastewater treatment plant it has
designed for California-Hawaiian Sugar at
Crockett, CA, is being constructed on
schedule. A May startup is expected.

Grumman Corp. (Bethpage, NY) plans to
build a $45 million pilot plant to turn 1500
tpd of garbage from Jefferson County, KY,
to steam.

Combustion Engineering, Inc. will provide
two air quality control systems, valued at
over $16 million, to the Cooperative
Power Association (Minneapolis, MN), and
United Power Association (Elk River,
MN).

Radian Corp. (Austin, TX), which offers
professional services in energy, envi
ronment, and chemical processing, is
opening a Washington Regional Office at
McLean, VA.

Air Products and Chemicals, Inc., an
nounced that construction has been
completed on OASES pure-oxygen
wastewater treatment systems at
Dubuque, lA, and Hollywood, FL.

Titan Group, Inc. (Paramus, NJ) has a
$14.3 million contract to construct sew
age treatment facilities for the Township
of Hamilton, NJ.

Lab Safety Supply Co., has been orga
nized at Janesville, WI, to offer a full line
of laboratory safety products, including
products for personnel safety, and treat
ment/disposal of chemical spills.

United McGill Corp. (Columbus, OH) has
received a turn-key contract worth $5
million for an air pollution control system
for C.F. & I. Steel Corp., of Pueblo, CO,
including particulate removal from basic
oxygen furnaces.

United Nuclear Corp. (Falls Church, VA)
has been awarded a $39 million ERDA
contract for production of nuclear com
ponents.

Environmental Elements Corp. (Balti
more, MD) will supply $7 million worth of
gas turbine air filtration and silencing
systems to Cooper-Bessemer U.K., which
will install them in gas compressor mod
ules on gas pipelines in the U.S.S.R.

The Du Pont Co. has denounced allega
tions by the Natural Resources Defense
Council that the Philadelphia "Legion
naires' Disease"may have been caused
by fluorocarbon refrigerant leaks as
"unfounded and irresponsible."

Georgia-Pacific is drafting an approxi
mately $5 million environmental project
to double its present 35 million gal
wastewater treatment facilities at its To
ledo, OH, pulp and paper mill.

Union Carbide Corp. proposed to offer
$12 million in 30-year pollution control
revenue bonds to be issued by the State
of Ohio through the Ohio Water Devel
opment Authority, to finance pollution
control at Union Carbide's ferroalloy
plants.

Zimpro Inc. will furnish 20Q-gpm units to
sterilize sewage solids and convert them
to dewaterable material at the 42-mgd
plant at Cedar Rapids, IA. Contract value:
$11.5 million.

Kaiser Steel Corp. (Oakland, CAl said that
it is prepared to spend an additional $7.8
million over the next 2 years to achieve
coke oven emission control equivalent to
the strictest in the U.S. today.

Freeport Minerals Co. (New York, NY) is
proceeding with a $32 million project to
recover uranium oxide as a by-product
from phosphate rock processed into fer
tilizer material by Freeport at Uncle Sam,
LA.

Colt Industries (Beloit, WI) will provide 15
ENVIROVAC vacuum sewage collection
systems to be used on U.S. Coast Guard
cutters, for $440 000. They are listed as
USCG zero-discharge sanitation de
vices.

Research-Cottrell, Inc. announced that
its financial dispute with Calgary Power
has been amicably resolved, and was
given effect in R-C's earnings statement
for fiscal 1976, which were a record $6.3
million.

Nippon Kokan (Japan) has opened a
unique $3.3 billion, 5.5 million m2 inte
grated steel plant on a reclaimed 'island in
Tokyo Bay. Over $300 million was spent
for antipollution and environmental pro
tection.
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Combustion Equipment AssocIates
(CEA) opened a temporary transfer sta
tion for solid waste at Stratford. CT. CEA
and Occidental Petroleum Corp. are
building transfer stations where solid
waste can be converted to useful products
and energy.

Camp Dresser & McKee has been se
lected to conduct a major operations and
maintenance project for the Detroit (MI)
Water and Sewerage Dept., to ensure that
its systems meet all standards.

The Institute of Scrap Iron and Steel, Inc.
(Washington. DC) warned that total iron
and steel scrap demand for 1976 could
come to less than the very depressed
levels of 1975.

Flack & Kurtz (New York. NY) won hon
orable mention in the institutional category
of Owens-Corning Fiberglas Corp.·s fifth
annual Energy Conservation Awards
Program for design of a solar energy
heating system at the Madeira School.
Greenway. VA.

Michael Baker. Jr., Inc. (Beaver, PAl and
Radian Corp. are part of a team commis
sioned by the Electric Power Research
Institute (Palo Alto. CAl to work on ways
to control contaminants from the coal
burning process.

General Electric, along with three con
sultants. is designing an electric car with
the possibility of twice the performance
of commercially available ones-"from
the ground up."

Dorr-Ollver Inc. will develop and supply
a pressurized fluid-bed reactor for a pilot
power plant using high-SUlfur coal. The
plant will produce 13 MW, and operate at
7 atm, and 1400 -1700 OF.

Peabody Air Resources Equipment Co.
(Princeton. NJ) is providing the world's
largest single pocket filter installation to
control metallic oxide emissions from a
machine tool foundry (400 000 cfm) at
Koluszki. Poland.

Guardian Chemical Corp. (Hauppauge.
NY) stands ready to supply its Polycom
plex A-11 to clean up any oil spill damage
from the tanker Argo Merchant. that may
hurt beaches or bird and animal life.

Hydranautlcs (Santa Barbara. CAl
shipped a 175 OOO-gpd reverse osmosis
water desalination system to a major oil
company for use at a housing complex in
eastern Saudi Arabia.

Waste Resources Corp. (Philadelphia.
PAl expects to merge into Warner Co., a
firm engaged in industrial minerals, real
estate. and building and construction
materials and products.
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Non-clogging air diffuser
The cone-shaped diffuser does not allow
sewage to plug the diffusion system be
cause the sewage cannot enter the lines.
This non-clogging feature saves mainte
nance labor, parts costs and reduces plant
downtime, according to the manufacturer.
Jet Aeration 101

Incremental casselle recorder
This bit-by-bit incremental recorder fea
tures low power usage and rapid onloff
capability. Up to 2.2 million bits may be
recorded on a single 300 ft cassette, using
the dual track complementary method.
The unit may be purchased as a transport
only or as a complete system. Datel
Systems 102

Oil/water separator system
Oily wastes are collected in a lagoon and
sufficient time is allowed to elapse for the
oil to separate and float to the top. A
floating weir with a tube-type oil skimmer
picks up the floating oil into one com
partment. A second compartment con
nected to a syphon pump allows the
passage of oil-free water to existing pol
ishing pack for final clarification. EnvirD
netics 103

Radioactive waste disposal
The compactor is designed to dispose of
low-level radioactive waste materials. The
3000-Ib compaction force crushes 55-981
drum down to 4-in. steel pancakes. Sev
eral different compactor sizes are avail
able. S&G Enterprises 104

Turbidimeter
This portable instrument measures a
range of turbidities from 0-400 NTU
(nephelometric turbidity units) without the
need to dilute water samples. Accuracy
is ±2% over the entire range. LaMotte
Chemical 105

Portable air sampler
This sequential air quality sampling sys
tem can be programmed to fill any size
bag over any hour of a 24-h period, or
over a 4-day period. The bags are sealed
and returned to the laboratory for analysis.
Environmental Measurements 106

NEW PRODUCTS

Tracer gas monitor
The unit is an electron capture gas chro
matograph especially designed for field
use. Gases such as sulfur hexafluoride
and selected halocarbons can be de
tected. Systems, Science and Software

107

Dichotomous Impactor
Samples and fractionates suspended
ambient particles into two sizes-ijreater
and less than 3.5 1-'. The larger particle
fraction impacts into a void rather than on
a surface, thus permitting longer sampling
times. Both size fractions are collected on
37-mm membrane filter media. Sierra
Instruments 108

Water filter
The machine, consisting of 34 sheets, has
a total filtering area of 120 ft2. The per
forated screen plate design permits flow
rates in excess of four times those of cast
waffle-grid filters. Using a divider plate for
two-stage operation, the machine re
moves all bacterial, cellular debris and
fibers-including asbestos fibers-down
to 0.1 1-'. Star Tank & Filter 109

Composite water sampler
Designed for continuous monitoring of
effluent flows, the sampling is accom
plished by driving a peristaltic pump via
the rotation of a paddle wheel suspended
in a moving stream. The sample is
pumped to a remote collection bottle.
Enviren Co. 110

Test meter for gases
This meter finds application in flue gas
analysis and pollution control measure
ments. Meters cannot be used with oxy
gen, acetylene or corrosive gases. Ac
curacy of the unit is 0.5 % throughout the
range from about 5- 100 % capacity of
160 cfh of air. Sprague-Textron 111

