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RAC PV SEQUENTIAL SAMPLER
This automatic timer-controlled instrument collects 12
consecutive samples of ambient gases over time periods
ranging up to 12 days. Individual sampling cycles can range
from 30 mins to 23'1'. hrs in length. It samples carbon monoxide
(CO) as well as H2S, NH3, N02, S02 and other gases.
For details, send for BULLETIN 2340-A.
CIRCLE 16

Designed for indoor or outdoor use,
these preGision instruments sample
gases in ambient air ... accurately

RAe Gas Samplers
RAG wet-chemical instruments can sample any gas for
which accepted sampling/analyzing procedures have been
developed. Each design offers specific features that adapt
it to a range of sampling operations.

RAC AMBIENT AIR SAMPLER
This single-gas system uses modular, interchangeable bubbler
trains to collect acrolein (C3H.0) and aliphatic aldehydes
(CHO) to HEW specifications as well as nitrogen dioxide (N02),
oxidants including ozone (03) and sulfur dioxide
(S02)-both 30-min and 24-hr cycles-to EPA
specifications.
For details, send for
BULLETIN 2375·R.

RAC 3-GAS SAMPLER
Designed to sample S02, N02 and a
third gas (optional) simultaneously,
this newly-developed instrument
assures maximum accuracy for S02

sampling at ambient
temperatures ranging
from -25 to 50·C. It
features a unique solid­
state thermoelectric
cooling-heating system
(patent pending) that
maintains the S02
reagent between 7 and
H·C, thereby preventing
the loss of sample that
occurs when the
ambient temperature

~ '. reaches/exceedS 20·C.
It For details, send for

BULLETIN 2441.
CIRCLE 15

RAC PERSONAL SAMPLER
Suitable for underground, indoor and outdoor
sampling, this battery-powered minisampler
is NIOSH and MESA approved for collecting
respirable particles from the wearer's
breathing zone. For sampling vinyl chloride
and other organic vapors, RAC ofters a new
sampling head that utilizes charcoal tubes
and features an integral flowmeter and flow
adjusting valve. This organic vapor
accessory also can be used with
other existing personal particulate
or gas samplers. For details, send
for BULLETIN 2392·A.
CIRCLE 17

RAC MIDGET SAMPLER
A lightweight dual-purpose design, this
is an ideal instrument for spot checking
ambient air to comply with OSHA

requirements. It can
sample airborne
particulate matter in
addition to CHO, H2S,
NH 3 and N02. An
optional battery-powered
model also is available.
For details, send for
BULLETIN 2312AB-R.
CIRCLE 18
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CURRENT RESEARCH

1000Particulate and smoke emission from a light duty diesel
engine 973

Ander Laresgoiti, Alfred C. Loos, and George S.
Springer"

The physical and chemical characteristics of particles emitted from
a light duty diesel engine are studied. The weight and size
distribution of particulate matter is evaluated.

Analysis of ozone at low concentrations with boric acid
buffered KI 978

Daniel L. Flamm

Evidence is presented to show that at low concentrations of ozone.
a new reagent. boric acid buffered potassium iodide, quantitatively
produces iodine.

Determination of trace element contamination of sediments
by mullJelement analysis of clay-size fraction .984

Philip A. Helmke", Robert D. Koons, Paula J. Schomberg,
and Iskandar K. Iskandar

The concentrations of trace elements in samples of total sediments
and clay-size fractions are determined. High concentrations result
from anthropogenic inputs.

Polynuclear aromatic hydrocarbons in marine tissues 989

Roy J. Pancirov" and Ralph A. Brown

Concentrations of benzo(a)pyrene are observed in shell and fin fish
at the parts per billion level and below on a wet weight basis.

Errors in determination of residual oxidants in chlorinated
seawater 992

James H. Carpenter", Cynthia A. Moore, and Donald L.
Macalady

Observations on currently used analytical methods for wastewater
treatment are reported. The residual oxidants in chlorinated
seawater are underestimated by these methods.

NO.-Oa photochemistry in power plant plumes:
Comparison of theory with observation 995

Warren H. White

A model is presented which predicts the observed plume profile
of 03, NO, and NO, of a coal-fired power plant from background
conditions, plume geometry, and basic photoiytic cycle.

• To whom correspondence should be addressed.

• This article contains supplementary material in microform. See ordering instructions
at end of paper.
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Nitrate formation in atmospheric aerosols

Ann E. Orel and John H. Seinfeld·

The formation of nitrate in atmospheric aerosols is studied.
Equilibrium nitrate levels are determined in aqueous solution, and
explanations for differences in sulfate and nitrate size distributions
are discussed.

Chemical behavior of fluorine in production of wet-process
phosphoric acid 1007

A. William Frazier·, James R. Lehr, and Ewell F. Dillard

The reaction mechanisms that control the fate of fluorine during the
early stages of phosphate fertilizer processing are studied. Methods
of effective pollution control are explored.

NOTES

Relative photochemical reactivity of propane and n-butane
1015

Leo Zafonte· and Frank Bonamassa

A smog chamber study investigates the relative photochemical
reactivity of propane and n-butane. Implications of experimental
results for oxidant control strategies are considered.

Comparison of levels of trace elements extracted from fly
ash levels found in effluent waters from a coal-fired
power plant 1017

David R. Dreesen·, Ernest S. Gladney, James W. Owens,
Belly L. Perkins, Caroline L. Wienke, and Lawrence E.
Wangen

A study is initiated to identify trace elements most extractable from
ash and to compare them with eiements observed at elevated
concentrations in effluent waters from a coal-fired power plant.

Lead-containing particles on urban leaf surfaces 1019

E. E. Koslow, W. H. Smith·, and B. J. Staskawicz

Leaf samples from London plane trees in an urban environment are
examined for lead particles with an electron microanalyzer and
electron microscope equipped with an energy-dispersive x-ray
analyzer.

CORRESPONDENCE

Particle collection efficiencies of air sampling cyclones: An
empirical theory 1021

William Licht
TaiChan
Morlon Lippmann

Credits: 945, NOAA; 947 (lett), Bell labs; 948. Basgen Photography (Duluth. Minn.); 953.
972 (bottom), ES&Ts Julian Josephson
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•• Covers EPA ranges for
ozone of 0.1,0.2, 0.5,
andl.0ppm

• Audible set point alarm
• High precision (±1%)

• Internal zero and span
calibration

• Thermoelectrically
cooled and tempera­
ture regulated photo- .
mUltiplier tube

"Model 1100 ozone meter...designated
by the EPA as a reference method

• Ozone-ethylene • Convertible bench or
chemiluminescent rack design
detection principle • Electrical output for

• Up to six ranges cover- recording-computer
ing .001 to 10.0 ppm compatible

• Long term stability

• Utilizes
nescent dete
principle

• Heated and tempera­
ture regulated gas
reaction chamber

• May be AC or battery
powered

• Automatic failure diag­
nostic systemCSI's Model 1600 will change your

ideas about NO/N02/NOx monitoring
• One tube/one

chamber design
for simple reliable
operation

• Heated reaction
chamber regulated to
+50°C to minimize
span error

• Thermoelectrically
cooled and tempera­
_regulated photo­
~ltertiJbe

• ~-in push button
dl~cdisplay
system

• Convertible rack or
bench design

COLUMBIA SCIENTIFIC INDUSTRIES CORP.
P.O. Box 9908, Austin, Texas 78766 • (512) 258-5191 • TWX 910-874-1364

Outside Texas call Toll Free (800) 531-5003
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CARLOERBA
STRumEnTAZlonE
20 years applying
gas chromatography
to the pollution field

in hazardous areas too, with environmental
gas chromatographs, total hydrocarbon and total
sulphur monitors, and tailored sampling systems

CIRCLE 21 ON READER SERVICE CARD

CARLO ERBA
STRUmEnTAZIOnE
P.O. Box 4342 1- 201 00 MILANO

DEALERS - REPRESENTATIVES
Belgium - Vel SA - Louvain
Finland - Prolab - Kauniainen
Netherlands - Van Hengel
Instrument by - Breda
Norway - Instrument -Tekn ikk
A/S-Oslo 6
Sweden -Instrument -Teknikk
Svenska AB - Gbteborg
Switzerland - Brechbuehler AG
Urdorf

For your enquiries please
contact:
SUBSIDIARY OFFICES
Austria - Erba Science G.m.b.H.
Karlsplatz 1 -1010 Wien
Brasil- Montedison Farmaceutica
Av. Ver. Jose Diniz 3465
Sao Paulo
France - Erba Science SAR.L.
4 Rue F. Mistral - 75015 Paris
Germany - DBR Erba Science
Wilhelmstrasse 2 B
6238 Hofheim/Taunus
Spain - Montedison Farmaceutica
Infanta Carlotta 36 - 9° - Barcelona
United Kingdom
Erba Science U.K. Ltd.
14 Bath Road
Swindon Wiltshire - England

4 years successfully selling the

o Completely automatic
o Direct measure of TOC
00.1-600 ppm range
with 9 attenuation steps

as well as chemical photometric
automatic analyzers to monitor
organic and inorganic
pollutants in water and air, i.e.,
formaldehyde.

TOTAL
CARBON
MONITOR
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EDITORIAL

The search for alternatives
It is easy to be critical of the environmental cleanup

strategy the U.S. Congress has imposed upon responsible
administrative agencies at the Federal, State, and local
levels. This regulatory strategy centers on a standard setting­
monitoring-enforcement process coupled with uniform
effluent and emission requirements. A July 1977 report by
the U.S. General Accounting Office notes that this process
(a) requires complicated interactions among Congress,
administrative agencies, and the courts, (b) denies individual
citizens free choice of levels of environmental quality, (c)
requires sound scientific research, and (d) relies too heavily
on political and administrative simplicity in the form of
uniform control requirements.

This strategy is only one of several that might be used, and
is undeniably impractical and costly. Alternative economic
strategies such as subsidies and tax incentives may help
alleviate immediate pollution problems, but are less effective
for controlling production than outright charges or waste
disposal fees paid by polluters. In the latter case the
increased production cost is passed on to the consumer at
the marketplace in a more internally consistent manner.

Specific charges for each polluter could be set by
permitting dollar values to be determined by the market
mechanism. This process has long been advocated by
resource economists as an effective alternative strategy for
allocating limited resources among competing uses.

At least two factors prevent this process from being useful
at this time. First, the general level of environmental
degradation that would be acceptable to people of the United
States is unknown. Second, a sufficiently powerful central
agency would have to be given clear authority to manage the
fundamental rights to air and water resource use and thus
function as a trustee for the public good. Environmental law
is a rapidly changing field and substitute concepts for
"property" and "ownership" are evolving but, in general,
our legal and social systems do not presently accommodate
the role of such a trustee.

It is safe to say that without implementation of the current
strategy we would presently have no cleanup. It's tempting
to criticize politicians but in a major sense they, more than
anyone, have done their jobs. They have listened to the
public outcry and responded accordingly. More enlightened
strategic responses will require more enlightened research
findings, more sophisticated legal concepts, and a more well­
defined set of environmental values than present public
attitudes indicate.
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Philips 502 Monitor

STILL
GOING
STRONGEST

Because its

COST EFFECTIVE

<j)

••

:·1••••••••••

I··1••••••••••

• Long field lifetime, , , almost all units sold since
1969 are still in service

• Built in zero and dynamic span checks
• Comprehensive service, warranty and maintenance

programs
• Easy to calibrate, . , calibration easily

accomplished with standard equipment .. , low
calibration flow rate requires less than one
liter / minute

• Low cost, uncomplicated, operation, ..
no need for hazardous gasses ... no expensive,
periodic lamp replacements and no sensitive optical
alignments

Philips 502 Monitor: EPA Approved

• Still standard of the world-for accuracy, durability
reliability, and long-term performance,
Now with a new low price.

Philips Electronic Instruments, Inc.
85 McKee Drive
Mahwah, N.J. 07430
A North American Philips Company.
201-529-3800
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WASHINGTON

The Clean Air Act amendments
mandate a National Commission of
Air Quality that is to deliver its final
report to Congress by August t980.
The 11-member commission will
consist of 7 public members to be
appointed by the President and four
congressional members. By March 1,
1978, the commission must report on
the implications of meeting or not
meeting NO. standards from mobile
sources. By August 7, 1979, the
commission must report to Congress
on several issues, including: the
significant deterioration of air quality;
the economic, technological and
environmental consequences of
achieving or not achieving the goals
of the Act; and unregulated air
pollutants that cause or may cause a
threat to public health and strategies
for controlling these pollutants. The
commission is authorized to spend $10
million.

The national cost of complying with
the federal air and water acts will be
nearly $450 billion over the decade
1976-1985, according to the EPA. The
cost of meeting the requirements of
the Clean Air Act is estimated at $264
billion and for the Water Pollution
Control Act Amendments, $183 billion.
This amount is equal to about 2% of
the GNP summed over the decade.
According to another cost analysis, the
cost to industry under Carter's dictum
that new major air pollution sources
use best-available control technology
is about $7.5 billion through 1985, with
utilities accounting for $3.5 billion.

The EPA has called Into question the
safety of 123 pesticide Ingredients that
it has already approved. The reason
for this is that the agency has
uncovered deficiencies in some of the
thousands of health effects tests done
by Industrial Bic-Test Laboratories (IBT)
between 1970-72. The deficiencies
occurred in the way the animal
toxicological studies were performed

CURRENTS

and in discrepancies between the raw
data and that reported to the EPA. As
a result of these deficiencies, EPA has
asked 31 pesticide producers to review
and certify the accuracy of all pesticide
tests done for them by IBT.

NOAA manager Park

NOAA has a new Ocean Dumping
Program, and directing it will be P.
Kilho Park, an expert on the chemical
aspects of the marine environment. Dr.
Park's group will study industrial waste
sites in the Gulf of Mexico, off the
island of Puerto Rico and off the
Atlantic seaboard adjacent to the New
York Bight. NOAA is currently studying
the ecological effects of marine
pollution in the N.Y. Bight. On the
subject of ocean dumping, the EPA
reports a substantial drop, almost 24 %,
in the total tonnage dumped annually
off the Atlantic and Gulf coasts since
the institution of the agency's ocean
protection program in 1973. For 1976
alone, the EPA reports a decline of
nearly 600 000 tons, which resulted
from the denial of 155 dumping
permits. Nevertheless, the tonnage
dumped in 1976 was substantial: more
than 8 million tons.

The Dept. of the Interior is studying
sites for the proposed Intermountain
Power Project (IPP), a 3000 MW coal­
fired plant that will produce electricity
for southern Calif., Nevada and
southern Utah. The proposed site for

the project is now 9 mi from Reef
National Park and 50 mi from
Canyonland National Park. Interior is
gathering environmental (air quality)
information to determine whether this
proposed site should be moved farther
away from the two national parks in
south central Utah. Interior Secreatry
Cecil D. Andrus has stated that his
department will cooperate with Utah
in the search for alternative sights, if
such are feasible, and he has urged IPP
to cooperate in this effort. Andrus is
attempting to avoid another Kaiparowits
situation.

Regulatory processes to control
hazardous materials will be reformed
according to a cooperative effort of
four federal agencies. The heads of
OSHA, EPA, FDA and the Consumer
Product Safety Commission cited seven
initiatives that could streamline
regulatory processes and maximize
resources. Among these initiatives are:
the development of compatible testing
standards and guidelines; development
of risk/safety and health assessment
methodology; information sharing
possibly leading to a national
information system on toxic
substances; possible cooperative
research and regulation development;
possible compliance and enforcement
cooperation; and possible interagency
communication efforts. The agency
heads said: "We have agreed to
examine, assess and redesign, if
necessary, the processes by which we
collectively regulate chemicals ..."

STATES

Seven Michigan companies agreed
to pay the state $3.6 million in
penalties for missing the July 1 deadline
under P.L. 92-500. This sum is believed
to be the largest out-of-court settlement
reached by any state for failure to meet
this deadline. The seven firms are:
Abitibi Hardboard ($200 000); Detroit
Edison ($120 000); Ford Motor Co.
($1.6 million); Great Lakes Steel ($1.25
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million); Harbison Walker (agreed to
install a $600 000 cooling tower plus
a $5000/day penalty); Hooker Chemical
($75 000); and Pennwalt Chemical
($150 000). In addition to the above
companies, U:S. Steel agreed to
restore Swan Lake over a 2-y period;
the cost of this restoration is estimated
at $200 000.

Pascagoula, Miss., has had a taste
and odor problem In Its drinking water
that is believed to have resulted from
improper curing of lining material used
to coat two of the city's water tanks.
The coating material, a bituminous coal
tar pitch, had EPA's approval, but this
was withdrawn on the advice of the
FDA. The larger of the two tanks was
properly cured but has never been filled
for service, and because it is not in
service, the city has a chronic water
supply problem. EPA tests of water
temporarily pumped into this larger tank
have unveiled 14-17 compounds, some
chlorinated, at the <10 ppb level. The
significance of these compounds is not
known because their source is not
known; they may not all have come
from the lining material.

Texas governor Briscoe

Texas has two new wetlands laws:
The Coastal Coordination Act of 1977
and the Coastal Wetlands Acquisition
Act. Signed into law by Gov. Dolph
Briscoe, the coastal coordination act
provides for the protection of coastal
wetlands, regulates the discharge of
dredged materials and provides for
annual studies of problems in coastal
natural resource areas. The Texas
Natural Resources Council is directed
under the law to review the state's
coastal programs and to recommend
measures to resolve coastal problems.
The council must submit a report with
recommendations every two years to
the governor and the legislature. The
acquisition act gives the state General
Land Office the authority to designate
and certity coastal wetlands and grants
the state Parks and Wildlife Dept. the
authority to acquire interest in the
preserve and manage the coastal
wetlands.

946 Environmental Science &Technology

An Indian reservation In Montana Is
the first s"e In the U.S. to be
redesignated a Class I PSD area by
the EPA. The Northern Cheyenne Indian
reservation in southeast Montana, near
Montana Power Co.'s Colstrip mine­
mouth power plant, requested the Class
I prevention of significant deterioration
area designation to preserve their
lifestyle and prevent further degradation
in air quality.

U.S. Steel will Install water pollution
control facll"les at "s Gary, Ind., plant
by August 31, 1985. The steel company
agreed with Illinois and the Chicago
Metropolitan Sanitary District on an
$84.7 million clean-up program that
will ensure that all process water
discharges into lake Michigan will be
eliminated and all process water
recycled by the 1985 date.

The District of Columbia will build a
sludge-compostlng facll"y at its Blue
Plains sewage treatment plant, which
treats two-thirds of the area's (D.C.,
Md., and Va.) wastewaters. The District
of Columbia received $5.7 million from
the EPA toward the construction of the
$7.2 million composting plant in the
Oxon Cove area of Prince Georges
County Maryland. This facility, the
largest composting plant in the U.S.,
will convert sludge, the semisolid
residue of the treated sewage, to
organic mulch. Eventually a market will
be sought for the mulch. Currently the
Blue Plains sewage treatment plant
produces 700 tons of sludge daily, but
this is expected to increase to 2000
tons daily within the next 10 years.
Today, the sludge is hauled to upper
Montgomery County, Md., for burial.

MONITORING

Sw"ched-on marine photobaclerlum?
Only when no pollutants are present.
Under development, under EPA
contract, is a combined photobacterium
and marine algae that glows brightly in
waters that do not contain herbicides,
pesticides and heavy metals. In "clean"
marine waters, the algae consume
carbon dioxide and give off oxygen; the
photobacterium then uses this oxygen
to emit light. The amount of light
reflects the extent of pollution.

The discoverer of sensitive methods
for PCB analysis has won the SOCMA
Gold Medal for 1977. The medal and
a $1000 honorarium were presented
to the EPA's Gilman Veith by the
Synthetic Organic Chemical
Manufacturers Association (SOCMA)
last month. Veith's work led to methods
that could determine sub-Jt/l amounts
of polychlorinated biphenyls (PCBs) in
natural waters. These methods, in turn,
established that PCBs, found in fish,

in Lake Michigan, and other waters,
came from industrial and domestic
effluents. PCB's are now determined
by spectrochemical techniques that
grew out of Veith's work from the late
1960s to the present.

The EPA has designated a new
method for measuring ozone
concentrations. The new equivalent
method is an automated method, an
analyzer that operates on the principle
of the chemiluminescence of
rhodamine B, an organic dye. The
method is Philips PW9771 03 analyzer
(Philips Electronic Instruments, Inc.,
Mahwah, N.J.).

TECHNOLOGY

Oily wastewater treatment Is
enhanced by u"rasonlcs, which can
reduce operation/maintenance costs
by up to 80%. The U.S. Navy Civil
Engineering Laboratory (CEl, Port
Hueneme, Calif.) developed a portable
two-stage, 100-gpm system whose
fiberglass coalescing elements are
cleaned ultrasonically. This
achievement is a "first", according to
CEL. First, a gravity separator removes
gross oils and heavy suspended solids.
Then, a steeply inclined, parallel plate
pack removes most other oils and
solids by means of cross-flow; these
coalescing elements are ultrasonically
cleaned and reused. A third stage can
be used for further approaches, such
as air flotation, active carbon, or a
coalescer pack. CEl estimates
possible cost reductions from $13/
1000 gal to $2.50/1000 gal.

One way to destroy chemical plant
odors Is by fume Incineration of the
offending material. That is the way
Peabody Engineering (Stamford, Conn.)
handled odors from a wastewater
treatment plant at Armak Chemical Co.
(McCook, 111.). A 20-ft by 9-ft fume
incinerator uses air streams from the
biological lagoons as combustion air
(18% oxygen). Waste gases from other
plant sources are introduced after
venturi scrubbing for partial ammonia
removal. Then the incinerator, using
gas or fuel oil, can handle over 17 000
acfm of the off-gases at about 1500
OF. Waste heat is recovered to provide
approximately 15 % of plant process
stream; this offers a 5-year pollution
control system payback.

The use of tall stacks Is not always
a satlstactory air pollution control
measure. This is a conclusion derived
from a 5-year study by 11 European
members of the Organization for
Economic Cooperation and
Development (OECD). The study
showed that SOx pollutants from fossil
fuel show up thousands of km from
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their points of origin, even when they
were emitted from stacks more than
100 m tall. The belief that such tall
stacks would so disperse such
pollutants that their concentration
would be negligible beyond 100 km was
found to have little basis in fact. Among
events leading to the refutation of this
belief has been destructive acid rains
and snows, especially in Norway and
Sweden, and perhaps, Scotland.

Checking out solar cell voltage

New solar cells that combine liquids
and solids may be more economical
than ali-solid solar cells. These new
cells, known as liquid-junction cells,
could also be very efficient, according
to Bell Labs (Murray Hill, N.J.), their
developer. A cell has two electrodes
in a water-based solution. One
electrode is a semi-conductor. The
other can be made of a variety of
common metals, or of carbon. Sunlight
would cause a current flow between
electrodes, much like in an ordinary
wet-cell battery. With relatively
inexpensively-made polycrystalline
cadmium selenide as the semi­
conductor, light-to-electricity
conversion efficiency was 5.1 %.
Presently, many single-crystal solids
are more efficient, but they are also
much more costly.

A large reverse osmosis (RIO) water
desalination plant Is now on stream
on New Providence Island in the
Bahamas. The plant "sweetens"
brackish lake water of 9000- 17 000
ppm salinity, about one-half that of
seawater. Buill and operated by
Envirogenics Systems Co. (EI Monte,
Calif.), the plant has 270 pressure
vessels containing 1080 spiral
elements with 98 % salt rejection. It
is operated at 800 psi. Product water
is 300 ppm total dissolved solids. The
RIO plant is instrumented so that only
one man per shift is needed to operate
it. It is run under contract to the
Bahamian Ministry of Works.

A solution to the problem of dust and
sludge can also offer lead and zinc
recycling. These fine-particle wastes
result from pig iron and steel
production, and are normally dumped.
However, Lurgi Gesellschaften
(Frankfurt, W. Germany) found that the
old Waelz Process (rotary kiln) for
beneficiating zinc-poor ores could be
adapted to the waste dusts and sludges.
For example, zinc is volatilized,
collected as fine dust, and then
reprocessed. Generally, the same holds
true for lead. Moreover, iron values,
previously lost in the wastes, can be
recovered. The concept has been
proven at Berzelius Metallhlitten GmbH
for a long time, and is now amenable
to commercialization, according to
Lurgi.

INDUSTRY

The first major contract for a solid
waste-fired steam plant and recycling
Installation was let by Hooker
Chemicals and Plastics Corp., to Foster
Wheeler Corp. (FW, Livingston, N.J.).
FW will build the boiler system and
supply pollution control equipment for
Hooker's plant at Niagara Falls, N.Y.
The waste will fire two 1250-psig, 750
OF units, each to produce 300 000 Iblh
of steam continuously. FW estimates
that the energy saved will be enough
to heat 37 000 homes over a 20-year
period. Also, solid waste disposal
problems of participating communities
will be vastly alleviated. The steam
units will satisfy all codes and emission
requirements, and can use any fuel
combination in the boilers.

TCA President Ferguson

Substitutes for asbestos, a suspected
carcinogen, have been developed by
the Tile Council of America (TCA,
Mahwah, N.J.). The TCA is a trade
association of the ceramic tile industry.
Its president, Thomas Ferguson, Jr.,
said that these substitutes are suitable
asbestos replacements not only for the
tile industry, but for other industries as
well. One substitute is the incorporation
of magnesium compounds into
hydraulic cements, to give sag

resistance and strength previously
obtainable only with asbestos. Another
consists of certain long-chain polymers.
The TCA has patents on these
substitutes, and has submitted
numerous patent applications.

"RetaIn the present vinyl chloride
emission standards." That is what PPG
Industries, Inc., has asked the EPA to
do. George Zapp, vice president of
planning and development of PPG's
Chemical Division, said that proposals
to reduce emissions of vinyl chloride
from 10 ppm to 5 ppm are "not
supported by data demonstrating the
needs and benefits," and would burden
industry with "unnecessary
regulations." Zapp also said that the
present standard, promulgated last
October 21, is safe with respect to
public health, and is the minimum
emission level achievable with·best
available control technology. He noted
that PPG is installing eqUipment to meet
present standards, and that its cost is
"substantially higher than that originally
projected by EPA planning documents."

"The credibility of the national cleanup
program may not survive, particularly
in states ... which have
conscientiously pursued the national
goals," Louis Guy, Jr., of the consulting
engineering firm of Patton, Harris, Rust
&Guy (Farifax, Va.), said. As one
reason, he offered "endless EPA red
tape" in the construction grant
program. He also scored "the abysmal
failure of Congress to authorize
funding." Guy noted that states that did
the best job of spending federal funds
to attain the most cleanup momentum
must bring programs to an abrupt halt;
only "slowpoke states with unspent
money from earlier years can bridge
the 1977 funding gap." Citing other
faults in funding, Guy said that "the
private sector, including my consulting
engineering firm, takes it on the chin
again."

More economical, less energy
consumptive stack gas S02 removal
was announced by Allied Chemical
Corp. (Morristown, N.J.) scientist Kang­
Jen Liu and his associates at the 174th
national ACS meeting at Chicago, III.,
in·late August. "A new engineering
principle," based on construction of
man-made macromolecules in the form
of very specialized membrane films,
is the key. S02 is removed from stack
gas by a basic solution which, when
used up, is mostly sodium bisulfite
(NaHSOa). At 110 OF, the NaHSOa is
split into basic sodium sulfite and
hydroxide solution for reuse as an S02
absorber. The other product is sulfurous
acid, from which S02 can be
generated. Operating cost reductions
of as much as 43 % may be realized.
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OUTLOOK
jobs, profit, public interest and quality of
life. The issues evoked during various
phases of the case include air and water
pollution, land-use practices and con­
servation of natural resources. But in the
end, the most telling factor may be eco­
nomics.

Reserve applied for the original permits
to mine taconite at Babbitt and process
the ore at Silver Bay in 1947. The water
of Lake Superior was needed to satisfy the
huge water requirement of the processing
technology then available, and to provide
an inexpensive disposal site for the waste
tailings.

Reserve was the first major company
to seek to develop taconite mining oper­
ations in the state, and actually received
some encouragement from Minnesota. In
fact, the company was granted its permits
in November 1947. But the first tailings
discharge to the lake did not occur until
October 1955. Reserve has been dumping
67 000 tons of tailings daily into the lake
since then, for nearly 22 years.

Aside from the matters of air and water
pollution, not matters of any great moment
back in 1947, Reserve has been a "good
citizen." The company has supplied more
than 3000 jobs (with a total payroll of $55
million in 1975) to residents of what oth­
erwise would be an economically de­
pressed area. The firm paid nearly $16
million in local and state taxes in 1975,
and purchased $45 million worth of ma­
terials and supplies in the state that year.
Further, the company built homes,
schools and churches, and parks and
roads in Silver Bay, admittedly to attract
workers to that remote area over 20 years
ago.

Indeed, closing down Reserve's oper­
ations would, in the words of the court,
"have a disastrous effect on the eco­
nomic well-being of families dependent
on Reserve for a livelihood." But in 1976
that is precisely what Reserve threatened
to do if it was not granted permits to build
an on-land disposal basin at Milepost 7,
about four miles from its Silver Bay pro­
cessing plant along its railroad spur.

Once residents of Silver Bay were
made aware of the health hazards they
were vehement in their desire that Re­
serve discontinue dumping the tailings into
Lake Superior, but they also wanted their
jobs preserved. The uncertainty of
whether Reserve would remain open or
not has had its sociological repercussions
on Silver Bay residents. One state public
interest group has reported increases in
the divorce rate and juvenile delinquency
as well as an upsurge in alcoholism and
drug dependencies.

The legal saga

The legal battles-first focusing on air
and water pollution then turning to ques­
tions of health-have been circuitous and
convoluted. The arguments and counter­
arguments have taken first a state case,
then a federal case and finally a combined
case through the state courts up to the

eral metals, but mostly they contain bil­
lions of amphibole silicate-asbesti­
form-fibers. The heavier fibers sink by
the force of gravity to the Q-eat Trough at
the bottom, but the lighter, buoyant fibers
travel with the prevailing currents to Du­
luth, Minn., and Superior, Wis., to become
part of these cities drinking water.

Fibers similar to those found in Lake
Superior are known to cause cancer in
humans when inhaled. Whether they in­
duce cancer in humans when ingested is
not known with certainty today. Reserve
has only been dumping these fibers into
the lake for 22 years, not enough time, the
experts say, for cancers to become evi­
dent.

Dr. Arnold Brown, a noted pathologist
and chairman of the department of pa­
thology and anatomy at the Mayo Clinic,
testifying as the federal court's expert
witness, cited no evidence for an in­
creased incidence of cancer in Silver Bay
or Duluth attributable to the inhalation or
ingestion of asbestos fibers prevalent in
the air and water of these cities. But, he
testified, "The fibers should not be
present in the drinking water of the people
of the North Shore." Further, he contin­
ued: "[The1presence of a known human
carcinogen [airborne asbestos fibers1...
is in my view a cause for concern, and if
there are means for removing the human
carcinogen ... that should be done."

Conflicting Issues

Health-the threat of cancer-is
merely one aspect of the Reserve case.
Other elements of the dilemma include

Resolution is at hand in an a-year legal battle
that pitted environmental issues against economics

The year is 1871. Prospector Peter
Mitchell meanders along the Beaver River
in a northwesterly direction and notices
wild excLV"sions of his compass' needle in
the region of Vermilion Lake, Minnesota.
There he digs and finds taconite rock, a
mixture of mostly silica and magnitite.

That first hole has since been vastly
enlarged. It is now the Peter Mitchell Mine,
near Babbitt, Minn., the site of Reserve
Mining Company's taconite mining oper­
ations. That first hole has also erupted into
the nation's longest running environmental
controversy-a contorted saga played out
in state and federal courts for nearly eight
years.

Disposal: by gravity

Reserve, a jointly owned company of
Republic and Armco Steel Corporations,
mines this low-grade iron ore at Babbitt,
but it transports the ore 47 miles by rail to
Silver Bay on the shores of Lake Superior.
There it processes the taconite into higher
grade irOlHlre pellets that are destined for
the nation's steel mills in the East. For
every ton of pellets processed, more than
two tons of silica waste tailings are
formed ... and disgorged into a delta in
the lake.

Reserve's mining operations are suc­
cessful: The company produces nearly
15 % of the domestic ore used by the
nation's steelmaking industry. Each day,
Reserve produces about 30 000 tons of
iron-ore pellets, and discharges 67 000
tons of tailings suspended in 2 million tons
of water to Lake Superior. The tailings in
this slurry contain trace amounts of sev-
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state supreme court and, on the federal
side, from the U.S. District Court to the
U.S. Circuit Court of Appeals and back
again. Possibly the only surprising aspect
of the case is that it never reached the
U.S. Supreme Court.

Among its many interesting twists, the
case has witnessed a major company­
Reserve-shut down by court order for
two days only to be reopened at the order
of a federal appeals court; a federal
judge-Miles Lord-removed on the
grounds of "gross bias" against the firm;
the polluting company fined nearly $1
million for violating the state water permit
and for withholding evidence; and the U.S.
Army Corps of Engineers called in to
supply filtered drinking water to the citi­
zens of Duluth and other north shore
communities.

That Reserve's disposal practices
wreaked havoc on Lake Superior was
documented as early as 1969. That year
the Department of the Interior's Taconite
Study Group found that the tailings were
accelerating the eutrophication of the lake
and that they were crossing state
boundaries to contribute to interstate
pollution. The study group recommended
that an on-land disposal facility be con­
structed within three years.

That same year, 1969; the Minnesota
Pollution Control Agency (MPCA) pro­
mulgated an effluent limitation standard
for suspended solids; Reserve's tailings
slurry violated this standard. However, the
Lake (County) District Court ruled that this
regulation was not applicable to Reserve.
The state and the MPCA appealed this
decision to the state supreme court. The
year was 1971.

By now the U.S. EPA had been formed
and at its helm was William Ruckelshaus.
Ruckelshaus ordered Reserve to develop
a water pollution abatement program
within six months or face a court chal­
lenge. Reserve submitted an unaccept­
able plan and, in February 1972, the fed­
eral government filed suit against the
company in U.S. District Court alleging
violations of sections of the Refuse Act of
1899, the Federal Pollution Control Act of
1965 and the Common Law of Nui­
sance.

Federal/state cases Joined

In April 1973, U.S. District Court Judge
Miles Lord joined the state and federal
cases. The list of co-plaintiffs had ex­
panded to include the states of Minnesota,
Wisconsin and Michigan and the MPCA;
five environmental groups became in­
tervenors.

On April 20, 1974, finding that Re­
serve's air and water discharges endan­
gered the health of the people of Silver
Bay, Duluth and other north shore com­
munities, Lord ordered the processing
plant shut down. Two days later, the U.S.
8th Circuit Courts of Appeals stayed (re­
versed) Lord's order, an action that sent
more than 3000 people back to work.

Within another year's time the federal
appeals court made its stay permanent.
It ordered Reserve to take immediate
steps to curb its air pollution and gave the
company a "reasonable time" to convert
to an on-land tailings disposal system.

Under this order, Reserve submitted a
plan to construct a tailings basin near Lax
Lake at Milepost 7 along its railroad spur.
The Dept. of Natural Resources (DNR) and
the MPCA, the state agencies that must
permit the site, set up a special permit
hearing in June 1975 to review Reserve's
application.

On November 14, 1975, Judge Lord
made some injudicious remarks in court.
Two months later he was removed from
the case to be replaced by the chief fed­
eral judge in Minnesota, Edward Devitt.

Eight months later, on July 7, 1976,
Judge Devitt, noting that no agreement on
an on-land disposal site had been
reached, ruled that Reserve must cease
discharging its tailings into Lake Superior

LAKE SUPERIOR

at midnight July 7, 1977. The federal ap­
peals court later affirmed Devitt's order
but inserted the loophole that "upon
changed circumstances" (an agreed upon
on-land disposal site), the closure order
could be modified.

Permits denied

There was no agreement on an on-land
site because a month earlier, the DNR and
the MPCA, on the recommendations of
the special hearing officer, Wayne Olson,
refused to grant Reserve permits for the
Milepost 7 site, citing instead Milepost 20,
a site midway between Babbitt and Silver
Bay, as a more desirable site from an
environmental standpoint.

Reserve claimed that the Milepost 20
site was economically infeasible and
threatened to shut down its Silver Bay
operations if Milepost 20 was forced on
it. The company took its case to the Lake
District Court, which, in January 1977,
ruled in its favor. .
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Water pollution. Reserve's pelletizing plant at Silver Bay with its tailings slurry outfall
to Lake Superior

The district court said that denial of
permits for Milepost 7, even after the
company had accepted the stringent
conditions imposed by the MPCA, was
"unlawful and unreasonable." The agen­
cies' failure to consider the economic
consequences as well as the environ­
mental effects was "directly contrary to
the decision-making process ... man­
dated under Minnesota law," the court
ruled. Furthermore, the court stated, use
of Milepost 20, which Minnesota could not
deliver since it is primarily federal forest
land, "would open up a third area to in­
dustrial mining uses and is inconsistent
with principles of land-use consolida­
tion."

The state agencies appealed the dis­
trict court's ruling to the Minnesota Su­
preme Court. On April 8, 1977, the Su­
preme Court, without opinion, affirmed the
lower court's ruling.

On May 26, 1977, Judge Devitt modi­
fied his original order to allow Reserve to
continue discharging tailings into the lake
until April 15, 1980, pending the firm's
completion of an on-land disposal basin
at Milepost 7, which is expected to take
about 34 months. Devitt stipulated that the
company had to begin construction on the
basin by August 1, with or without state
and federal permits.

The on-land disposal plan

Reserve estimates that it will spend in
excess of $300 million in the construction
of a dam-enclosed basin large enough to
contain the pelletizing plant's daily
wastes. The construction plans call for the
closing off, with dams, of two ends of a
valley to form the disposal basin.

As for the tailings themselves, all
possible precautions are to be taken to
eliminate or reduce fugitive-dust prob­
lems. All fine particles are to be sub­
merged under water, and all exposed
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tailings are to be vegetated. In addition, all
access roads and all exposed surfaces of
tailings are to be sprayed with water and
nonpolluting chemical binders.

The tailings basin is to be operated as
a closed system. To assure that it is, Re­
serve and its parent companies-Armco
and Republic Steel-must set up routine
air and water monitoring programs.

At the Silver Bay plant itself, Reserve
has agreed to install, at an estimated $35
million, emission abatement equipment
on the stacks, and to modify certain pro­
cessing steps to lower emissions. These
measures are expected to lower the am­
bient air levels of amphibole fibers­
amosite asbestos fibers that are poten­
tially carcinogenic.

In the latter part of July, the MPCA and
DNR issued the necessary permits to
Reserve. Since Milepost 7 is also the site
of navigable U.S. waters, the U.S. Army
Corps of Engineers must also permit the
site. The Corps has not yet done so, but
the permit is expected to be forthcom­
ing.

The case could now be considered
closed except that Reserve has contested
some of the conditions stipulated in the
MPCA and DNR permits. At press time,
Reserve said that the parties were close
to settlement on the DNR permit; but still
under contestation in the district court in
Duluth are the air and water quality stan­
dards for fibers stipulated in the MPCA
permit.

According to John-Mark Stensvaag,
special assistant attorney general, the
MPCA permit now states that the ambient
air should contain no more fibers than
found in the city of St. Paul. Reserve now
wants to insert a clause that refers to "a
control city such as St. Paul"; such a
control city standard will apply, Reserve
contends, only if the state proves the ne­
cessity for this based on "reasonable

medical theory." The MPCA says that it
has already proved this point in court.
Reserve is also seeking, according to
Stensvaag, to enlarge the definition of
"fiber" to include fibers that are not
necessarily harmful to health.

Reserve had agreed that the tailings
basin would be a closed system, which
would easily meet the nondegradation
water quality standard stipulated in the
permit. Now Reserve claims that the
MPCA cannot set a water quality standard
based on a natural background level of
fibers because no medically significant
level for fibers in water has yet been es­
tablished.

At press time, the three-judge panel
hearing the case in Duluth had not ruled on
the contested matters. Lawyers for both
sides would not hazard a guess on when
settlement would be reached. Aiso, still
in the balance is the acquisition of the land
on which the basin will be built. Reserve
must acquire the land from the state, the
federal government and one private citi­
zen, a physician who owns a 1200-acre
tract at this site. Under a 1945 Minnesota
law, the mining company can acquire
private land through the process of emi­
nent domain, which Reserve will use if it
cannot purchase the land outright.

Resolution? maybe . ..

After nearly eight years of litigation, and
the expenditure of millions of dollars in
legal fees, this epic environmental case
appears near legal resolution. However,
the asbestiform fiber count in the air of
Silver Bay and in the waters of Lake Su­
perior is still excessively high. Reserve
can continue to discharge its wastes.into
the lake until 1980, and the residents of
the north shore communities, in the
meantime, are forced to drink filtered
water. But, the company has agreed to
modify its processing plant to lower the
ambient air level of these potentially
pathogenic fibers, and it has begun pre­
liminary construction of an on-land waste
disposal basin.

The people of Silver Bay must surely
feel that iheir public interest has been
upheld. They, in this otherwise economi­
cally depressed area, still have jobs. And
with yearly earnings close to $15 000,
real estate taxes averaging only $150
yearly and mortgage payments as low as
$60/month, they can continue to live the
"good life."

Certainly the issues of an unpolluted
environment, health and economics
thrashed out in the Reserve case will
serve as precedents in legal battles likely
to crop up in the future. The solutions
worked out in this case may be found not
satisfactory in future confrontations.
Nevertheless, the approaches to resolu­
tion developed here may serve as guide­
posts in future environmental/economic
conflicts, and herein may lie the justifi­
cation for this eight-year legal marathon.

LRE
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Preparing environmental impact statements is often a
costly, time-consuming, duplicative task. A noted

information systems expert suggests ways to improve it

Streamlining
the EIS process

What have the forthcoming 1980
Winter Olympic Games, electric power
stations, and human heart pacemakers in
common? Pursuant to the National Envi­
ronmental Policy Act (NEPA), they, like
many other projects and installations,
require an environmental impact state­
ment (EIS). "A heart pacemaker, too?"
someone asks incredulously. "Yes, if it is
plutonium powered," you answer. "Now
where would I find an EIS on heart pace­
makers?" is the next question you hear.
The same question is asked for many
other EISs.

Where, indeed? Until very recently,
EISs were essentially "fugitive lijerature."
Abstracts and indexes did not exist in
reference works such as Chemical Ab­
stracts, Engineering Index, Environmental
Abstracts, or similar publications. "EISs
were not 'findable' like, say, works on
bridge building. Once in a while an odd
one could turn up, but you can't count on

Streamlining the EIS process

it," Saul Herner, president of Herner and
Company (Washington, D.C.), told
ES&T.

Meets a need

Thus, ij was evident that a real need for
a way to locate EISs existed, and Herner
resolved to meet it. The effort began in
1975 and came to fruition with the first
issue in January of this year of EIS: Key to
Environmental Impact Statements, a
monthly publication. Basically, EIS pro­
vides indexes to subjects involved in the
statements it covers, geographical areas
affected by proposed actions, and the
agency/organization responsible for each
statement. Next, abstracts, in readily un­
derstandable language, of draft and final
EISs are presented, along wijh descriptive
material and a location guide. There is
also a monthly editorial, highlighting the
contents of each EIS issue, and dis­
cussing topical environmental items.

EISs from before this year are not left
out of Herner's activities. A division, In­
formation Resources Press (IRP), which
publishes EIS, is preparing abstracts of all
of the apprOXimately 4500 final EISs that
appeared since NEPA (1969-1976).
These will be available in bound volumes,
microfiche, and computer-searchable
tapes. As of press time, IRP had about 30
cornmijments for this past EIS service, as
well as approximately 600 subscriptions
to ElS. The 1969-1976 compilation ser­
vice will cost a client approximately
$10 000; annual subscriptions to EIS are
$200. Of the 100 employees at Herner, 10
work full time on the compilation service
and EIS.

Saul Herner gave ES& Tan example of
the benefit that easy location of an EIS
might confer. Suppose there is a power
plant in northern New Mexico, for which
an EIS was written. Now, plans are made
to build another one in a nearby geo­
graphically and climatologically similar
area of southern Colorado. If an assess­
ment and EIS must be done from
"scratch," one must figure on the efforts
and expenses of some 3-6 man-months
of well-paid experts' work; indeed, that is
what usually happens.

However, if the New Mexico EIS can be
found without a wild agency-to-agency
goosechase, some of the information
there could well ease and shorten the task
of preparing the Colorado EIS. For ex­
ample, some of the required data for
Colorado could be included by reference
to like information in the New Mexico
statement. This is one of the aims that EIS
and the service for past EISs is out to ac­
complish.

Improved control

Streamlining the "findability" and re­
trievability of EISs is one of IRP's goals;
another is to improve control over the EIS
process and over the assessment process
leading to statement preparation. At
present, "control really begins after an EIS

Project
(plant, roadway,
or the like)

Assessment to determine
environmental implications
of project

(under partial control
through individual agencies)

Preparation
and announcement
of environmental
impact statements

(under partial
contro through
CEQ and EPA)

Abstracting, indexing, EIS
microfiche preparation

(Being done by Infonmation
Resources Press through
EIS)

Searchable computer
tapes from
Information Resources
Press

(being done
through EIS)

Improved control
needed at these
points
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Microfiche copies
of statements covered
inEIS

(available through annual
subscription, by subject,
region, or agency; or by
individual statement)



Special
Tape Recordings

o Milestones in Physical
Chemistry

8 Speakers - 315 Figures
Length: 5 Cassettes - 8 Hours
PRICE: $45 (postpaid)
The Speakers:

G. T. Seaborg
D. Hodgkin
G. Porter
P. J. Flory
W. O. Baker
L. C. Pauling
H. Eyring
J. H. Van Vleck

o Evolution of Kinetics

8 Speakers - 140 Figures
Length: 4 Cassettes - 6 Hours
PRICE: $35 (postpaid)

The Speakers:
B. S. Rabinovitch
W. A. Noyes, Jr.
R. A. Marcus
K. F. Freed
G. B. Kistiakowski
J. C. Polanyi
S. C1aesson
J. Jortner

o Structure & Quantum
Chemistry

+
Evolution of Magnetic
Resonance

8 Speakers - 210 Figures
Length: 4 Cassettes - 6 Hours
PRICE: $35 (postpaid)
The Speakers:

J. A. PopIe
H. G. Drickamer
F. H. Stillinger
R. Zwanzig
H. S. Gutowsky
J. S. Waugh
H. M. McConnell
F. A. Bovey

o SPECIAL PRICE

ALL THREE SETS ­
$85 (postpaid) save $30!

Order From:
American Chemical Society
1155 Sixteenth St., N.W.
Washington, D.C. 20036
ATIN: Dept. AP

Address

City __s_,o_,o z_'P _

(allow 4 10 6 weeks for delivery)

is issued, at which time it is examined by
EPA for completeness and adherence to
NEPA requirements, and is announced by
the Council on Environmental Quality
(CEQ) in the Federal Register," Herner
told ES&T.

Herner believes that EIS management
control and public awareness should start
at the onset of environmental assessment
activity. Thus, for example, if an impact
is very negative, that fact should soon be
apparent, and the project could be
dropped before much money is spent on
an EIS and other items. Also, the EIS
preparation process could be standard­
ized and improved, especially with re­
spect to cost and time, and elimination of
much redundancy of similar statements.

Herner suggests tighter control at the
assessment, preparation, and an­
nouncement steps, with reasonable al­
lowances for differences between
projects or products and agency re­
quirements. Indeed, IRP is planning to
work with a U.S. government agency to
find ways of establishing and optimizing
this control.

The requirement for preparing as­
sessments and EISs is here to stay. But
the job can be made more standard,
simpler, less time-consuming, less costly,
and less duplicative.

Oh yes, about the curious EIS on heart
pacemakers-it is described in EIS,
February 1977, p 57. Or, for more detail,
the whole statement, issued July 1976
(Final), can be found at the Office of Nu­
clear Material Safety and Safeguards,
Nuclear Regulatory Commission, Wash­
ington, D.C., now a part of the new De­
partment of Energy. It also can be ob­
tained from IRP, which sells microfiche
and paper copies of all impact statements
it covers. JJ

OPO is now considered the best colorimet­
ric method for determining both Free and
Total Chlorine in drinking water. and Hach
offers easy-to-use instruments. proce­
dures and reagents tor both laboratory and
portable testing. Quick-dissolving rea­
gents furnished in individual pre-measured
powder pillows.

For laboratory testing, use the
Hach ORI2 Spectrophotometer:
Hach provides the procedure. the reagents
and a direct-reading meter scale tor use
with the Spectrophotometer. Calibrated for
57 different tests. Or we can furnish cali­
bration instructions for analysts who wish
to use Hach OPO reagents with other
instruments.
Cat. No. 2582

For on-site testing, use the
portable Hach eN-66 Test Kit:
Includes reagents for 50 each Free and
Total Chlorine tests. Take a quick reading
by comparing the pink OPO color with the
corresponding Hach continuous color disc
(included)
Cat. No. 2231 $20.50
To order reagents:
14064-99-0PO Total Chlorine Reagent.
100 powder pillows $ 6.70
14070-99-0PO Free Chlorine Reagent.
100 powder pillows $ 7.85
All prICes are FOB Ames. Iowa and are sub/eet 10 change
wi/houl nollce.
MenllOn of Irade names or commelclal products does not
conslltute endOlesement by lhe Water Quality Qllice or
the En'llfonmenlal PrOlechon Agency.

~CHEMICAL COMPANY
~ First in Water Analysis
P.O. Box907· Ames. Iowa 50010 U.S.A.
CaIITOLL-FREE 800/247-3986
(Iowa residents call collect 515/232-2533.)
TWX: 910-520-1158
And: Hach Europe • Nam~r Belgium
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Oil burning c~n be
less "fuelish"

Sometimes its use is unavoidable. In that case, more
efficient combustion is desired. Here are some
methods than can reduce air pollution, as well

flame. These features, in turn, bring about
a reduction in NO. emissions which, ac­
cording to ELF, can be 10-50%. For ex­
ample, when heavy fuel oil is burned in
conventional systems, NO. can be 4200
mLlkg of oil burned, the company esti­
mates. With a heavy oil/water emulsion
fuel, NO. emissions could be 3800 mLlkg.
With lighter oils, NO. emission could be
markedly reduced.

Likewise, soot from heavy fuel oil alone
could be 140 g/ 10 h of burning, while
unburned solids are 7500 mg/kg of oil
burned. With the emulsion, soot is re­
duced to 5 g/10 h, and unburned solids to
200 mg/kg.

Whether one likes it or not, oil will
continue to be a major fuel for the indus­
trial economies of many countries, in­
cluding this one, for the foreseeable fu­
ture. Thus, it makes sense to try to find
cleaner, more efficient ways of burning it.
Indeed, it would be ideal if fuel oil could be
made to burn as cleanly as natural gas
does. That may be too much to expect,
but perhaps one can come close. One
approach was devised during the late
1960s by Sonic Development Corp.
(Upper Saddle River, N.J.); that technique
uses ultrasonics to atomize even very
heavy oil. The oil burns with a clear, hot,
blue flame, which resembles that of nat­
ural gas.

Another method with a touch of sa­
voir-faire involves emulsification of fuel
oil with water. It was developed by So­
ciete Nationale ELF Aquitaine (Courbe­
vole, France), and is being used at several
hundred heating plants and industrial in­
stallations in Europe.

"'s bul" to "soot"

The clean burning of fuel oils by emul­
sification with water is accomplished as
follows: Light or heavy fuel oils are
emulsified by a proprietary method de­
veloped by ELF. Then any mechanical
pulverization or atomization burner can

receive the emulsion and the necessary
air. Regulation of emulsion flow can be
automatic or manual. The emulsion is
atomized by a pneumatic technique. This
emulsion process can be installed in new
or existing heaters, ovens, furnaces, or
kilns, ELF's Claude Delatronchette told
ES&T.

The proportion of water in the emulsion
varies according to the application. It can
reach 60 % for furnace applications and
20 % for boiler applications. The burning
process is suitable for all mechanical at­
omization burners, and achieves a 90­
95 % reduction in soot and unburned
solids, according to ELF. These lower
unburned solids and soot deposits elimi­
nate the need for soot collectors, cut op­
erating costs, and help to produce a
constant energy output. The oil flame is
more uniform in temperature, more "fill­
ing", and more radiating, because of en­
hanced combustion.

Knocks down NO.

Instead of 20-30% excess air, which
oil burners normally use, the ELF burner
concept uses 10% excess air. This use
of less excess air leads to a slightly lower
flame temperature, and attenuation of
temperature gradients in and around the

LessS03

There will always be some small
amounts of residual sulfur, even in low­
sulfur, or well-desulfurized oils. When the
oil is burned, the sulfur will become 502,
upon which emulsification can have but
little effect. Other means must be used to
bring 502 within legal or regulatory tol­
erances, as necessary.

However, with conventional oil burning,
some 502will be "upgraded" to 503, This
503, generally 1-5 % of the 502 gener­
ated, can cause severe flue and stack
corrosion. According to ELF, the use of
emulsions can reduce S02-to-S03 con­
version by more than 50%, in many
cases.

Thus, oil burners can be made to use
fuel oils in a cleaner and more efficient
manner. An example is the ELF fuel/air/
water burner for furnace applications,
which emulsifies the oil in the burner.
Atomization by ultrasonics is another
technique, and there might be more ap­
proaches extant, or under development.
Be that as it may, oil will be needed in the
economics of most countries and eco­
nomic sectors for many years to come.
For this reason, the optimization of its
combustion efficiency serves the causes
of fuel conservation and pollution abate­
ment well. JJ

Oil emulsion burner

ELF's Delatronchette
clean fuel oil use with savings
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Tumble-Burner™ incinerator
is the answer
to efficient disposal of nearly
all industrial wastes...
.•.even waste rocket fuel!
CAPACITIES TO
4000 POUNDS

PER HOUR

TheTumble-Burner way.~
The tumbling action provides con- , f~ • 1\
tinuous exposure of new material \\J 'J
to combustion air and gases, assur- '~;;:;;,.I'
ing maximum rate of incineration.

The efficient method of disposing of in­
dustrial waste is to make certain that
incineration is complete and the heat
value of the material is fully utilized so
that consumption of auxiliary fuel is
minimal. The design of the Tumble­
Burner incinerator assures this ef­
ficiency. Our engineers developed a re­
fractory-lined, revolving cylinder. This
creates a 75 degree "tumble center"
where incineration takes place. The
tumbling action is the key to complete

The old fashioned way
Dumping new material on un­
consumed older material cre­
ates typical "box" incinerator
problems of smoke, lower rates
of combustion and inefficient
use of fuel.

and rapid incineration. Tumble-Burner
incinerators are used throughout the
world to incinerate nearly all classes of
waste, including high volatile chemical
sludges. Contact us now and we'll
work with you to solve your waste
disposal problem. Write for Bulletin
No. 119. C-E Raymond, Combustion
Engineering, Inc., 200 West Monroe
Street, Chicago, Illinois 60606. Phone
(312) 236-4044.

E
~PROCESS
iiii& EQUIPMENT

COMBUSTION ENGINEERING, INC
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FEATURE

Converting wastes
to raw materials

By redesigning processes to recover wastes, Philips,
an international company, has reduced the discharge of

pollutants to the environment and achieved economic benefits

J. J. A. Ploos van Amstel and J. Lee-Frampton
N. V. Philips' Gloeilampenfabrieken

Eindhoven, The Netherlands

Because of its international structure, Philips' efforts to
minimize pollution from its own production processes cannot
be restricted to meet only local or national regulations. There­
fore, the company has established a system of international
cooperation to ensure that its antipollution measures and pro­
cedures are fully implemented and coordinated throughout the
company.

Tests and intensive research have led to a wide variety of
antipollution measures; for example, redesigning certain pro­
duction processes and equipment to reduce pollution is accorded
much attention throughout the company. The overall aims are
to prevent pollution whenever possible, and to minimize waste
products. This involves policy bodies, steering groups and su­
pervisory boards extending as far as Philips' national organiza­
tions, product divisions, plants and departments. In addition, there
is very close liaison with local, regional, national and suprana­
tional authorities concerning standards and specifications.

The data collected from these sources are analyzed by a team
based in Eindhoven, The Netherlands, charged with the re­
sponsibility of integrating Philips' total environmental policy. The
team, known as the Pollution Control Office (PCO), a department
of the building design and plant engineering division, is headed
by Ploos van Amstel. The PCO acts as Ii consultant to Philips'
plants to reduce pollution from these plants as low as possible,
and certainly within legally imposed limits. This office also en­
courages the development of processes and products that are
harmless to the environment. Finally, the pca supervises the
implementation of all antipollution measures it imposes.

Putting the policy to work

In the past, measures taken by Philips were chiefly directed
at solving existing environmental problems. It was typical of
those times that the product and the process were accepted,
while the consequences to the environment were simply dealt

956 Environmental Science & Technology

with by purification techniques which, in turn, often created
environmental problems of their own.

Experience showed that it was frequently possible to obviate
environmental problems by making slight modifications to the
product and/or process. For instance, a large waste-burning
incinerator at Maarheeze (near Eindhoven) was shut down only
two years after its start-up because the company had learned
to do without it, simply by redesigning the polluting elements of
the processes involved. In practice, of course, it is not possible
to prevent all environmental problems. Compromises among
technical, economic and ecological factors are often necessary
to bring about an optimum solution.

Water pollution

Almost every industrial process uses water and yet it is now
becoming apparent that water is by no means a limitless re­
source. Already the scarcity of good-quality groundwater and
the increasingly high costs involved, especially where wastage
is concerned, has forced the company to economize. The Water
Economy Committee (WEC) at Philips' headquarters at Ein­
dhoven has been systematically studying ways to reduce wast­
age.

The WEC found that four factory sites in Eindhoven, with a total
annual water consumption of 12-13 million m3, use 60-70%
of the water for cooling purposes. Needless to say, the com­
mittee first directed its attention to the main water consumers
such as the boiler houses and engine rooms. And, in the
meantime, compressors and vacuum pumps have been fitted
with thermostatic control valves to regulate the intake of water,
the maximum permissible COOling-water temperature being set
in advance. The committee is convinced that water economy
can be achieved in most instances simply by fitting inexpensive
control valves. Only when huge quantities are involved, or where
the installations are complex, are cooling towers or water-<:ooled



refrigerators ever necessary. Machines do not require a constant
supply of cooling water and, simply by installing relatively in­
expensive on/off valves in the cooling-water supply, the water
otherwise consumed during the nonoperational period can be
saved.

Generally, the cooling-water temperature can rise to some
40 °e without causing harm to machinery; yet, in the past, it was
the practice to drain off this water as soon as its temperature
had increased by about 2 °e. The new arrangements have al­
ready led to a saving of about 3 200 000 m3 water per year in
the Eindhoven area. Figure 1 gives an idea of the costs involved.
Figure 2 graphically depicts the reduction in groundwater
usage.

Even simple modifications and/or redesign have led to im­
portant savings of raw materials that otherwise would have been
discarded as waste products. The costs of the new approach
often proved less than those of the original, with the result that
production costs were reduced in a significant number of in­
stances.

Plant modlflcallon/redeslgn

Below are several examples of process changes that have
resulted in savings of water and chemicals.

Etching incandescent lamp filaments
With the help of small and almost completely closed etching

cabinets, it is possible to use much smaller absorption towers
for the removal of the nitrous gases generated during etching.
The quality of the filaments produced by this new method is the
same as with the old one. Total investments required in the new
system are 20 % of those necessary for a conventional system
with a conventional pollution abatement system.

Washing black-and-white television tubes and screens of color
television tubes

This is done with diluted hydrofluoric acid that dissolves a thin
film of glass on the inside of the tube. This dissolved glass is
converted into compounds that are only partly soluble in the acid;
the nonsoluble compounds crystallize out as a granular product.
Because of the harmful effect of these solid compounds on the
washing process, the saturated solution is drained off.

FIGURE 1

Cost of water used at the Eindhoven plants
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It was found that the precipitate can be removed from the bath
quite simply by filtration. Accordingly, the baths need no longer
be drained off, and all that is necessary is to keep them at the
appropriate concentration by the addition of concentrated hy­
drofluoric acid. This modification of the process has reduced the
consumption of hydrofluoric acid by half.

Washing color-TV tube cones
In the past, this was also done with dilute hydrofluoric acid.

At present, a soda solution is used for washing. The effect of this
process modification is that the process has become cheaper,
safer and environmentally acceptable.

Washing Silver-cupped lamp envelopes
For this, a dilute mixture of hydrofluoric acid and hydrochloric

acid was used in the past. The hydrochloric acid was added to
increase the solubility of silicofluorides, so that the use of the
etching bath could be prolonged. The introduction of a system
of filtering (as described already with respect to the washing of
TV tubes and screens) extends the life of the bath considerably.
The savings: 100% hydrochloric acid and 70 % hydrofluoric acid.
Subsequent experimentation obviated the need for hydrofluoric
acid in the washing process.

Etching silicon wafers for transistors
This takes place in a mixture of nitric acid and hydrofluoric

acid. The solutions are drained off after one use. It was soon
discovered that a bath could be used four to ten times, depending
on the type, without any change in the electrical properties of
the product. Furthermore the spent etching agent does not have
to be drawn off, but can be sold to the stainless steel industry.
All these and other process modifications have led to a reduction
in the consumption of hydrofluoric acid by about 75 %.
Etching of printed wiring panels

The technology used to the present day is based on a phenolic
'paper laminate coated with a copper film. In principle, all this
copper is etched away with the exception of the pattern of
conductors. In the past, very diverse etching agents were used
for this: chromic acid; ferric chloride; ammonium persulfate;
sodium chlorite; or cupric chloride. The result was a wide range
of specific waste materials, often with the possibility of poor
recovery of copper. After many years of research and pilot

FIGURE 2

Reduction of ground water usage
(Eindhoven plants)
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Reversing a management decision

Late in 1970, one of the plants of the Pharmaceutical­
Chemical Products Division was faced with serious complaints
about the smell resulting from the discharge of waste to surface
water in the neighborhood. Although there had been no change
within the plant, and the wastewater discharges were still the
same, they appeared to be at least partly the cause of the smell.
Later, the explanation was found to be that the dock into which
the waste was discharged was being deepened. This led to a lack
of oxygen and to fermentation processes in the deeper water,
which meant that malodorous gases were being released. Under
the pressure of public opinion, Philips decided to build a bio­
logical purification system.

The plan was divided into two phases. Phase 1 was the re­
duction of wastewater discharge from 6600 tons CODly to 3300;
and Phase 2 will be the reduction of wastewater discharge from
3300 to not more than 500 tons COD/y.

An initial inventory soon enabled a distinction to be drawn
between the large quantities of chlorides that were discharged
with the cooling water, and the organic substances that were
used in the processes or were left behind as residues after
them.

The large quantities of chloride originated in the spring water
used. So, in cases where the temperature of the cooling water
did not need to be high, use was made of river water. Also, since
tl)e capital costs involved in a purification plant depend partly
on the amount of wastewater to be treated, a study was made
of the feasibility of recirculating the cooling water. This proved
to be a definite possibility.

The second inventory took more time and was more difficult
Department after department and process after process was
examined. Almosi all the processes are chemical, and a certain

process now includes a post-reaction phase in which 90 % of
the formerly discharged phosphates are converted into fluo­
rescent powder, with the result that ttie phosphate discharge has
been decreased by the same amount At the same time the ef­
ficiency of the process has increased by 10%.

Masks for color TV tubes
Figure 3 shows the advantage of careful adjustment to process

equipment In this particular example, the process relates to the
discharge of iron during the etching of TV masks, and shows how
the process drastically improves from a "peak-to-valley" sit­
uation prior to adjustment to an almost completely smooth one
after adjustment (nearly 80 % improvement).

Regeneration of solvents

Efforts to promote process efficiency via solvent regeneration
are, of course, not new, but people have been insufficiently
aware of the possibilities that exist for regeneration. Since 1971,
the increasing shortages of raw materials, the resultant steep
increase in prices, and concern for the environment have been
additional reasons for favor of regeneration of solvents on a
larger scale.

Before 1971, only four solvents were regenerated in the Dutch
plants. They included trichloroethylene and perchloroethylene.
Now there are many, including freons and alcohols, and the
quantities regenerated are increasing all the time.

Regeneration also reduces costs. Re-use means that far
smaller quantities of solvents are brought in, while the costs of
transport and destruction by incineration also disappear. Also,
it has been found that a regenerated agent used for one process,
can also be used as a raw or auxiliary material in another pro­
cess.

The cost of regeneration is almost always lower than the sum
of the additional purchases and transport and incineration costs,
but the actual relation will depend on the market situation. Be­
tween 1968 and 1971, the various Philips' establishments in The
Netherlands (except the Pharmaceutical-Chemical Product Di­
vision, which has its own facilities) submitted 300 000 L of sol­
vents per year for regeneration. The corresponding figure in 1972
was 450 000 L; in 1973, 700 000 L; and in 1974,1.3 million L.

SatFnThurWed

260(~

" rN~V. 1;

M 1\lQ m IIeIore adjustn8Jt
I rf, 't~l~ ~

~.
, il? ~ rIll

tv '\. ,..
..

11

~n i\1n. .... .r:,
~L'"'-;'~""

After adjustn8Jt

120

40

20

o Mon Tues

'0 100

~ 80
'".c
~ 60o

160
c:::€ 140
OJ)

,t

FIGURE3

Adjustment of process equipment leads to
a decrease in Iron discharge
180

production, many print departments (within Philips) have mainly
adopted cupric chloride as an etching agent, which allow the
economical recovery of copper from the spent etching baths.
This eliminates pollution problems. Meanwhile, work is pro­
ceeding on a new technology, a process in which copper is
deposited out only where conductors are desired.

Recovering metals from rinsing water
Since some metals have been found to be substances that

may be particularly dangerous to health, it is vital to prevent their
discharge to the environment That this can be achieved by
process modification is shOwn by the following example in which
the discharge of metals with the flushing water is reduced to a
minimum, and there is increased efficiency in the use of copper,
silver, tin and zinc.

After components have been copper-plated by electrode­
position of the metal, they are passed through a series of rinsing
procedures to remove the bath liquid still adhering to them. Most
of that liquid will be removed by the first rinsing and the "pollu­
tion" there will be relatively high. Instead of discharging this
water to sewers as was formerly the case, the rinsing basin is
now linked to a closed recirculation system in which the copper
is removed from the rinsing water electrolytically. The system
is designed to ensure that the quality of the rinsing water remains
as high as possible. The plates on which the recovered copper
is deposited are re-used in the actual copper-plating bath, so that
copper, too, is partly recycled.

Recovery ofphosphors in the manufacture of color-TV tubes
At a particular phase in this process, the screens are covered

with a phosphor suspension, which is then made to adhere to
the glass in a particular pattern by means of ultraviolet light

The non-radiated surface area (approx. two-thirds) is then
rinsed with water. In the original process setup, the rinsing water
and the suspension were discharged to sewers. It later proved
possible to separate the suspension from the rinsing water by
centrifugation, and to make it (the suspension) suitable for re-use
by passing it through B regeneration process.

This modification has already been introduced for red and
green phosphors and arrangements are now being made for the
blue phosphor.

Phosphate discharge down by 909.6
Wastewater containing phosphate is discharged in the

preparation of fluorescent powders for fluorescent lamps. The
phosphate was formerly removed in a purification process in
which lime was used. This prevented the eutrophication of the
water by the phosphates, but it meant that the phosphates had
to be removed in the solid state (by precipitation).

In the meantime a much better solution has been found. The
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degree of recirculation of solvents is built in. Nevertheless, the
analysis of the data yielded greater insight into the processes
and into the possibilities for recirculation and regeneration. The
processes were consequently modified in that direction.