Centrifugal pump
This ejector pump is designed for use with
vacuum-type oil skimmers. It operates
over a pressure range of 20-30 psig, is
capable of a 10-ft lift and a discharge head
up to 25 ft. Flow rates from 8-50 gpm can
be obtained. Skim, Inc. 112

Modular adsorption system
These units are granular-activated-carbon
for control of organic and sulfur odors.
Modular units are available in sizes from
500-12 000 cfm. Calgon 113

Wet scrubber
Scrubber operates without filters, screens
or strainers to remove dust particles and
aerosol mists of all sizes down to the
sub-micron level. Ecar Products 114

Fluid level sensor
The sensor discriminates between fluids
of differing characteristics; it responds in
fuel lair, waterlair and fuellwater inter
faces. An indicating or control signal is
ei1her created or interrupted when the
sensed fluid changes. Liquidometer 115

High-volume air sampler
The 13.5-lb sampler collects and mea
sures ambient particulate matter, as small
as 0.01 microns, by monitoring large
volumes of air. It is designed primarily for
in-plant use. General Metal Works 116

Volume 11, Number 3, March 1977 305



Air velocity meter
This portable anemometer has a full-scale
range of 0-30 m/s. The thermister probes
are interchangeable. A 0-2 V full-scale
recorder output is provided. Aikenwood

117

Event count & time totalizer
Gathers data from machines, networks or
experimental setups on up to 248 chan
nels, programmed through an on-board
keyboard. The event count & time totalizer
key sets input, channel functions, timing,
data output times, counter intervals and
outputs to display and recording, or prints
out a listing by channel of total perfor
mance for the last minute, hour, 8 hours
or month. Esterline Angus 118

Mobile tire shredder
Tire dealers and municipalities can have
tires shredded anywhere in two sizes
suitable for landfill disposal. The shredder
is mounted on the bed of a 10-ton truck.
Kleco Shredder Systems 119

Image-shearing eyepiece
To be used with most microscopes, this
eyepiece permits the measurement of
small particles rapidly and accurately,
according to the manufacturer. The device
can be used in dust control programs, and
features direct digital readout. Hacker
Instruments 120

Nephelometer
Features of this unit include rapid warmup
period; capped sample cells to minimize
sample contamination and facilitate re
moval of bubbles; and terminals for con
nection to an external recorder. The unit
is unaffected by variations in temperature
or voltage, and can be converted to an
instrument suitable for field use. Turner
Designs 121
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Ultrafiltration system
This hollow-fiber system is capable of
processing from 200-30 000 gal/day of
oil/water emulsions. It reduces the vol
ume of soluble oil waste by 95 %. The
effluent is free of oils, bacteria and sus
pended solids, and the concentrated oil
waste can be reused or disposed of.
Romicon 122

Multiple dropsonde system
The system continuously samples wind
speed, direction, temperature, humidity
and pressure from an aircraft altitude of
30 000 ft down to sea level. The free
falling dropsondes are released at 5-min
intervals from an aircraft flying over the
weather front. Beukers Laboratories 123

Air purifier
This three-stage filtration unit removes
ambient dust and lint in the first stage,
odors in the second and all particles 3.9
X 1O-5-in. or larger in the third. The
second stage uses activated charcoal, the
third HEPA filters. Texas Dynamics 124

Iron/manganese remover
The patented microbiological process
reduces the iron and manganese content
of well waters in the ground before
pumping. This process is ciaimed to re
duce iron and manganese concentrations
to below EPA standards without the con
struction of filtration plants and the re
sultant sludge formation. Layne New York
Co. 125

Bar screen cleaner
The mechanical cleaning device is de
signed for the operating conditions of
water and wastewater treatment plants.
The drive unit operates in one direction
only, and all moving parts remain above
the water line. Infilco Degremont 126

Mass flow meter
The portable unit finds application in
process control, air pollution and flow
research; it calibrates particle analyzers,
gas analyzers, and samplers. Sierra in
struments 127

Oil/water separator
The separator removes oil particles as
small as 50 IJ. and produces an effluent
containing less than 10 mg/L of free oil.
The heart of the system is a matrix of

vertical, perforated polypropylene tubes.
AFL Industries 128

Shelter
The one-piece, double-door, fiberglass
shelter is ruggedly constructed, leak
proof, corrosion-resistant and mainte
nance-free. It is suitable for chlorination
equipment, field-mounted instruments or
sewage disposal plant usage. Warminster
Fiberglass 129

Disposable filters
The polypropylene-pleated filters contain
no resin binders or other extraneous ma
terials. These cartridge filters are capable
of withstanding 75 psi differential pressure
at 70 OF in normal outside-to-inside flow
direction. Pall Corp. 130

Air/gas sampling bags, systems
A forwarding pump, tubing and gas sam
pling bag make up the complete system.
The system operates on batteries for
42-46 h, automatically collecting inte
grated samples. Calibrated Instruments

131

Flow measuring instrument
The unit can be used to measure flow
rates of gases and liquids. It is designed
with three tubes of graduated size to ac
commodate a range of flows with the
switch of a stopcock. Flow ranges for air
are 3-68200 mUmin; for water,
0.043-2070 mUmin. Manostat 132

Digital pH meter
The unit is claimed to be accurate to 0.03
pH units and to offer 0.05 pH resolution.
It operates off of 1.5 V batteries, or with
an adaptor, off ac. Extech International

133

Tipping plate regulator
Limits the flow of sewage from a com
bined sewer to an interceptor. The unit
requires no external actuator and has only
one moving part. It is available in opening
widths of 12, 24 and 36 in. Rodney Hunt
~. 1U

Need more information about any
items? II so. tust 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
slamp is necessary.



NEW LITERATURE

Filtration. Brochure 4803 details line of
UHR filtration systems for treatment of
industrial wastewater. De Laval Turbine
Inc. 151

Wastewater processing. Brochure de
scribes available techniques and equip
ment for upgrading wastewater pro
cesses. Techniques include use of ozone.
Til Corp. 152

Solvent analysis. CIRA Circular (Issue No.
5, November 1976) describes analysis of
solvents and solvent systems with the
CIRA 101 chromatographic infrared an
alyzer. Sadlier Research Laboratories,
Inc. 153

Ultrafiltration. LIterature tells engineers
how to evaluate economically benefits of
hollow-fiber ultrafiltration with standard
industrial cartridges. Romicon, Inc. 154

Filters. Bulletin provides detailed de
scription of filter plates, tubes, and media.
Filtration ratings 2-140 /-I. Michigan Dy
namics 155

Biochemicals. Winter 1977 catalog pro
vides a list of biochemicals and analytical
supplies to meet many needs. ICN Phar
maceuticals, Inc. 156

Pumps. Bulletin 307 describes flow and
application capabilities of a series of
horizontal and vertical pumps made of
stainless steel and hastelloy. Sethco Mfg.
Corp. 157

Gas sampling. Bulletin 77-22 is a fact
sheet on air/gas sampling bags now
available. Odor and vapor collection are
also possible. Calibrated Instruments, Inc.

156

Fuel cost reduction. Brochure describes
proven fuel-saving techniques developed
from over 40 years of experience with
boilers, burners, and heaters. A. B. Wolle
&Co. 159

Level sensors. Bulletin describes easy
to-install level sensors for sewer, pond,
well, stream, cavern, or other applica
tions. Metritape, Inc. 160

Sulfur recovery. Bulletin E1.1421-AB
describes use of heat..-adiation pyrometer
for temperature measurement in sulfur
recovery units in gas processing plants.
Leeds &Northrup Co. 161

Heavy metal removal. Paper, "Heavy
Metal Removal with Sphagnum Peat,"
describes process that meets EPA re
quirements. Actual operating systems for
chromium treatment are also covered.
Hussong-Walker-Davis Co. 162

Gas adsorption. Bulletin W-117 describes
activated carbon products developed for
gas-phase adsorption applications. In
ternal surface area and pore structure are
given. Witco Chemical Corp. 163

PInch valves. Technical packet describes
pinch valves for piping systems. They are
especially useful to systems in which
abrasive slurries are being transported.
Red Valve Co., Inc. 164

Shut-off valves. Bulletin Series 1100/
1100HP/1200 covers improved solenoid
shut-off valves for handling fuel gases,
fuel oils, steam, and the like, to pressures
up to 1440 psi. R. G. Laurence Co., Inc.

165

Sludge condltlonlng. Brochure describes
conditioning sludge, including raw sew
age, rags, paper, wood, plastics, and hard
materials, 50 that sludge becomes free
flowing, with no need for an open pit.
Franklin Miller, Inc. 166

Well castings. Brochure gives detailed
information on corrosion..-esistant well
casings for potable water, irrigation water,
and waste disposal wells. Amoco Rein
forced Plastics Co. 167

Sewer regulator. Data sheet describes
completely automatic Tipping Plate
Regulator that limits sewage flow from a
combined sewer to an interceptor. Rod
ney Hunt Co. 168

Air handling. Catalog spotlights compa
ny's line of institutional air handling sys
tems for supply or exhaust. OSHA re
quirements are taken into account. United
McGill Corp. 169

Sulfur analyzer. Technical report de
scribes a sulfur analyzer, good for any
solid or liquid, that can detect 0.003
9.999 wt % with better than 0.01 % ac
curacy. Applications to oil and coal.
Horiba Instruments, Inc. 170

Silencers. Brochure, "Silencing Systems
for Gas Turbines," describes methods of
suppressing noise from such equipment.
Environmental Elements Corp. 171

Adsorption service. Bulletin 27-24 de
scribes granular-activated carbon ad
sorption service for sewage treatment
plants, with carbon exchange, or reacti
vation service only, as desired, for a
monthly fee. Calgon Corp. 172

Density gauges. Bulletin No. SDBD-7977
explains uses of density gauges in sewage
and waste treatment plants, and contains
a guide and reference for engineers and
technicians. The Ohmart Corp. 173

Waste management. Leaflet describes
waste management information bureau,
and company expertise in the field of
hazardous and toxic wastes and materials.
Harwell 174

Filter. Bulletin KSB-509 describes hori
zontal belt filter for waste treatment,
mining, dyestuffs, chemicals, and other
applications. Controlled cake thickness
2-100 mm. Komline-Sanderson 175

Facilities and environment. Brochure
helps managers deal with odor problem
solving. Brochure also helps managers
deal with odor problems in existing or
proposed facilities, and proposes plans
for action. TAC 176

Vertical turbines. Bulletin describes
vertical industrial turbine (VIT) pump for
cooling towers, effluent disposal, raw
water, and other uses. Up to 29 000 gpm;
heads to 3500 ft. Goulds Pumps, Inc.

177

Sample preparation. Application Notes
ANG C 5-76 and 6-76 tell about sample
preparation and automatic analysis of
volatile organics in water. Hewlett-Pack
ard 178

Environment books. 1977 catalog lists
books on environment, energy, and other
scientific and technical SUbjects. Ann
Arbor Science Publishers, Inc. 179

Instrument lease. Literature describes
lease plan for analytical instruments used
in research and development laboratories.
V. G. Leasing Associates 180

Contaminant monitoring. Guide lists
sampling procedures for over 140 haz
ardous gases, vapors, and dusts. OSHA
and NIOSH information is given. National
Environmental Instruments, Inc. 161

Soli testing. Catalog features expanded
section on soil testing equipment. Soiltest,
Inc. 182

Gas chromatography. Brochures de
scribe equipment and supplies for gas
chromatography and gas chromatogra
phy/mass spectrometry. LKB Instruments,
~~ 1~

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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Fabric filter. Brochure describes Norblo
ES fabric filter for efficient removal of fine
particulates from gas streams. Applica
tions in foundries, chemical plants, and
elsewhere. Buell, Envirotech Corp. 184

Waste treatment. Catalog 0-751 de
scribes method for high-efficiency aera
tion in lagoons, extended aeration, aerobic
digestion, and activated sludge systems.
Highest oxygenation efficiency. Ralph B.
Carter Co. 185

Slurry Trenches. Brochure details pos
sible uses of slurry trenches and slurry
walls in construction; for instance, where
water table cannot be lowered. BENCOR
Corp. of America 186

Atomizer. Booklet describes IL 555 con
trolled-temperature furnace atomizer for
use with AA spectrophotometers. Ana
lytical sensitivity is improved 100-1000
times. Instrumentation Laboratory, Inc.

187

Water flow control. Brochure describes
sluice gates, valves, and other equipment
used in flow control for sewage, waste
and power facilities, and flood control.
Rodney Hunt Co. 188

Energy saving. Brochure No. H6 sets forth
a systems approach to energy conser
vation in any industrial process where
heat is used. AER Corp. 189

Ion exchange. Brochure describes new
design of continuous ion exchange pro
cess with regeneration. Iconex Systems,
Inc. 190

Hearing protection. Film, "It's Up to You,"
shows how improper use of hearing pro
tection can cause serious, and even ir
reversible, hearing damage. E-A-R Corp.

191

Weather data. Bulletin No. 131 describes
equipment for simulating temperature,
humidity, altitude, and the space envi
ronment. Tenney Engineering, Inc. 192

Air hazard detection. Data Sheet 07
00-01 describes continuous surveillance
instruments that detect the presence of
combustible and toxic gases and vapors
in the air. Mine Safety Appliances Co.

193

Protective coatings. Guide explains pro
tective coatings designed specifically for
municipal and industrial water/wastewater
treatment plants. Advanced technology is
included. Carboline Co. 194

Gas scrubbers. Brochure, "Gas Scrub
bers," examines a complete line of gas
scrubbers available for air pollution con
trol and gas treatment applications. Pea
body Air Resources Equipment Co. 195

Aerosol behavior. Technical paper, "How
Particles Behave," defines behavior of
aerosols and hydrosols. Gases and smog
particles are among the topics discussed.
Climet Instruments Co. 196

Industrial gas scrubbers. Bulletin 7W106
describes company's full line of gas
scrubbers or "wet collectors" for efficient
removal of fine solid or liquid particles.
Emtrol Corp. 197

Vapor recovery. Literature describes
gasoline vapor recovery systems to meet
EPA regUlations. Also applicable to other
petrochemicals. Tenney Engineering, Inc.

198

Air pollution control. Brochure tells about
systems, equipment, and technology that
not only control air pollution, but help to
recover energy. Utility and iron and steel
applications featured. Envirotech/
Chemico Air Pollution Control 199

1977 Gas Mileage Guide. Gas mileage
listed for cars and trucks; separate version
for California. Fuel Economy, Pueblo, CO
81009, or Fuel Economy, Federal Energy
Administration, DPM Room 6500, Wash
ington, DC 20461 (write direct).

Land use and water. Report is entitled
"Land Use Water Quality Relationship."
William C. Lienesch, Division of Water
Planning (WH-554), U.S. EPA, Washing
ton, DC 20460 (write direct).

Environment/energy balance. Brochure,
"Striking the Balance: Energy/Environ
ment," highlights company's programs for
environmental protection and power
production. Niagara Mohawk Power Corp.,
300 Erie Blvd. West, Syracuse, NY 13202
(write direct).

Pollutant attenuation In landfills. Envi
ronmental Geology Notes 78 explains
attenuation of pollutants in municipal
landfill leachate by clay minerals through
column leaching. Illinois State Geological
Survey, Urbana, IL 61801 (write direct).

Land disposal. November 1976 news
letter probes comparative costs of land
disposal of wastewater. Institute for Re
search on Land and Water Resources,
Land and Water Research Bldg., Univer
sity Park, Pa 16802 (write direct).

Resource recovery/Europe. Fall issue of
NCRR Bulletin tells of resource recovery
efforts in five European countries. Na
tional Center for Resource Recovery,
1211 Connecticut Ave., NW., Washing
ton, DC 20036 (write direct).

Laboratory set-up. Catalog tells how to
furnish complete laboratories for waste
water treatment and pollution control.
United Industries, Inc., Dept. Labtime, P.O.
Box 1058, Wichita, KS 67201 (write di
rect).

Energy challenge. Free-loan 16-mm,
28¥rmin color film looks at problems and
options of less abundant, more expensive
energy to come. ERDA Film Library, P.O.
Box 62, Oak Ridge, TN 37830 (write di
rect).



Enzymatic Conversation of Cellulosic
Materials: Technology and Applications.
Elmer L. Gaden, Jr., et aI., Eds. vi + 316
pages. John Wiley & Sons, Inc., 605 Third
Ave., New York, NY 10016. 1976.
Paper.

One approach to tackling the problem
of cellulosic wastes is by treating them
with cellulose-consuming fungi that pro
duce glucose. The glucose is then usable
as such, as feedstocks for other materials.
This book discusses such cellulose
breakdown, which was the subject of a
symposium held at Newlon, MA, in Sep
tember 1975. It is part of a symposium
series for which the subscription price is
$100/year.

Actinides In the Environment. Arnold M.
Friedman, Ed. ix + 107 pages. American
Chemical Society, 1155 16th St., N.W.,
Washington, DC 20036. 1976. $14.25,
hard cover.

What happens to actinides, especially
plutonium and americium, when they get
out into the environment? This book offers
the latest current knowledge on the
subject, presented by experts from nu
clear laboratories in the U.S., and West
Germany. It is part of the ACS Symposium
Series.