These activities also led to the conclusion that more attention
would have to be paid to the use and misuse of chemicals,
particularly those previously used for other processes. This has
led to unexpected savings.

The effect of process modifications, already referred to, soon
became apparent. By the end of 1973, pollution had been re­
duced to 2400 tons COD/yo This result was achieved by ana­
lyzing the volume, the COD content and the pH for every process
layout, and adapting the processes on the basis of that knowl­
edge.

For example, in the production of an ester, an intermediate
step in the synthesis of vitamins, the first layer was drawn off
for regeneration of acetone. The other layers were discharged
to the sewage system. Analysis showed that the first layer
contained much less acetone than had been assumed, and that
the second and third layers contained far more than anyone
realized. Fractionating the second and third layers yielded a
reduction of 300-400 tons COD/yo

In similar processes, no attempt was made to recover
chemicals because of an assumed economic disadvantage. That
situation has now been changed because it had been found that
when effluent charges are taken into account they swing the
balance in favor of recovery.

In the course of making the inventory of a similar process, one
process layer was found to be a condensation product of acetone
and an aldehyde, of no use in the particular process. Modifying
the pH of the process resulted in the condensation product
breaking down into constituents that could be used again in the
same process without side effect on either the product or the
process.

Economic aspects, management decisions

In a number of cases, process modification was found to yield
immediate financial advantage even when the costs in the old
situation were compared directly to those in the new. On the
other hand, a number of processes have proved slightly more
costly in the new situation, but they are still more financially
attractive in relation to the capital costs involved in wastewater
treatment and/or effluent charges.

After consultation with the authorities and public advocacy
groups, the developments reported here with their favorable
effects on the environment, led to cancellation of Phase 1 by the

TABLE 1

Instrumentation. Monitors industrial wastes

management. The COD content of 2400 tpy achieved by process
adaptation is in fact much lower than that planned after the
completion of Phase 1.

It was also decided to use the planned interval of 2.5 y be­
tween Phases 1 and 2 for further investigation. Furthermore, the
management has become convinced that even if the capital
investment and annual cost are ignored, process modification
is preferable to purification because:

• no sludge, which is difficult to dispose of, will be formed
• no filtering arrangements are necessary
• no unpleasant odors are created
• less space is needed
• there are also possibilities for tackling the problem of salt

reduction.
After further study, Phase 2 may prove unnecessary; this

should soon be established. If Phase 2 is unnecessary, a small
treatment plant capable of dealing with about 300 tpy will be
adequate to handle the remaining wastewater COD load, thus
proving that careful investigation and modification of existing

Environmental aspects of developing a new product

Functlon/ob

Market research

Research

Development

Purchasing
Engineering

Sales

Production

Dispatch

Sphere of Influence

Product specification; series size.

Technology-manufr. techn.; materials;
product functions.

Product specification; choice of
material; of procedure; of process;
of concept; life.

Choice of supplier; choice of material.
Use of materials, minimizing of losses;

choice of progress; integral prod.
equipment; recirculation systems.

Group replacement, obligation to take
back.

Discipline quality; control of processing
and production machinery;
maintenance; control of waste flows.

Environmental aspects

Noise regulations, power consumption,
water consumption, service life,
dangerous substances.

Harmfulness, scarcity, processibility
of waste.

Best available, with respect to
environmental malters; value of by­
products.

Scarcity, risks/packaging.
Process residues, rejects, waste.

Self-destruction, expert processing.

Waste prOducts, dangers, separating
various types of waste.

Transport, packaging.

.-
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seA
SOLVES YOUR

We can accept such troublesome materials as
polychlorinated biphenyls (PCBs), halogenated
hydrocarbons, cyanides, pesticides, carcin­
ogens, heavy metal sludges, and most other
chemical wastes, in any quantity from drum to
tanker.

Our operations include distillation, high-temp
incineration, waste-water neutralization and
treatment, solidification, and scientific land­
filling with leachate processing, all in accord­
ance with federal, state, and local codes.

We'll take care of your problem wastes,
usually for less than it costs you to do it
yourselves. You'll avoid expenditure for
sophisticated equipment, you'll gain the
economies of high-volume treatment, you'll
reduce your operational hazards, you'll
minimize your liability exposure. And if your
wastes contain recoverables, you may be able
to reduce your disposal costs.

CHEM-TROL POLLUTION SERVICES, INC.
MODEL CITY, NEW YORK 14107
716·754·8231

EARTHLINE COMPANY
GAESS ENVIRONMENTAL SERVICES DIVISION
PASSAIC, NEW JERSEY 07055
201·773·2931

Coordinated by lRE

Jon Lee·Frampton is in the Science &
Industry Division Press Office of Philips
Eindhoven. Before coming to Philips,
Lee-Frampton was a journalist on Lon­
dan's Fleet Street.

J. J. A. Ploos van Amstel directs Philips'
Pollution Control Office. Dr. Ploos van
Amstel joined Philips in 1970 as a process
engineer concerned with environmental
protection.

processes can eliminale the necessity of building new plants
or redesigning new processes.

Monitoring Industrial wastes

In essence, Philips adopts a three-part approach to its in­
house environmental control. First, it tries to prevent pollution
by modifying or designing processes to give zero pollution;
second, where this cannot be achieved, the company attempts
to minimize its pollution and contain it in-plant (by recycling, this
pollution is lowered to acceptable levels); and, third, all waste
products are purified and the ensuing pollution, if any, is kept to
minimal levels.

The waste products from all Philips plants in The Netherlands,
for instance. are sent to the chemical wastes center in Eindhoven
where they are stored in specially-labeled containers. Here, the
wastes are carefully monitored (pH, redox, temperature and
heavy metals) by using Philips' monitoring and analytical in­
strumentation developed by the company's Science & Industry
Division. Where necessary. chemical wastes are neutralized
prior to their disposal or recycling treatment.

Environmental aspects of developing
new products, processes

It is vitally important, when developing products and pro­
cesses, to forecast the environmental consequences as accu­
rately as possible, to control them and, as far as possible, to
prevent them.

The incorporation of environmental responsibility in corporate
management is closely related to the industrial activity. The
creation of new products and processes is an operation con­
sisting of a number of successive phases; at every state, dif­
ferent jobs and functions are involved, each with its own sphere
of influence. Table 1gives a picture of the environmental aspects
of creating new products.

Aspects such as quality requirements, resistance to tropical
conditions. visual requirements in relation to the function of the
product. preservation during temporary storage and packaging
can also have consequences for the environment, and must be
considered.

The result is that the problems caused by waste are dealt with
in a variety of ways, depending frequently on local circum­
stances. Because of the need to meet particular qualitative and
quantitative requirements of environmental legislation, problems
will have to be solved within the confines of the individual plant.
and a basic approach will have to be adopted.

Re-use, regeneration to raw or auxiliary materials and the
supply of regenerated substances as raw materials are some
examples of how wastes can have a certain residual value.
thereby making them by-products in the accepted sense of the
word. The costs, and the method of disposing of those wastes
that cannot be put to further use, also affect the choice of raw
and auxiliary materials. The preparation of a materials "balance
sheet" for raw and auxiliary materials helps increase one's
knowledge of the environmental consequences of a new pro­
cess, or the start-up of a new product production.

SUDsochimesol

~
SERVICES

HARTLEY & HARTLEY, INC,
KAWKAWLIN, MICHIGAN 48506
517·684·3960

EARTHLINE DIVISION
WILSONVILLE, ILLINOIS 62093
217·835-2931

CIRCLE 8 ON READER SERVICE CARD
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CHEMICAL
CARCINOGENS

A tape recorded in-depth look at
the problem of hazardous sub­
stances in the environment.

5 Speakers
Length: 164 Minutes
14 Figures

The Speakers:

H.H. Fawcett-Purpose of Symposium
B. Carroll (N.LO.S.H.)-Toxic Substances

List-What. Why, How, ForWhom
W.F. Malone (Nat'l. Cancer Inst.)-Occupa­

tional Cancer Control and Prevention

N. Meade (EPA)-Actual vs. Acceptable
Risks from Asbestos

W.S. Wood (Wood Assoc. )-Engineering
Approach to Control of Chemical
Carcinogen Exposure

PRICE: $18.00 (Casselles Only)
(Postpaid. includes printed copies of slides used)

Order From: American Chemical Society
1155 Sixteenth Street, N.W.
WashIngton, D.C. 20036
ATTN: Dept. AP

Name _

Address

City' _

Slale lip _

(allow 4 to 6 weeks for delivery)

INTERFERON
Interferon may play an important role
in protecting against virus infections,
cancer. and other diseases. The po­
tential for interferon is examined in this
tape recorded symposium.

4 Speakers
Length: 143 Minutes
44 Figures

The Speakers:

S. Baron (Nat'!. Inst. Allergy. Infect.
Dis.)-Biological Aspects of the Interferon
System

H.B. Levy (N.I.A.I.D.)-Mechanism of
Antiviral Action of Interferon

J. Vilcek (New York U.J-Interferon
Induction with Polynucleotides and Viruses

J.F. Niblack (Pfizer)-Synthetic Inducers
of Interferon

PRICE: $18.00 (Casselles Only)
(Postpaid, includes printed copies 01 slides USed}

Order From: American Chemical Society
1155 Sixteenth SHeet. N.W.
Wash,ngton. D.C. 20036
ATTN: Dept AP

Name . _

Address

City' _

Slale Zip _

(allow 4 to 6 weeks for delivery)

PROGRESS
IN CANCER

CHEMOTHERAPY
Tape recorded discussions about new
drugs that look promising in the
battle against cancer.

5 Speakers/I 67 Minutes/85 Figures

The Speakers:

A.C. Sartorelli (Yale U.)-Optintization
of the Antineoplastic Potential of
a-(N)-Heterocyclic Carboxaldchyde
Thiosemicarbazones (HCT)

D.W. Henry (Stanford Res. Insl.)­
Adriamycin

N.R. Bachur (Nat' I Cancer tnsl.)-Bio­
chemical Pharmacology of the Anthra­
cycline Antibiotics

AJ. Lin (Yale U.)-Potential Biore­
ductive Alkylating Agents

G.P. Wheeler (Southern Res. Insl.)­
Review of Studies on the Mechanism
of Action of Nitrosoureas

PRICE: $18.00 (Casselles Only)
(Postpaid. includes printed copies of slides used)

Order From: American Chemical Society
1155 Sixteenth Slreel, N.W
Wash;ngton. D.C. 20036
ATTN: Dept. AP

Name _

Address

City _

Slate Zip _

(allow 4 to 6 weeks for delivery)

Selective
Insect Control

Tape recorded symposium examines
the potential of growth regulating chem­
icals as selective insect control agents.

3 Speakers
Length: 135 Minutes
95 Figures

The Speakers:

L.I. Gilhert (Northwestern U.)-Bio­
chemical and Physiological Aspects of
tnsect Growth and Development

J.H. Law (U. Chicago)-Juvenile Hor­
mone Synthesis and Action in Insects

J.W. Barnell (Ciba-Geigy)~Recent
Developments in Insect Growth
Regulators

PRICE: $18.00 (Cassettes Only)
(Postpaid, includes printed copies of slides used)

Order From: American Chemical Society
1155 Sixteenth Street. N.W
WashIngton. D.C. 20036
ATTN: Dept. AP

Name·_~ _

Address

Cily' _

Siale Zip _

(allow 4 to 6 weeks for delivery)

CONTROL OF
ATHEROSCLEROSIS
Atape recorded symposium detailing the
latest advances toward controlling athero­
sclerosis and reducing coronary hearl disease
which kills 600,000 Americans each year.

6 Speakers/210 Minutesl125 Figures
The Speakers:
R.I. Levy (Nat'l Heart & Lung Insl.)­

Lipids in Atherosclerosis
GJ. Holland (Plizer)-Recent Advances

in the Discovery & Development ot
Anlihyperlipidemic Agents

R.M. Tomarellt (Wyeth)-Anlihypercholester­
olemic ActiVity of WY 14,643, a 2-Pyrimi­
dinylthioacetic Acid Derivative

R.A. Parker IMerrell-National)- 5-(Tetrade­
cyloxy)·2-Furancarboxylic Acid (RMI
14,514) & Related Hypolidemic Fatly Acid­
like Alkyloxyarylcarboxylic Acids

L.R. Mandel (Merck)-Studies ot the Mode of
Action of Halolenate

L.A. Kelly (Sandoz)-Studies of a Series of
Compounds which Reduce Serum Choles·
terol With and Without Accumulation of
Sterol Precursors of Cholesterol

PRICE: $18,00 (Casselles Only)
(postpaid, includes prinled copies of slides used)

Order From: ACS/115516th Street. N.W.
Wash .. D.C. 20036/Atln: Dept. AP

Name' _

Address _

Cityl _

State Zip ~

(allow 4 to 6 weeks lor delivery)

Progress Toward
Synthetic Oils
Shale, coal, oil-bearing sands all offer
an opportunity to add to our energy
reserves. The potential tor each is
examined in this tape recorded
symposium.

4 Speakers
Length: 125 Minutes
47 Figures

The Speakers:
H.W. Sternberg (Lawrence Livermore Lab.)­

The Nature of Coal Liquefaction Products

S.K. Kunchal (paraho Oil Shale Demo.)­
Energy and Dollar Requirements in an Oil
Shale Industry-Based on the Paraho
Process

G.A. Myers (Atlantic-Richfield)-Prerelining
of Shale 0;1

R.H. Fischer (Mobil)-Non-Hydrogenative
Demetalation of Residua Using Manganese
Nodules

PRICE: $18.00 (Casselles Only)
(postpaid. includes printed copies of slides used)

Order From: American Chemical Society
1155 S;xteenth Street. NW.
Wash;ngton, D.C. 20036
ATTN: Dept. AP

Name _

Address

City _

State Zip _

(allow 4 to 6 weeks for delivery)



Instrumental sensing of
stationary source emissions

Ground-based, remote-sensing techniques
are under development and testing

William F. Herget and William D. Conner
Environmental Protection Agency

Research Triangle Park, N.C. 27711

The first use of remote sensing began around the century
with the training of observers to compare black plumes to a
series of charts of graduated shades of blackness (Ringelmann
method). The technique was altered and extended to plumes
other than black ones in 1948 with the training of observers to
evaluate the degree to which the plume obscures light (opacity
method). The EPA now uses the opacity method and has es­
tablished opacity standards for particulate emissions.

Instrumental remote-sensing methods have been used for air
pollution measurements for over a decade. Various techniques
such as longpath, high-resolution infrared spectroscopy have
been used on a research basis to identify and measure the
concentration of various pollutants in the atmosphere. In recent
years the development of a number of eleclro-optical techniques
for remote measurement of the concentration of pollutants
emitted by stationary sources has been moderately rapid. Most
of these techniques have evolved from laboratory methods that
have been in use for many years.

For stationary source applications, It is likely that remote
sensing will find its greatest use in enforcement and surveillance
activities. It is also possible that at a large industrial complex,
where there are many pollutant sources within a single plant
boundary, the use of remote sensors for continuous monitoring
would be practical. The particular advantage of a remote sensor
over a contact sensor in these applications is its ability to monitor
a number of different sources sequentially in a relatively short
time. In enforcement activities, where a single remote sensor
could be used to monitor several sources per day, it is estimated
that operational costs would be one-tenth the cost of contact
sensors, although the Initial cost of the remote sensor would
probably be significantly more than that of the
contact sensor. Other advantages of remote
sensors for enforcement purposes are that they
can monitor emissions on an unannounced and
non-interfering basis from off the source prop­
erty, and most of the sensors can operate at
night as well as during the day.

A variety of programs have been conducted
within EPA over the past several years to eval­
uate the capability of various ground-based re­
mote-sensing techniques for measuring the S02
concentration, velocity, and opacity of effluents
from coal-burnlng power plants.

Measurement programs

Several techniques have been developed that
can measure the concentration and velocity of
gaseous species and particulate opacity. The
velocity measurement is needed so that a mass
emission rate may be determined. In order to
evaluate the accuracy, utility, and.state of de­
velopment of some of these techniques, a series
of measurements have been conducted at
coaJ-burning power plants, and the results of the
remote measurements were compared with the
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results of instack measurements made using the EPA Reference
Methods. The techniques studied In these programs are:

• infrared gaS-filter correlation radiometry (GFCR), for S02
concentration

• Fourier-transform infrared spectroscopy (FTIS), for S02
concentration

• ultraviolet matched-filter correlation spectroscopy (MFCS),
for S02 concentration

• infrared and ultraviolet television (IRTV and UVTV), for
velocity and S02 concentration

• infrared laser-Doppler velocimetry (LDV), for plume ve­
locity

• visible laser radar (lidar), for plume opacity.
The emphasis in the work described on measurements of gas­
eous species concentrations has been on techniques not in­
cluding lasers because of overall practicality. For remote velocity
and opacity measurements, techniques using lasers are nec­
essary.

GFCR technique is able to measure S02 concentrations in the
400 ppm range with an accuracy of about 25 % (as compared
with Reference Method 6) for a plume 2-m thick at a temperature
of about 425 OK. The present instrument does become insen­
sitive if any of the parameters-pathlength, concentration, or
temperature---orop much below the above values. The GFCR
is an ideal remote sensor in that one person is able to operate
the instrument and reduce the data, and the instrument's cost
is not excessive (about $25 000). Furthermore, the overall
performance of the instrument can probably be significantly
imprOVed through the use of cooled detectors, more 'lfficient

optics, and better calibration procedures. The
technique is readily adaptable to other gases
such as CO, HF, and tiCl.

FTiS is probably capable of yielding greater
accuracy than the GFCR if a reliable plume
temperature can be determined. However, in­
strument cost, complexity of data reduction and
complexity of operation are much greater for the
HIS than for the GFCR. Since most pollutant
monitoring is done on a single pollutant basis,
the GFCR must rate well ahead of the FTIS in
overall practicality for enforcement needs. "
cases arise where multipollutant monitoring
becomes important, the FTIS could become
more practical.

For general research studies to characterize
gaseous pollutants emitted by various types of
sources and to determine optimum spectral
regions for the operation of specialized instru­
ments (for example, the GFCR), an FTIS system
will remain the most suitable spectroscopic
method. This type of research activity is being
conducted at EPA; the grating spectrometer used
in the past has been replaced by an FTIS cou­
pled to telescopic optics. The system is IT1Our1ted



in a van, and in conjunction with a remotely located light source,
can make longpath (about 2 km) absorption measurements at
a spectral resolution of 0.125 cm- 1. Single-ended measure­
ments of emission spectra from warm plume are also made.

MFCS (Barringer COSPEC) was shown to be able to measure
S02 mass emission rates with an aCCll"acy of about 25 %. Much
of this error is attributable to wind-velocity measurement errors.
Another system, the UVTV system, was found to be able to
measure S02 concentrations with an accuracy of about 25 %
for relatively clean plumes. Further work is necessary to de­
termine the practicality of an IR or UVTV velocity measurement.
Soth the MFCS and UVTV systems are restricted to daylight
operation. The LOV technique was shown to be well suited for
remote stack-exit velocity measurements, and to have the po­
tential of measuring a particulate mass emission rate.

The accuracy of the Iidar system, as determined by use of
calibrated screens, was within 3% opacity for screen opacities
ooder 50%. At the coal-fired power plant study, good correlation
was obtained between lidar and instack measurement of plume
opacity, although the Iidar measurements were consistently
higher than the instack measurement. This difference, probably
owing to a velocity cone at the top of the stack studied, would
probably be much less if the instack measurements of opacity
had been made at the stack exit.

The experience gained in conducting the evaluations de­
scribed above has led to the formulation of some general pro­
cedures, that, though they may seem obvious, are considered
necessary for reliable evaluations:

• Data obtained by the remote and instack methods should
not be compared until the measurements are complete to pre­
clude any unintentional bias.

• Instack measurements should be conducted using a con­
tinuous monitor in addition to the Reference Method because
the remote instrument is also continuous.

• Calibration of all instruments must be thorough and care-
ful.

• Any changes that OCCIX between the instack measlXement

FIGURE 1.

Operational modes of remote sensing

point and the stack exit must be determined.
Two operational modes of remote sensing considered most

applicable to stationary source measurements are depicted in
Figure 1. These modes include both the active mode, which in­
volves the use of a controlled Ii!tlt SOlXce, and the passive mode
where the plume itself or sunlight scattered by the atmosphere
serves as the light sOlXce. All of the active systems envisioned
for stack-exit measurements use laser sources. The active
longpath systems use both laser and continuum light sources.
The general characteristics of selected remote-sensing tech­
niques are summarized in Table 1.

Measurement sites

Figure 2 shows various measurement locations for validation
of remote sensors. Measurements at "A" characterize the flue
gas at conventional sampling locations. While the EPA Refer­
ence Method should serve as the primary standard, the use of
an additional method such as a cross-stack or extractive con­
tinuous monitor is recommended. If these two methods agree,
then there is increased confidence in the instack data. Mea­
surements at "S" characterize flue gases as they exit the stacie
A continuous monitor similar to that used at "A" is used for these
measurements. Comparison of the results obtained at "A" and
"S" will reveal any changes in f1ue-gas characteristics that may
occur while the gases traverse the stack.

The various remote-sensing methods under study can be
evaluated first at location "C" and the results compared directly
with those obtained at "S." These results furnish the required
validation data for stack-exlt measurements. As a simplification,
if it is possible to show that no changes in f1ue-gas character­
istics occur between "A" and "S," then measurements· at "A"
are sufficient. Some of the remote-sensing techniques that are
under development can be used at "0" for plume tracking,
modeling and reaction studies.

The measurements indicated by "E" are made by an "up­
looking" instrument that is moved along a path that encircles
a stack (or an extended area source). This measurement yields

Area
monitoring

(active)

"l~
t
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TABLE 1

Summary of selected remote-sensing techniques
Technique or Spectral Species or

Instrument region parameter Mode Comment

Active techniques
Differential VIS, UV, IR Many gases Stack, area, or Preliminary field testing under way.
absorption perimeter Complicated and expensive but with

excellent potential; 3 dimensional

Lidar VIS Opacity Stack or area Operational day or night for stacks. Area
use being developed

LDV IR Velocity Stack or perimeter Operational day or night for stacks. Has
potential as mass monitor

Long-path VIS, UV, IR Many gases Area or perimeter Can use laser, dispersive or GFCR
absorption systems, ppb levels, double-ended

Raman VIS,UV Many gases Stack May not have enough sensitivity

Fabry-Perot VIS, UV Some gases Stack Lab tested only, has increased sensitivity
Raman over plain Raman

Fluorescence VIS,UV Many gases Stack Lacks sensitivity and specificity

Passive techniques

Matched filter VIS,UV N02, S02 Stack or perimeter Commercially available, day time
correlation operation only

Gas-filter IR S02 Stack or perimeter Stack instrument field tested. Area
correlation instrument under development. Day or

night use. Potential for many gases

Photography VIS Opacity Stack Needs further development

Vidicon UV,IR S02 and velocity Stack Needs continued development and
evaluation

Heterodyne IR Many gases Stack or area Lab tested only, field testing planned
radiometer

Spectrometer IR Many gases Stack Requires high resolution grating or
interferometer instrument for sensitivity
and temperature data

the pollutant optical depth (product of concentration and path­
length) in a vertical column surrounding the stack. These data.
coupled with the local wind velocity, allow calculation of a mass
emission rate. This type of perimeter measurement is especially
applicable to extended area sources, but the validation is most
accurately done on a single isolated stack.

Most of the measurelT1llnts described in the article were
conducted at the River Bend Steam Plant of Duke Power Com­
pany near Charlotte. N.C. At this fOlJ'-unit. 600 MW, coal-buming
power plant. the EPA Emissions Measurement and Character-

FIGURE 2.
Measurement locations for
validation of remote sensors

D
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ization Division, with the cooperation of Duke Power Company.
conducts many of its instrumentation test and evaluation pro­
grams. One stack at this plant is fitted with a number of ports to
allow attachment of various cross-stack and extractive moni­
toring systems. The semipermanent equipment includes a
Lear-Seigler Model RM-4 transmissometer to measure opacity
and a Du Pont Model 460-1 continuous extractive analyzer for
S02and NO•.

The remote measurement site at Duke Power is about
400 m slant range from the top of the instrument stack; the
line-<>f-sig,t is about 80 above the horizontal. Most of the remote
measurements are made from this site, but other sites are also
used. The ports on the instrument stack are between 1-3 m
above the plant roof level. There is a ladder to the top of the stack
to permit "B"-type measurements. A small building has been
assembled on the plant roof near the instrumented stack to house
instrument recorders and to serve as a site laboratory. When
plant operating conditions permit, the generating load can be
varied to change the effluent exit velocity and selected precip­
itator selections can be shut off to increase plume opacity. In
this way the effect of these known changes on the operation of
the remote instruments is determined.

Measurements

The GFCR Instrument was developed for EPA by Science
Applications, Inc. The instrument's operating principles are in­
dicated in the simplified schematic (Figure 3). Plume radiation
traverses the two pairs of optical channels and is focused onto
an infrared detector after being spectrally filtered and optically
chopped at a carrier frequency of 800 hz (W3)' The filter is
centered at 2500 cm- 1 and has a bandwidth of about 25 cm- 1.

This particular configuration is optimized for S02 concentration
measurements.



~
analysis

In a single channel radiation from plume species other than
S02 (or atmospheric species) is modulated by the two cells in
an identical manner at 40 hz (WI) and produces no ac signal at
the detector. Plume S02 radiation is attenuated by the S02 in
correlation cell 1. but not by the N2 in cell 2; thus an ac signal
will be produced by the detector that depends on the plume and
correlation cell S02 concentrations and temperatures. In the'
other channel the correlation cell contains a different amount
of S02 and thus will produce a different signal at 100 hz (W2) at
the detector, owing to plume S02' These signals are separated.
amplified. and their ratio calculated. This calculated signal is a
function of plume S02 concentration, and the instrument is
calibrated by determining this ratio as a function of known S02
concentrations in a heated ceil. The ratio technique has the
advantage of essentially eliminating the temperature dependence
of the resulting signal.

Preliminary data were obtained with the GFCR in the fall of
1974. along with comparison data from EPA Reference Method
No.6 and the Du Pont extractive analyzer. The GFCR results
were within about 25 % of the Reference Method results.

Since the completion of the measurements described above.
one problem has occurred with this GFCR instrument: the cor­
relation cells containing S02 have shown a tendency to leak over
long periods of time (several months). It has not yet been de­
termined whether the leaks result from interaction of the S02
with the sealant that bonds the sapphire cell windows to their
quartz body or possibly just failure of the sealant. This is not now
felt to be a major problem. since cells of more recent design
have shown much greater stability. The first model of this in­
strument lacked sensitivity; a new model is now being evaluated.
This new model uses telescopic optics and liquid nitrogerH:ooled
detectors to increase sensitivity by about two orders of magni­
tude.

The use of FTIS in laboratory emission or absorption spec­
troscopy is a well-established technique. A block diagram of the
system used for remote-sensing measurements is shown in
Figure 4. The interferograms produced in the field by the inter­
ferometer were processed by a real-time analyzer to ensure that
the entire system was operating properly. Tape recorded in­
terferograms were later processed on a large computer to
produce high-resolution spectra for analysis. In addition to re­
cording spectra of plume emission, calibration spectra of
blackbody radiation, the sky background, and the atmospheric
attenuation between the plume and the FTIS were also obtained.
(The EPA-owned FTIS system allows complete data processing
in the field.)

The principal problem in calculating a species concentration
from its emission spectrum is that the temperature must also
be determined from that spectrum to be a truly remote technique.
This is a difficult calculation since an error of just 5 % in the

FIGURE 4
lite ms system: ablock .......

FJeld analysis i-----------------------.---•

temperature will lead to an error of 10-20% in S02 concen­
tration for the 4 /Lm band at 400 OK. This situation essentially
prohibits the use of any simple data analysis technique.

The details of the FTiS measurements were previously re­
ported (see Tanabe. L. H., Report on EPA Contract 68-02-1804,
1975). In the preliminary calculation of S02 concentration, the
temperature was determined by measuring the separation be­
tween the P and R branches of the S02 band. This method gave
results in considerable error. A second temperature measure­
ment was based on the strength of CO2 radiation from the plume
and a knowledge of the CO2 concentration in the plume. This
method gave much better results; however, a number of as­
sumptions were made. and it is not certain that the results could
have been obtained without a prior knowledge of the plume
characteristics.

Considerable work has been done toward the goal of analyzing
plumes remotely by using an FTIS. There is no question that the
FTIS is the most suitable instrument for obtaining high-resolution
spectra of stack emissions for species identification purposes.
In previously reported work (see Additional reading, Prengle et
aI., 1973), a temperature measurement determination was based
on the total energy content in the central burst of the interfero­
gram. The method was shown to work reasonably well on par­
ticulate-free plumes, but no measurements were made on
plumes containing appreciable amounts of particulates.

The first instrument developed especially for remote sensing
of S02 emissions from power plant pllJmes was the correlation
spectrometer (COSPEC) developed by Barringer Research. This
instrument measures the ultraviolet attenuation of S02 in plumes;
scattered sunlight serves as the source of UV radiation. The
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TABLE 2

Mobile Iidar systems characteristics

beam. The backscattered energy and a fraction of the outgoing
laser beam fall on the same detector, and the difference in fre­
quency is detected by conventional heterodyne techniques.

In order to determine the feasibility of remotely measuring
stack effluent velocity by LDV, a program was undertaken using
an existing LDV system at the Duke Power Plant site. Mea­
surements were conducted in August 1974 and January 1975,
and the results have been described in detail by Miller and
Sonnenschein (1975) (see Additional reading). Although the
primary aim of the program was to demonstrate the feasibility
of the remote velocity measurements, a secondary aim was to
determine what, if any, relationship exists between the intensity
of the backscattered signal and the attenuation coefficient of
the plume (as determined from the opacity of the plume). It was
shown that a reasonably linear relationship exists between plume
attenuation coefficient and mass density for a given type of
particulate source. Thus, the LDV measurement, utilizing a single
instrument, has the potential to give a mass-emission rate for
particulates.

Analysis of the velocity measurements found the LDV values
within 14% of the instack values obtained by using EPA Refer­
ence Method 2. Since Reference Method 2 is considered ac­
curate to ±20%, the agreement is about as good as might be
expected. Although only two sets of data relating backscatter
signal strength to plume attenuation coefficient were obtained,
there is certainly good indication that a linear relationship exists.
This relationship, if verified by additional measurements on a
variety of sources, would allow a single LDV instrument to be
used to measure a particle mass-emission rate when calibrated
for a particular type of source.

The Iidar technique for remote measurement of plume opacity
was first demonstrated by Evans (1967) (see Additional reading)
who used Iidar equipment designed for atmospheric studies. He
showed that the opacity and transmittance of a plume could be
determined by aiming the laser beam through the plume and
comparing the relative backscatter intensity of the beam by the
atmosphere in front of and behind the plume. In 1972, a van­
mounted lidar designed for plume opacity measurements was
developed for EPA by General Electric Company. This system
is shown in operating configuration at the Duke Power Plant site
in Figure 5. The operating characteristics of the system are given
in Table 2.

The accuracy of the Iidar was determined by using neutral
density screen targets of known opacity. The opacity of 1-m
diameter screens was determined by laboratory transmis-

instrument uses a small grating monochromator to produce an
S02 spectrum at the exit slit, where a mask (the "matched filter")
matched to the structure of the S02 bands in the 0.31 J,tm region
alternatively transmits peaks and valleys in the S02 spectrum
to a detector.

The COSPEC instrument is used most effectively in an "up­
looking" perimeter mode. In this mode, the S02 optical depth
is measured in a vertical column surrounding the source in
question. By also measuring the local wind velocity, the S02
mass emission rate from the source may be calculated.

An evaluation of this type of measurement is most accurately
done where there is a single stack serving as the source. This
situation does not exist at the Duke Power Plant site, and a site
was selected in the Southwest where a coal-burning plant was
operating with a single stack. From measurements taken there,
it was found that the COSPEC and instack mass-emission rate
measurements agreed to within ±25%. The wind velocity
measurements were considered to be a major source of error
in these measurements. (Wind velocity was determined by
tracking a pilot balloon with a theodolite.)

During August, 1975, a UVTV system developed by Dr. Re­
ginald Exton of NASA/Langley Research Center and an IRTV
system developed by Mr. Edward Cross of Aerospace Corpo­
ration were both operated at the Duke Power Plant site. The
UVTV produces a visible picture showing the attenuation of
scattered solar UV energy by plume constituents; the plume
appears darker than the bright sky background. The IRTV pro­
duces a visible picture of the infrared radiation from warm plume
constituents; the plume appears brighter than the cool sky
background.

The UVTV was shown to be able to measure S02 concen­
trations with an accuracy of ±25% if the plume is relatively
clean (opacity <20 %). The data are obtained by filtering the
camera first at 0.34 J,tm, where particulate opacity is measured,
and then at 0.31 J,tm, where particulate opacity plus S02 opacity
is measured. From these two measurements, the S02 attenua­
tion can be determined and the concentrations calculated.
Calibration is obtained by sighting the TV camera through cells
that contain known amounts of S02' The IRTV is not able to
measure S02 concentration because of a lack of spectral res­
olution and knowledge of the plume temperature.

It was anticipated that both systems would be able to measure
the plume velocity, with the IR system having the advantage of
being able to operate at night. The velocity was calculated by
measuring the time required for gradients in the plume to travel
a known distance, by using successive frames from the video­
taped TV picture. The velocity determined in this manner was
about a factor of two less than that determined from instack
measurements. The assumed explanation for this is that the
observed gradients are caused by the mixing of ambient air with
the edges of the plume. Such a situation would be expected to
produce a velocity somewhere between that of an ambient air
and the true plume velocity. It was observed that the TV velocity
did track the instack velocity in a regular manner during periods
of velocity change, and thus it may be possible to demonstrate
a consistent empirical relationship. Work in this area is con­
tinuing.