ERTS-1 A New Window On Our Planet.
Geological Survey Professional Paper
929. xix + 362 pages. Superintendent of
Documents, U.S. Government Printing
Office, Washington, DC 20402. Stock No.
024-001-02757-7. $13, paper. .

If one wants rational management of
earth resources, and correct evaluation
of man's impact on the environment, one
needs "the big picture." This paper offers
many ERTS Satellite pictures along these
lines, which present amazingly clear de
tail. Most pictures are in color, and were
taken by the most advanced methods of
photography.

The Energy Explosion. S. T. Butler,
Robert Raymond. 84 pages. Publicity
Dept., Doubleday & Co., Inc., 245 Park
Ave., New York, NY 10017. 1976. $2.95,
paper.

This volume of the Frontiers of Science
series looks at energy available, the en
ergy crisis, and what new and better
sources of energy may be in the fu1ure.
Aimed at younger people, it presents this
material in pictorial form.

Environmental Economics. D. W. Pearce.
ix + 202 pages. Longman Inc., 19 W. 44th
St., New York, NY 10036. 1976. $16.50,
hard cover.

BOOKS

Here. is a text on economics of envi
ronmental problems from the standpoint
of pollution (including noise) and natural
resource depletion. The name of the
game is to conserve natural resources
and avoid the ravages of unconstrained
economic growth: This book provides
some approaches to that "game," and an
idea of the catastrophe that can occur if
the present situation continues.

Hydrogen Technology for Energy. David
A. Mathis. xi + 285 pages. Noyes Data
Corp., Mill Road at Grand Ave., Park
Ridge, NJ 07656. 1976. $32, hard
cover.

This ninth voiume of the Energy Tech
nology Review Series looks at a clean,
plentiful energy source. It examines hy
drogen production, storage, hazards, and
safe use, as well as transmission systems
for a possible "hydrogen economy."
Non-technical aspects are also covered,
and a list of 263 experts, with their affili
ations, addresses, and backgrounds are
given.

Mathematical Bloeconomlcs: The Opti
mal Management of Renewable Re
sources. Colin W. Clark. xi + 352 pages.
John Wiley & Sons, Inc., 605 Third Ave.,
New York, NY 10016. 1976. $21.95, hard
cover.

Much has been said about renewable
resources, particularly from the standpoint
of biological conservation. Yet a sound
theoretical basis, quantified, has not
heretofore been evolved. Thus, the author
looks at this SUbject from a solid mathe
matical point of view, and presents
equations, many of which define the
economics involved.

Environmental Data Management. Carl
H. Oppenheimer, et aI., Eds. xvi + 244
pages. Plenum Publishing Co., 227 W.
17th St., New York, NY 10011. 1976. $25,
hard cover.

Environmental data serve best when
they are properly managed. The contrib
utors to this work explain how to utilize
existing technology for an environmental
data pool on a worldwide basis, and look
at data transferability; statistical theory,
computer capabilities; and unifying con
cepts.

The Conservation Response. Lloyd J.
Dumas. xvii + 289 pages. LeXington
Books, D. C. Heath and Company, 125
Spring St., Lexington, MA 02173. 1976.
$14, hard cover.

There is only one "quick-fix" approach
to the energy crisis, and that is conser-

vation. Also, conservation is fully com-.
patible with conservation of other natural
resources, and pollution reduction. The
author provides conservation strategies,
and stresses the urgency of getting the
point across that plentifUl, inexpensive
energy cannot be regarded as an Ameri
can birthright.

Handbook of Ventilation for Contaminant
Control. Henry J. McDermott. viii + 368
pages. Ann Arbor Science Publishers Inc.,
P.O. Box 1425, Ann Arbor, Ml 48106.
1976. $29.50, hard cover.

Requirements for safety in the work
place are becoming ever stiffer. This in
cludes the air the working people must
breathe. Written by an industrial hygienist,
this book explains principles of ventila
tion; how to design ventilation to meet
OSHA requirements; instructions for
handling toxic materials, and many other
pertinent topics.

Atmospheric Chemistry. Julian Heicklen.
xiv + 406 pages. Academic Press, Inc.,
111 Fifth Ave., New York, NY 10003.
1976. $38, hard cover.

This book discusses the chemistry of
the upper and lower atmospheres in a
comprehensive manner. It also covers
pollutants in urban areas, rates, concen
trations effects, and influences of emis
sions, and control methods.

Pesticide Index. Fifth Edition. William J.
Wiswesser, Ed. viii + 328 pages. Ento
mological Society of America, 4603
Calvert Rd., College Park, MD 20740.
1976. $12, paper.

This book provides a list of chemicals
used against insects, rats, fungi, and un
wanted plants, as well as other pests.
Chemical characteristics are given, and
structural formulae are included wherever
possible.

History of Ocean Dumping In the Gulf of
Mexico. Roy W. Hann, Jr. et al. Publication
No. TAMU-SG-77-201. Sea Grant Pro
gram, Center for Marine Resources,
Texas A&M University, College Station,
TX 77843. 1976. $4.

Past and present dumping practices are .
discussed. Economic importance of
dumping is also covered, and a full dis
cussion of the nature of the Gulf is pre
sented. Also dealt with are permitting
programs of the EPA and the U.S. Army
Corps of Engineers.

Chlorination of Wastewater. 120 pages.
Water Pollution Control Federation, 2626
Pennsylvania Ave., NW., Washington, DC
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20037, 1976. $4 for WPCF members; $8
for others.

This Manual of Practice (MOP) covers
topics from early uses of chlorine to
technical discussions of the properties of
chemicals used for chlorination. Reac
tions involved, effects on microorganisms,
and safety aspects are discussed.

North Marin's Little Compendium of
Water Saving Ideas. John Olaf Nelson.
200+ pages. North Marin County Water
District, P.O. Box 146, Novato, CA 94947.
1976. $7.

Last year, North Marin County, near San
Francisco, had a very severe drought.
Thus, water saving methods had to be
developed. Here are some suggestions
applicable to all areas, as presented by
the general manager of the North Marin
County Water District.

Operation and Maintenance of Waste
water Collection Systems. Kenneth D.
Kerri, California State University, 6000
Jay St., Sacramento, CA 95819. 1976.
Book, $30; as part of course, $55.

This book is really meant to be part of
a home study course in O&M of waste
water collection systems. It covers con
struction, inspection, sulfide control,
testing, repairs safety, and many other
applicable subjects.

The Liquid and Solid Waste Treatment
Markets In Europe. 300 pages. Frost &
Sullivan, Inc., 106 Fulton St., New York,
NY 10038. 1976. $700.

This report (No. E198) presents fore
casts of what this market will be through
1985. It is based on information very
carefully compiled and analyzed.

How to Identity and Control Water
Weeds and Algae. 64 pages. Applied
Biochemists, Inc., P.O. Box 25, Mequon,
WI 53092. 1976. $3.95, paper.

This book is a full guide to water weed
and algae control, understandable by
scientist and layman, alike. It presents
recommended control methods, rates,
and equipment. The publisher has 50
years of experience in this field.

The Toxic Substances Control Act. Ray
M. Druley and Girard L. Ordway. 430
pages. BNA Books, The Bureau of Na
tional Affairs, Inc., 1231 25th St., N.W.,
Washington, DC 20037. 1976. $15.

The Act became effective on January
1. What this law means to the private and
public sectors, and its key provisions, are
fUlly discussed in this book. Judicial and
enforcement matters are also covered.

Water and Wastewater Engineering
Treatment. Edward D. Schroeder. 544
pages. McGraw-Hili Book Co., Attn: Peter
R. Karsten, College Division, 27, Dept.
BISA 1234, 1221 Avenue of the Ameri
cas, New York, NY 10020. 1977.
$19.50.

This book presents a thoroughly up
to-date treatment of physical-chemical
and biological aspects of water/waste
water treatment. It emphasizes concep
tual and theoretical development rather
than design procedures.

World Environmental Directory. Business
Publishers Inc., P.O. Box 1067, Silver
Spring, MD 20910. 1977. $39.

This Directory provides current infor
mation on control equipment manufac
turers, engineers, Washington represen
tatives for an industry, EPA and other
federal personnel, and environmental li
braries, just to name a few headings.
Foreign environmental agencies, public
interest organizations, universities of
fering environmental studies, and many
other such listings are furnished.

Solid Waste Technology Assessment
Study. 350 pages. Patricia Nellis, Tech
nology Marketing Operation, General
Electric Co., One River Road, Schenec
tady, NY 12345. 1976. $26.50, U.S. and
Canada; $25, other.