Since emission standards for stationary sources are generally
based on a mass-emission rate, it is necessary to measure ef­
fluent velocity as well as concentration by remote methods to
take full advantage of remote-sensing techniques. The LOV
(Figure 3) technique has been in use for about 10 years to make
non-contact velocity measurements in experiments concerning
wind tunnels, clear-air turbulence, wake vortices and atmo-,
spheric winds. The principle of operation is simple. A CO2 laser
beam is propagated through the atmosphere and brought to focus
at the desired range. Aerosols in the atmosphere scatter a
fraction of the laser energy back toward a receiving telescope.
Since the aerosol particles are in motion, backscattered energy
will be shifted in frequency from the outgoing laser beam be­
cause of the Doppler effect. The shift in frequency depends on
the laser wavelength and the velocity component along the laser
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Component

Transmitter
Laser

Wavelength
Pulse width (FWHH)
Maximum output
Repetition rate
Cooling
Objective lens
Beam divergence

Receiver
Objective lens
Field-of-view
Bandpass (FWHH)
Photomultiplier
Off-gating
Response

Characteristic

Rotating prism, Q-switched
ruby
694.3 nm
<30 nanoseconds
1.0 joule
3 pulses per minute
Deionized water
12.7 cm, f/5
~0.5 miliradian full angle

15.25 cm, f/5
4 miliradian full angle
1.2 nm
IT&T F4084 (modified S-20)
~60dB

~100 nanoseconds



FIGURES.
The Iidar system at Duke Power
------""'I.:1f.

Lidar optical system

4 12 x Almmg scope

IFa

5 in. diam., tl5

alF - Thennally c:ontJOIled
interf8rellce filter

bPreci~ turned
off on two of the slIlcIcs

someters, which were in turn calibrated by using Kodak Wrallen
neutral density filters. The lidar opacity measurements of the
calibrated targets were made at a distance of 200 m. The results
indicated that the lidar is accurate to within 3 % opacity for
opacities less than 50%. At higher opacities the results showed
maximum error of about -15 % opacity for a targeted opacity
of 100 %. This decline in accuracy for opacities is of lillie con­
cern since no opacity standards for emission sources are above
50 % opacity.

A series of measurements were made at the Duke Power
Plant site over several years at a range of 400 m to compare the
lidar results with those of the instack transmissometer. The
comparison showed a high degree of correlation (coefficient
0.993) between the remote lidar measurement and the instack
measurement of opacity. However, the remote measurements
were higher than the instack measurement by about 3 % at the
3 % instack opacity level and by about 8 % at the 30 % opacity
level. Interestingly, the correlation would have been almost exact
if no adjustment had been made for the stack diameter change
at the top of the stack. This discrepancy demonstrates the need
for making stack-exit measurements by using instack instru­
mentation at the stack exist as previously discussed.

Planned activities

The type of measurement that can be made with the MFCS
(the "uplooking" perimeter measurement to yield mass-emission
rates) has excellent potential for monitoring emissions from
extended area sources, where no single stack is generally in­
volved. For this reason the measurement concept is being ex­
tended to the infrared spectrum with the development of an
"uplooking" GFCR instrument for S02 in a plume against the cold
sky background. This type of instrument, first described in 1975,
has the advantage (over the MFCS instrument) of being able to
operate at night and of being applicable to a greater number of
pollutants. A comparison of both the "uplooking" GFCR and the
MFCS against the Reference Methods at an isolated stack was
conducted during the summer of 1976. An LDV system, piballs,
and a tethered balloon were used to measure the local wind
velocity. The analyses of these data has not yet been com­
pleted.

Evaluations of the lidar system are still under way; compari­
sons are being made with both trained observer and instack
transmissometer measurements. Work is being conducted by

SRI International to develop a small portable lidar for remote
plume opacity measurements that would cost approximately
$20000.

The continued cooperation of Duke Power Co. is gratefully acknowl­
edged. Dr. H. M. Barnes, Mr. K. Foster, Mr. R. Rollins, and Mr. N. White,
all of EPA, contributed significantly to various phases of the evaluation
programs. Appreciation is also expressed to the contractors partici­
pating in the development and evaluations of the remote-sensing in­
struments, and to NASA for assistance in funding and technical areas
in the LDV programs.

Additional reading

Evans, W. E., Development of Lidar Stack Effluent Opacity Measuring
System, Final Report on Stanford Research Institute Project No. 6529,
NTIS Publication Number PB 233-135/AS, 1967.
Ludwig, E. B., Griggs, M., Application of Remote Monitoring Techniques
in Air Enforcement, Final Report on EPA contract 68-02-2173 by
Science Applications, Inc., EPA Report No 340/1-75-009, 1975.

Millan, M. M., Townsend, S. J., Davies, J. H., Study of the Barringer
Correlation Spectrometer, University of Toronto Institute for Aerospace
Studies Report No. 146, 1969.

Miller, C. R., Sonenschein, C. M., Remote Measurement of Power Plant
Stack Effluent Velocity, Final Report on EPA contract 68-02-1752 by
Raytheon Company, EPA Report No. 650/2-75-062, 1975.

Prengle, H. W., et aI., Infrared Remote Sensing and Determination of
Pollutants in Gas Plumes, Environ. Sci. Technol., 7, 471-423
(1973).

William F. Herget is chief of the special
techniques group within EPA's Environ­
mental Sciences Research Laboratory.
Or. Herget has over 20 years experience
in analyZing gaseous species by infrared
spectroscopic techniques.

William D. Conner is a research physicist
within the emissions measurement and
characterization division of EPA's Envi­
ronmental Research Laboratory. Mr.
Conner has developed some of the fun­
damental concepts in remote and in situ
measurement of particulate matter
opacity. Coordinated by LRE .
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Costs for disposal of sludges from a municipal wastewater
treatment plant normally represent at least 25 % of the total plant
operating cost. The most popular ultimate disposal options and
rough estimates of the extent of use are as follows:

Sludge handling options considered are shown schematically
in Figure 1. Option 1 includes two possible sludge dewatering
processes prior to incineration: vacuum filtration to produce a
20% solids cake (Option la), or filter press dewatering to pro­
duce a 40% solids cake (Option lb). Option 2 substitutes thermal
conditioning of the sludge for the chemical conditioning of Option
la.

Option 3 involves essentially complete oxidation of the sludge
while in the liquid phase. Option 4 includes two possibilities prior
to land application or landfill disposal: aerobic digestion (Option
4a) or anaerobic digestion (Option 4b). Option 5 produces a dry
«5 % moisture) fertilizer product for sale.

Estimates of both capital investment and operating costs (with
common bases), as well as detailed energy-use comparisons
have been prepared. Relative costs, not the absolute magnitudes
of the costs, are important in this analysis.

Thermal processing

Thermal processes for improving sludge dewaterability and
ultimate disposal have been selected by an increasing number
of municipalities in the last 15 years (ES&T, November 1976,
p 1080). The total number of sludge incinerators increased from
75 in 1960 to slightly over 200 in 1970. Since 1970, another 200
units have been installed or are now under construction. The EPA
has predicted that the average number of incinerators installed
annually through the 1970s will be approximately 70; however,
the actual annual rate of installation appears to be closer to half
of this projection.

Prior to 1973, municipal sludge incinerators were not designed
with energy as the foremost consideration. Therefore, most in­
cinerators of the pre-1973 period burned sludge with a 15-30%
solids content, which required significant fuel usage. Thus, it is
important to produce a sludge with a high solids content. A
reasonable objective is a 35-40 w1 % solids cake with a ~60 %
volatile solids content. it should be borne in mind that fuel re­
quirements increase as the volatiles content decreases.

Although incinerators always require some fuel because of
startup, the process is not necessarily a net consumer of energy.
Indeed, as the feed solids content is raised above 35 % solids,
incineration becomes a net producer of energy. Incineration
produces more steam and uses more fuel when sludge solids
content is lower; however, since fossil fuel is a more valuable
energy form than steam, which mayor may not be usable or
marketable, one should minimize fuel usage, not maximize
steam production.

Presently, at least two dewatering techniques produce a
sludge with a solids content of about 40% (and ~60% volatiles
content), thus minimizing fuel usage. These techniques in­
volve:

• pressure filtration after chemical conditioning (Figure 1,
Option lb)

• low temperature thermal conditioning followed by vacuum
filtration (Option 2).
Approximately 30 new sludge incinerators using these dewat­
ering techniques are in various stages of planning, design,
construction, and operation. These same techniques could also
be used to retrofit pre-1973 incinerators to improve their net
energy balance dramatically.

While both of the above-mentioned techniques markedly
improve the heat balance around the incinerator itself, increased

Mulicipal
sludge disposal

•economics
Different sewage sludge disposal techniques
vary in cost and energy recovery possibilities.

Here is a look at some of them

Jerry L. Jones
David C. Bomberger, Jr.

SRI International
Menlo Park, Calif. 94025

F. Michael Lewis
Deutsche Kommunal-Miete Anlagen GmbH

6500 Mainz, West Germany

Joel Jacknow
Consultant

DunnLorm~ Va. 22027
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Landfill
Land application
Incineration
Ocean dumping

Total

Percenf of
sludge

25-30
25-30
25-30

15

Amount (dry solids,
tons/day)

>4000
>4000
>4000

2500
>14500



FIGURE 1

Sludge handling options

Waste liquor to
actiVated sludge system

a Indicates weight % solids in sludge

Ash to •
landfill

Ash to
landfill

Ash to
landfill

How the optIOns work
Options 1Ii, ab, and 2 result in the

ultimate disposal of small amounts of
ash in a landfill. while Options 4a and 4b
require a significant landfill or land dis­
posal program to ultimately dispose of
the sludge. Option 5 requires asuccess­
full marketing and sales effort to sell the
fertilizer product.

Fertilizer.
for sale
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• ADWF = average dry weather flow.
b POWF =peak dry weather !low.

TABLE 1

The basis for economic comparisons

SIuqe - ....oplIon 10 iiiid 100 ..... .....
la 1.9 6.2 23.7
lb 1.8 5.3 21.3
2 2.3 8.4 28.7
3 2.3 9.3 31.4
4a 1.3 5.0 23.1
4b 2.1 9.5 44.5
5 2.1 5.0 24.0

Base plant 5.1 26.7 107.8

lllucIge "... ...
opllon 10"'" 100" - .....

1a" 0.55 3.4 18.3
lb" 0.42 2.8 13.9
2" 1.45 9.6 48.8
3 3.20 21.1 104.7
4a 2.54 16.7 83.5
4b 1.05 6.2 31.0
5 1.26 8.5 42.2

Base plant 3.23 24.9 124.7

Sludge - ....option 10 iiiid 100 ..... ....
la" -100 (--60)C -700(""'00) "-'3800 (-2000)
lb" 7.2 (25.1) 48.4 (168) 241 (83n

2" 1.2(8.0) 8.3 (55.0) 41.4(300)
3 6.3 42.2 210
4a none
4b 11.0 (21.9) 74.5 (149) 388 (732)
5 50.4 336 1682

additional capital investments required for the various sludge
handling options are shown in Table 2. The capital investment
costs associated with the assumed increase of 25 % of the base
plant aeration capacity to handle waste sludge liquors were in­
cluded under sludge handling costs.

As can be seen from Table 2. there are variable economies
of scale for the different sludge-handling options. The aerobic
digestion system (Option 4a) has the lowest capital cost at the
10-mgd capacity. with the costs of all of the other systems
varying in a narrow range of $1.8-$2.3 million. As the plant size
increases. the economies of scale for the incineration systems
(Options la. lb, and 2) are quite favorable. The anaerobic di­
gestion system (Option 4b) has a poorer capital cost-scaling
factor and may become an expensive option relative to incin­
eration at the larger plant sizes.

Operating and maintenance costs

The direct operating costs can be subdivided into four areas:
costs deriving from the use of energy (direct fuel usage and/or
electricity); costs relating to the use of chemicals. supplies. and
replacement parts; operating and maintenance labor costs; and
costs for landfilling of the sludge or ash. The unit cost bases are
shown in Table 3.

Besides capital costs. Table 2 shows the electrical power
consumption. the Btu equivalent of fuel required in the form of
gas or oil. and the energy values (in parentheses) of the steam
or digester gas produced by the particular process. The quantity
of digester gas produced is assumed to be 600 Btu per capital
day. The quantity of steam produced by the incineration process
was calculated based on the enthalpy differences between stack

TABLE 2

PDWFb(PDWF/ADWF)
Plant size,

ADWF8

10 mgd 2 20 mgd
100mgd 1.5 150mgd
500 mgd :<=; 1.5 750 mgd

Primary sedimentation. overflow rate = 1000 gal/day/ft2 at
PDWF
Aeration retention time. 6 h at PDWF
Secondary sedimentation, overflow rate = 1000 gal/day/ft2

at PDWF; retention time ~2 h
Mechanical aeration. 2 Ib O2transferred/hp-h (lib 02/lb
BOD)
Sludge recirculation pumping, 75 % of design flow
Sludge storage tank. 24-h retention
Chlorine contact tank. 15 minutes; chlorine dosage, 5 mgt
liter
Chemical requirements (added on a dry solids basis) for
dewatering

Raw sludge. 2.5 wi % FeCI3• 10% CaD
Digested sludge. 4 wt % FeCI3 , 12% CaD

energy usage can occur in other process areas of the plant. For
example. thermal conditioning processes use electric power
and steam. as well as produce a heat treatment liquor that re­
quires a larger base plant to handle the added BOD load. This
increases the power required in the aeration system.

To evaluate these two processes as well as the other options
in terms of energy use. it is necessary to compare the energy
usage for the total municipal treatment plant. rather than just that
for the incinerator units. Moreover. because these systems differ
in investment costs and operating requirements. it is also nec­
essary to identify and compare all significant cost components.
so as to derive a true comparison between systems.

Capital Investment costs

The absolute magnitude of non-site-specific capital invest­
ment cost estimates may vary widely, depending on the source
of the pUblished data. Common bases are generally not used.
and the wide variations in reported costs for facilities with
comparable flow capacities (average flow or average dry
weather flow) may be related to many factors. These include
differences in design bases for average or maximum contami­
nant concentrations and peak hydraulic flow requirements;
various degrees of conservativism related to process design
safety factors; different allowances for excess capacity; site­
specific requirements such as pilings; and variations in labor
rates. labor productivity. and contracting practices. Thus. the
estimates presented here are based on very specific design
criteria and assumptions. and this is why only the relative mag­
nitude of the investment costs are important for this analysis.
These cost estimates should not be used for site-specific cost
estimating purposes.

To compare the economies of scale for the options. analyses
have been performed for three plant capacities having average
dry weather flows (ADWF)-10. 100. and 500 million gallons
per day (mgd). The population served by these three plants was
estimated to be 100000. 667 000. and 3.333 million. respec­
tively. based on a per capita discharge of 100 gpd for the smaller
plant. and 150 gpd for the larger plants. The amount of sludge
produced by the three plants is. respectively. 11.5.77. and 384
dry tons/day. based on 0.23 Ib of sludge solids per capita/day.
Specific plant design parameters are listed in Table 1.

The estimated capital investment costs of the three base
plants (prepared on a unit process basis) are approximately $5
million. $27 million. and $108 million (mid-1975 costs). The
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1.5

500 mgd

$25/ton
$134/ton
$1000/lon

$6/h

1.5

100 mgd

Plant size (ADWF)

2

10 mgd

Electric power
cost (¢/kWh)

Fuel $2/106 Btu

Operating and maintenance/labor
Chemicals
Lime
Ferric chloride (FeCI3)

Polymers

Supplies
All maintenance and operating supply costs were adjusted to
a mid-1975 Whole Price Index for Industrial Commodities of
170.

Hauling costs $0.1-0.2/ton/mile: 15-30 miles
$3lton of slurry or dry ash

Landfill disposal $1IIon of slurry or dry ash

TABLE 3

Unit costs

to the ambient temperature and digester design. Thus. compa­
rably designed and operated digesters can show a much greater
net heat output in a warm climate than in a cold climate.

Because of the different energy forms used and produced. it
is extremely difficult to make a meaningful comparison of net
energy usage for the total treatment plant. including the sludge
disposal options. However. if one assumes that 1 kWh of electric
power is equivalent to 8500 to 9000 Btu of fuel fired, equates
the energy in steam to the enthalpy value. and the energy in di­
gester gas to its fuel value, Option 2 could be equivalent to Op­
tion 4b. Anaerobic digestion in many cases will be somewhat
more favorable. but the more meaningful comparison is to look
at operating costs and the sensitivity of these costs to fuel and
power cost increases.

As indicated in Table 2. the two incinerator options producing
the 40 % sludge solids (Options 1band 2) could have the lowest
operating costs for treatment plants ranging in capacity from
10-500 mgd. The cost competitiveness of these incinerator
options is likely to increase with plant size.

Sensitivity analysis

Sludge handling costs may be significantly affected by
changes in chemical usage. haUling costs. and energy credits.
With a 10-mgd plant capacity. changes in the initial cost factors
in the direction most favorable to anaerobic digestion indicate
that under the most favorable conditions. the plant with anaerobic
digestion could have a total operating cost of 2-8- lower than
a plant with incinerators. This is outlined in Table 4.

In this non-site-specific type of analysis. these small diffE1r­
ences are of questionable significance, because site-specific
factors may produce much larger cost differentials between
options. Indeed. it appears that at all plant sizes of 10-500 mgd.
incineration could be economically competitive now and in the
future. even with fuel prices at twice the current levels. There­
fore. incineration should be included in all future sludge man­
agement studies for large plants (> 10 mgd).

The last thermal processing option (Option 5) is particularly
sensitive to the market price of the final fertilizer product. The
net cost to the municipality drops by $10/ton for every $1 Olton
increase in the price of the product. However. a price of $40/ton
of product would be required to yield a total cost to the munici­
pality comparable to that for the two low-cost incinerator options
(Option lb and 2). The concentration of the sludge solids going
to the dryer would have to be increased from the currently as­
sumed 25 % to 40 % to make this option competitive with in­
cineration at a fertilizer product sale price of $30.

Thus. for the 10-mgd plant size. incineration of municipal
sludge that has been treated to produce a 40 % sludge solids

Ile/l000 pi

SOOmgd

$61-$92/ton
$25-$44/1on

$30-$36/1on,
$47-$70/ton
$44-$70/100

$41-$81/1on

lGe-lle/l000 gal
lGe-lle/l000 gal
lle-l3e/l000 gal

1-./1000 gal

10mgd

$98-$130/lon•
$61-$80/ton
$79-$88/ton,
$73-$88/ton
$72-$98/ton

$78-$118/ton
26$-28t/l000 gal
28t-2ge/l000 gal
27e-3Ge/l000 gal

• • .... 1 '-.

le
lb
2
3
4a
4b

5 .f
Base plant & option lb
Base plant & option 2

Base plant & option 4b

gases at 1400 OF and at 500 OF. The additional electrical power
required for aerobic treatment of return sludge liquors in Options
2. 3. and 4b has been charged against the sludge handling sys­
tem costs.

As can be seen from Table 2. the incinerator options. la and
1b. which start with chemical conditioning of the sludge. con­
sume substantially less electrical power at all treatment plant
sizes. The incinerator option, Option 2. based on thermal con­
ditioning of the slUdge. uses considerably more electricity than
do the first two incinerator options, but also consumes less fuel.
which partially compensates for the electric power demand
difference. In this analysis, anaerobic digestion is the third lowest
user of electricity for all plant sizes (assuming that pumps, gas
blowers, and aeration equipment are all electrically driven).

Anaerobic and aerobic digestion require no direct external
fossil-fuel input. The relative use of fuel among all the other
options stays relatively constant for all plant sizes. Of the fuel­
requiring systems. Option 2, based on thermal conditioning, has
the lowest absolute requirement for an outside source of fuel.
Moreover. both incinerator options, based on the combustion
of approximately 40% sludge cake (Options lb and 2). can
produce a significant amount of steam that may be used for
driving the incinerator scrubber fan. for heat treatment. or for
space heating. Excess steam also may be sold for off-site use.
but this is very site-dependent.

The anaerobic digestion process can be a significant net
producer of fuel gas. a more valuable form of energy than steam.
The absolute quantity of this gas is dependent, however. upon
the extent of volatile solids conversion and the amount of gas
required to heat the digester. which. in turn, is directly related

• An Incnmont or 0.13. 1.0. and 4.1 X 10" kWhly _ be _ at tho 10. 100. ond 500
-.s. rlllpOCllwly. to 8CCO\.IlI lor tho _ .-on tho air poItuIlon _ equIpnent

... lnclnerator llpIIono.
•n-oll_~ .... based on. 1400 OF ._,ond wtII be lower lor tho _

__'lngat"'" 1100-1200 OF_t temper."... rongo.
• Production or credit values are shown Ii1 paren1hos8s.
•Ranoa or sludge '*ding coots""_.ssuming from no credit to $2 par million Btu

lorr_-01 (stellm or dIQeotor 081) lor OptIons 1.. lb. 2. ond 4b. For Option
... aocIt lor _ or_or at pIIInt gaI8 _from nothing to $4Olton. __
hauling costs~ conslderecllor Opllons 4a and 4b. V.....tlons Ii1 cIlemlcal _ ~

lor llpIIono lb. 4a, ond 4b.
• DoIIln per dry ton orlnttlal sludge solido.
'__~_Ior~or-opendIngCOlI-.

opdonkey
10 •~ ooncItlonIno + V8CIU1l _ + incineration

...~ ooncItlonIno +- ptMS+-
• n.maJ ooncItlonIno + V8CIU1lIlttrIlllon + incineration·...,...-'--_llir""_
• - dIgoollon... - dIgoollon·F_dryIngI_ production
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Martek, the specialist in environmental data
acquisition, now offers the Series DAS, an
economical, flexible data acquisition system
to meet a wide range of applications and
provide logging and retrieval of data from
environmental instrumentation.

The heart of the Series DAS is the
rugged, expandable DLS Data Logger which
can record up to 99 analog or digital signals
plus day and time of day, and can be operated
on AC or DC power. The companion Model

Martek makes the difference
in data acquisition.

DRS Data Reader features a digital LED
display which permits visual reading of the
tape while the information is simultaneously
available at the output connectors for exter­
nal data processors. The Model EDP Environ­
mental Data Printer records - continuously
or intermittently - up to 15 data signals and
time of day on a magnetic tape cassette
and/or digital paper printer.

The Series DAS, with its variable record­
ing program, is ideal for data monitoring
over long time periods in either portable or
fixed station applications. Like the Martek
microprocessor-based data acquisition system
-the Model DMP-the Series DAS pro­
vides a permanent record of such environ­
mental parameters as water quality, air
quality, and meteorological data.

For the full story on the full line of
Martek data acquisition systems, write to:

• •
~
MARTEK INSTRUMENTS, INC.
17302 Daimler St.. P.O. Box 16487. Irvine, CA 92713 (714) 540-4435

Manufacturers of Environmental Instrumentation

CIRCLE 6 ON READER SERVICE CARD

972 Environmental Science & Technology

TABLE 4

P.,__ ",,-In._
_ cha_ -lIlIng_....-_eel optIonoa (%)

1b 2 4b

Power costs doubled +0_75 +2.75 +1.9

Chemical usage halved -3.00 0 -2.8

Fuel costs doubled +1.3 +0.1
Hauling costs halved Neg. Neg. -3.1
No heat recovery by +2.5 +1.1

steam generation at
credit of $1/10· Btu'

Recovered gas value -2.0 c

increased from $1/10· Btu
to $2/10· Btu
Total change in plant +1.55 +3.95 -6.0

operating costs
Initial relative total 1.00 1.04 1.07

plant operating costs
Changed relative total 1.02 1.06 1.0

plant Operating costs

·10 mgd. average dry weather now.
~ Except for Option 2 for heat treatment use.
e For Option 4b assume value of recovered gas Is doubted.

content (~60% volatiles) is competitive with a wide variety of
other sludge handling techniques. This assessment is based on
a comparison of capital and O&M costs, as well as on an analysis
of fuel and electrical power consumption. As the plant size in­
creases, incineration may provide lower capital and operating
costs. Moreover, the thermal processing solution eliminates
major management and institutional questions involving the final
disposition of large quantities of sludge that must ultimately be
disposed of on, or in the land.
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CURRENT RESEARCH

Particulate and Smoke Emission from a Light Duty Diesel Engine

Ander Laresgoiti, Alfred C. Loos, and George S. Springer"

Department of Mechanical Engineering, University of Michigan, Ann Arbor, Mich. 48109

• Particulate and smoke emissions were studied in the ex­
haust of a Mercedes Benz type OM 616 diesel engine. The
weight and size distribution of the particulate matter emitted
and the intensity of the smoke were measured at different
engine loads and at various constant speeds in the range 35-96
km h- I . The level of the particulates emitted during a simu­
lated seven-mode Federal Test Procedure was also deter­
mined. The results showed that both the particulate and
smoke emissions were highly dependent on engine speed and
load. The particulate matter collected was analyzed for its
chemical composition, showing that 60-75 wt % of the par­
ticulate matter was organic compounds.

In recent years a considerable amount of work has been
directed toward the study of particulate emission from diesel
engines, but most of the previous work dealt with the emission
of visible sm.oke from heavy and medium duty engines. Only
a few investigators studied emissions from light duty diesel
engines, with the main emphasis on the measurements of
smoke, odor, sulfate, and gaseous emissions (1 -9). Less at­
tention has been paid to particulate emission; the previous
investigations focused on the amount of particulate matter
emitted under various driving cycles (6--8). Data showing the
direct effects of engine speed and load on particle mass
emission, size distribution, and smoke emission have not yet
been reported. The objective of this investigation was to study
the physical and chemical characteristics of the particles
emitted from a light duty diesel engine and to evaluate the
effects of speed and load on the amount and size distribution
of the emitted particulate matter and on the smoke emis­
sion.

Experimental

Apparatus. The engine was a four cylinder in-line 1976
Mercedes Benz type OM 616 diesel engine (standard engine
in the Mercedes Benz Model 240 0 car), mounted on an eddy
current dynometer. American Oil Co. number 2 diesel fuel was
used throughout the experiments. The physical and chemical
properties of the fuel are given by Laresgoiti and Springer
(10).

The exhaust system consisted of the standard exhaust
manifold supplied with the engine, a 30-cm-diam, 60-cm-long
su.rge tank, a 4.3-m-long, 50-mm-diam (2 in.) black iron pipe
(simulated exhaust system), and a 25-mm-diam sharp-edged
orifice (orifice A, Figure O. The surge tank was added to re­
duce the pressure and flow fluctuations in the exhaust (11).

Descriptions of the sampling system and procedures were
given in detail in refs. 10-14 and will not be repeated here.
Only a brief summary is provided to facilitate the under­
standing of the results.

The sampling probes were made of 316 stainless steel tubes
with dimensions 3.98-mm-i.d., U8-mm wall thickness or
2.66-mm-i.d., U6-mm wall thickness. The probes were 10-

cated in the center of the exhaust pipe facing the direction of
flow.

Particulate matter was collected on Gelman 47-mm-diam
type A glass fiber filters placed in a modified Gelman 2220
filter holder. The entire filter unit was surrounded with
beaded heaters and Kaowool insulation (Figure 2a).

The flow rate through the probe was adjusted to the proper
value for isokinetic sampling. At steady operating speeds the
flow rate of the sample was measured by a wet test meter in­
stalled after the filter. The flow rate was adjusted by a bleed
valve compensating for the increase in filter resistance with
time. Under cyclic operating conditions the flow rate through
the probe was modified and adjusted continuously with the
control system described by Laresgoiti and Springer (10). Two
hlg~-vacuum pumps provided the flow through the sampling
train.

The particle size distribution was measured with a Model
225 Royco particle counter. The exhaust sample was drawn
from the exhaust system through a 2.66-mm-diam (U6-mm
wall thickness) stainless steel sampling probe (Figure 2c). At
each steady engine speed, the flow rate through the probe was·
measured with a 2.77-mm-diam sharp-edged orifice (orifice
B, Figure 2c) and controlled by a stainless steel metering valve
(~alve B, Figure 2c). To prevent condensation in the sampling
line, .the probe, orifice, and metering valve were wrapped with
heating tape and Kaowool insulation.

The sample was diluted with filtered ambient air. The
sample gas-air mixture was then fed through a l1.4-L dilution
chamber to reduce the temperature of the sample below 49 DC
and the particle concentration below 120 particles/cc. These
values were dictated by the specifications of the Royco
counter. The dilution air flow rate was adjusted by a bleed
va.l~e (valve C, Figure 2c) and measured with a sharp-edged
OrifIce (Orifice C, Figure 2c).

A portion of the diluted exhaust sample was drawn into the
Royco counter through a 9.5-mm-i.d., 3-m-long tygon tube.
The flow rate through the Royco counter (measured with a
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Figure 1. Experimental apparatus
Circles: thermocouple and sampling locations
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Kontes metering tube) ranged from 850 to 1400 cc min- J• This
was about 2% of the sample gas-air mixture flow rate. The
particle sizes were recorded in five size ranges yielding the
number of particles of diameters greater than 0.3, 0.7,1.4,3.0,
and 5.0 I'm.

At selected conditions particle size distributions were also
measured with a Model 50-000 high-temperature Andersen
stack sampler. The sampler was connected to a 3.98-mm-i.d.
(U8-mm wall thickness) stainless steel probe. A Gelman type
A 142-mm-diam glass fiber filter housed in a steel holder was
mounted directly behind the sampler (Figure 2b). The sample
unit was surrounded with beaded heaters and enclosed in
Kaowool insulation, keeping the sampling system temperature
above 38°C to prevent condensation of the exhaust gas. The
flow rate through the Andersen sampler was adjusted with the
vacuum pump bleed valve to ensure isokinetic sampling at the
probe inlet. When the Andersen sampler was being used, the
exhaust sample was not diluted with ambient air. The inten­
sity of the smoke was measured with a Bosch smoke meter.

Test Procedures. Before any data were taken, the engine
was operated at 1800 rpm and 18 hp for 30 h to break in the
engine and to condition the exhaust system. Before each new
steady state speed test, the engine was operated for 4 h at the
conditions of the test. Before each cyclic test the engine was
run 10 complete cycles. With these procedures during the
actual tests, changes were not observed in any of the measured
parameters, at least within the scatter of the data.

To determine the total weight of the emitted particulate
matter, the filters were placed in an air-tight container con­
taining CaClzas a desiccant for 24 h after each test. The filters
were then weighed and prepared for chemical analysis. The
sulfate content of the particulates was examined by the Bar­
ium-Thorin titrimetric procedure (10). Blank filters (i.e.,
before particulates were collected on them) were tested for
sulfate content. The results did not show any sulfate.

In addition, the particulate matter collected was analyzed
for organic solubles by extracting (for 3 h) the organic solubles
from the particulate sample by the soxhlet technique. The
solvent (benzene) was then evaporated and the remnant
weighed, giving the weight of the organic solubles. After
weighing the extracted organic solubles, all the samples were
combined. The samples were then analyzed by infrared ab­
sorption to determine the most common types of molecular
groups present in the exhausted organic matter.

The total particulate matter collected on the filters was
subjected to electron microprobe analysis to determine the
metals present in the sample.

To study the possible formation of particulate matter in the
exhaust system, samples were collected on filters (Figure 2a)
along the entire length of the exhaust system at steady engine

Figure 2. Schematic of particle collection units
(a) Unit housing filter for collecting total particulate matter; (b) unit housing An­
dersen sampler for particle size meaSlKements; (e) unit used in conjunction with
Royco particle size analyzer. Open circles: thermocouple locations

ToW.'
T..IMeI.,

101

ToWel
Tts'Melet

101

TORorco

"""'..
Icl

0.001 0.01 0.1 1.0 10.0 20.030.0
NUMBER % OF PARTICLES OF OIAMETER>O

Figure 4. Influence of sample probe location on measured particle size
distribution
$ample probe distance from ....ge tank: 0 0.7 m. 0 3.0 m, and I:>. 4.0 m. Dilutioo
ration 8: 1. Steady engine speed, cruise conditions
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Figure 5. Effect of dilution ratio on measured particle size distribu­
tion
Dilution ratios: 0 4: 1, 0 8: 1, and A 12: 1. Probe location 3 m from surge tank.
Steady engine speed. cruise conditions
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Figure 6. Comparison of particle size distribution measured by Royco
counter (dilution ratio 8: 1) and Andersen sampler
Royea data at 0 35 km h- 1 and 0 88 km h- 1 cruise conditions. Andersen data
at. 35 km h- 1 and. 88 km h- 1 cruise conditions. Symbols: average of data
taken at three sample locations: 0.7. 3.0, and 4.0 m from surge tank

(dilution ratio 8:1) and without dilution. The mass of the
collected particles was the same with and without dilution.
Since sample temperature and dilution did not affect the mass
emission, all subsequent samples used for determining mass
emission and chemical composition were taken without
dilution at a point where the sample temperature was about
300 K (about 3 m from the surge tank). It is noted that dilution
was unnecessary even at sample temperatures as low as 300
K because water condensation on the filter was not a problem.
Water condensation did not occur because the air-fuel ratio
in the diesel engine was high (ranging from 25:1 to 40:1). This
is in contrast with the operation of the spark ignition engine
where the air-fuel ratios were much lower (~15:1), resulting
in water condensation on the filter at temperatures below
~300 K (10).

Both the position of the sampling probe and dilution ratio
may affect the measured size distribution. To evaluate the
influence of sample probe location, size distributions were
measured at three points along the simulated exhaust system:
0.7,3.0, and 4.0 m from the surge tank (Figure 1). The mea­
surements were performed at steady engine speeds and loads
corresponding to 35 and 88 km h-1 cruise conditions. The ratio
of the total volume flow of sample gas-air mixture to the
volume flow of the sample gas flowing through the sampling
probe (defined as the "dilution ratio") was held constant at
8:1. The results given in Figure 4 indicate that the sampling
location does not affect significantly the measured particle
size distribution. For this reason, all subsequent particle size
distribution measurements were made 3 m from the surge
tank.

The particle size distribution was also measured at the three
dilution ratios: 4:1, 8:1, and 12:1. Engine speed and load were
again set corresponding to 35 and 88 km h- I cruise conditions.
Results of the measurements indicate that the particle size
distribution depends somewhat on the dilution ratio (Figure
5). As the dilution ratio increases, the percentage of the
smaller particles also increases. Since the coagulation rate is
proportional to the square of the concentration of particles
in a given size range (15), an increase in dilution ratio de­
creases the particle concentration and hence decreases the
coagulation rate. A lower coagulation rate results in a larger
percentage of smaller particles.