This report provides hard facts on solid
waste management. It assesses disposal
technology, material reclamation, pyrOl
ysis, and fuel recovery. Also covered are
sanitary landfills, baling, hybrid systems,
capital/operating cost estimates, and
other pertinent topics.

New from Ralston!
An inexpensive, disposable
filter that really protects
even the most sensitive
analytical instruments.

MA.STOEVELOPMENT COMPANY
2212 East 12th St., Davenport, IA 52803

Continuous Oxidant Monitors
Measure Ozone, Chlorine, Bromine,
Fluorine, Iodine in concentrations
up to 10 ppm/vol.
• Immediate and reliable measurements read directly in

ppm/vol. from front panel meter. Selectable ranges from
0·0. f ppm to 0·10 ppm.

• Factory calibrated. Can also be field calibrated for chlorine
and bromine. using permeation tubes.

• linear recorder output in all ranges. Simple zero and span
adjustments.

• Optional alarm circuit and weatherproof housing.
• Also available in battery powered model.
For immediate inlormation call Gary Heitman - 319/326·0141

ACTUAL
SIZE

P.O. Box C. 703 Massachusetts Ave.
Lexington, Massachusetts 02173
(617) 861-7240 • 16171862-7455

Telex 92-3481

BALSTON, INC.

Balston's new Microfibre~ Disposable Filter Unit gives
you all the advantages of Balston~ FilterTubes for high
efficiency filtration plus the convenience of complete
disposability. It's ideal to pressures to 125 psig as a
final filter for complete removal of oil, dirt and water
from

• instrument air
• air to fluidic control devices
• high purity gases
• samples to instruments

The DFU is available with or without an oil
sensitive color indicator that turns red sig
naling when the unit finally must be
changed.
All this at a price as low as $2.75 each
($3.45 for color indicator units) and quantity
discounts are available.
For more detailed information, use the
Reader Service Card. For a FREE SAMPLE.
write on your letterhead. describing your ap
plication. Address Dept. EST-16.
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March 20-25 New Orleans, La.
173rd American Chemical Society Na
tional Meeting. American Chemical So
ciety

Write: A. T. Winstead, American Chemical
Society, 1155 16th St., NW., Washington,
D.C. 20036

March 20-25 Nashville, Tenn.
Seminar on Development of Design Cri
teria for Wastewater Treatment Pro
cesses. Vanderbilt University

Write: Dr. W. Wesley Eckenfelder, Jr.,
Vanderbilt University, Box 6222, Station B,
Nashville, Tenn. 37235

March 21-25 Omaha, Neb.
Land Use: Tough Choices In Today's
World. Soil Conservation Society of
America

Write: Soil Conservation Society of Amer
ica, 7515 Northeast Ankeny Rd., Ankeny, Iowa
50021

MEETING GUIDE

March 22-24 New Orleans, La.
1977 Annual Ocean Thermal Energy
Conversion Conference. U.S. ERDA and
the University of New Orleans

Write: Dr. David F. Mayer, conference co
ordinator, OTEC Conference, Dept. of Math
ematics, University of New Orleans, New Or
leans, La. 70122

March 22-24 Chicago, III.
Seminar on Packaging of Hazardous
Materials for Transportation. Hazardous
Materials Advisory Committee

Write: W. W. Bixby, Hazardous Materials
Advisory Committee, 1100 17th St., NW.,
Suite 1107, Washington, D.C. 20036

March 23-25 Seattle, Wash.
Man's Impact on the Waters of Puget
Sound and Coastal Washington. Wash
ington Sea Grant Program, U.S. EPA and
others

Write: Puget Sound Symposium, Division of
Marine Resources, HG-30, University of
Washington, Seattle, Wash. 98105

March 24-25 Oakland, Calif.
Women In the Workplace. American In
dustrial Hygiene Association

Write: Greta Raymond, Stanford Research
Institute, 333 Ravens Woods Ave., Menlo Park,
Calif. 94025

March 27-30 Kansas City, Mo.
2nd National EnergyIEnvlronment Con
ference & Exhibits. American Defense
Preparedness Association

Write: American Defense Preparedness
Association, P.O. Box 17413, Dulles Interna
tional Airport, Washington, D.C. 20041

March 27-30 New Orleans, La.
INFO 77: Nuclear Power and the Public.
Atomic Industrial Forum, Inc,

Write: Conference Office, Atomic Industrial
Forum, Inc., 7101 Wisconsin Ave., N.W.,
Washington, D.C. 20014

(continued on page 313)
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Interested in
Who Teaches Chemistry?
Chemical Engineering?

Biochemistry?
Related Disciplines?

THE FOURTH EDITION OF THE AMERICAN CHEMICAL SOCIETY'S DIRECTORY OF

O»LLEGE
(JDJlISTRV
FAmLTIES

IN THE UNITED STATES, CANADA AND MEXICO

r-----------------------------------------------------,

II you are interested in college
chemistry, chemical engineering,
biochemistry, and related depart
ments-their scope or their lacul
ties-the American Chemical So
ciety's directory is the way to get
the inlormation you want quickly,
easily, inexpensively. The compre
hensive 190-page volume costs
just $15.00.
Send the coupon below now for
your copy of COLLEGE CHEMIS
TRY FACULTIES

o Check enclosed 0 Bill me

City _

State ZIP _

American Chemical Society
Department SF
1155 Sixteenth Street, N.W.
Washington, D. C. 20036

Please send __~ copies of COL
LEGE CHEMISTRY FACULTIES @$15
Name _

Address _

I
I
I
I
I
I
I
I
I
I
~----------------------------------------------------- _.

Reflecting the size, scope and spe
cialties 01 the chemistry and related
departments in each institution,
this comprehensive directory isone
of the major reference sources of
the chemical world. The two alpha
betical indexes-one 01 institutions
and one 01 individuals- provide
quick and simple access to the
names and afli Iiations of 18,836
individuals teaching chemistry and
related subjects in 2,630 depart
ments in 2,295 institutions

Indispensible reference for
Students, teachers,

prospective teachers
and anyone else who

is interested in reaching
college chemistry faculties

Brand newl This completely re
vised edition of ACS's directory of
COLLEGE CHEMISTRY FACULTIES
lists 18,836 teachers of chemistry,
chemical engineering, biochemis
try and related subjects in 2,295
institutions in the US., Canada and
Mexico. Indexing institutions by
U. S. state, Canadian province, and
Mexican state, the listings give the
name, tit/e, highest degree attained
and the teaching specialties for
every one of these teachers. The
addresses and phone numbers of
the institutions are also shown.



MEETING GUIDE (continued)

CLASSIFIED SECTION • POSITIONS OPEN

March 28-30 San Diego, Calif.
Energy Facts lor Hospitals. HEW's Health
Resource Administration (HRA), American
Hospital Association and others

Solar energy, and new energy laws will be
discussed. Write: HRA Energy Action Staff,
Room 10A-41, 5600 Fishers Lane, Rockville,
Md. 20857

March 29 Paramus, N.J.
7th Annual Industrial Air Pollulion Control
Seminar. American Institute of Plant En
gineers and Rossnagel & Associates

Write: William L. Smedley, Box 8045, Route
8, Browns Mills, N.J. 08015

March 3D-April 1 Seattle, Wash.
Eighth National Symposium on Food
Processing Wastes. U.S. Environmental
Protection Agency and others

Write: Kenneth Dostal, Environmental Pro
tection Agency. Food and Wood Products
Branch, 200 S.W. 35th St., Corvallis, are.
97330

April 7-8 Tucson, Ariz.
International Symposium on Controlled
Environment Agriculture. University of
Arizona's Environmental Research Lab
oratory

Write: International Symposium on CEA,
Environmental Research Laboratory, Tucson
International Airport, Tucson, Ariz. 85706

Aprltll-13 Washington, D.C.
Academy Forum on Coal. National
Academy of Sciences

Coal as a future energy source will be dis
cussed. Write: National Academy of Sciences,
2101 Constitution Ave., N.W., Washington,
D.C. 20418

April 13-16 Blacksburg, Va.
Public Policy lor Ground Water Protec
tion. Engineering Foundation

Write: Engineering Foundation, 345 E. 47th
St., New York, N.Y. 10017

Courses

March 19-23 Atlanta, Ga.
Solar Heating & Cooling Workshop and
Product Exhibition. Solar Energy Indus
tries Association

Fee: $125 (members); $175 (nonmembers).
Write: Solar Energy Industries Association,
1001 Connecticut Ave., N.W., Suite 632,
Washington. D.C. 20036

March 27-April Pacific Grove,
Calif.
The Influence of limited Resources on
Housing Production and Delivery. Engi
neering Foundation

Questions of environmental protection and
energy will be addressed. Fee: $220. Write:
Engineering Foundation, 345 E. 47th St., New
York, N.Y. 10017

(continued on page 315)

ENVIRONMENTAL ENGINEERS
Occupational Safety and Health Cenler of a major di
versified industrial corporation needs environmental
specialists with degrees in chemical or mechanical
engineering and 3-5 years industrial experience. Po
sition entails moderate travel to various plants
throughout the U.S. to sample noise and respirable dust
levels. consult and train plant stall in monitoring tech
niques. design methods to reduce worker exposure. and
help plant personnel implement such measures. We
offer a career opportunity with an excellent salary.
complete fringe benefits package. and company·paid
relocation to our Laboratories in suburban Baltimore.
Maryland. Send complete resume and salary require·
ments to:

Box EST~3771, ACS, 1155 16th Street N.W., Wash
ington, D.C. 20036.