The accuracy of the results given by the Royco counter
could be assessed by measuring the size distribution by an­
other instrument such as the Andersen stack sampler. Un­
fortunately, the Royco counter provides the number distri­
bution while the Andersen sampler yields mass distribution.
A direct conversion from one distribution to the other requires
a knowledge of the shape of the particles, the mass distribution
of the particles on the backup filter, and the density of the
particles. All these parameters are unknown, preventing an
exact comparison between the two instruments. A rough
comparison could be made, however, by assuming that all
particles are spherical, by estimating the distribution on the
backup filter by "matching" the results of the Andersen
sampler and the Royco counter at one data point, and by
taking the particle density to be 1 g cm-~. A comparison of the
size distributions was made on the basis of these simplifying
assumptions (Figure 6). There is reasonably good agreement
between the data given by the two instruments, lending some
confidence to the size distribution measured with the Royco
counter. Additional details of the apparatus and test proce­
dures are given in ref. 10.

Results

The results presented in Figure 3 are cross-plotted in Figure
7 to evaluate the dependence of the particulate emission on
speed. Figure 7 indicates the mass of particulate matter
emitted at various steady engine speeds corresponding to road
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Benz diesel car cruising at 35, 64, 88, and 96 km h- I , and under
a simulated seven-mode Federal Test Procedure. The results
are presented in Figure 3. The horizontal axis in this figure is
the sample temperature which corresponds to different
sampling points along the exhaust system. The data in Figure
3 suggest that no significant amount of particulates forms in
the exhaust within the temperature ranges achieved in these
tests (300-550 K). This implies that most particulate matter
forms either in the combustion chamber or in the exhaust
manifold. Particulate formation due to condensation in the
exhaust pipe was insignificant.

Between 300 and 350 K, particulate matter was collected
on the filters both by diluting the sample with ambient air
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Figure 7. Particulate emission vs. steady engine speed

Figure 9. Exhaust particulate concentration as a function of engine
speed and load

Figure 10. Particulate emission per unit mass of fuel consumed as a
function of engine load and speed

Figure 8. Exhaust particulate concentration as a function of engine load
and speed

load conditions. The emission increases significantly with
speed. It is interesting to observe that at corresponding speeds,
the mass of particulate matter emitted by the diesel engine
is about 10 times higher than the mass emitted from the 350
CID Chevrolet engine operating on unleaded fuel [with or
without catalyst (13)], and about five times higher than the
mass emitted by the same Chevrolet engine operating on
leaded fuel [without catalyst (12)1.

The change in particulate concentration in the exhaust with
load and engine speed (rpm) is shown in Figure 8. The amount
of particulate matter emitted is governed by the combustion
chamber geometry, the position and geometry of the fuel jet
spray, the combustion chamber temperature, the time avail­
able for combustion, and the amount of fuel injected per
stroke. In this work changes in the geometries of the com­
bustion chamber and of the fuel jet spray were not considered
since they were fixed for the engine. Thus, the amount of
particulate matter emitted was mostly governed by the com­
bustion chamber temperature, the combustion time, and the
mixture composition. High combustion chamber temperature,
long combustion time (i.e., low rpm), and lean mixtures result
in lower particulate emission, while lower combustion cham­
ber temperatures, shorter combustion times, and richer
mixtures lead to higher emissions. The combination of these
factors may explain the behavior of the particulate emission
presented in Figure 8. Above 1500 rpm the particulate con­
centration decreases with load up to about 75% of full load.
Above 75% of full load the particulate concentration increases
with load. At a fixed rpm the time available for combustion
remains constant. However, an increase in load results in
higher combustion chamber temperatures and richer mix­
tures. Up to 75% of full load the combustion temperature is
sufficiently high to assure efficient combustion and relatively
low emission rates. Above 75% of full load the mixture be­
·comes too rich to achieve complete combustion at the pre­
vailing combustion chamber temperature. Hence above 75%
of full load the amount of unburned combustion products and,
correspondingly, the particulate emission increases.

As the engine speed decreases the time available for com­
bustion increases while the combustion chamber temperature
decreases. At lower speeds (below about 1500 rpm), the in­
crease in combustion temperature due to the increase in load
is insufficient to compensate for the larger amounts of fuel
necessary to produce the higher loads-hence an increase in
particulate emission with load.

At constant load (Figure 9) the particulate emission initially
decreases with speed, reaches a minimum between 2000 and
3000 rpm, and then increases. In the lower rpm ranges the
combustion chamber temperature increase is sufficient to
compensate for the smaller time available for combustion
(higher rpm), resulting in improved combustion and decreased
particulate emission. At higher speeds (about 2000 rpm) the
opposite happens, i.e., the increase in temperature is insuffi­
cient to compensate for the decrease in combustion time
yielding increased emissions. At very low loads (near zero load)
the temperature may be very low in the combustion chamber,
causing the particulate emission to increase with speed at all
speeds.

The mass of particulates emitted per unit mass of fuel
burned as a function of speed and load is shown in Figures 10
and 11. These results show a trend similar to those in Figures
8 and 9. The slight difference in the trend in the data is due
to the fact that the fuel consumption is not a constant but
varies both with speed and load (Figure 12).

The amount of smoke emitted (expressed in Bosch units)
as a function of load and speed is shown in Figures 13 and 14.
As expected, the smoke varies with speed and load in the same
manner as the mass of emitted particulate matter.

The results of the chemical analysis of the particulate
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matter emitted at steady speeds are shown in Table I. Neither
sulfates nor metals could be observed in the particulate
samples. This implies that the particulate matter contained
less than 1 wt % of sulfates and metals. The observation re­
garding the absence of metals in the sample is in agreement
with that found by Braddock and Gabele (7). The observed
sulfate content is somewhat lower than those (2-3%) reported
previously (5-9). However, in all previous investigations the
sample was diluted and, hence cooled, before it was collected
and analyzed. In the present study the sample used in the
chemical analyses was taken directly from the exhaust stream
and was maintained at the exhaust gas temperature. The
difference in sample temperature may account for the dif­
ference in the sulfate content.

The major portion of the particulate matter was organic

solubles. The mass percent of organic solubles varied from 75%
at 35 km h- 1 to 60% at 96 km h- 1• An attempt was made to
identify by infrared spectra the structure of the organic sol­
ubles. Since benzene was used as solvent, it was possible to
detect the presence of alkyl groups only. The presence of ar­
omatics and other groups could not be detected because their
absorption peaks were blocked by the absorption peaks ofthe
solvent.

Particle size distributions were measured at 24 engine op­
erating conditions. The speeds investigated were 800, 1150,
1500,2100,2880, and 3100 rpm. At each steady rpm, the load
was adjusted to approximately 0,25,50, and 75% offullload.
The size distribution is reported in terms of the number of
particles in a given size range, as provided directly by the
Royco counter. The data were not converted to mass distri-
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Figure 14. Smoke emission as a function of engine speed and load
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Figure 12. Fuel consumption as a function of engine speed and load

35 75 Not Not
observed observed

64 65 Not Not
observed observed

88 70 Not Not
observed observed

96 60 Not Not
observed observed

a Soxhlet extraction. " Barium-Thorin titrimetric procedure. Lowest sulfate
weight observable was .......10 JLQ. This is Jess than 1% of the total sample weight.
C Electron microprobe. Weight of metal content was less than 1% of the total
sample weight.
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Figure 13. Smoke emission as a function of engine load and speed
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Figure 15. Particle size distribution
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for loads ranging from 0 to 75% of full load. Bars: data scaner

Volume 11, Number 10, October 1977 977



bution since, as noted earlier, the shape and density of the
particles were unknown. The results do not show any signifi­
cant systematic variation in size distribution, either with speed
or with load. The changes in the size distributions with speed
and load were within the scatter of the data. The measured
size distribution is shown in Figure 15. Each circle represents
an average of the 24 tests, the bars indicating the data scatter.
About 90% of the particles were smaller than I/Lm, and 99%
of the particles were smaller than 2 /Lm.

The foregoing results indicate the trend in particulate and
smoke emissions at steady speeds and under a simulated
driving cycle. This must be borne in mind when applying the
results to emissions from an automobile under actual driving
conditions.
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Analysis of Ozone at Low Concentrations with Boric Acid Buffered KI

Daniel L. Flamm1

Texas A&M University, College Station, Tex. 77843

• Ozone analyses with a modified potassium iodide absor­
bent (BKI: 0.1 M H 3B03/I% KI) give consistent agreement
with UV photometry over the concentration range 0.1-3.5
ppm. The colorimetric iodine response with this BKI solution
is both precise and stable. Trace reducing contaminants
(ozone demand) in the potassium iodide reagents are a major
problem in the work at 0.1 ppm. Iodometric analyses with
NBKI (0.1 M Na2HP04/0.I M KH2P04/I% KI) give results
that increase with time and are 15--30% larger than those ob­
tained by UV or BKI. These data are explained by the for­
mation of a second product, P, in addition to iodine, when
ozone is absorbed in NBKI and certain other buffered KI
solutions; P slowly liberates additional iodine. At room tem­
perature the kinetic rate of H20 2 + NBKI agrees with that of
P +NBKI. Since other potential products have been excluded
on this basis, P is tentatively identified as H20 2.

The absorption of ozone in a neutral buffered potassium
iodide solution (NBKI: 1% KI, 0.1 M KH2P04, 0.1 M
Na2HP04) is the basis of a reference technique adopted by the
Environmental Protection Agency in 1971 (1). This method
is based on the original work of Saltzman and Gilbert (2) as
incorporated into the Public Health Service Methods (3). The
discrepancy between numerous investigations into the stoi­
chiometry of iodometric analyses at all concentration levels

,has already been mentioned (4). The most recent investiga­
tions (5-11) appear to show that the absorption of low con­
centrations of ozone (LC, 0.1-1 ppm) in NBKI produces iodine
in excess of that given by the stoichiometric equation:

I Present address, Bell Laboratories, Murray Hill, N.J. 07974.
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(1)

In addition there is evidence that the overall result is affected
by the humidity of the gas stream (6, 9).

I have compared the stoichiometry of NBKI and other io­
dometric procedures against each other and against ultraviolet
photometric absorption (253.7 nm) by use of a modified Dasibi
ozone monitor at concentrations ranging from LC to high
concentration (100-104 ppm ozone). In this paper I present
evidence that at LC, a new reagent, boric acid buffered po­
tassium iodide (BKI: 1% KI, 0.1 M H 3B04) produces iodine
quantitatively according to Equation I, and that NBKI yields
15-30% more iodine than predicted by Equation 1. A mech­
anism is presented which quantitatively accounts for a major
source of variability in NBKI analyses. Results with certain
other reagents are also given. The experiments at high con­
centration will be reported elsewhere.

Experimental

The apparatus is shown in Figure 1. Air or O2 passes
through an ozone generator (12), and the ozonized stream is
sampled by a modified Model IOO3-AH Dasibi ozone meter
(SN 1308). Components in contact with ozone were composed
of Teflon, Kynar, and Pyrex.

A second sample (point "I" in the figure) could be diverted
into two Ace Glass No. 7531-10 midget impingers. The same
two impingers were used in all runs reported here. After each
run the impingers were washed with water that had been
distilled, ion-exchanged, and redistilled twice more in a glass
still (DW). They were then vacuum dried in-situ: Ten milli­
liters of absorbing solution were generally used in both im­
pingers, although in some experiments the volume of absor­
bent in the first impinger was varied. Close to the end of this
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Figure 1. Apparatus

work, the humidifier was removed since gas emerging from the
impingers was already close to saturation. The "shut-ofP'
valve was normally closed, and the needle valve downstream
of the impingers was adjusted for the desired flow rate (usually
0.5 L/min) under operating conditions.

After the impingers were filled and installed, the stopcock
leading to point 1 was opened; gas flow started when the so­
lenoid was opened. At the end of a fixed time (usually 10 min),
the solenoid was closed and the impingers were removed for
analysis.

Photometric Apparatus and Methods

The Dasibi meter has already been described (13, 14). For
the present experiments, the solenoid valve was removed from
the instrument to an external position and was reconnected
via a channeled Teflon block in the original mounting. Other
workers (IS, 16) have reported that this improves stability and
precision. Paur and Beard (16) suggested that a separate
unozonated reference stream be employed in lieu of the cat­
alyst. Although the catalyst was routinely used in this inves­
tigation, these measurements were compared with those made
with a separate reference stream; there was no detectable
difference.

The concentrations of ozone in the Dasibi photometer are
given by a form of Beer's law (13, 14, 17)

106 Po r 10[O:l]ppm = -oL--r In/-
R

(2)
a p 0 0-

which was used to compute instrumental ozone readings. The
temperature of gas emerging from the photometer cell, r, was
41 ± 1 DC as measured with a thermocouple at the exit port
of the cell in the Dasibi; the instrumental reading, R, was av­
eraged over each run. p was taken as the local barometric
pressure plus 2.2 torr, the differential between the manifold
and atmosphere, while ao was taken as 134 cm- I atm- I (18,
19). The unmodified Dasibi employed a small rotameter with
an upstream needle valve, and its reading was erroneously
high; it was replaced with a more accurate flow meter and
downstream metering valve to assure sufficient flow to purge
the photometer cell (~1.1 L/min) between sampling cycles (14,
17).

Paur (16, 20) has found that different Dasibi instruments
agree within 1% when they are in good working order. After
completing this work, the present Dasibi was compared with
another Dasibi instrument that was within 2% of gas-phase
titration and a 3-m UV photometer (5, 6,16,21). At a nominal
ozone concentration of 0.250 ppm, the present Dasibi read 1.6
± 0.6% less than the calibrated instrument; on the basis of this
evidence, it is assumed that the absolute accuracy of the
present UV measurements is better than 4%.

Reagents and Chemical Analysis

Preliminary experiments indicated that trace contaminants
in the water used to make up solutions might be a factor in
potassium iodide analyses. This possibility was investigated
by using different sources of water: distilled water from the
laboratory tap (TW), TW that was subsequently ion ex­
changed (IW), and DW. In general, using these different
sources of water had no significant effect at 1.0 and 0.5 ppm.
There was evidence of a small effect at 0.1 ppm (see Table II
and Results at 0.1 ppm-section below).

Several workers have reported that various brands or grades
of potassium iodide contain traces of a reducing agent (8-10,
22-24). Some state or imply that this is intentionally added
to reagent grade KI (9, 10) whereas "KI meeting USP speci­
fications usually contains little or no reducing agent ..." (10).
However, they offer no evidence for this assertion. While some
of these reports (22) have implied that this additive (or im­
purity) will reduce both iodine and ozone ("iodine demand"),
others only acknowledge that ozone is reduced ("ozone de­
mand"). This is a significant distinction since the colorimetric
step is quantitatively calibrated by adding iodine to the ab­
sorbant solutions, whereas it is ozone that is actually collected
and analyzed. Although it now appears that there was a sig­
nificant ozone demand during the experiments at 0.1 ppm (see
below), it was not recognized at the time many of the experi­
ments were conducted. The effect was negligible at the higher
concentrations studied.

Four different sources of KI were used in the experiments
(see Table II), and two different lots of Fisher ACS grade
buffer chemicals were used to prepare the NBKI. Fisher Lot
721474 ACS grade boric acid crystals were used to prepare all
of the BKI solutions, except for three runs using "Batch 12"
as noted in Table II. These variations in the source of buffer
chemicals had no noticeable effect. Replicate experiments
were run with both air and oxygen; however, there was no
detectable difference between ozone analyses in these two
gases so that the combined data are considered jointly.

All solutions were stored in glass-stoppered bottles which
were kept in a dark cabinet. Absorbing reagent was always
removed from the stock solutions in the dark.

The concentration of iodine in the absorbent solutions was
determined by filling 1 cm2 glass-stoppered matched cuvettes
liquid-full and measuring the 352-nm absorbance of 13 with
a Bausch and Lomb Model 710 spectrophotometer. The cu­
vettes were always prerinsed with sample.

Beer's law curves were run initially and again after an in­
terval of 11h months. Iodine solutions were prepared as pre­
scribed in the Federal Register (1) with NBKI and BKI stock
solutions. The solutions were titrated against commercial 0.1
N (±0.1%) sodium thiosulfate solution; this titer was con­
firmed by standardization against 0.1 N KI03 solution. The
absorbances of the diluted iodine stock solutions were stable
during these calibrations (10-25 min) while the solutions were
kept in stoppered volumetric flasks or in the (liquid-full)
glass-stoppered cuvettes.

Both Beer's law calibrations were in excellent agreement,
even though they were each performed using different sources
of KI (I and later both II and III). The plot of absorbance vs.
13 passed through the origin and thus showed no evidence of
iodine demand. However, the absorbent solutions were about
2-3 weeks old at the time they were used in these calibrations,
and "fresh" solutions at 0.1 ppm did show evidence of iodine
demand (see below).

Comparison of NBK/ with UV and BK/

When NBKI was the absorbent at 0.35, 0.5, and 1.0 ppm
ozone, the quantity of iodine in the first impinger continuously
increased with time even after the absorption of ozone was
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Results at 0.1 ppm

BKI and NBKI results at 0.1 ppm are presented in Table
II. These data are not as precise as those at the higher con­
centrations, and the average BKINV ratio at this concen­
tration, BKINV = 0.877, is significantly below 1.0. Part of this
low bia~ and scatter can be attributed to reduced experimental
precision, and part of it is consistent with the presence of re­
ducing contaminants in the potassium iodide reagents (ozone
demand).

stopped. At the concentration of 0.1 ppm, on the other hand,
there did not appear to be any substantial liberation of iodine
after the absorption was complete; the 0.1 ppm results are
discussed separately. In the second impinger there was little
iodine during all runs (about 5% of impinger 0, and there
never was any sign of post-absorption color development.
Initial NBKI ozone analyses (2 min after ozone collection had
ceased or 12 min after the start of each lO-min run) are com­
pared with UV and BKI in the first three rows of Table I.
When the triiodide absorbances (or equivalent iodine con­
centrations) are plotted on the reduced coordinates of Figure
2, it becomes evident that the additional iodine produced after
absorption can be explained as the product of a first order
reaction between a second substance, P, and NBKI:

P is formed when ozone is absorbed in NBKI (see the By­
Product Formation section below). These observations are
generally consistent with the original work of Saltzman and
Gilbert (2). It follows that any ozone measurement procedure
using NBKI must, at least, specify the precise time at which
the "developed" iodine is to be measured.

BKI, however, yielded precise analyses that were stable with
time (less than 0.5% change) under all conditions studied. The
BKI measurements were also very repeatable (better than 1%
on successive runs). For this reason, BKI analyses were reg­
ularly alternated with the experiments employing other ab­
sorbents. Since daily variability in flow and chemical factors
affected the alternate BKI and NBKI runs in the same way,
the ratios of NBKI to BKI should be more accurate than that
of NBKI to UV data.

Comparison of BKI with UV

The average ratio of BKI to UV measurements (BKINV)
for all data under standard conditions (10 cc in impinger 1,0.5
L/min, 10 min) was 0.999 ± 0.007 SE (n = 37) at 1.0 ppm (see
Table I). If the UV Dasibi measurements utilizing Equation
2 are regarded to have an absolute accuracy of ±4%, the BKI
analyses are clearly consistent with the 1:1 ozone-to-iodine
stoichiometry of Equation 1.

Figure 3 shows these averages (diamond points and error
bars represent 1 SD) along with BKINV when the gas flow
rate, volume of absorbent in the first impinger, and bubbler
type (Ace No. 7532-10 frit vs. standard 7531-10) were varied.
The coordinate, ozone absorbed per volume of absorbent,
provides a convenient scale for displaying the results of these
analyses and reveals a tendency for BKINV to decrease with
a decrease in this ratio; the magnitude of this effect is con­
sistent with the proposed presence of a trace contaminant in
the potassium iodide reagents as discussed below. It is ap­
parent from the figure that BKI analyses were not affected
by the use of a frit-type absorber rather than an impinger.
However, the use of a frit was not advantageous since it did
not prove to be a more efficient absorber and it required a
larger pressure differential. Figure 3 also shows that variations
in absorbent volume (5-25 mL in impinger 1), sample flow rate
(0.25-1 Llmin), and sampling time (5-20 min) did not affect
the 1:1 BKINV.

The experimental uncertainty at 0.1 ppm ozone is estimated
to be ~(±)5-6%, but some of this may have appeared as sys­
tematic bias. The major sources of error include about 3% due
to the finite precision of digital outputs from the Dasibi and
spectrophotometer and imprecision in correcting for the ab­
sorbance of reagent blanks (J 7).

Table II presents six groups of 0.1 ppm data (A-F), each of
which were taken sequentially during a single session. Since
changes in ozone concentration, flow rate, pressures, and other
parameters were minimal during each individual session,
systematic intragroup differences are significant even though
they may be less than the intergroup variability. Twelve dis­
tinct absorbent solutions, prepared at different times, were
used in these experiments as noted under "Absorbent Batch".
The KI source is also listed with the age of each solution at the
time a datum was taken (see the Reagents and Chemical
Analysis section). The same buffer chemicals were used
throughout, except for the change in solution 12 as noted.

These data suggest that "ozone demand" is responsible for
the low BKINV atO.l ppm. Fresh solutions ofBKI prepared
from Lots II, III, and IV (see Groups D, E, and F) consistently
gave lower analyses than like solutions which had aged. A
portion of the reducing contaminant is apparently consumed
by slow reactions involving oxygen. The data for TW also seem
low. Fresh solutions of BKI prepared from Lot II resulted in

Table I. Summary of Average Analysis Rations (2 Min
After Absorption)

Buffer ppm 03 Rallo to UV Ratio to BKI 603,aJUV

NBKI 1.0 1.18 ± 1.17 ± 0.007 0.137 ±
0.008" 0.002
n = 25 n=8 n = 25

NBKI 0.6 1.20 ± 0.01 1.15 ± 0.007 0.139 ±
0.003

n=8 n=5 n=9
NBKI 0.35 1.18 1.20 0.126 ±

0.006
n= 1 n=l n=4

BKI 1.0 1.021 ±
0.003
n = 37

BKI 0.6 1.000 ±
0.007
n = 27

BKI 3.5 0.993 ±
0.012
n=2

0.01 MNBKI 1.0 1.04± 1.007 ± 0.024
(0.01 MNa2HP04/ 0.009 0.023
0.01 MKH2P04) n=2 n=2 n=l
0.01 MKH2P04 1.0 1.03 ± 0.989 ± 0.0264 ±

0.0075 0.013 0.0015
n=4 n=4 n=3

0.1 MKH2P04 1.0 1.22 1.18 0.138
n=l n= 1 n= 1

10-4NH2SO4 1.0 1.01 1.01 "'0
(pH = 4) n = 1 n= 1
0.1 M(NH4),S04 1.0 1.07 1.04 0.057

n= 1 n=l n=l
0.05 MNa 1.0 1.19 1.17 0.131

acetate/
0.05 Macetic n=l n=l n = 1

acid
0.1 MP1hallic 1.0 1.23 1.19 0.167

acid
n= 1 n= 1 n= 1

8 Deviations represent ± 1 standard error.

(3)P + NBKI = h + Products
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it to go to completion. If the present levels of ozone demand
are typical, only a small iodine blank would be produced when
"sufficient" H20 2 is added to reagent with no initial ozone
demand.

(4)

(6)

(5)dP/dt = -kP

either during the production or the bulk chemical or in sub­
sequent processing and packaging of the final product (25).

There is no significant difference between NBKI and BKI
analyses in Groups A and B of Table II. Neither absorbent
exhibited a significant increase in absorbance after collection
was complete. This agreement is consistent with Jaffe's report
(26) that NBKI!UV ~ 1 and approaches unity as [0;11 ~ O.
Alternatively, experimental error or hidden variables such as
trace impurities could have masked intrinsic differences at
this concentration level (see also By-Product Formation
below).

There was evidence (I 7) that fresh reagent II had "iodine
demand" as well as "ozone demand", whereas aged II and the
other reagents only had ozone demand. Hodgeson et al. (8)
have also reported KI reagents in which there may be a loss
of ozone without the consumption of iodine, as well as some
in which there is a loss of both 0 3 and 12 so that Beer's law
calibrations show a negative intercept.

Unfortunately, these data do not adequately resolve the
questions of iodine and ozone demand, nor do they identify
or quantify the impurities. I believe that the addition of hy­
drogen peroxide, which has been used to treat iodine demand
(22), should be investigated as a possible means to deactivate
the reducing impurities; a measured amount could be rou­
tinely added, and the fresh absorbent could then be set aside
for several hours to allow

By-Product Formation with NBKI and Other Absorbents

As noted, absorption of ozone in NBKI and several other
1% KI reagents at 0.35 ppm and above resulted in the forma­
tion of a second substance, P, in addition to iodine; P contin­
uously reacts with the absorbent to liberate additional iodine.
This conclusion is supported by the following experimental
observations: Iodine is continuously formed in impinger 1 after
the collection of ozone is stopped; and the rate of iodine for­
mation agrees with the first order rate law:

where k '" 0.0365 min- I for NBK1 and the other P-forming
absorbents tested. The value of k was independent of ozone
concentration and was insensitive to solution pH and the kind
of buffer used; the quantity of P present immediately after
absorption is a function of the absorbent and is proportional
to ozone concentration.

If Equation 5 is integrated, the 352-nm absorbance of KI:i"
after ozone collection in NBK1 solutions (proportional to io­
dine concentration) may be written as

In J!1 = In Am - A = -k(t - to)
[Pol Am - A o

where Ao is the absorbance at the time of the initial observa­
tion, to (2 min after the collection of ozone has ceased), Po is
the concentration of P at to, and A 00 is the final absorbance (t
~ 00). Table I gives [Am - Aol expressed as an equivalent in­
crement in analyzed ozone concentration, ~03.00,

k and Am were selected to minimize the RMS deviation
between each set of data points and Equation 6. The average
ofthe k values determined in this way, k = 0.0365 min-I, was
then used to recompute each A~. The computation yielded
high correlation ratios (0.99-0.999) within each individual data
set and for the [Am - A]lrA~ - A o] vs. (t -,to) data merged
from all the individual runs (Figure 2).
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the lowest analyses of all (points 11, 16,22); they lie approxi­
mately 10% below 0.1 ppm data which corresponds to about
5 X lO-6 iodide equivalents of reducing impurity per mole of
KI (3 X lO-8 equiv/g). If fresh solutions and those prepared
from II and TW are excluded, the average BKI!UV at 0.1 ppm
increases to 0.961 ± 0.01 SE (7 points). When the sampling
time was doubled (compare points 19 and 20, 22 and 24), the
analyses also increased as would be expected if a reducing
contaminant was initially consumed by ozone.

The USP grade KI (Lot II) displayed the largest interfer­
ence from reducing contaminant; thus, the present data are
not in concert with previous reports that USP grade KI is
better for ozone analyses than the reagent grade (9,22,23,24).
Furthermore, according to the manufacturer of KI Lots I and
II, no reductant or other material is ever intentionally added

Figure 3. Ratio of SKI to UV analyses at 0.6 and 1.0 ppm lor various
conditions
Diamond points and standard deviation error bars: mean values for all SKI data
at 0.6 ppm, 1.0 ppm, and standard conditions (see text)

Figure 2. Reduced absorbance vs. time after ozone collection
A.., is final limiting value of absorbance and Ao• initial absorbance, to minutes
after collection. Solid line: least-squares statistical rate constant (see text)
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Table II. Results at 0.1 ppm
No. Buffer Kilo' Batch Ratio to UV Water Age Other Notes

GrOUP A
1 BKI 2 1.01 OW 1 day 1. 0.5 mL of Run 14 added
2 NBKI 1 0.982 OW 3 weeks to each impinger

Group B 2. 0 3 absorbed 20 min

3 NBKI 1 0.924 OW 3 weeks 3. Absorbent had 2 X 10-4

4 NBKI 1 0.925 OW 3 weeks mol/L 12 added
5 NBKI 3 0.876 TW 1 week 4. Batch 12 prepared with
6 BKI 2 0.952 OW 1.5 day Merck Lot 62716 AR
7 BKI 2 0.950 OW 1.5 day boric acid
8 BKI 2 0.940 OW 1.5 day

Group C

9 BKI 2 0.978 OW 2 days
10 BKI 4 0.875 TW 3 days

Group 0
11 BKI II 5 0.842 IW 3 hrs
12 BKI IV 6 0.941 IW 1 day

Group E KI Lots
13 BKI III 7 0.958 OW 5 days I. Fisher certified ACS
14 BKI II 5 0.836 IW 0.5 day grade, Catalog P410,
15 BKI II 5 0.915 IW 0.5 day Note 1 Lot 723519
16 BKI /I 8 0.815 OW Fresh

II. Fisher laboratory
Group F grade, Catalog P411,

17 BKI IV 9 0.899 OW Fresh Lot 745906 (USP)

18 BKI /I 8 0.810 OW 5h III. Ventron Corp. (ALFA)
19 BKI /II 11 0.937 OW Fresh optronic grade, Catalog
20 BKI III 11 0.952 OW 1 h Note 2 87627, Lot 042172
21 BKI /I 5 0.799 IW 1.5 days
22 BKI /I 12 0.726 OW Fresh Note 4 IV. Mallinkcrodt analytical
23 BKI /I 12 0.797 OW 0.5 h Notes 3, 4 reagent grade, Catalog
24 BKI /I 12 0.816 OW 1 h Notes 2, 4 1123, Lot BCN

Average ratio to UV
A/I BKI Lot Iexcept 5 (TW): 0.962 ± 0.032 SE (n = 5)
A/I BKI points: 0.877 ± 0.076 SE (n = 21)

(7)

As noted, .<10a/UV was practically independent of [Oa)' and
this is shown in Table I. These values, together with the
NBKI!UV ratio (2 min after absorption) may be used to cal­
culate NBKI!UV at later times:

NBKI _ NBKI I .<10a,~ [ -k(l-/ l]----- +--l-e 0
UV UV 2m;n UV

The ratios for other buffers are also given in Table I. Al­
though the quantity of P (.<10a,~) is generally different from
that obtained in NBKI, the decay rates were consistent with
Equation 5 and were insensitive to pH (since pH varies from
buffer to buffer). Thus, it appears that the same by-product
is produced when ozone is absorbed in a number of different
buffers.

Table II also shows that as the concentration of buffer is
lowered, the ratio of iodide analysis to UV (2 min after ab­
sorption) approaches unity, and P becomes negligible. When
the pH of a solution of unbuffered KI was adjusted to 4 with
dilute acid (H:$04), there was also no evidence of P formation;
when boric acid and KH2P04 are combined, approximately
as much P is formed as when KH2P04 is used alone. There­
fore, it is tentatively concluded that certain buffer anions
catalyze the formation of P; [P)/[I:!l initially produced appears
to decrease with buffer concentration; and the absence of P
in BKI is due to a lack of P producing activity in BKI rather
than a P-inhibitory effect.
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In an attempt to identify P, I considered a number of
compounds that could react with aqueous KI to yield iodine.
It seems unlikely that P incorporates the phosphate buffer
since P (or something that had very similar reaction charac­
teristics) was produced in other buffers as well. Of the possi­
bili ties for P that were considered, 10" IO:!, 10-, and H 20 z,
only HzOz reacted with KI at a rate similar to P.

Figure 4 presents data on the rate of iodine formation for
a dilute solution (-5 X 10-5%) of H20 2 in NBKI. These data
were taken in a second laboratory at -23 °C (vs. 20.5 °C
during the ozone work), and a different source of water was
used to make the solution. "A~" was determined under the
constraint k = 0.0365 min-I. As shown, these data lie within
a 99% confidence band defined by a linear regression of all
NBKI "decay" experiments; therefore, P is tentatively iden­
tified as hydrogen peroxide (I7).

As noted, [P)/[OaJ was constant in NBKI (-0.13-0.14) for
fixed absorption conditions and ozone concentrations of 1.0,
0.6, and 0.35 ppm; this suggests that the ratio might hold
constant at 0.1 ppm as well. However, at 0.1 ppm the predicted
increase in absorbance is very small and may have been
masked by experimental error.

Conclusions

lodometric analyses with a 0.1 M boric acid buffered KI
reagent are precise and agree with UV photometry between
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Subscripts

o = reference or initial condition
'" = final condition
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Figure 4. Reduced absorbance vs. time for HzOz in NBKI (points)
.Solid line: least-squares rate for P in NBKI. Dashed lines: SO for data at 95 %
confidence level

0.35 and 3.5 ppm. It appears that good agreement can also be
obtained at 0.1 ppm, providing the KI is free of reducing
contaminants.

NBKI analyses in dry air or oxygen are high by a factor of
1.15-1.20 when colorimetry is performed 2 min after the
completion of a 10-min absorption. This error continuously
increases with time between absorption and analysis. The
absorption of ozone into NBKI and certain other buffered
reagents results in the formation of a second product, P, in
addition to iodine. P reacts with NBKI to form iodine with a
pseudo-first order rate constant ·of approximately 0.0365
min-I at 20.5 °C; the amount of P is proportional to ozone
concentration. There is evidence that P is hydrogen perox­
ide.

P was not detected in 1% KI solutions containing 0.1 M
boric acid (BKI), very dilute solutions of the various buffers,
or when the pH of unbuffered KI is preadjusted to 4 with di­
lute H 2S04•

Some of the disagreement between previous investigations
with NBKI may be explained by variations in [P)/[031 due to
differences in sample flow rate, collection time, the interval
before spectrophotometric analysis, and by the trace con­
taminants present in some KI sources.
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Nomenclature

A = absorbance of /3 in solution
k = reaction rate constant, min-I
/0 = integrated iight intensity in photometer
L = length of photometer cell, 71 em
p = pressure in photometer cell, torr
R = reading displayed on photometer
t = time,min
T = temperature of photometer cell, K
ao = absorption coefficient at p = 760 torr, To = 273 K,

atm- 1 cm- 1
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Determination of Trace Element Contamination of Sediments by Multielement
Analysis of Clay-Size Fraction

Philip A. Helmke", Robert D. Koons, Paula J. Schomberg, and Iskandar K. Iskandar1

Department of Soil Science, University of Wisconsin-Madison, Madison, Wis. 53706

• Samples of total sediments and the clay-size fraction are
analyzed for more than 20 elements to evaluate the use of trace
element concentrations in the fine fraction to determine if the
sediments have received anthropogenic inputs of elements.
The samples are from Lake Superior and the harbor of Du­
luth, Minn., and Superior, Wis. The concentrations of trace
elements in the samples of total sediments vary by more than
a factor of two over the study area, and they are not related
in a simple fashion to sample location. The ability to detect
contaminated sediments is not improved when the values of
concentrations are corrected for the effects of dilution by
quartz. In contrast, the concentrations of trace elements in
the clay-size fraction vary less than 15% from their mean
values from site to site except for some areas that have high
concentrations of Cr, Cu, Zn, Hg, and As. The high concen­
trations of these elements result from anthropogenic in­
puts.

Restricted disposal of sediments containing unacceptable
materials is required by current regulations of the Environ­
mental Protection Agency (EPA) during dredging operations
for waterway maintenance (1, 2). Placement on land or
placement within enclosed dikes are accepted procedures for
the disposal of dredged material classified as polluted (i.e.,
environmentally unacceptable), but these methods are con­
siderably more expensive than dumping the material into
waterways, as is permitted for material classified as not pol­
luted. Unrestricted disposal of sediments containing excessive
amounts of toxic materials results in undesirable conditions
that expose the biota to their effects. The long-term effects
of benthic organisms inhabiting and ingesting contaminated
sediments are of special concern (3, 4).

The EPA recommends the use of the elutriate test for pre­
dicting the effects of dredged material on water quality due
to the release of contaminants from the sediment (1, 2).
However, no simple procedures are available to determine the
magnitude of anthropogenic contamination of sediments. This
is especially so for potentially toxic trace elements. Suitable
methods to diagnose the status of trace element contamina­
tion of sediments are needed to study the effects of dredged
material on benthic and other organisms and to determine its
environmental acceptability.

Because all naturally occurring elements are present at
some concentrations in all natural materials, a procedure to
determine the status of trace element pollution of sediments
must distinguish anthropogenic inputs of these elements. One
common approach is to measure the concentrations of each
element in samples of total sediment. The results obtained by
this approach are often ambiguous because the effects of
pollution on the concentrations of trace elements in samples
of total sediments are difficult or impossible to separate from
natural variations in trace element concentrations that result
from spatial and temporal differences in the proportions of
the various components of sediments, such as mineral species,
metal oxides, and organic matter.

1 Present address, U.S. Army Cold Regions Research and Engi­
neering Laboratory, Hanover, N.H. 03755.
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Attempts to minimize these effects have concentrated on
analyzing the samples for each such component and then
correcting the concentrations of trace elements to reflect the
effects of each component (5-8). Studies of this type have
generally shown that concentrations of trace elements corre­
late highly with the concentrations of clay and silt-sized ma­
terial in the sediments. This is especially important in studies
involving trace'el~ments because major components of the fine
fraction are clay minerals, hydrous oxides of AI and Fe, and
organic matter. These materials are thought to be important
scavengers of elements contributed by anthropogenic sources
because of their capacity to sorb and desorb metal ions. We
report here a procedure that uses results obtained by mul­
tielement analysis of the less than 2-l'm fraction (clay-size
fraction) of sediments to determine if they have received an­
thropogenic inputs of elements.

Experimental

The samples of sediment were collected from Lake Superior
and the harbor of Duluth, Minn., and Superior, Wis., from
1973 through 1975 with a 23 x 23 cm Ponar dredge. All non­
ferrous parts of the dredge were replaced with aluminum or
stainless steel to minimize possible contamination. The
samples were sealed into heavy plastic bags on board ship,
mixed thoroughly in the plastic bags after the samples arrived
in our laboratories, and a portion was transferred to boro­
silicate bottles and stored at 4 °C until analysis. A core sample
of lake sediment was collected with a piston corer at a water
depth of 40 m. Samples of lacustrine sediments were collected
from interior portions of the faces of "red clay" cliffs along the
Wisconsin shore of Lake Superior. The results of grain size
analyses and a description of the samples are given elsewhere
(3,9).

Samples of the clay-size fraction were separated by a gravity
settling technique based on Stokes' law. Approximately 30 g,
on a dry weight basis, of field wet sediment were mixed with
900 mL of distilled-deionized water for 1 h in a I-L polyeth­
ylene bottle. After the mixture stood undisturbed for 433 min
at 24°C, a sample was withdrawn by pipet at a depth of 10 cm
below the water surface (10). Depending upon the amount of
clay-size material in the sample, the size of the aliquot with­
drawn varied from 15 to 50 mL to give about 70 mg of clay-size
material for analysis. The sample was then collected on a
0.45-llm Millipore filter and dried at 60°C in preparation for
analysis. Samples of total sediments were dried at 60°C and
ground to pass a 100-mesh plastic sieve before analysis.

All analyses of the sediments were by our procedures of
instrumental and radiochemical neutron activation, which are
based on those of Allen et al. (1 I), Henzler et al. (12), Dene­
chaud et al. (13), and Gordon et al. (14). The samples of the
clay-size fraction generally curled away from the filter during
drying, and no blank correction due to the filter paper was
needed. Six of the samples were analyzed by x-ray diffraction
using the techniques described by Jackson (10). Concentra­
tions of quartz were measured in eight of the samples of total
sediments by procedures using a Na2S207 fusion and H2SiF6
dissolution (10). The concentrations of elements in the filtered
aqueous phase were determined by atomic absorption and
neutron activation analysis.
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Detecting Sediments Polluted with Trace Elements.
The values of trace element concentrations in the 24 samples
of total sediment and clay-size fraction are summarized in a
comparison diagram (Figure 1). Each bar in Figure 1 repre­
sents the range of concentrations found for each element in
the total sediment or clay-size fraction. (The data for all of the
samples are available as Table III which has been deposited
with the ACS Microfilm Depository Service.) Comparison of
the results given in the two parts of Figure 1 shows that the
ranges of concentrations of almost all elements in the clay-size
fraction are considerably smaller, up to a factor of 12 for Cs,
than those for the total sediments. It is evident that the
sample-to-sample variations characteristic of the results ob­
tained by analysis of samples of total sediment (6-8) are
greatly reduced when samples of the clay-size fraction are
analyzed. Exceptions to this trend are the elements commonly
used by man, such as As, Cr, Cu, Hg, Na, Sb, and Zn, whose
ranges of concentrations are extended to higher values in the
clay-size fraction. This suggests that the high concentrations
found for these elements in the clay-size fraction may result
from some of the samples having received anthropogenic in­
puts. The almost constant concentrations of the other ele­
ments (the rare earths, Ba, Co, Cs, Fe, Ga, Hf, Rb, Sc, and Th)
in the clay-size fraction show that its composition is the same
throughout the study area.

This evidence for the uniformity in composition is especially
significant when the diversity of the geochemical properties
of these elements and the size of the study area (about 300
km2) are considered. Such uniformity of trace element con­
centrations might be expected from the observation that
isolating the clay-size fraction by dispersion of the sediment
in water has an insignificant effect on its composition and that
the clay-size fraction is readily transported by water.

The uniform composition of the clay-size fraction
throughout the study area is a great advantage in detecting
sediments contaminated with trace elements, as illustrated
by the following example. The concentrations of trace ele­
ments in the clay-size fraction and total sediment of two of the
samples are given in Table I. Figure 2 is a comparison diagram
for these samples. Sample H-9 is from a remote area of the

ELEMENT

Figure 1. Comparison diagram showing ranges of concentrations of
trace elements in all samples of total sediment and Clay-size frac­
tion
Each bar represents range of concentrations of element divided by corresponding
~oncentratlon of that element in prehistoric portions of sediment core (Table
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Results and Discussion

Separation ofelay-Size Fraction. The detection of trace
element contamination of sediments is based on intersample
comparisons of trace element concentrations in the clay-size
fraction. This procedure has the advantage of minimizing the
effects of systematic bias introduced by the sampling and
analysis techniques, but if it is to be used to its maximum
advantage, potential variations of the trace element concen­
trations in the clay-size material resulting from the possible
effects of leaching or size fractionation of particles during the
separation of the clay-size fraction must be negligible.

Potential losses of elements from the sediment as soluble
species or as very small particles not collected by the filter
during the separation of the clay-size fraction will tend to
lower the measured concentration of each element. Analysis
of the filtrate shows that such losses of elements are critically
dependent on the care used during filtering (IS). In those cases
where significant losses did occur, very insoluble elements
such as the rare earths (16) and Sc were also present at con­
centrations up to 10 ppb in the aqueous phase (J5). This
suggests that such losses are due to colloidal particles passing
through the filter. Losses of all elements are insignificant if
the application of suction to the filter apparatus is delayed for
several minutes after the transfer of the suspension and if it
is then applied with gradually increasing intensity. If one then
assumes the extreme case that all of each element found in the
aqueous phase was derived solely from the clay-size fraction,
the total loss of Hg for samples filtered carefully ranged up
to 10% of the amount found in the clay-size fraction, while
those for the other elements did not exceed 5% and were
generally less than about 3%. Lee et al. (17) also report only
small amounts of most elements are released to the aqueous
phase in mixtures of sediment and water.

Changes in the concentrations of trace elements in the
clay-size fraction may also result from possible size fraction­
ation of the clay-size particles during their separation because
of differences in their size and density. The conditions de­
scribed assume that the particles have an equivalent spherical
diameter of 2 I'm and a density of 2.65 g/cm~. These values can
only approximate the correct parameters for the fine particles
of sediments. This is unavoidable, but the effects on the final
results are negligible as shown by their uniformity. Also, such
potential effects are minimized here because the procedure
used to separate the clay-size fraction is the same for all of the
samples. Separation and collection of a portion of the total
content of clay-size material in the sample, as were done in this
study, are much faster and easier than repetitive separations
needed to collect all of the clay-size fraction. Analysis of
samples collected by each procedure shows that the concen­
trations of trace elements in such samples are identical within
their analytical uncertainties (IS). This shows that analysis
of a subsample of the total clay-size material yields results
representative of the total fraction of such material in the
sample. This also suggests that natural processes that suspend
and transport clay-size material have little effect on its com­
position.

Graphical Representation of Results. Comparison di­
agrams displaying the ratio of the concentration of each ele­
ment in the sample to a standard value are useful to discern
patterns of trace element concentrations. Such diagrams
(Figure 1) are made by plotting the concentration ratios as a
function of the elements studied. While the values used for
the standard of comparison are arbitrary, we have found it
advantageous to use the average concentration of each element
in the samples from the prehistoric (13-33 em) portion of the
sediment core (Table I). Differences in trace element con­
centrations between samples can then be readily identified
by comparing individual diagrams.
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harbor that is not used by ships and does not directly receive
any industrial effluents. It supports a diverse population of
aquatic organi~ms characteristic of natural areas (18). This
area is expected to be polluted less than any other portion of
the harbor. In contrast, sample H-2 is from a heavily used
shipping lane near the outfall of a sewage treatment plant, an
area likely to receive anthropogenic inputs of elements. Rec­
ognizing which elements, if any, in either sample might he
affected by anthropogenic inputs is nearly impossible by in­
spection of the results obtained for the samples of total sedi­
ments (Figure 2). The sample suspected of being contami­
nated, H-2, has lower concentrations of all elements except
Na, K, and Hg. However, inspection of the results for the
clay-size fraction of these samples (Figure 2) shows clearly that
the samples have similar compositions except that sample H-2
has anomalously high concentrations of As, Cu, Hg, Sb, Zn,
and maybe Cr. Anthropogenic inputs must be considered as
one source of these enrichments.

Diagrams similar to those in Figure 2 can be made from the
results for the other samples. They are similar in nature to
those in Figure 2, except that none of the other samples has
as many elements enriched as greatly as those of sample H-2.
Most of the samples from the open lake show little or no en­
richment of the elements studied.

Background Concentrations. The use of trace element
concentrations in the clay-size fraction to detect contaminated
sediments eliminates the problems associated with sample­
to-sample variations characteristic of total sediments. This
simplifies the problem to one of showing that any anomalous

concentrations of trace elements in the clay-size fraction are
the results of anthropogenic inputs and not those of natural
geochemical processes. This requires a determination of the
range of background concentrations of each element in the
clay-size fraction.

The surface enrichment of Mn, Fe, and other elements as­
sociated with their hydrous oxides that often occur as a result
of sediment diagenesis is one process that can produce high
concentrations of trace elements. This process is probably of
little consequence to the dredging operation because the
surface few centimeters of the sediment contribute only a
small portion to the total volume of dredged sediment. It
might be important for the interpretation of the results for the
samples from Lake Superior because the Ponar dredge used
to collect the sediment seldom samples deeper than 15 cm.
The effects of diagenesis on the samples from the harbor
should be small because most of the harbor samples are col­
lected from areas that are dredged every 1-2 years and are
frequently disturbed by strong currents from maneuvering
ships.

The concentrations of selected elements in the clay-size
fraction at various depths in a core sample of sediment from
Lake Superior are shown in Figure 3. Sediment deeper than
3 cm is estimated to have been deposited more than 100 years
ago (19). The elements As, Cu, Mn, and Zn have higher con­
centrations in the near surface samples with Mn showing the
greatest enrichment. All of the other elements show no surface
enrichment and have concentration profiles that resemble
those ofCr, Sc, and Co in Figure 3. Tentative upper limits to

Table I. Concentrations of Trace Elements in ppm in Samples of Sediment
Av value

for 13-33-cm
Sample H2 Sample H9 portion of

Total Clay-size Total Clay-size sediment cor.
sedlmenl B fraction sediment fracllon Quartz (clay-size fraction) b

As 5.4 ± 0.5 21 6 10 0.58 12 ± 1

Sa 430 ± 20 520 440 437 19 460 ± 40

Ce 29.6 ± 0.5 100 63.4 77.3 6.2 96 ± 4

Co 7.92 ± 0.08 25.5 12.7 21.7 0.09 25 ± 1

Cr 51 ± 1 185 73 111 1.9 124 ± 1

Cs 1.8 ± 0.1 6.2 2.9 5.7 0.20 6.3 ± 0.2

Cu 19.3 ± 0.2 172 35.9 57.6 0.74 65.9 ± 0.2

Eu 0.81 ±0.01 1.62 1.07 1.18 0.063 1.50 ± 0.06

Fe 21300 ± 200 75700 31300 52400 233 70500 ± 700

Ga 8.2 ± 0.1 26.5 13.9 28.4 1.07

HI 4.5 ± 0.1 5.0 5.7 4.5 0.90 5.4 ± 0.1

Hg 0.14 ± 0.02 0.99 0.05 0.074 0.3 ± 0.2

K 22500 ± 500 18100 18300 23000 1160 23700 ± 1600

La 18.9 ± 0.3 45 28.9 38.4 2.59 47 ± 2

Lu 0.287 ± 0.008 0.92 0.46 0.49 0.047 0.61 ± 0.01

Mn 5.6 710 ± 60

Na 8920 ± 30 6290 7380 4870 698 5300 ± 400

Nd 45 ± 6

Rb 63± 2 108 76 110 4.0 115 ± 8

Sb 1.3 ± 0.1

Sc 6.06 ± 0.02 20.8 10.6 17.7 0.268 20.3 ± 0.3

Sm 3.78 ± 0.02 8.23 5.3 6.5 0.522 8.5 ± 0.2

Tb 0.45 ± 0.02 1.1 0.73 0.93 0.078 1.18 ± 0.02

Th 1.28 18.5 ± 0.3

U 0.45

Yb 1.96 ± 0.08 3.4 3.1 3.2 0.31 4.0 ± 0.1

Zn 64 ± 3 530 91 166 1.0 172 ± 14

• The uncertainty associated with each value represents 1 standard deviation based on counting statistics. When converted to percent, these values also apply
to the results for the other samples. An additional uncertainty of about 1% applies to the values for each sample. b Uncertainties are 1 standard deviation from
the mean value of the five samples of core.
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Figure 2. Comparison diagram showing ratios of concentrations of
elements in clay-size fraction and total sediment of two samples from
Duluth-Superior harbor
Error bar represents 1 standard deviation
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Figure 3. Concentrations of some elements in clay-size fraction of
sediment core as a function of depth

the background concentrations of trace elements can then be
determined for the clay-size fraction in the study area (Table
lIl, if one assumes that the observed enrichment is the result
of diagenesis and not anthropogenic inputs.

A second approach to determine background values as­
sumes that most of the samples analyzed have not received
anthropogenic inputs of elements, such as the samples from
Lake Superior, or are not seriously affected by the effects of
diagenesis, such as most of those from the harbor. For this
situation, the lowest and/or modal value of concentration of
each element in the clay-size fraction will approximate the
background values (column 3 of Table lIl.

A third approach is to consider the concentrations of each
element in the important sources of sediment. For the Du-

luth-Superior area, much of the sediment is derived from the
deposits of lacustrine "red clay" along the Wisconsin shore
(20). The average concentrations of each element in the
clay-size fraction from three samples of red clay are given in
column 4 of Table II. Other sources of sediment might also be
significant, and their contributions may be best considered
by using the average concentration of each element in the
clay-size fraction of the prehistoric portion of the sediment
core (column 2 of Table II) as a fourth approximation to the
background values.

The general agreement of the values derived from all four
approaches allows a single value to be recommended as the
current, best approximation of the background concentration
of each element (column 5 of Table II). The tentative maxi­
mum values, especially for Zn, Cu, and As, also need to be
considered if the method used to collect the sediment yields
samples sensitive to the effects of diagenesis.

The recommended values in Table II can be used to prepare
maps showing the spatial distribution of each element in the
study area. Figure 4 is such a map showing the locations of the
sample sites and the ratios of the concentration of Zn in the
clay-size fraction to a background value of 180 ppm. Most of
the samples have about the same concentration ratio for Zn
except those from the northern part of the harbor and the old
disposal sites for dredged material which are enriched in Zn.
Similar maps for the other elements show that the relative
distributions of Cu and Hg are about the same as those of Zn.
Most of the other elements have ratios that are near one
throughout the entire study area except for As, Sb, Co, and
Cr which are most enriched in samples H-2 and H-3.

It is instructive to consider why the trace element concen­
trations in the clay-size fraction are much more uniform
compared to those for samples of total sediments. This is
apparently a result of the weathering and transport properties
of the mineral and other components of sediments. Compar­
ison of the element concentrations in quartz, the most abun­
dant mineral in these sediments, to those in the sampies of
total sediment or clay-size fraction (Table I) shows that quartz
has very low concentrations of all trace elements except Hf,
Th, and U. (These elements are associated with zircon which
is also isolated by the procedure used to separate quartz.)
While it is generally known that sediment samples containing
high concentrations of quartz tend to have low concentrations
of most trace elements, correcting the concentrations of trace
elements in samples of total sediments for the effects of
dilution by quartz does not reduce the sample-to-sample
variations of trace element concentrations. Comparison di­
agrams made from the corrected values (not shown) show that
the ratios of most elements are greater than one and have as
great a range as do the uncorrected values. This indicates that
other minerals containing high concentrations of trace ele­
ments must also occur in the silt and larger size fractions of
the samples.

For example, the results of x-ray diffraction analysis show
that zircon, magnetite and ilmenite are present in the samples
of total sediment. All of these minerals have high concentra­
tions of some trace elements (21). Local variations of the
concentrations of these minerals, quartz, and the clay-size
fraction produced by the differential transport by water of
particles having different sizes and densities will result in
temporal and spatial variations of trace element concentra­
tions in samples of total sediments that are independent of
anthropogenic inputs. In contrast, the clay-size fraction
generally has low concentrations of quartz and other minerals
that tend to concentrate in the sand and silt size fractions of
sediments. This occurs because when grains of the above
minerals are reduced to a size of several micrometers, they are
more susceptible to dissolution than are similar size particles
of clay minerals and oxides of AI and Fe (22). In addition,
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Table II. Concentrations of Trace Elements in ppm in Samples of Clay-Size Fractions Used to Determine
Maximum and' Recommended Values of Background Concentrations

Max
concn Av value In Modal value

In sediment 13-33-cm portion from all Av value Recommended
Element core of sediment core samples from "red clay" single value

As 31 12 16 12 14
Co 28 25 25 20 25

Cr 125 124 120 100 120

Cu 94 66 75 68 70
Hg 0.56 0.3 0.4 0.4

Sb 1.9 1.3 1.3 1.3
Zn 233 172 190 134 180

1.~(46)

1.~(45)

L1(43)

1.0 (591

o 2 4 a 10

Figure 4. Spatial distribution of zinc shown as ratio of concentration
of zinc in clay-size fraction divided by background value of 180 ppm
Symbols in parentheses identify each sample. Circles shown by dashed lines
indicate old disposal sites tor sediments dredged from harbor

particles of the clay-size fraction are transported and mixed
more efficiently by water. The combined effects of both pro­
cesses result in the clay-size fraction having almost uniform
mineral and therefore chemical compositions over much larger
areas than are found for samples of larger particles. The
content of organic matter in these samples is uniformly low,
but this may also be important in other sediments.

Uniform background concentrations of trace elements in
the clay-size fractions of sediments over large areas plus its
ability to scavenge elements make the clay-size fraction the
best portion of the sediment to analyze for monitoring an­
thropogenic inputs of elements. An intensive program of
sampling and analysis using the approach outlined here will
identify in detail which areas of sediment are enriched in trace
elements due to anthropogenic inputs more clearly than an
approach based on the analysis of total sediments. The envi­
ronmental acceptability of such sediments can then be de­
termined by appropriate bioassay and sediment preference
tests before they are dredged.
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Polynuclear Aromatic Hydrocarbons in Marine Tissues

Roy J. Pancirov· and Ralph A. Brown

Analytical and Information Division, Exxon Research and Engineering Co., Linden, N.J. 07036

• Shell and fin fish contain benzo(a)pyrene and other po­
lynuclear aromatic hydrocarbons at the parts per billion level
or below_ The presence of pyrene at a much higher relative
concentration than its methyl isomers indicates the hydro­
carbons are from a combustion source.

A National Academy of Sciences workshop on oil pollution
(I) found that the principal concern to public health is the
danger of eating oil-contaminated marine tissues_ Since pe­
troleum contains small concentrations of potentially carci­
noge.nic aromatics (2), it has been considered as one of many
possIble sources of such contamination.

In response to this concern, the American Petroleum In­
stitute conducted a study of polynuclear aromatic hydrocar­
bons (PAH) in marine animal tissue_ This included the mea­
surement of typical polynuclears, such as benzo(a)pyrene
(BaP), in the edible portions of shell and fin fish. Concen­
trations were observed on a wet weight basis.

Melhod of Analysis

Carbon-14labeled benz(a)anthracene (BaA) and BaP were
employed as internal standards in the method of analysis.
Afte~ adding these standards to the starting sample, a modi­
ficatIOn of the method of Howard et aI. (3) was used to prepare
a PAH concentration that was in turn analyzed by a combined
GC/UV procedure (4).

A weighed sample of approximately 450 g is placed into
300-mL of redistilled ethanol and 15 g of KOH. The spike
solutIOn of carbon-14 BaA and BaP is added, and the mixture
digested for 2 h. The resulting solution is transferred to a 2-L
separatory funnel with two 125-mL water and two loo-mL
ethanol washes. The PAH's are then extracted with 150- 100­
and loo-mL portions of isooctane. Each of the three is~tan~
extracts is washed with four 250-mL portions of warm water.
The isooctane washed extracts are combined and reduced on
a steam bath under N2 to -25-30 g. An equivalent weight of
isooctane is added, and the resulting solution extracted with
five loo-g portions of 10:1 dimethyl sulfoxide:H:IP04(DMSO).
Then 720 mL of water is added to the combined DMSO ex­
tracts, and this solution is back extracted with three loo-mL
portions of isooctane. Each isooctane portion is washed with
three 250-mL portions of water. The isooctane solutions are
combined and reduced to-lO mL on a steam bath under N2.

A l-mL sample may be removed at this point for counting.
The isooctane solution is eluted through a long narrow (6

mm X 90 em) column of 2% deactivated alumina. The solvent
elution procedure is as follows: 5 mL prewash of cyclohexane,
10 mL sample, 30 mL of 10% benzene/9O% cyclohexane, 30 mL
20% benzene/80% cyclohexane, 30 mL benzene, and 30 mL
50% benzene/50% methanol. Ten-milliliter fractions are col-

lected throughout the separation. One-milliliter samples are
taken for counting, and the fractions combined according to
the counting data. The combined fractions are reduced on a
steam bath under N2 after adding 5 I'L of n-hexadecane to
prevent going to dryness. An aliquot of this concentrate is then
injected into a gas chromatograph where the GC peaks are
trapped, and the UV absorption spectra of selected trapped
peaks are then measured_ These spectra provide a quantitative
measure of individual PAH's in the aliquot. Quantitation on
a total sample basis is calculated from the observed recovery
of the 14C labeled standards, BaA and BaP.

The precision and accuracy of the method were evaluated
by analyzing known blends containing phenanthrene, 2­
me-phenanthrene, I-me-phenanthrene, fluoranthene, pyrene,
BaA, chrysene, triphenylene, BaP, BeP, perylene and
B(g,h,i)P, at concentrations of I and 6 ppb. Individual com­
pounds were measured within 2-sigma limits of I and 2 ppb,
respectively. Later in this manuscript, the concentration ratio
of methylpyrene to pyrene is shown to be of special signifi­
cance in the interpretation of the findings of this study. For
this reason, special commentary is warranted with regard to
the ability of the method to handle the methyl-substituted
isomers. Two cross-checks on this were available for most of
the samples. Gas chromatograms, for example, provide such
a cross-check as illustrated in Figure I for the Long Island
Sound oysters. The concentration of methylpyrene is much
lower than that of pyrene which agrees with the UV mea­
surement listed in Table I. Low-voltage mass spectral mea­
surements (5) were applied to the Long Island Sound oysters
and numerous other samples. These spectra confirmed that
not only pyrene (molecular weight series 202, 216, etc.), but

T1mt (min.)

Figure 1. Gas chromatogram of Long Island Sound oysters
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other PAH homologous series were comprised principally of
the parent compound with much lower amounts of methyl­
substituted homologs.

Samples

Figure 2 shows the origin of several samples which were
studied. Included were oysters and clams from a commercial
fishery in Long Island Sound near Norwalk, Conn. Crabs and
menhaden wer.e taken from Raritan Bay in New Jersey. The
Long Island Sound and Raritan Bay waters are exposed to
municipal and industrial wastes. Two flounder samples were
analyzed; one was taken during dredging off Long Branch,
N.J., and a second was collected off the RN Delaware II
during a cruise conducted by the NOAA Fishery Laboratory
of Sandy Hook, N.J., about 10 miles off the southern coast of
Long Island. Codfish came from an open area of the Atlantic
Ocean.

Table I tabulates the origins for all the samples. In addition
to the samples already mentioned, oysters and clams were
from Chincoteague, Va., crabs from Chesapeake Bay, shrimp
from a clean control pond operated by Texas A & M Univer­
sity in Palacios, Tex., and lake trout from a wilderness lake
in Ontario, Canada. Mussels were supplied by Woods Hole
Oceanographic Institute from a study of Buzzard's Bay in
Falmouth, Mass. Samples were taken from the Little Sip­
pewissett Creek which is an unpolluted area and from Wild
Harbor which is considered to be polluted.

Results

Among the polynuclear aromatic hydrocarbons, BaP is the
most widely studied carcinogen (6). Among other such hy­
drocarbons, BaA (a weak carcinogen) has also been measured.
These compounds were therefore selected as indicators of total
PAH contents. Observed concentrations for these two com­
pounds are tabulated in Table I for 15 marine tissues. In 8 of
the 15 samples, "less than" concentrations only are reported.
Less than values can, as seen in Table I, vary considerably
from sample to sample. The values reported depend to a large
extent on the amount of residue obtained in the final step of

our method. The larger the residue, the less will be the percent
of the total sample injected into the GC, and accordingly the
less 14C material will be recovered. Since the data are related
to 14C recovery, the less recovered means, in effect, that a
higher detectability level will be observed for some samples
over others. A preponderance of these less than values are <1

"" ,NYA l(,

.,'

~'I-------\---tl-+--------irr..=;o--------j

Figure 2. Origin of several samples

Table I. Summary of PNA Hydrocarbons In Marine Tissues (ppb, Wet Weight)
Marine 01_

LocaUon 01 sample tlssu.. BaA BaP Pyrene Methylpyrene Individual PNA.'. 8

Long Island Sound Oyster 8 2 58 11 <2-15
Chincoteague, Va.

Black Point Oyster 0.1 0.2 0.5 <0.1 <0.5-0.7
Little Toms Cove Clam 0.3 0.3 1.0 <0.2 <0.1-<0.9

Darien. Conn., Scott's Cove Clam 1 <1 12 2.5 <1-3
Fish Market. Linden. N.J. Clam <1 <1 <3 <1 <0.5-<3
Chesapeake Bay Crab <1.5 <0.5 <0.2 <0.2 <0.5-<1.2
Raritan Bay Crab 2 3 6 1.6 1-2

Menhaden <0.3 1.5 <0.3 <0.6 <0.3-1
Atlantic Ocean

Long Branch. N.J. Flounder <1 <2 <1 <0.6 <1-<2
South of Long Island Flounder <1 <1 2 0.5 <1
(40 0 27'N.73°06'W)

Falmouth, Mass.
Little Sippewissett Mussel <0.2 <0.5 2 0.5 <0.2-0.3
Wild Harbor Mussel 0.6 0.5 4 1.5 <0.5-1.2

Palacios. Tex. Shrimp <0.2 <1 <0.3 <0.3 <0.3-<1
Atlantic Ocean. 25 mi. off Toms River. N.J. Codfish <2 <1 <0.5 <2 <0.5-<5
(39°57'N. 73°35W)
Lake Maskinonge. Ont., Lake <0.5 <1 <0.3 <0.6 <0.5-<1.5
Canada trout

a Includes chrysene, triphenytene. benzo{b)fluoranthene, benzo(e)pyrene, perylene, and benzo(g,h,i}perylene.
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Table II. Benzo(a)pyrene Reported in Mussels, Codfish, and Oysters
Source

Toulon Roads, France
Falmouth, Mass.
Vancouver, B.C., Canada

Remote area
Outer harbor
Around wharf, marina, docks
Inner harbor

West Coventry, Greenland
Atlantic Ocean, oil N.J.
Norfolk Harbor, Va.
Long Island Sound
Chincoteague, Va.
French coast

Marine lI.sue

Mussel
Mussel
Mussel

Codfish
Codfish
Oyster
Oyster
Oyster
Oyster

SaP (ppb. wet wt)

0.2-3.0·
<0.5-0.5

0.0-0.2
2.0 ± 0.3

18
42

1.5·

<1
2-6

2
0.2

0.1-7.0·

ReI

Grellard and Meury (12)
This study
Dunn and Stich (7)

Mallet et al. (13)

This study
Cahnmann and Kuratsune (14)

This study
This study
Mallet (15)

a Converted from dry to wet weight by factor of 0.1 ( 11).

ppb. Concentrations of 0.1-1.5 ppb are observed for five
samples, and only the oysters from Long Island Sound and
crabs from Raritan Bay showed concentrations higher than
2 ppb.

The last column of Table I reports the concentration ranges
as observed for six other 4-, 5- or 6-ring aromatics. Uniformly
low values are observed. The single relatively high concen­
tration of 15 ppb is that of triphenylene, a noncarcinogen, in
Long Island Sound oysters.

Discussion

It is of interest to compare the results of this study with
published information which is generally limited to BaP
values. As shown in Table II, mussels from this study are
similar to those from a remote area as analyzed by Dunn and
Stich (7). These investigators found significantly higher BaP
contents for samples from polluted areas covering from the
inner to the outer harbor area of Vancouver, B.C. Long Island
Sound oysters contain BaP at the lower range observed for
oysters from harbor and coastal water. An even lower con­
centration was found for oysters from Chincoteague, Va.-a
pristine area.

By comparison with other foodstuffs, neither shell nor fin
fish show unusually high amounts of polynuclear aromatics.
Indeed, lower concentrations occur in fish than in many
common foodstuffs. For example, Malanoski et a!. (8) report
smoked meats (including fish) to contain from 0.5 to 7.0 ppb
of BaP. In other cases this compound occurs at 5-13 ppb in
lettuce (8, 9), 43.7 ppb in coconut oil (10), and 4 ppb in tea
(9).

Pyrene and methylpyrene data from this study merit special
mention. Absolute values are reported for these compounds
in six samples. For the ratio of methylpyrene to pyrene, an
approximately constant value of 0.26 was observed. In two
other samples (oysters and clams from Chincoteague, Va.),
the "less than" values of methylpyrene compared with the
absolute values of pyrene show an even lower ratio. Predom­
inance of the parent compound, pyrene, indicates that the
hydrocarbons are not of petroleum origin. Published data (2,
16) show that, in petroleum, PAH's consist of homologous
series in which the methyl and higher alkyl-substituted iso­
mers significantly outnumber the parent hydrocarbons. Ar­
omatic hydrocarbons from the combustion of fossil fuel or
wood, however, contain a predominant amount of the parent
hydrocarbons. It is quite possible, then, that the hydrocarbons
found in marine tissue originate from such combustion. This
would agree with previous findings for polynuclear aromatic

hydrocarbons in soil and marine sediment where Youngblood
and Blumer (16) suggest combustion as a direct source, and
Hites (17) proposes as a source in situ modification of air
particulates.