Equal Opportunity Employer

ENVIRONMENTAL ENGINEERS
Experience and/or training in ground and surface water
hydrology and pollution problems to be applied to the
analysis of advanced energy technologies. A Ph.D. in
Engineering with two or more years experience is de
sired. Send resume to: Dept. 557, Jel Propulsion
Laboratory. 4800 Oak Grove Drive. Pasadena. CA
91103. An Equal Opportunity Employer M/F.

ENVIRONMENTAL ENGINEERS ]
~~ ~,~.~' ;~:'l: ('~II'~I,lt rI;;':t(~~"~,~ '.r~i~~ll\:.'./(\\ ,l;.~ '1. f' '.:}I,(.:~~~' ::r"~;: ~:
""!I.Cf 'J!" W.l'rr rillllll".'ll "!:lIfOI npllr,n:nl.. 'h~m,.(.d'
.1Il! 'y,'nn,_ Cl,rll( '''IUI'.lIIlf' I"." fn·'. :"><::,,1 rr.'lIl1l~

,'<,; ,.,I,H.I· h"rmy 1!l ,,,,,II \:-",:. I" R,,<.:er \1 If '·'"!!I.lll

ESSEX PLACEMENT ASSOCIATES
1 '\,"rli \1."lI ll"\\ I.h. \1..,,_ ol<J3R

ENVIRONMENTAL AFFAIRS DIRECTOR-City of SI Pc·
lersbUlg. Florida. Salary open. Responsible for an environmental
quality control program for the City and its environment. Must
also coordini1te with representatives 01 other agencies and
recommend on new and revised regulations involving pollution
control. Graduate 01 a lour year college or university with maior
course wOfk in sanitary andlor environmental engineering with
COllsiderable expeflence in environmental pollution control. Send
resume to William W. Knight. Director 01 Employee Relations,
Post OllIce BOl 2842. SI. Pelersburg. Flotlda 33731.

r---ENVIRONMENTAL ENGINEER
Staff Position at Power Plant for Generation and Trans
mission Coop located in Southeast Arizona. Oegreed
chemist or chemical engineer preferred with experience
in moniloring atmospheric and plant discharge levels of
SO~. NO' and particulates for coal fired Power Planfs
Send complete resume and salary history to Personnel
Department, Arizona Electric Power Cooperative, P.O.
BOl 670, Benson, Arizona 85602. An Equal Opportunity
Employer.

IMPORTANT NOTICE
V.P"lq·. ,1,,1" I.'N, ,H:.,""'t .I'''' l!H'
f ,·d,·,,,1 I ,,,01 H,q~"" ,\,1 "f >J",1"~1! : .... , '''"'11"
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CLASSIFIED ADVERTISING RATES
Hlltl~ baSI'd lfll lllllTlher llf illserti"I1'; llsed within
J'.! IllUllt hs from dllte of first insertion and not on
Ill(' IIlIlnhcr 01' ill('he.~ Ilsed. Spa,e in d:l.~sified

advl·rtising" ('lltlllOt he l:omllil.wd fnr fr.,'qucTlcy

~;~;)lt\.:f~~'i,~~~~v:~:liltii'!\~~: :~~~'i;~flCn advcrtlsi ng ae-

IInlt l-T 3-T 6-T l2-T 24-T
1 inch $S9 $57 $55 $53 $51
(('hl·l·k ('las"ifil'd Advt'rtising !)l'partment fllr
rHt.·s if advt·rt i,;enW(lt is !aq;er t hun 10".\

SHIPPING INSTRUCTIONS:
SI'lId all matl'fialto

Environmental Science & Technology
Cla.sllied Advertising Department

50 West Slate SI .. Westport. CT. 06880

CENTER FOR ENERGY AND
ENVIRONMENT RESEARCH'
University of Puerto Rico

Two positions available for Visiting
Research Scientists. One-year ap
pointments with possibility of extension
for additional two years. We are seek
ing established scientists to participate
in CEER's five-year Developmentai
Program in anyone of the following
areas:

• Solar Energy Conversion Materials
• Solar Energy Storage
• Ocean Thermal Energy Conversion
• Conservation Research and Technology
• Industrial Energy Conservation
• Eiectrical Energy Systems
• Fuel Cell Technology
• Controls and Process Efficiency
• Heat Utilization
• Solar Materials Research

Positions available October 1, 1977.
Salary range from 40M to 50M per
year. Send resume and letters of rec
ommendation to:

Dr. Ismael Almod6var, Director
Center for Energy and

Environment Research
Caparra Heights Station
San Juan, Puerto Rico 00935

• Operated under Contract with the
U. S. Energy Research and Develop
ment Administration.

CENTER FOR

ENERGY AND

ENVIRONMENT RESEARCH

University of Puerto Rico

Position Open. Applications invited for re
search position at the Puerto Rico Center for
Energy and Environment Research (formerly
the Puerto Rico Nuclear Center) to pursue an
intensive study on mangrove ecology.

Program focuses particular attention to
mangrove physiology, distribution, associ
ation with other organisms, and responses,
at the individual and community level, to
pollutants coming from a petrochemical
industrial complex.

Candidate must have PhD degree in related
field of study and experience in mangrove
research.

Send applications to:

Dr. Juan G. Gonzalez, Head
Marine Ecology Division
Center for Energy and
Environment Research

College Station
Mayaguez, Puerto Rico 00708
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professional consulting services directory

•

COMPLETE ENVIRONMENTAL SERVICES:
~~::.... I. Environmental impact assessments ... Pollutant emis.

Slearns-R sian, air quality & water quality monitoring ... Dis·
persion estimates ... Ecological consulting ...

Meteorological field studies & consulting services. Contact

RADIATION MANAGEMENT CORPORATION
UNIVERSITY CITY SCIENCE CENTER

3508 MARKET STREET, PHILADELPHIA, PA. 19104
Phone (2151 243-2950

~
CONSULTATION AND LABORATORY SERVICES
• Radionuclide Analysis • Bioassay
• Environmental Studies • Health Physics Services
• Low Level Tritium Counting • Whole Body Counting
• Licensing Assistance (Mobile)

• Emergency Medical Planning

Gibbs e Hill. Inc.
ENGINEERS DESIGNERS CQNSTRUCTQFlS

393 $ellenlh Allenue New yor .... NY 10001
A SU051(J,a.y 01 O,allo CO'DO/allon

Environmental Impact Analysis
Water and Wastewater Engineering

Solid Wastes Management
Air Pollution Control. Power Engineering

AIR & WATER ANALYSIS
TOTAL SOURCE TESTING & DATA ANALYSIS
FEATURING: IN-SITU PARTICLE SIZING

& RESISTIVITY MEASUREMENTS

ElMnonmEnTAl
TsnnG SlRVICS 1tlC.

2141 PAITERSON AVE .. ROANOKE. VA... (703) 342-3171

P. O. Box 5888
Denver, Colorado 80217

ENVIRONMENTAL SCIENCES DIVISION
(303) 758·1122L~ ~oL.~,~,~ ,~,~~.~:~,~.L ;?N~o~~:;,~~ ,;~,~~~EERS

AIR • WATER • WASTEWATER • INDUSTRIAL WASTES
SOLID WASTES • ENVIRONMENTAL PLANNING

1500 MEADOW LAKE PARKWAY, KANSAS CITY, MISSOURI 64114
DALLAS, DENVER. ORLANDO' NEW YORK· SAN FRANCISCO' WASHINGTON DC

WRITE FOR CATALOG

AIR & WATER

STACK & EXHAUST TESTS
CONSULTING. LABORATORY

Particulates. Aerosols. Odor. Smok~

Ora~~i.C~h:~~:rA::li::e~}g~S~~~ts
"TEST IT FIRST SO YOU REALLY
KNOW WHAT THE PROBLF.M IS"

ROSSNAGEL & ASSOC.