This reasoning does not take into account the possibility
that the lower concentration of methyl isomers is caused by
a difference in the rate and extent of accumulation in marine
tissues. In some recent work on this subject, Bieri et a!. (18)
exposed fundulus to a crude oil and found that there was a
temporary accumulation of naphthalenes but with no pref­
erence for naphthalene itself. A similar observation was made
by Anderson et a!. (19) who exposed oysters, shrimps, and
clams to a highly aromatic fuel oi!.ln this study, depuration
was accomplished by placing the exposed samples in clean
seawater. Preferential metabolism of PAH's with side chains
could also account for their relatively low concentrations.
Again neither Bieri et a!. (18) nor Anderson et a!. (19) ob­
served this process. More work is required to further clarify
these points.
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Errors in Determination of Residual Oxidants in Chlorinated Seawater

James H. Carpenter", Cynthia A. Moore, and Donald L. Macaladyl

Rosenstiel School of Marine and Atmospheric Science, University of Miami, 4600 Rickenbacker Causeway, Miami, Fla. 33149

• The iodometric titration procedure for residual chlorine
underestimates the true values for residual oxidants in sea­
water by threefold or more. Chlorine added to seawater causes
oxidation of the natural bromide ion. The erroneous results
appear to be due to partial oxidation of iodide ion to iodate
ion by bromine and hypobromous acid. Modifications of the
procedure by increasing the acidity and KI concentration or
the use of a back titration procedure eliminate the spuriously
low results that have been false indications of a large and rapid
chlorine demand in unpolluted seawater.

With the increasing recognition of the responses of aquatic
organisms to low levels of "residual chlorine" (J, 2), mea­
surement of the residual oxidants in the waters discharged
from wastewater treatment plants and electricity-generating
plants has become important in order that the environmental
impact of the discharges can be properly assessed and regu­
lated. Operation of electricity-generating plants frequently
involves the use of chlorine as an antifouling agent in the
cooling water system, and the large number of plants that have
been built at estuarine and coastal sites during the past decade
has led to much greater input of chlorinated waters. The
wastewater collection systems of many coastal communities
contain some seawater as a result of infiltration with brackish
ground waters, and chlorine added as a disinfectant during
treatment reacts with the seawater constituents during
treatment and in the receiving water. We report in this paper
on our observations that the analytical methods in widespread
current use underestimate the residual oxidants in chlorinated
seawater by as much as 70%, depending on the details of the
procedures.

The addition of chlorine to waters containing sea salts leads
to reaction with the natural bromide ion (65 mg/L in ocean
water) to produce hypobromous acid and hypobromite ion (3).
If ammonia is present, a mixture of monobromamine and
monochloramine may be formed (4). In addition, reaction with
organic compounds may produce a variety of brominated
substances. Thus, the determination of "residual chlorine"
actually corresponds to the estimation of the sum of this
complex mixture and is better termed "residual oxidant de­
termination".

I Present address, Department of Chemistry, Northern Michigan
University, Marquette, Mich. 49855.
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The toxicity of chlorinated waters has been reported in
terms of the combined residual chlorine concentration (J), and
the results of iodometric amperometric titration measure­
ments appear to be the most closely correlated with biologi­
cally active chlorine residuals (5). Since responses by fish have
been found at the low concentrations of 0.001-0.01 mg/L, the
high sensitivity of amperometric titration equipment with
large electrodes has been attractive. The high sensitivity is
attained by vigorous agitation of the sample with the danger
that volatile halogen compounds may be lost, so that rapid
titration has been recommended. The basic procedure (6)
consists of adjusting the pH of the sample to 4 with acetate
buffer, adding KI solution (final concentration 0.001-0.003
M depending on sample size), and rapidly titrating the lib­
erated iodine with either sodium thiosulfate or phenylarsine
oxide solutions. Similarly, the direct solid electrode amper­
ometry (7) involves the continuous addition of an acetate
buffer solution containing KI to the sample stream and the
monitoring of the current produced by electrochemical re­
duction of the resulting iodine, with the refinement of using
coulometrically generated iodine for periodic calibration.
These procedures involving reaction of KI with the residual
oxidants during a brief reaction time do not respond to all the
residual oxidants in chlorinated seawater.

Experimental

The determinations of residual oxidants were carried out
using reagent solutions and procedures as described in
"Standard Methods" (6), except that the titration of iodine
was followed photometrically using the apparatus and pro­
cedure outlined by Carpenter (8). Stock solutions of chlorine
were prepared by dilution of distilled water saturated with
gaseous chlorine. Stock solutions of bromine were prepared
by dilution of distilled water saturated with liquid bro­
mine.

The triiodide ion concentration in experimental solutions
was monitored at 350 nm with a Beckman Model 24 spectro­
photometer with a recorder.

Results and Discussion

The results of titrations for residual oxidants in chlorinated
seawaters showed that Gulf Stream water filtered through
0.22-" Fluoropore filters had a large apparent chlorine de­
mand, even though such waters have a very low organic carbon
content. In addition, the end point of the titrations was not
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Figure 1. Variation of triiodide ion absorbance (35Q-nm. ~m path) with
time after addition of bromine (final solution 14 /-LN) to 0.024 M KI distilled
water solutions adjusted to various pH values with sulfuric acid

in chlorinated seawater polarographically, unless the solutions
were exposed to sunlight (11).

Addition of iodate to the 0.024 M KI solutions produced
patterns of triiodide ion appearance with time at various pH
values (Figure 2) that are similar to the results shown in Figure
1, ranging from rapid at pH 2 to very slow at pH 5. We infer
that hypobromous acid or bromine (1.4 X 10-5 N) reacts
rapidly with iodide (0.024 M) to produce a mixture of iodine
and iodate; subsequently, the iodate reacts with the excess
iodide to produce additional iodine at rates that depend on
the pH.

Confirmation of the formation of iodate from iodide by
added bromine at pH 4 was found from differential pulse
polarograms. Differential pulse polarography was used in
order that the iodate wave could be resolved on top of the large
current due to the reduction of the iodine that is also present

Figure 2. Variation of triiodide ion absorbance (35Q-nm, ~m path) with
time after addition of either iodine, potassium iodate. chlorine. or po­
tassium bromate (final solutions 14 /-LN) to 0.024 '.1 KI distilled water
solutions adjusted to various pH values with sulfuric acid. Variation with
added iodate similar to variation with added bromine in Figure 1

persistent, and triiodide ion was slowly generated after the
initial end point had been reached, with 18-24 h required for
cessation of additional appearance of triiodide ion. For ex­
ample, for a chlorine dosage that produced an apparent re­
sidual oxidant concentration in distilled water of 4.0 X 10-5

N (1.4 ppm Cl2 equivalent), the same dosage in Gulf Stream
seawater produced an apparent residual oxidant concentra­
tion of 2.1 and 2.5 X 10-[' N in two separate trials. The pH 4
buffer and KI reagents (final solution 0.0024 M KI) were
added in less than 1 min after the chlorine dose to minimize
reaction with seawater organics or decomposition. The re­
sidual oxidants reacted completely with KI in 1 min or less in
solutions of pH 2 and 0.024 M KI in distilled water, and the
test seawater showed a residual oxidant concentration of 3.6
X 10-5 N under these conditions.

The high "chlorine demand" of the Gulf Stream seawater
appears to be due to the rapid formation of chemical species
that react slowly with 0.0024 M KI at pH 4.

The addition of chlorine to seawater results in the rapid
production of hypobromous acid and hypobromite ion. Based
on observation of the 330-nm peak of hypobromite ion, the
reaction is complete in less than 1 min. It seemed probable
that the slow reacting species was formed from the bromine
rather than the chlorine. This possibility was confirmed by
use of the simple system of KI solutions in distilled water at
various pH values to which an aqueous bromine solution was
added and the absorbance to 350 nm (the triiodide peak) was
monitored with time. The rate of appearance of the triiodide
ion depended on the pH of the solutions and the KI concen­
tration. For the "Standard Methods" (6) conditions of pH 4
and 0.0024 M KI, 70% of the total potential triiodide ion
concentration appeared in less than 20 s, and further pro­
duction was very slow. The slow formation of triiodide ion
observed photometrically is analogous to the fading end point
in the iodometric titrations. The inference is that the forma­
tion of the slow reacting species is not peculiar to seawater.
The initial formation of triiodide ion was less (30-50%) if the
stock KI and buffer solutions were added to brominated dis­
tilled water, as in the case of the procedures for analysis of
residual oxidants, but was difficult to reproduce with preci­
sion. We used the bromination of the diluted KI solution to
illustrate the formation and kinetics of the species that reacts
slowly with iodide ion.

The rate of production of triiodide ion by the species formed
when bromine was added depended strongly on the pH of the
solutions (Figure 1). Slow reaction at pH 4 was found even in
the presence of a tenfold higher concentration of KI than is
normally used in the amperometric procedures for residual
chlorine.

We sought to identify the slow reacting species by observing
the triiodide ion concentration variation with time after the
addition of iodine, chlorine, iodate, and bromate to 0.024 M
KI solutions at various pH values (Figure 2). Addition of io­
dine produced a triiodide ion absorbance nearly instanta­
neously that did not vary with time or pH, showing that hy­
drolysis or disproportionation reactions were not responsible
for the variations shown in Figure 1. Similarly, the addition
of chlorine caused an absorbance that did not vary with time
or pH, which supports the notion that the slow appearance of
iodine in chlorinated seawater is not caused by reactions in­
volving chlorine.

An obvious species that could cause the observed behavior
is bromate ion, since the rate of reaction between iodide and
bromate is strongly dependent on acidity (9), and the for­
mation of bromate from bromide by hypochlorite is favored
by a high concentration of chloride (10). As shown in Figure
2, bromate reacts with 0.024 M KI only slowly at pH 2 and
does not appear to be the species that causes the results shown
in Figure 1. Furthermore, we were unable to detect bromate
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as a result of the reaction of the iodide with the added bro­
mine.

Comparison of Alternate Procedures

These results indicate that the amperometric standard
method badly underestimates the residual oxidants in chlo­
rinated seawater because the resulting bromine oxidizes part
of the iodide to iodate. In our experiments the residual oxidant
was primarily hypobromous acid because Gulf Stream sea­
water contains very low concentrations of ammonia and or­
ganic matter. We considered the ferrous ammonium sulfate
titrimetric method with N,N-diethyl-p-phenylenediamine
(DPD) end point indicator (J 2) as a possible alternate pro­
cedure for these unpolluted waters. Application of this method
to Gulf Stream seawater gave only 80-85% recovery of added
chlorine. The reasons for this discrepancy have not been
identified. The DPD ferrous titrimetric method does not ap­
pear to be suitable for low (0.1-0.01 ppm) concentrations of
residual oxidants because the visual end point is not sharp in
these dilute solutions.

Another possible procedure would be a modification of the
iodometric procedure at lower pH and higher potassium iodide
concentrations, so that iodate would react rapidly. Greater
acidity and iodide ion concentration should be limited to
conditions that do not produce significant air oxidation of the
iodide, and pH 2 with ca. 0.03 M KI appears to be a realistic
limit. The high KI concentration has the additional virtue of
reducing the volatilization of the iodine by the formation of
the triiodide ion complex, but has the drawback of reducing
the amperometric response since the electrode senses pri­
marily the free iodine (J 3). In the photometric titration pro­
cedure that we used, the triiodide ion concentration is mea­
sured, and the high KI concentration is desirable.

The results of titrations for residual oxidants in chlorinated
seawater, by use of variations of the iodometric procedure, are
shown in Table I. The pH was adjusted and the KI solutions
were added within 1 min after the addition of the chlorine
solution to minimize the decomposition of the resulting oxi­
dants. Use of pH 4 and low KI concentration produced values
that are substantial underestimates, as delineated above. The
chlorine disappearance in seawater has been described as in­
volving an initial rapid decline followed by a much slower
decline (J 4), and our results suggest that the apparent rapid
initial decline may be partially an artifact of the analytical
method.

The use of greater acidity and KI produced values that
correspond to a loss or consumption of chlorine in the Gulf
Stream seawater of roughly 1 to 2l'eqlL, which is possibly a
reasonable result. However, the use of the back titration
procedure (6, p 382), in which the sample was added to an
excess of phenylarsine oxide solution that had been mixed
with the pH 4 buffer and the KI solution and the excess
phenylarsine oxide titrated with a standardized iodine solu­
tion, gave results corresponding to 100% recovery of the oxi­
dizing capacity of the added chlorine. The reverse titration
has been recommended for wastewaters to avoid reaction of
the liberated iodine with the organic material in such solu­
tions. A possible explanation for the difference between the
direct titration results and the back titration results would be
the reaction of the iodine with organic matter during the 10
min or SO required for the photometric titration that was used.
If so, this effect would be greater in estuarine and coastal
waters that contain much more organic matter than the Gulf
Stream seawater.

The quantitative recovery of the added chlorine oxidizing
capacity with the back titration procedure suggests this pro­
cedure is suitable for residual oxidant determinations in
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Table I. Apparent Residual Oxidant Concentrations In
Distilled Water and Seawater with Different Analysis
Procedures for Two Different Chlorine Additions 8

Residual oxidants,
Procedure I'M Recoyery, %

a 21.7

b 6.7 31

c 18.7 86
d 21.4 99
a 40.6

b 21.2 52
c 38.8 95

d 41.3 102
B (a) Distilled water, direct iodometric at pH 2 in 0.024 M KI; (b) seawater, direct

iodometric at pH 4 in 0.0024 M KI; (c) seawater, d~ect iodometric at pH 2 in 0.024
M KI; and (d) seawater, back titration with standardized iodine solution after
excess phenylarsine oxide solution added at pH 4 and 0.0024 M KI.

chlorinated seawater. The procedure has the following ad­
vantages:

A low KI concentration may be used without the danger of
iodine volatilization, and the response of the amperometric
electrodes is not reduced, as it would be if a high KI concen­
tration were required.

The pH 4 acetate buffer is convenient for adjusting the pH
of samples.

The high pH and low KI concentration should reduce the
possible effects of interference from air oxidation and ferric,
manganic, or nitrite ions.

The large errors that we find with current procedures make
it difficult to evaluate and compare various toxicity studies
involving chlorine since the actual exposure levels probably
have been underestimated substantially. Simple correction
for the errors does not appear to be practical because the
magnitude of the errors depends on the particulars in the
analyses, such as whether pH 4 or 3.5 was used and the rate
of titration. A need for careful evaluation of the analytical
procedures seems obvious, particularly for water containing
higher concentrations of ammonia and organic compounds
than Gulf Stream water.
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NOx-03 Photochemistry in Power Plant Plumes: Comparison of Theory
with Observation

Warren H. White1

Meteorology Research, Inc., 464 West Woodbury Road, Altadena, Calif. 91001

Reaction 3 is so fast that it can be combined with Reaction 2
for the purposes of this discussion:

h.,
O2+ N02 ---+ 0:) + NO (2')

Reaction 1 is very fast with a rate constant of about 27 ppm- 1

min- l (11). In the dark it proceeds almost to completion; at
every point of the early morning traverse shown in Figure 6,
either ozone or nitric oxide had been exhausted.

During the day, absorption of ultraviolet radiation by ni­
trogen dioxide leads to the formation of ozone:

(I)

(2)

(3)

magnetic tape cartridges. The figures in this paper show data
which have been averaged over 5-25 records.

On 14 August 1974 the plume from the 2200-MW coal-fired
power plant at Labadie, Mo., was mapped in considerable
detail out to a distance of 45 km (Figure O. A total of 19
sampling passes were flown under hazy skies during the
middle of the day, when temperatures at 455-610 m (1500­
2000 ft) msl were 20-25 DC and humidities were 60-70%.
Winds aloft were well suited to the characterization of pollu­
tant flow, holding steady from the east at 3-5 m/s (11-18
km/h) and carrying the plume away from St. Louis over pre­
dominantly rural terrain. At these wind speeds the emissions
of the plant had aged 3-4 h by the time they reached the
45-km sampling distance.

Figures 2-5 show cross-plume profiles of gas concentrations
recorded during selected horizontal traverses of the plume.
(The complete data set is available in ref. 6.) The boundaries
of the plume are apparent in the S02 profiles, since back­
ground S02 concentrations in the sampling area were gener­
ally below the detection limit of the instrument.

The concentrations on either side of the S02 plume repre­
sent the background from sources other than the power plant.
Background NO, concentrations were on the order of 3 pphm,
and background ozone concentrations ranged from 6 to 11
pphm. On some traverses (e.g., Figure 3), ozone concentrations
on the north side of the plume were higher than those on the
south side; inspection of Figure 1suggests that the power plant
plume may have been on the southern shoulder of the St.
Louis urban plume (7).

Analysis of Invariants

In all traverses of the Labadie plume, ozone concentrations
within the plume were depressed below their levels in the
background air. This ozone "deficit", which has been re­
marked in other power plant plumes (8-10), is due to scav­
enging of ambient ozone by the nitric oxide in the plant ef­
fluent:

The lumped Reaction 2' has a rate constant at midday of
0.3-0.5 min- 1 (12). It is the reverse of Reaction 1 and in day­
light maintains positive concentrations of ozone and nitric
oxide (Figures 2 and 4).

At atmospheric concentrations, Reactions 1 and 2' are much
the fastest known reactions in which nitric oxide, nitrogen

• Measurements were made by an instrumented aircraft in
the plume from a large, coal-fired power plant. In all traverses
(out to 45 km downwind). ozone concentrations within the
plume were depressed below background levels. The depth
of this ozone deficit and the ratio of NO to NO, in the plume
both decreased with increasing distance from the plant. A
model is presented which accurately predicts the observed
plume profiles of 0;10 NO, and NO, from the background
conditions, plume geometry, and basic photolytic cycle.
Free-radical reactions within the plume did not significantly
affect oxidant concentrations at the distances sampled.

The elevated pollutant plume from a stationary combustion
source is a large-scale flow reactor well suited to the study of
certain photochemical reactions in the atmosphere. Samples
taken in the core of the plume at increasing downwind dis­
tances show the evolution of ambient air doped with nitric
oxide and other contaminants. At the same time, control
samples taken adjacent to the plume show the evolution of
undoped ambient air under similar meteorological condi­
tions.

The interpretation of reactant profiles in a plume is some­
what complicated by the continual mixing which takes place
at the plume boundary. Changes in reactant concentrations
produced by the simple physical entrainment of ambient air
must be backed out of the data before the effects of ongoing
chemical transformations can be identified. Because of the
simplicity of their dependence on plume geometry, much can
be learned from a study of the stoichiometric invariants of the
fast photochemical reactions. This paper develops such an
approach and applies it to the analysis of data taken at a large,
coal-fired power plant in the Midwest.

Experimental

During the summer of 1974, an instrumented light plane
was used to map the flow of aerosols and trace gases within
large plumes in the St. Louis area. These measurements were
carried out as part of Project MISTT (Midwest Interstate
Sulfur Transformation and Transport) (I) and were sup­
ported by intensive pilot balloon observations of winds aloft.
The aerial plume mapping program is described in detail in
ref. 2, and results on sulfur chemistry and secondary aerosol
production in a power plant plume have been presented
elsewhere (3, 4). The discussion in the present paper will focus
on the chemistry of nitrogen oxides in a power plant plume.

The sampling aircraft carried continuous monitors for four
gases: 0;1, NO, NO" and S02. Ozone was measured with a
chemiluminescence detector (0:1 + C2H4) calibrated against
the buffered KI method. Nitrogen oxides were measured with
a chemiluminescence detector (NO + O~) equipped with dual
reaction chambers and a low-temperature molybdenum NO,
converter. The converter was designed to reduce only N02to
NO, but may have reduced higher oxides as well (5). Sulfur
dioxide was measured with an electrochemical cell. Readings
from each instrument were recorded at O.4-s intervals on

I Present address, 1180 North Chester Avenue, Pasadena, Calif.
91104.
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Figure 1. Outline of S02 plume downwind of Labadie power plant on August 14, 1974
Solid lines: sampling path. Dashed curves: region in which S02 concentrations above 1 pphm were measured between 455 and 610 m (1500 and 2000 It) msl. Sampling
began near plant at 1045 c.d.l.. ended 45 km downwind at 1515 c.d.l.

dioxide, and ozone participate (J3). Reactions 1 and 2' should
therefore control the short-term dynamics of the NO/NOz/03
system, and concentrations should quickly approach a pho­
tostationary state in which (J3)

(4)

Although measurements of this concentration ratio are in­
herently noisy (Figures 4 and 5) (J4), there is little doubt that
the approximate relationship of Equation 4 obtains under
conditions such as those in the Labadie plume 10 km or more
downwind of the plant. The photostationary relationship
leaves the NO/N02/03 system with two degrees of freedom,
and even relatively slow competing reactions can affect con­
centrations within the photostationary constraint imposed
by Reactions 1 and 2'.

In the absence of competing reactions, additional con­
straints are imposed on the NO/N02/03 system by the fact
that [N02] + [03] and [NO] + [N02) are stoichiometric in­
variants of Reactions 1 and 2'. As will be shown in the next
section, the concentrations of NO, N02, and 0 3 can be ex­
pressed in terms of the quantities (03)[NOJ/[N02], [N02] +
[03], and [NO] + [N02]. Reactions other than 1 and 2' there­
fore affect concentrations in the NO/N02/03 system to the
degree that N02 + 0 3 ("oxidant") and NO + N02 ("NO, ")
are not conserved. The conservation of a species is easily
checked, since the profile to be expected of a conservative
species can be calculated directly from plume geometry and
background conditions.

Oxidant. In the following discussion, the term "oxidant"
will be used to refer conveniently to the sum of nitrogen
dioxide and ozone: [oxidant] = [N02] + [031. This usage is not
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standard; the "oxidant" defined here is not that measured by,
e.g., the KI method, which does not respond quantitatively
to N02.

The direct impact of primary emissions on oxidant con­
centrations within the Labadie plume is negligible 20 km or
more downwind of the plant. The oxidant profile to be ex­
pected in the absence of reactions other than 1 and 2' is thus
simply that of the background air. Very little of the nitrogen
in the effluent is emitted as nitrogen dioxide; for example, on
the traverse 1 km downwind of the plant shown in Figure 6,
the NO/NO, ratio was 0.90 in the core of the plume. Since the
plant emits no ozone, its primary oxidant emissions are at
most 10% of its nitrogen oxides emissions. In the core of the
plume 22 km downwind from Labadie on August 14, this
would have corresponded to a primary oxidant concentration
of less than 0.5 pphm, about 6% of background oxidant lev­
els.

Figures 2 and 3 show the oxidant profiles measured in the
Labadie plume 22 and 45 km downwind from the plant on
August 14. To within the accuracy of the measurements, ox­
idant concentrations within the plume were consistent with
the background levels on either side, that is, the measured and
expected oxidant profiles agree.

Nitrogen Oxides. Unlike oxidant, NO, is emitted in sig­
nificant quantities by the Labadie plant. The NO, profile in
the plume thus depends not orily on the background air, but
on the geometry of the plume as well. In the absence of reac­
tions other than 1 and 2', the NO, concentration to be ex­
pected at a given point is {NO, X+ B, where x is the concen­
tration of plant effluent at that point, {NO, is the fraction of
NO, in the stack gas, and B is the background NO, concen-
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Figure 2. Concentration profiles from horizontal traverse at 455 m
(1500 tt) msl, 22 km downwind of Labadie power plant on August 14,
1974
Curves: measured 0 3 • NO, + 0 3 , and SO, profiles. Circles: model 0 3 profile
calculated as described in text

Figure 4. Further concentration profiles (see also Figure 2) from hori­
zontal traverse at 455 m (1500 tt) msl, 22 km downwind of Labadie
power plant on August 14. 1974
Curves: measured NO, NO,. and photostationary ratio profiles. Oats and circles:
model NO and NO, profiles calculated as described in text
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Figure 3. Concentration profiles from horizontal traverse at 610 m(2000
tt) msl, 45 km downwind of Labadie power plant on August 14, 1974
Curves: measured 0 3• N02 + 0 3• and 802 profiles. Circles: model 0 3 profile
calculated as described in text

Figure 5. Further concentration profiles (see also Figure 3) from hori­
zontal traverse at 610 m (2000 11) msl, 45 km downwind of Labadie
power plant on August 14, 1974
Curves: measured NO, NO.... and photostationary ratio profiles. Dots and circles:
model NO and NO, profiles calculated as described in text

tration. The quantity Xcan be eliminated through use of the
approximation [8021 = fso,x, since sulfur dioxide back­
grounds are negligible and measurements of the flow rate in
the August 14 Labadie plume showed no detectable loss be­
tween 10 and 45 km (2, 3).

Figures 4 and 5 show the NO, profiles measured in the
Labadie plume 22 and 45 km downwind from the plant on
August 14. The measured NO, profiles are compared with
expected NO, profiles calculated from the measured 802

profiles according to the formula

[NO,] = fNO, X + B = 0.3[802] + B

The background, B, was taken to be the average NO, con­
centration measured outside the 802 plume, which was 2.6
pphm in the pass at 22 km and 3.0 pphm in the pass at 45 km.
As in-stack measurements were not available, the factor 0.3
= fNO'/fso-, was determined by linear regression of NO, on
802 for this and other plumes. To within the accuracy of the
measurements, the measured and expected NO, profiles
agree.

Simple Model

The preceding section identified three quantities, [0:11­
[NO]l[N02], [N02] + [03], and [NO) + [N02], which are ki-
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[NO] = ~l- [Oa)[NO]l[N02]- (lN02] + [Oa])

+ ([NO] + [N02]) + XI (5)

[N02] = ! 1I0a)[NO]l[N02) + ([N02) + [Oa])
2

+ ([NO] + [N02]) - Xl (6)

[Oa] = ~ 1- [Oa)[NO]l[N02) + ([N02] + [Oa])

- ([NO] + [N02]) + Xl (7)

netic or stoichiometric invariants of Reactions 1 and 2'. As
others have note!! (15-18), these invariants together deter­
mine the state of the NO/NO:JOa system; the following
identities are easily verified:

where

X = 1([Oa)[NO]lIN02]

+ (lN02] + [Oa]) + (lNO] + [N02j))2

- 4 ([N02] + [Oa]) ([NO] + [N02]lP/2

Figure 6. Concentration profiles from horizontal traverse at 550 m (1800
11) msl, 1 km downwind of Labadie power plant on July 31.1974
Curves: measured NO. NO•. and 0 3 profiles

ddi ([N02] + [0,,1l = ks [NO)[ROO·] (9)

While they are too slow to perturb the photostationary state
significantly, such free-radical reactions do allow the oxidant
concentration to rise:

Discussion

In polluted air, Reactions 1 and 2' are but two of many re­
actions which affect the NO/NO:JOa system. Some of the most
interesting competing reactions are those which provide al­
ternatives to Reaction 1 for the oxidation of nitric oxide to
nitrogen dioxide. An important example is the reaction of
nitric oxide with peroxy radicals formed during the oxidation
of reactive hydrocarbons (I5) or, possibly, of S02 (8):

(8)

OZONE (fNO,J.+[O,J,l

NO + ROO· - N02 + RO .

10

W 5

6
~

o L50~--------,JIOO'-=---------='200

PARAMETER \ALLE,%

Figure 7. Sensitivity of calculated ozone concentration to input pa­
rameters
Curves: variation of calculated ozone concentration as one parameter is varied
while others remain fixed. Base (100%) values of parameters correspond to
conditoos in core of plllTl6 22 km downwind from Labadie power plant on August
14, 1974: k~/k, = 1.5 pphm, [NO,]. + [03]. = 9 pphm, 'NO, X = 4.9 pphm,
B = 2.6 pphm

When environmental conditions are spatially uniform and
reactions other than 1 and 2' unimportant, simple formulas
can be written for the profiles of the three invariants. Equa­
tions 5-7 then yield analytic expressions for the profiles of the
individual reactant concentrations.

Figures 2-5 show model ozone and nitric oxide profiles
calculated as above for the environment and geometry of the
August 14 Labadie plume. Based on the latitude and time of
day of the observations, a crude estimate was made of the
photostationary ratio [Oa)[NO]l[N02] = k;/k 1; the optical
thickness of the plume was neglected, and kJk 1 taken to be
1.5 pphm throughout. The oxidant concentration was taken
from ozone and nitrogen dioxide concentrations outside the
plume; a constant value of 9.0 pphm was used for the pass at
22 km, and a value dropping linearly with time from lOA
pphm at 1426 c.d.t. to 8.3 pphm at 1436 c.d.t. was used for the
pass at 45 km. The NO. concentration could have been pre­
dicted with a Gaussian plume model (17, 18) but was instead
scaled from the measured S02 concentration as described in
the preceding section; basiRg the calculations on the observed
plume geometry simplifies the interpretation of any differ­
ences between the measured and model profiles.

The correspondence between measured and model profiles
is quite good for the pass 22 km from the plant. There is a
suggestion that the correspondence was beginning to break
down 45 km from the plant, where the observed ozone deficit
was narrower and deeper than that calculated from the ge­
ometry of the S02 plume. The origin of this difference is not
known. Possible explanations include the following: The
profile of the background oxidant concentration was irregular;
ultraviolet radiation was significantly attenuated within the
core of the plume due to scattering by aerosols, depressing the
rate of nitrogen dioxide photolysis; and reactions involving
hydrocarbon products were important where the plume mixed
into the background air, destabilizing the oxidant concen­
tration.

An advantage of an analytic model is that its sensitivity to
various input parameters is easily determined. Figure 7 shows
the calculated dependence on rate constants, background
oxidant, and plume dilution of the ozone concentration in the
core of the August 14 Labadie plume 22 km from the plant.
The calculated ozone concentration is relatively insensitive
to the photostationary ratio, which is why the noisy measured
[Oa)[NO]l[N02) profile can successfully be approximated in
the model by a constant one.
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This can be seen (Figure 8) in the hydrocarbon-rich plumes
downwind of downtown St. Louis (site of concentrated auto­
motive emissions) and Wood River, Ill. (site of a large chemical
industry), where ozone and oxidant concentrations are com­
monly well above background (19).

Free-radical reactions play an essential role in determining
the oxidant level of the environment into which the emissions
of a power plant are injected. In this sense, they strongly in­
fluence the chemistry of the NO/NO:J03 system within the
plume (cf Figure 7). However, the increase in the oxidant
concentration corresponding to Equation 9 was not detected
in the plume downwind of the Labadie plant on August 14,
although this plume was followed well beyond the distances

---- 03+ N02
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at which oxidant production began in the St. Louis and Wood
River plumes. The central conclusion to be drawn from the
preceding sections is that, over the first few tens of kilometers
at least, the observed impact of the hydrocarbon-poor Labadie
plume on the ambient NO/NO:J03 system can be understood
fairly well in terms of Reactions 1 and 2'.

The advantage of restricting attention to the basic photo­
lytic cycle is that reactant profiles can then be calculated for
the exact geometry of the observed plume, and the study of
plume chemistry separated from the study of plume disper­
sion. This is possible only because the model chemistry is in
equilibrium, so that reactant concentrations at a point are
determined solely by the dilution of the plume at that point
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Figure 8. Concentration profiles from horizontal traverses downwind of metropolitan St. Louis under three different wind regimes
Traverses made along profile baselines at following altitudes and times: (counterclockwise from lower right) 455 m (1500 It) msl, 0933-0952 c.d.t.. 30 July 1974;
610 m (2000 It) msl, 1145-1152 c.d.l.. 12 August 1974; 455 m (1500 It) msl, 1027-1048 c.d.l.. 15 August 1974. Arrows: average winds measured in mixing layer
during sampling period; their lengths equal distance covered in 1 h at average wind speed
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and are independent of the speed with which that dilution was
reached. The addition to the reaction scheme of alternative
pathways for the oxidation of NO to N02 destroys that equi·
librium and renders the state of the NO/NO:J03 system in a
plume parcel dependent on the past dilution history of that
parcel. Given the difficulty of characterizing the initial tur­
bulent dilution of a plume, the model presented here contains,
in a sense, as detailed a reaction scheme as can be compared
with observation at moderate distances from the stack.

Davis et al. have reported ozone concentrations in excess
of background within the plume 40 km downwind of a
lOOO-MW power plant on the East Coast (8). We have not yet
observed such an ozone "bulge" at these distances in the La­
badie plume. It is possible, however, that the nitrogen oxides
of the Labadie plume eventually contribute to the net for­
mation of ozone as they mix with outside air containing hy­
drocarbons. While the oxidant-conserving model presented
here can be compared with observations of a given plume to
determine whether or not net production of ozone is occurring,
an understanding of the conditions under which ozone would
be formed in a power plant plume must ultimately be sought
in plume kinetics which incorporate a variety of reactions
beyond the basic photolytic cycle (20).
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• Equilibrium nitrate levels in aqueous solution in the
presence of sodium chloride, nitric oxide, nitrogen dioxide,
sulfur dioxide, carbon dioxide, ammonia, and sulfuric acid are
calculated. Nitrate levels in solution are of the order of those
observed in the atmosphere when the gaseous concentrations
are at typical urban levels. Sulfate levels in such solutions are
predicted to be relatively low in the absence of oxidation
catalysts. When sulfate formation is assumed to occur by
gas-phase oxidation of sulfur dioxide to sulfuric acid followed
by absorption of the sulfuric acid in aerosols, predicted nitrate
and sulfate size distributions are in qualitative agreement with
those observed in the atmosphere.

One of the most important current problems in atmospheric
chemistry is the delineation of the detailed chemical and
physical paths of conversion of sulfur dioxide and nitrogen
oxides to sulfate and nitrate salts. In comparison to sulfate,
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considerably less attention has been devoted to nitrate for­
mation in the atmosphere.

The gas-phase formation of nitrates, such as nitrous acid,
nitric acid, and peroxyacyl nitrates, has been studied experi­
mentally (1-3) and theoretically (4,5) and is reasonably well
understood. There have been several experimental studies of
nitric acid formation in smog chambers (1,2) and measure­
ments reported of nitric acid in ambient air (6).

There exist a number of studies in which ambient particu­
late nitrate levels have been measured. Lundgren (7) mea­
sured aerosol nitrate concentrations at Riverside, Calif., in
1968 and found high concentrations of ammonium nitrate in
particles in the 0.5-2-l'm-diameter size range during days of
high smog (very limited visibility). A source of considerable
information on particulate nitrates was the Aerosol Charac­
terization Experiment (ACHEX) conducted in the South
Coast Air Basin in 1972 and 1973 (8, 9). In the ACHEX study,
sulfate and nitrate together often comprised more than 15%
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Table I. Sulfate and Nitrate Data Obtained in South
Coast Air Basin During 1973 ACHEX (9)
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Figure 1. Diurnal variations in size distributions for sulfate and nitrate
in West Covina, July 23-24. 1973
Reprinted by permission of the State of California Air Resources Board

formation in some manner reduced particulate nitrate lev­
els.