Engineering & Testing Consultants

1999 RI. 7~6~~:Z4~~IJI. N.J. 08003

250 Arizona Ave., N.E. Atlanta, Ga. 30307
(404) 377·4248, 4249

USE THE
CONSULTANTS'

DIRECTORY

TRUESDAIL LABORATORIES, INC.
rlr" 1 .' Ii 1\111;111 I I I • f NI,INII f,I

TREATMENT PLANT DESIGN
ANALYTtCAL LABORATORY

COMPUTER SERVICES
(914) 359-2100

415 Route 303. Tappan, New YQI1( 10983

ESTABLISHED 1931

POLLUTION TESTING SERVICES
AIR - WATER· NOISE

4101 N. Figueroa SI.. los Angeles 90065
(213) 225·1564

184 S. Hotel St., Honolulu, HA 96813

Six Twelve
UNIT Issues Issues

1" x 1 col. $33 $31

'" x 2 col. 65 61
,., x 3 col. 96 86
2" x 1 col. 65 61
2"x2col. '23 1'1
4" x 1 col. 123 "1

Your card may appear in every
issue for one year, every issue
for six months (consecutive is
sues), or every other issue for
one year (alternate issues). Send
your copy to

Joseph P. Stenza,

ENVIRONMENTAL SCIENCE
& TECHNOLOGY

50 West State St.
Westport, CT 06880

~_CtALI.T.IN

-'t0u• c •
~_,AM_1I\tO

CATALYTIC
INC.

Consuilants _ Engineers _ Constructors
Environmental Systems DIVISIon

Cenlre Square West. 1500 Market Street
Philadelphia. Pa. 19102. 215-864·8CXX)
Charlotte. N.C 28209. 704-525·8220

laboratory and Process Development
Industnal Waste Water Control
liquid and Solid InClnerallon

Air PollutIon Control
In·plant Control and Process ModIfications

Desalination

Walter S. Smith, Presidenl
P. O. BOlt 12291
Research Triangle Park. N. C. 27709.919·78 t ·3550
Yonkers, New York. 914·423·8721
NashVille. Tennessee. 615·297·0104

ENVIRONMENTAL
SCIENCE &

ENGINEERING
CONSULTANTS

Environmental assessment reports
Water body modeling
Water resources development
Municipal and industrial wastes disposal
Aquatic and marine biology
Plant siting
Air and water pollution control

Lawler,
Matusky

& Skelly
Engineers
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I:NGINLERS

Name

SIS/American Chemical Society
1155 16th St.. N,W./Wash .. D.C. 20036

The author draws on his 35 years of
experience as a research scientist
in phosphorus chemistry to produce
a book that is not only readable to
the non-chemist but sophisticated
enough to interest the professional
as weI/_

Using case histories, he traces the
story of phosphorus from its accidental
discovery to its present role in nu
merous household and industrial
products,

The arrangement 01 the book is con
venient for practicing chemists who
wish to find various phosphorus com
pounds for the applications they have
in mind, Chemislry teachers will find
Ihe material helpful as a textbook
supplement and to give their students
a better understanding of industrial
research.

Please send ~ copies of Phosphorus
Chemistry in Everyday Living at $12.50 per book

o Check enclosed for $ . 0 Bill me.
Postpaid in U.S. and Canada. plus 40 cents
elsewhere.

Address

238 pages (1976) clothbound $12,50
ISBN 0-84 t2-0293-1 LC 75-44049

Topics cover:
Phosphoric acids; food uses in phos
phates;'dentifrices; fertifizers; cfeaners,
detergents, and dispersants; metai treat
ing and cieaning; /iame retardants; water
softening; electroiess plating; industriai
uses for organic and inorganic phos
phorus compounds; DNA, RNA, and ATP;
nerve gases and insecticides; toxicity of
organophosphorus compounds; and
more.

_c...,tY'-- S_ta_te Z'p

MEETING GUIDE (continued)

April 5-6 Newark, N.J.
Energy from Solid Wastes. New Jersey
Institute of Technology

Fee: $235. Write: Division of Continuing
Education, New Jersey Institute of Technology,
323 High St., Newark, N.J. 07102

March 31-Aprll 1 Chicago, III.
Microscopical Identification of Asbestos,
Course No. 508. McCrone Research In
stitute

Fee: $200. Write: Registrar, McCrone Re
search Institute, 2508 S. Michigan Ave., Chi
cago, III. 60616

(continued on page 316)

April 5-7 Champaign, III.
19th Annual Public Water Supply Engi
neers Conference: Water Treatment,
Part II. University of Illinois, Illinois EPA
and American Water Works Associa
tion

Fee: $55. Write: Dr. Michael Semmens,
University of Illinois, Dept. of Civil Engineering,
Urbana, III. 61801

April 5-9 Research Triangle Park,
N.C.
Continuous Monitoring for Source
Emissions, Course No. 474. Air Pollution
Training Institute

Fee: $175. Write: Registrar, Air Pollulion
Training Institute, MD-20, National Environ
mental Research Cenler, Research Triangle
Park, N.C. 27711

March 29-30 Madison, Wis.
Industrial Plant Boilers: Measuring and
Improving Efficiency. University of Wis
consin-Extension

Environmental and energy topics will be
discussed. Fee: $145. Write: Charles E. Dor
gan, program director, Dept. of Engineering,
University of Wisconsin-Extension, 432 N.
Lake St., Madison, Wis. 53706

March 30-31 Denver, Colo.
Visible Emissions Recertification, Course
No. 471. Air Pollution Training Institute
(APTI)

Fee: $88. Write: Registrar, APTI, MD 20,
National Environmental Research Center,
Research Triangle Park, N.C. 27711

April 11-15 Research Triangle Park,
N.C.
Air Pollution Microscopy, Course No.
420. Air Pollution Training Institute

Fee: $157.50. Write: Registrar, Air Pollution
Training Inslitute, MD-20, National Environ
menial Research Center, Research Triangle
Park, N.C. 27711

April 11-15 Cincinnati, Ohio
Orientation to Wastewater Treatment
Operation, Course No. 173. U.S. EPA

Fee: $110. Write: Registrar, National
Training and Operalional Technology Center,
MOTD, OWPO, WHM, U.S. EPA, Cincinnati,
Ohio 45268

411 Old Hook Rd.
Emerson. N,J
07630
201·261·3300
California
Tennessee
Texas

Macomb,
illinois

Telephone: 61C'C86·61U

A. Ben Clymer, P.E.
Consul!ing Engineer
1210 Chambers Rd.• 3028
Columbus. Ohio 43212

Retatlng to;
• OSHA Compliance

Au Analyses
• General A"

QI131'ty Measurements

HAVENS AND

EMERSON LTD.

Environmental Engineers

Weollu:
• MeasuremenlS
• Method Development

ResearCh

DuPont Co.
E_periment.ISt.tion·269
Wilmington. DE 19898 (302) 772-2821

•

Engineering Solulions 10
Environmenlal Problems
Treatability & Pilot Plant Studies
ClaSS'Cill & Moclem Methods 01

Laboratory Analysis including
• Compulerized GC/MS
• GC. Le. UV. IR. AA

~","6"~NI
LABORATORIES INC.

545 Commerce 51 Fronklm Lokes, N J 07417
201-3374774 201-891 8787

• Atomic Abtorplion • Optical Emllslon
• Chemical • X.raY Spectrometry

Compl("t(" Ano!ytlc,,1 Servlc("s for
Envlronmentol Studies & Pollution Control

~ ANAlYTICAL&PHYSlCAL
'-!!.!!.!:'YUY MEASUREMENT SERVICE

••RVIC•• R.LATINO TO
AIR AND WAT.R IIODUINO

f<>~
~

CHARLES R VELZY
ASSOCIATES, INC.

CONSULTING ENGINEERS
WATER POLLUTION COIHROL • SOLID
WASTE DISPOSAL. AIR POLLUTION
CONTROL. INDUSTRIAL WASTES.

DRAINAGE. WATER SUPPLY
355 Main Street
Armonk, N.Y. 10504

Mineola New York Bab Ion He.,.' York

Manchester,
Iowa

100 Bond Cl Btdg 299 Mllket Str!!!t 1';0 lectlnology P~lk

Cltv':lllld. OH Siddle Brook. NJ AlIlnll. GA

MANCHESTER LABORATORIES, INC.
ENVIRONMENTAL CONSULTANTS
AIR AND WATER POLLUTION CONTROL
ENVIRONMENTAL IMPACT STA TEMENTS

CHEMICAL ANAL Y$I$
PROCESS ENGINEERING

professional consulting
services directory

STUDIES. O(SIGNS AN<.J

CONSTRUCTION SERVlcrs f-OR WI\ rLR.

WAST["WATE~,ANO sauo WASTI:::S

GREELEY AND HANSEN

222 S Rlve"sl(l~ Plaz<J . Ch,c<lgo, IL 60606 . 13121-648-1155
New York 10007 Ph"ildplptlli) 19103
Q'Chfl1O!1d 23230 Tampa 3360-'

Engln... Since 1102 An Employ.. Owned Company

Complele Design of
Environmenlal Facililies

USA: Greenville, SC, 29606 • Houston, TEX, 77027
Raleigh. NC. 27607 0 Riyadh. Saudi Arabia
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Advertising management for the
American Chemical Society Publications

CENTCOM, LTD.

Thomas N. J. Koerwer, President; Clay S. Hol
den. Vice President; Benjamin W. Jones, Vice
President; Robert L. Voepel. Vice President;
C. Douglas Wallach, Vice President; 50 West
State Street, Westport, Connecticut 06880
(Area Gode 203) 226-7131

ADVERTISING SALES MANAGER

Benjamin W. Jones

SALES REPRESENTATIVES

Atlanta ... Robert E. Kelchner, CENTCOM, lTD .•
Phone WX 2586

Chicago 60093 ••. Eugene Eldridge, CENTCOM.
LTD., 540 Frontage Rd., Northfield, III. (Area
Code 312) 441~6383

Cleveland ... Michael Hayes, CENTCOM, LTD.,
Sulle 205, 18615 Detroit Ave., Lakewood, OH
44107. (Area Code 216) 228-8050

Denver ... Clay S. Holden, CENTCOM, LTD., (Area
Code 213) 776-0552

Houston ... Michael Hayes, CENTCOM, LTD.,
(Area Code 216) 228-8050

los Angeles 90045 ... Clay S. Holden, CENTCOM
LTD., Airport Arcade Bldg., 8820 S. Sepulveda
Blvd., Suite 215, (Area Code 213) 776-0552

New York 10017 ... Anthony J. Glamanco, CENT
COM, LTD., 60 E. 42nd Street, (Area Code 212)
972·9660

Philadelphia ... Benjamin W. Jones, Anthony J. Gi
.amanco. CENTCOM, LTD., 113 Essex Ave., Nar
berth, Pa. 19072, (Area Code 215) 667-9666

San Francisco. . Roberl E. LaPointe, CENTCOM,
LTD., Room 235,1499 Bayshore Highway, Burlin
game, CA 94010. (Area Code 415) 692-0949

Westport, Ct. 06880. Anthony J, Glamanco,
CENTCOM, LTD., 50 West State Streel, (Area
Code 203) 226-7131

ManChester, England ... Jill E. Loney, Technom
edla ltd., 216, Longhurst Lane, Mellor,
Siockport, SK6 5PW Telephone: 061-427-5660

Reading, England ... Malcolm thiele, Technom
edla ltd., Wood Cottage, Shurlock Row, Read
ing, RG10 OOE. Telephone: 073-581-302

Paris, France ... Palrlc Hale, Technomedla ltd.,
18 Rue Gounod, 92 Saint-Cloud, Paris. Tele
phone: 602-24-79

Tokyo, Japan ••. Haruo Morlbayashl, International
Media Representatives ltd., 1, Shlba-Kotohlraa
cho, Mlnalo-ku, Tokyo. Telephone: 502-0656

PRODUCTION DIRECTOR
Joseph P. Stenza

PRODUCTION ASSISTANT
Barbara Aufderheide

April 12-15 Chicago, III.
Control of Particulate Emissions, Course
No. 413. Air Pollution Training Institute

Fee: $88. Wr(te: Registrar. Air Pollution
Training Institute, MD-20. National Environ
mental Research Center. Research Triangle
Park, N.C. 27711

International

March 22-25 Middlesex, England
29th Technical Exhibition of 011 and
Colour Chemists' Association. Oil and
Colour Chemists' Association (OCCA)

Write: R. H. Hamblin, Priory House, 967
Harrow Rd., Wembley, Middlesex, England

May 4-6 Paris, France
3rd International Symposium and World
Congress on Ozone Technology. Inter
national Ozone Institute

Write: International Ozone Institute, Euro
pean Committee Secretariat, 52, Rue d'Anjou.
75384 CEDEX 08 Paris. France

May 16-20 london, England and
Stockholm, Sweden
IAWPR Workshop: Instrumentation and
Control for Water and Wastewater
Treatment and Transport Systems. In
ternational Association of Water Pollution
Research (IAWPR)

The first3Y2 days will be held in london, the
last 1Y2 in Stockholm. Write: R. A. R. Drake.
U.K. Workshop Chairman, Thames Water
Authority, 50-64 Broadway Buildings, Broad
way, london SW 1, England

May 17-21 Bucharest, Romania
Vlllth World Congress on the Prevention
of Occupational Accidents and Diseases.
Ministry of labor of Romania and others

Write: National Organizing Committee, Vlllth
World Congress on the Prevention of Occu·
pational Accidents and Diseases, Ministry of
labor, 1-3 Strada Scaune, Bucharest. Ro
mania

May 29-June 2 Montreal, Que.
Advanced Methods for Water Treatment.
Division of Environmental Chemistry,
American Chemical Society

Write: I. J. Wilk, P.O. 5006, Stanford, Calif.
94305

June 14-18 Basel, Switzerland
7th International Exhibition and Techni
cal Meetings for Environmental Sanita
tion. Pro Aqua Ltd. and the Swiss Indus
tries Fair

Theme is Pro Aqua-Pro Vita. Write: Secre
tariat Pro Aqua-Pro Vita, c/o Swiss Industries
Fair, P.O. Box CH-4021, Basel, Switzerland

Call for Papers

April 15 deadline
Fourth Annual UMR-MEC Conference on
Energy. University of Missouri-Rolla and
the Missouri Energy Council

Conference will be held October 11-13 at
Rolla, Missouri. Write: Dr. J. Derald Morgan,
conference director, 108 Electrical Engi
neering Dept., University of Missouri-Rolla,
Rolla, Mo. 65401
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MOTOR-ASPIRATED
PSYCHRON

Process Instruments Division, 1400
Taylor Avenue, Baltimore, Mary
land 21204. Phone (301) 825-5200.

DATA
ACQUISITION CONTROL

an environment-get in touch with
Bendix. We have a knack you
might not expect. For gauging the

unexpected. The Bendix
Corporation, Envi

ronmental &

HAND-ASPIRATED
PSYCHROMETER

devices to help satisfy strin
gent EPA regulations and
Regulatory Guide 23.

Our products are all
quality. From sensors and
indicators to interfacers,

signal conditioners, automatic
scanners, data processors and

HYGRO-THERMOGRAPH

If you need something special,
we'll custom-build it for you. And
design in as much quality and reli
ability as you get with our tech
nically-expert stock products.

So if you need help in reading

permanent record-keeping instru
ments.

AEROVANEl WINO
TRANSMITTER

WET BULB GLOBE
HEAT STRESS MONITOR

measuring health and safety cri
teria required by OSHA. Even new

AEROVANE' WINO
INDICATOR

For more than 100years,
wehave been gauging,
sensing, indicating, recording,
scanning, monitoring - doing l
almost everything necessary to
measure the pulse of a chang- l~
ing environment. -J1' ~

From our meteorological begin
nings, we've grown to include
instruments and systems for gath- ~'""---
ering oceanographic data and

, I

we've

Er

CIRCLE lION READER SERVICE CARD



T\-4E ELECTROOE POTENTIAL IS NOW -104-.5MV

(IT WAS -14-2.1 MV IN T\-4E 1.00 STANOARO SOLUTION.)

ANO T\-4E ELECTROOE SLOPE IS +59.1(0 MV PER OECAOE,

ANO T\-4E &LANK CORRECTION IS 0.11 PPM, T\-4EN

T\-4E UNKNOWN

CONCENTRATION IS ... 4.9caPPM~

co
D

ORION RESEARCH
380 Putnam Avenue, Cambridge, Mass. 02139 U.S.A.

CIRCLE 15 ON READER SERVICE CARD

The Model90T combines the
precision ofa research pH/mv meter with the
calculation horsepower of a microprocessor.
This pre-programmed instrument has eleven
operating modes that simplify pH, specific
ion, and gas-sensing electrode analyses.

The 90T does away with calibration
curves, tables, nomograms, and calculations.
It is simple to operate - just dial in the
operating mode (pH, concentration, known
addition, analate addition, etc.), the standard
solution value, and the electrode slope ..
the 90T is ready to go.

Standardization and blank corr'ic
tion are accomplished at the push of a button.
Volume corrections, if they apply, are auto
matically calculated. Results are continuously
updated and reported on the floating decimal
point LED display.

Price? Not much more than you'd
pay for a quality research-grade pH meter.
How about a demonstration of the "thinking
meter" in your laboratory? Call our toll-free
number, (800) 225-1480, in the U.S.A.
(except Massachusetts) or (800) 363-9270

in Canada.
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