The object of this study is to attempt to elucidate the for­
mation of nitrate in atmospheric aerosols. We confine our
attention to aqueous aerosols; we do not consider, therefore,
the role of surfaces as a catalytic agent for formation of re­
duced nitrogen species. Primarily we wish to determine if
liquid-phase chemistry is capable of accounting for nitrate
levels of the order of those observed in the South Coast Air
Basin. (Although we refer to available data for the South Coast
Air Basin in our discussion, the analysis is applicable to the
general urban atmosphere.) We are also interested in ascer­
taining possible explanations for the observed differences in
sulfate and nitrate size distributions (9).

We will discuss in general terms the paths of formation of
nitrates in the atmosphere. Then we will consider the chem­
istry of an aqueous droplet in the presence ofNaCI, NO, NOz,
SOz, COz, and NH:1• A situation will be considered in which
gas-phase oxidation of SOz to form sulfuric acid followed by
absorption of the sulfuric acid into existing droplets takes
place. Finally, we will speculate as to the principal atmo­
spheric conversion mechanisms for nitrate in the types of
systems studied here.

Paths of Nitrate Formation

Atmospheric nitrates can be formed by a number of path­
ways. Figure 2 summarizes several of these routes. Path 1 in-

of the total aerosol mass (9). The diurnal concentration be­
havior of sulfate was similar to that of SOz, ozone, and total
carbon. In contrast to sulfate, the diurnal nitrate pattern
typically exhibited its maximum during the morning close to
the time when gas-phase nitrogen oxides (NOx ) concentra­
tions are at a maximum. Nitrate concentrations generally
exhibited a second, less pronounced peak in the afternoon
coincident with ozone maxima. Figure 1 shows the diurnal
variation of sulfate and nitrate at West Covina, Calif., on July
23-24, 1973, in the particle size fractions above and below 0.5
I'm diameter (9). Freshly produced sulfate seems to be asso­
ciated principally with particles below 0.5 I'm diameter. Of the
two diurnal nitrate peaks, the morning maximum is associated
predominantly with particles of diameter greater than 0.5 I'm,
and the afternoon peak is associated mainly with particles of
diameter less than 0.5 I'm diameter.

Table I shows ranges of sulfate and nitrate levels found at
various locations in the South Coast Air Basin in 1973 and the
mass median diameters for particles containing nitrate and
sulfate on the days during which measurements were carried
out. The sulfate diameters are relatively constant and, with
the exception of the Rubidoux point, are consistently smaller
than those of nitrate-containing particles. Observed levels of
ammonium, NHt, correlated closely with sulfate and nitrate
levels. Observed levels of ammonium were compared with
those NHt levels that would be present if all the sulfate and
nitrate were present as (NH4l2S04 and NH4NO:1 (9). The
measured NHt levels ranged from 62% at Dominguez Hills,
which is close to major SOz sources, to 103% adjacent to the
Harbor Freeway. Infrared spectra studies by Grosjean and
Friedlander (10) showed that NH4NO~comprised 95% of the
total nitrate aerosol. Chang and Novakov (11) identified in
ambient aerosol from West Covina, in addition to nitrate and
ammonium, two reduced forms of nitrogen that would have
been produced by surface reactions of NH3 and NO with soot
particles. Sandberg et al. (12) presented an analysis of five
years (1969-73) of sulfate and nitrate fractions from high­
volume particulate samples in the San Francisco area.

As a part of the ACHEX study, Cronn et al. (13) measured
the diurnal variation of ammonium nitrate and sodium nitrate
levels at West Covina during 1973. Ammonium chloride and
ammonium nitrate were observed to peak in the morning.
Fairly uniform concentrations ofsodium nitrate were observed
over the sampling period. Peak values of NH4CI, NH4N03,
and NaN03 were 1.6, 4.6, and 0.68 I'g m-3, respectively.
Moskowitz (14) made measurements of aerosol nitrate at three
locations in the South Coast Air Basin: Pasadena, Hermosa
Beach, and Chino (an agricultural area 30 miles southeast of
Pasadena). An average diurnal nitrate size distribution for
each location was obtained. The Pasadena distribution was
bimodal; peaks exist in the two size ranges 0.05-1 and 2-8 I'm.
The Chino distribution possessed a significant peak in the
submicron range, although the distribution appeared to be
weakly bimodal. In the coastal area (Hermosa Beach) the
predominant size range for nitrates was 2-8 I'm. The main
nitrate species in the larger coastal marine aerosol was NaNO~,
whereas that in the smaller inland particles was NH4N03·

Recently, there have been several smog chamber experi­
ments in which aerosol nitrate formation rates have been
measured. Clark et al. (15) irradiated initially particle-free
ambient air collected downwind of a freeway at different SOz
levels. Sulfate, nitrate, and nitrate formation rates were
measured. Harker et al. (16) studied further the formation of
particulate nitrate through irradiation of hydrocarbon, ni­
trogen oxides, and SOz mixtures in initially particle-free
ambient air. In the absence of SOz, nitrate was the principal
aerosol nitrogen species with smaller quantities of ammonium
and an amine-like species. In the presence of SOz, the nitrate
levels were substantially lowered, suggesting that sulfate
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volves the formation of nitric acid by homogeneous gas-phase
reactions involving NO and NOz. Nitric acid, once formed,
may then react with NH3to produce NH4N03or be absorbed
directly into an aerosol droplet (paths 2 and 3, respectively).
Because of the relatively high vapor pressure of nitric acid,
homogeneous nucleation is not expected to take place under
normal atmospheric conditions (I7). Thus, step 3 is probably
unimportant when compared to other possible routes of in­
corporation of nitrate in a particle. Path 4 involves the direct
absorption of NO and N02 followed by chemical reaction
within the droplet. 8tep 6 depicts the formation of organic
nitrates through free radical reactions followed by absorption
of these nitrates into particles.

Homogeneous Formation of Nitric Acid. Table II lists
the major gas-phase reactions involving nitric acid in the
urban atmosphere. The principal homogeneous sources of
nitric acid are Reactions 1 and 2 in Table II. The rates of for­
mation of nitric acid by Reactions 1 and 2 can be estimated
for typical atmospheric conditions. If we assume a hydroxyl
radical concentration of 10-7 ppm (I 9-21), the rates of for­
mation of nitric acid at N02 concentrations of 0.05 and 0.5
ppm are:

R1 =8.5 X 10-5 ppm min- 1 ([NOzI =0.05 ppm)

R1 = 8.5 X 10-4 ppm min- 1 ([N02] = 0.5 ppm)

Over a 5-h period these rates, if sustained, would lead to 64.6
and 646 Ilg m-3 of nitric acid in the absence of any removal
mechanisms for nitric acid.

The rate of Reaction 2 in Table II can be estimated from a
chemical kinetic simulation of a typical smog chamber ex­
periment (5). Using [NO]o = 0.5 ppm, [NOzlo = 0.09 ppm,

initial total reactive hydrocarbons = 1.17 ppm, and relative
humidity = 50%, the rate of formation of nitric acid by Re­
action 2 at the time of occurrence of the N02 maximum is
approximately

R2 = 2.2 X 10-5 ppm min-1

Therefore, the homogeneous formation of nitric acid probably
results primarily from Reaction 1. Although the nitric acid
concentrations theoretically achievable from homogeneous
reactions are substantial, removal processes serve to keep
actual atmospheric concentrations lower than the theoretical
maxima. As noted above, because of the relatively high vapor
pressure of nitric acid, homogeneous nucleation is not ex­
pected to be an important removal process.

A possible route to convert nitric acid to the particulate
phase is through Reaction 4 in Table II. As noted in Table II,
a value for the rate constant of Reaction 4 is not available; the
value shown is that for the analogous reaction of HCI and NH3.
Ifwe estimate the NH3and HN03 concentrations as 0.01 and
0.005 ppm, respectively,

R. '" 1.4 X 10-6 ppm min- 1

Thus, the rate of Reaction 4 is approximately an order of
magnitude smaller than the rate offormation of nitric acid by
Reactions 1 and 2 combined. Because ammonium nitrate has
a relatively low vapor pressure, a significant fraction of that
formed should condense.

Heterogeneous Formation of Nitrate. The abundant
evidence concerning particulate nitrate levels suggests that
heterogeneous processes for nitrate formation may be im­
portant. The remainder of this work is devoted, therefore, to
an evaluation of nitrate formation by heterogeneous pro­
cesses.

Figure 2. Nitrate formation mechanisms in atmospheric aerosols

" Estimated upper limit. b Estimated. C Estimated by analogy to the reaction
01 NHa and HC!.

Table II. Major Homogeneous Reactions Involving
Nitric Acid in Urban Atmosphere 1

N02" + 202 - N03"

N02" 0 3 - N03" + O2

Nitrate Formation in Aqueous Aerosols

In this section we consider the chemical equilibrium existing
in a water droplet in air containing NO, N02, 80z, COz, and
NH3. The water droplet may contain dissolved NaC!. Our
object is to determine the concentration of nitrate achieved
in such a solution and therefore to ascertain if aqueous equi­
librium chemistry provides a possible explanation for observed
ambient particulate nitrate levels.

The chemical reactions and equilibrium constants in the
NO-NOz-802-COz-NH3-NaCI-H20 system are given in
Table III. In addition to the reactions in Table III, sulfate
forms by the oxidation of sulfite (22)

805- + ~ O2- 80~-

Once sulfate is formed by oxidation of sulfite, it does not
reenter the chain producing the sulfite. Consequently, most
of the sulfate formed in solution remains as sulfate ion (a small
amount exists as bisulfate). Nitrate may form by the oxidation
of nitrite by dissolved oxygen and ozone:

In the absence of the above two reactions, nitrate exists in
solution as a result of the reaction:

2NOz(g) + H20 ~ N03" + H+ + HNOz

As nitrate is formed by oxidation of nitrite, the equilibrium
of the above reaction simply shifts to accommodate the new
nitrate, resulting in desorption of N02. Consequently, nitrite
oxidation to nitrate should have no effect on the nitrate level
in solution and can be neglected.

Rof

18

39
39
39
4

38
18

1.7 X 10'
1.5 X 10-s a

5.6 X 103

12.2 min-'
2.5 X 103 •

0.028 c

120

Rate conltant @25 °e,
ppm- 1 mln- 1R.actlonNo.

1. OH + N02 - HN03

2. N20s + H20 - 2HN03

2a. N03 + N02 - N20s
2b. N20s - N03 + N02

3. H02 + N03 - HN03 + O2

4. NH3 +HN03 - NH.N03

5. OH + HN03 - H20 + N03
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present. For those cases in which NaCI is assumed to be
present, it is necessary to assume a particle volume concen­
tration in I'm3 cm-3. Typical volume concentrations reported
in ACHEX ranged from 100 to 300 I'm3 cm-3 (8).

The concentration of sulfate at any time can be calculated
in a step-by-step fashion using Ll[Sotl = k o[S05-)Llt. Sulfate
levels for times up to 300 min have been calculated. In all cases
in which oxides of nitrogen are present, the sulfate levels at­
tained are negligible due to the highly acidic solution. (A high
[H+) inhibits sulfate formation through its effect on the sulfite
concentration.) Thus, in the absence of catalysts (such as
metallic ions), significant sulfate formation by oxidation of
sulfite ion in solution will not take place when oxides of ni­
trogen are present in appreciable concentrations.

Equilibrium nitrate concentrations have been calculated
as a function of vapor concentrations of NO, N02, S02, and
NH3 (C02 concentrations have a negligible effect on nitrate
concentrations) and of the NaCI concentration in solution.
Because of the pH inhibition of sulfate formation, changes in
S02 vapor concentrations have a negligible effect on equilib­
rium nitrate levels, Figure 3 shows contours of constant nitrate
concentration (in mol L-I) in aqueous solutions containing

03

lNO,i,ppm
Figure 3. Constant contours of equilibrium nitrate concentration in
aqueous solution (mol L-') as a function of vapor concentrations of NO
and N02with [S02] = 0.01 ppm and [NaCI] = 0.7 and 3.51'9 m-3(0.2
and 1.0 mol L-')

The aqueous solution at equilibrium with gaseous NO, N02,
S02, CO2, and NH3, and possibly containing dissolved NaCl,
represents a simplified model for certain urban aerosols. For
example, the aerosol measured by Moskowitz (14) at a coastal
site in Los Angeles was primarily NaN03, presumably the
result of the contact of aqueous sea salt aerosol with NO and
N02. On the other hand, the nitrate aerosol sampled at Chino,
an inland area in a region of high ammonia emissions (feed­
lots), was primarily NH4N03. The Pasadena nitrate aerosol
appeared to retain 'traces of the sea salt aerosol but was also
primarily NH4N03. We can employ the equilibrium chemical
model to represent each of these situations by simply varying
the concentrations of the gaseous species and the dissolved
NaCI in accordance with expected atmospheric conditions.

The condition of electroneutrality for the system of reac­
tions in Table III is:

After using the expressions for the equilibrium constants,
Expression 1 can be written as

( KhaK1aPNH'+ 1) [W] + ([Na+]- [CI-J) = Kw

Kw [H+h+'Y-

+ K hcK 1cPC02 + K:~2K3nPlfbPlfb2 + K2nP~b2

[Wh+'Y- [Wh+'Y- Kl~2pIfMWh+'Y-

+ KhsKIsPS02 + 2KhsK IsK2sPS02 + 2[S02-] (2)
[H+h+'Y- [H+J2'Y+2'Y2- 4

where we have neglected the contribution of [COJ-]. The rate
constant for oxidation of sulfite ion to sulfate ion has been
proposed as (22)

k o = 0,78 + 3540[H+J1/2 min- I (3)

Equilibrium Expression 2 can be solved for [H+] to enable
calculation of the concentrations of all species, Note that the
initial concentration of NaCI must be specified. Subsequently
[Na+J remains at its initial value, but chloride ion may be lost
from solution through desorption of HCI. If we assume that
there is no HCI initially in the gas phase, the total quantity
of chlorine in the gas and liquid is equal to the initial quantity

[W] + [NHt) + [Na+) = [OH-) + [HS03) + 2[SO~-)

+ [HC03) + 2[COJ-J + [N02"] + [N03) + 2[SO~-)

+ [CI-) (1)

Reaction
Equll constant
expression a

Value of equl!
constant at 25°C

H20 ~ H+ + OW
S02191 + H20 =; S02,H20
S02'H20 =; H+ + HSO,
HSO, =; H+ + SO;­
NH3(9) + H20 =; NH3,H20
NH3'H20 !=; NHt + OW
CO2(9) + H20!=; CO2,H20
CO2,H20 !=; H+ + HCO,
HCO, !=; H+ + CO;-
NO(9) + N02(9) + H20!=; 2HN02
2N02(9)+ H20!=; HN02 + H+ + NO,
HN02 !=; H+ + NO;
HC1(9)+ H20 i=' HCI,H20
HCI,H20 i=' H+ + CI-

Kw = [H+][OH-h+'Y­
khs = [S02,H20] Ipso,
k,s = [H+][HSO,h+'Y_/ [S02,H20]
k2s = [H+][SO;-h+'Y2-/ [HSO,h­
Kha = [NH3,H20] I PNH,
K'a = [NHt][OWh+'Y_/[NH3,H20]
Khc = [C02,H20 JI Pca,

K,c = [H+][HCO,h+'Y-/[C02'H20]
K2c = [H+][Coth+'Y2-/ [HCO,h­
K'n = [HN02]21PNoPNo,
K2n = [HN02][H+][NO,h+'Y-1d,0,
K3n = [H+][NO;h+"I-I [HN02]
K'h = [HCI,H20]/PHc,
K2h = [H+][CI-h+'Y-/ [HCI,H20]

1.008 X 10-'4 (29)

1.24 (30)

0.0127 (31)
6.24 X 10-8 (31)

57 (32)
1.774 X 10-5 (29)

0.034 (32)
4.45 X 10-7 (29)

4.68 X 10-11 (29)

122 b

4.3' X 105 (33)

5.1 X 10-4 (34)

19.0 (36)

1.3 X 106 (37)

a The activities follow the Davies relalion (40), log "I, = (-AZ2VnJ\1 + vn + 0.2 IAz2, where lis the ionic strength, 1= 1/2 ~.Ic;]~, and A = 0.5085 for
water at 25°C. b The equilibrium constant for the reaction, NO(g) + N02(g) + H20 += 2HN02 (A.1), was arrived at as follows. Equilibrium constants are known for
the reactions 2NO"g, + H20 '=0 HN02 + H+ + NO; (A.2) and 3HN02 =- H+ + NO; + 2NO,g, + H20 (A.3) where K., = [HN021'/PNoPNo" K.2 =
[HN02J[H+J[NO;I/Pi:.o" and K., = [H+J[NO;I~/[HN02J3. We note thai 11, = K.2IK.3 . Since K.2 = 4.3 X 105 and K.3 = 29 (35), we find that K. , =
122.
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Figure 4. Constant contours of equilibrium nitrate concentration in
aqueous solution (mol L-'las a function of vapor concentrations of NO
and N02 with [S02] = 0.01 ppm and [NH3 ] = 0.01 and 0.05 ppm

NaCI concentrations of 0.3 and 1.0 mol L-[, as a function of
the vapor concentrations of NO and NOz. In Figure 3 the
vapor concentrations of S02 and NH3 are assumed to be zero.
Figure 4 shows contours of constant nitrate concentrations
in aqueous solutions not containing NaCI as a function of the
vapor concentrations of NO and N02at NH3 concentrations
of 0.01 and 0.05 ppm. In Figure 4 the vapor concentration of
S02 is taken to be 0.01 ppm. The equilibrium nitrate levels
shown in Figures 3 and 4 in mol L-I of solution can be con­
verted to particulate mass concentrations in "g m-3 of air
given particle volume concentration in "m3 cm-3. In the case
in which NaCI is present, increasing the concentration of NaCI
does not lead to an increased neutralizing effect. Because only
a certain amount of CI- can be lost from the particle in the
form of HCI, increasing the concentration of NaCl results in
an increase in the CI- concentration causing the solution to
become more acidic. As the acidity increases, the equilibrium
concentration of nitrate decreases. In the case in which NH~l

is present, on the other hand, as the NH3 concentration in­
creases, more neutralization occurs; consequently, the equi­
librium nitrate concentration increases.

Step 1 depicts the overall rate of conversion of S02 to sulfuric
acid vapor. We will assume that the rate of step 1 can be rep­
resented as first order with respect to S02 concentration. The
rate of conversion of S02 to sulfuric acid vapor is probably not
strictly first order although S02 conversion rates are generally
reported as if the rate were first order. The rate constant k 1

depends on details of gas-phase chemistry (24). For our pur­
poses we will specify the value of k 1 based on typical atmo­
spheric conditions.

Step 2 depicts the transfer of sulfuric acid to the particulate
phase. This transfer may occur by homogeneous nucleation
of sulfuric acid with water or by heterogeneous condensation
of sulfuric acid on existing particles. Jerskey et al. (25) have
shown that at typical urban particle concentrations the rate
of homogeneous nucleation of sulfuric acid with water is
negligible compared to that of heterogeneous condensation

Sulfate and Nitrate Formation in Water Droplets
with Gas-Phase Conversion of S02

Sulfur dioxide may be converted to sulfate by homogeneous
or heterogeneous paths. In clean air, S02 is very slowly oxi­
dized by sunlight to sulfuric acid, at a rate of about O.l%/h. In
the ambient atmosphere, S02 oxidation may occur at rates
exceeding 10%/h (23). In the gas phase, reactions with free
radicals provide the major contribution to homogeneous ox­
idation of S02 (24). In the liquid phase, catalytic oxidation
of S02 may take place in the presence of metallic compounds,
such as manganese, iron, vanadium, aluminum, lead, and
copper. In aqueous droplets an acid pH decreases the rate of
S02 oxidation, and therefore sulfuric acid formation in the
aerosol is self-limiting unless the acidity is diluted by addi­
tional water vapor or buffered by alkaline metal compounds
or ammonia. In the previous section because of the high acidity
of droplets containing dissolved oxides of nitrogen in addition
to S02 and NH3, virtually no sulfate will form in the droplet
through oxidation of sulfite ion (in the absence of metallic
catalysts). Thus, we turn to the homogeneous oxidation of S02
to sulfuric acid vapor followed by absorption of the sulfuric
acid into the aerosol as a possible alternative mechanism to
liquid-phase sulfate formation to explain observed sulfate
levels in aerosols. (Clearly, since we are not considering ca­
talysis by dissolving metals or soot particle surfaces, our model
of the atmospheric aerosol is incomplete.)

We consider the conversion of S02 to particulate sulfate to
take place in two steps:

(7)

(6)

(5)

on existing particles. The rate of transfer of sulfuric acid vapor
to an existing population of particles is given by

-I (1r) 1
m

2 (~) )dL c = VL "2 J" D p dt n(D p, t D p

where dDp/dt is the rate at which a particle of diameter D p

grows by condensation, VL is the volume of a molecule of
sulfuric acid in the condensed state, and n(Dp, t) is the particle
size distribution function, so that n(D p, t)dD pis the number
of particles per unit volume of air having diameters between
D p and Dp + dD p. The quantity (1r/2)(D~)(dDp!dt)is the rate
at which the volume of an individual particle grows and is, in
general, dependent on the particle size. Hence, L c depends not
only on the number of particles present, but also on the size
distribution of these particles. In general, a detailed descrip­
tion of the aerosol size distribution is required to determine
the mass of material condensing on existing particles. The rate
of step 2 can be represented as first order with respect to the
concentration of sulfuric acid vapor.

The relationship for the steady state flux of gas molecules
to a spherical particle depends on the Knudsen number of the
particle, Kn = 2 AlD p , where Ais the mean free path of the
background gas, i.e., air. The flux of H2S04 molecules to a
particle can be expressed as (26)

_ 271:D p1)NH2so,
1> - 1 + IKn

where

1= 1.333 +0.71 Kn- I

1 + Kn- I

and where 1) is the molecular diffusivity of H2S04 in air, and
NH,SO, is the molecular number density of H2S04. The
number of H2S04 molecules striking a particle of diameter D p

per second is given by Equation 6. The rate of depletion of
H2S04molecules by condensation has been represented as L c
= k 2 NH,so, (cm-:l S-I). Thus, the first-order rate constant
k 2 is given by

k = 2 71:1) 1 m

Dpn(Dp,t) dD (8)
2 J" 1 + IKn p

The values of 1) and A relevant to our interest are 0.054 cm2

S-I and 0.066 lim, respectively.
If k2 » k I, then the sulfuric acid vapor concentration can

be assumed to be in a pseudo-steady state, given by

[H2S04J = k l [S02] (9)
k 2

(4)
1 2

S02 ----. H2S04(~) ----. H 2S04(p)
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with Co =7.5 X 104, log I' = -0.8, and log (I =0.2. This distri­
bution has total particle surface area and volume of 2812 I'm2
cm-3 and 156 I'm3 cm-3, respectively. The surface area and
volume for this distribution are in the range of those measured
in the ACHEX program (8).

Figure 5 presents a comparison of the sulfate and nitrate
size distributions at t = 5 h. The conditions of Figure 5 are
[NO) = [N02) =0.2 ppm, [S02) =0.Q1 ppm, and [NH3) =0.Q1
and 0.05 ppm. The effect of ammonia on the nitrate size dis­
tribution is evident. As noted above, the quantity and size
distribution of sulfate are independent of the ammonia level
as long as the primary mechanism for sulfate formation is
homogeneous oxidation of S02. (Of course, this is not actually
the case since water vapor equilibrium will influence droplet
growth and hence the sulfate size distribution. Nevertheless,
the water vapor effect should not change the relative sulfate
and nitrate size distributions greatly from those calculated
here.) From Figure 5, sulfate tends to accumulate in the
smaller particles and nitrate in the larger particles.

The sulfate and nitrate mass median diameters at t = 5 h
were 0.2 and 0.35 I'm, respectively. Referring to Table I, we
note that measured sulfate mass median diameters are con­
sistently less than nitrate mass median diameters. However,
the diameters given in Table I are generally larger than those
calculated here. A number of factors may be responsible for
this discrepancy. First, the atmospheric aerosol size distri­
butions although unknown, were almost certainly different
from the idealized log-normal distribution used in our calcu­
lations. Second, since we have neglected the role of water in
the chemical dynamics of the particle, we expect that our
predicted particle sizes will be generally less than they should
be.

Sulfate and Nitrate Concentrations and Size Distri­
butions. Having specified the S02 concentration and the
aerosol size distribution, concentrations of sulfate and nitrate
in the aerosol resulting from gas-phase conversion of S02 to
H2S04 followed by absorption of H2S04 in the particles and
from absorption of NO, N02, NH3, and S02 directly into the
particles can be calculated. (The role of NaCl was not con­
sidered in these studies.) Total sulfate and nitrate concen­
trations can then be obtained at any time by integrating over
the entire particle size distribution. Sulfate and nitrate con­
centrations at 1, 3, and 5 h are given in Table IV.

We note that whereas sulfate concentrations are steadily
increasing with time, because of the conversion of S02 to
sulfate, nitrate concentrations decrease somewhat with time.
The nitrate decrease is due to the decreasing pH of the

_____~-.T.-..=.. ~ ------J

0.3 0.4 0.5 0.6 0.7 0.8 0.9 10

Dp.fJ-m

Figure 5. Particulate nitrate and sulfate concentrations (1'9 m-O) as a
function of particle diameter at t = 5 h for initial size distribution of
Equation 10, [NO) = [N02) =0.2 ppm, [S02]0 =0.01 ppm, and [NHo)
= 0.01 and 0.05 ppm

By assuming a value of k 1 and a size distribution n(Dp, t), the
validity of the steady state approximation for sulfuric acid
vapor can be tested by comparing k2 and k ,. Jerskey et aI. (25)
have evaluated k 2 for typical observed urban aerosol size
distributions and have shown that for all cases of practical
interest k 2 is many orders of magnitude larger than typical
values of k I. Therefore, the steady state approximation for
sulfuric acid vapor can be considered to be valid.

Our object in this section is to study the growth of aqueous
atmospheric aerosols in the presence of the continuous con­
version of S02 to sulfuric acid vapor. Of particular interest are
the predicted size distributions of sulfate and nitrate in the
particles as a function of time. The basic problem is to calcu­
late the growth rates and compositions of aqueous aerosols in
the presence of oxides of nitrogen, ammonia, sulfur dioxide,
and sulfuric acid. Qualitatively, at any time each particle will
have an internal composition subject to constraints of the
chemical equilibria in the previous section. The growth of each
particle results from the continuous absorption of sulfuric acid
vapor produced in the gas phase by the oxidation of S02. The
absorption of sulfuric acid in the droplet lowers the vapor
pressure of water in the droplet, inducing water vapor in the
atmosphere to diffuse spontaneously to the drop. Similar
models for atmospheric aerosol growth have been used by
Foster (27) and Wadden et al. (28), except in those studies the
production of sulfuric acid was assumed to take place in the
particle by catalytic oxidation of dissolved S02.

A rigorous calculation of the growth of a multicomponent
droplet requires knowledge of the thermodynamic properties
of the solution, such as the vapor pressures of each of the
dissolved species. For the type of solution considered here, the
necessary data for a rigorous calculation are not available.
Therefore, we adopt the following procedure. We assume there
exists an initial population of particles the size distribution
of which is known. Each particle is in equilibrium with the gas
phase which is specified to contain given concentrations of
NO, N02, S02, CO2, and NH3• At t='O it is assumed that the
droplets are free of sulfate. At that time an initial quantity of
gaseous S02 begins to be converted by first-order reaction to
H2S04, so that [S021 = [S0210 exp(-k1t). (Because the sulfate
formed by oxidation of sulfite in solution is negligible, the
sulfate in the particles is due virtually completely to absorbed
H2SOd Over a time interval tJ.t a certain quantity of sulfuric
acid will be absorbed in the particles (in quantities differing
for each particle depending on the size of the particle). The
absorbed sulfuric acid lowers the vapor pressure of water over
each drop causing a spontaneous absorption of water vapor
to return each particle to vapor-liquid equilibrium. This
process of absorption and growth continues for a specified
time. Because data on the vapor pressure of water over solu­
tions of the type considered here are not generally available,
it will not be possible to incorporate the water vapor equilib­
rium into our calculation. Thus, it will not be possible to
compute the change in size of each particle. Nevertheless, it
is possible to calculate the rate of accumulation of sulfate and
nitrate in a given population of particles, with particular in­
terest in the relative size distributions of sulfate and ni­
trate.

We are interested in computing the dynamic behavior of
a population of particles exposed at t = 0 to an atmosphere
containing NO, N02, NH3, and S02 and in which S02 is being
converted to H2S04 . Particles of different sizes will grow at
different rates because the rate of diffusion of H2S04 to a
particle depends on the size of the particle and because the
compositions of particles of different sizes will be different.
The initial size distribution was chosen to be log-normal:

n(Dp, O) = Co exp (- ~ [log ~~g-}OgI'rJ (10)
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Table IV. Total Sulfate and Nitrate Concentrations (/L9
m-3 ) as a Function of Time for Initial Size Distribution
of Equation 10. a [NOI = [N021= 0.2 ppm. [S0210 =
0.01 ppm and k1 = 0.1 h-1

t. h Sutfate Nn,•••

[NHal = 0.01 ppm
1 4.04 54.86

3 10.94 50.93

5 16.53 48.21

[NHal = 0.05 ppm
1 4.04 125.8

3 10.94 121.4

5 16.53 118.2

• Total particle surface area and volume equal to 2812jtm2 cm-3 and 156
J,lm3 cm-3, respectively.

droplets as more sulfate is added. As expected, ammonia level
has a strong influence on the nitrate level. Sulfate levels are
independent of NH3 concentration, since the mechanism for
formation of sulfate from S02 is independent of NH3. The
total nitrate concentration is dependent on the volume of
particulate matter present because nitrate formation occurs
within the particle. Sulfate concentrations, on the other hand,
are dependent on the surface area of particles present since
the transfer of H2S04 to the particles depends on the available
particle surface area. The nitrate and sulfate values are within
the range of observed atmospheric levels (9). The behavior
indicated in Table IV is generally consistent with the obser­
vations of Harker et al. (16).

Ammonium Concentrations. A quantity of interest in the
evaluation of atmospheric particulate sulfate and nitrate
concentrations is the ratio of the actual concentration of
ammonium ion to the stoichiometric concentration of am­
monium needed if all the sulfate and nitrate existed as their
ammonium salts, i.e.,

[NHtl
[N03"] +2[SOi-l

In solutions in equilibrium in the presence of NO, N02,S02,
and NH3, with no gas-phase production of sulfuric acid, the
above ratio is essentially 1.0. Thus, ammonium ion exists es­
sentially stoichiometrically with nitrate ion (sulfate concen­
trations being negligible in this case). When S02 is converted
to sulfuric acid in the gas phase, followed by absorption of
sulfuric acid in the particle, the above ratio drops to about
0.43. This effect is expected since the sulfate is assumed to be
added externally, independently of the pH of the solution.
Observed values of the ammonium to nitrate plus sulfate ratio
in Los Angeles range from about 0.6 to 1.0 (9). Our neglect of
the interaction between the solution composition and the rate
of sulfuric acid addition is probably responsible for the rela­
tively low value of this ratio that we predict.

Dis.cussion and Conclusions

With mounting evidence that chemical composition and
particle size are important factors in disease effects related
to urban aerosols, there is a strong impetus to understand as
fundamentally as possible the factors which govern the com­
position of aerosols. Sulfates and nitrates are two of the most
prolific secondary aerosol constituents, constituents for which
there is evidence (at least for sulfates) of related disease ef­
fects. Clearly, complete understanding of the physics and
chemistry of atmospheric aerosols is a large undertaking,
which almost certainly cannot be accomplished without much
more extensive data than are currently available. This paper
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has focused on one aspect of the aerosol problem, namely, a
study of the factors governing nitrate concentrations in at­
mospheric aerosols.

We first presented estimates of the rate of homogeneous
formation of nitric acid in the urban atmosphere and then
studied in some detail the formation of nitrates by heteroge­
neous, aqueous-phase processes. (The role of particle surfaces
or dissolved metallic ions as catalytic agents for sulfate or
nitrate formation was not considered.) We have neglected the
dynamics of particle growth associated with absorption of
water vapor in response to chemical changes with aerosol
particles. In spite of the simplifications made, the predictions
that we have reported are in qualitative agreement with
available observational data. Nitrate levels predicted are in
the range of those observed, and relative sulfate and nitrate
size distributions can be explained if sulfate formation occurs
homogeneously and nitrate formation occurs hetero­
geneously.
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Chemical Behavior of Fluorine in Production of Wet-Process Phosphoric Acid

A. William Frazier", James R. Lehr, and Ewell F. Dillard

National Fertilizer Development Center, Division of Chemical Development, Tennessee Valley Authority,
Muscle Shoals, Ala. 35660

• A study was made to determine the fate of fluorine in the
production of wet-process phosphoric acid and to explore
methods of effective pollution control. Results indicated that
the quality of the acid is improved by precipitation of the
metallic impurities as complex fluoride compounds, and up
to 85% of the fluorine can be immobilized as an insoluble
compound in the by-product gypsum solids. Twelve different
fluorine compounds were identified as possible precipitates
in the production of wet-process phosphoric acid. Fluorite and
chukhrovite were sufficiently insoluble in aqueous solutions
to suggest long-term storage in gypsum ponds without
undergoing reactions that will release fluorine to the atmo­
sphere or natural waters.

Fluorine is a major pollutant in the conversion of phosphate
rock to phosphate fertilizer. The recently established pollution
abatement requirements have increased the necessity for the
fertilizer industry to restrict its output of fluorine to the en­
vironment. The primary objective of this study was to deter­
mine the reaction mechanisms that control the fate of fluorine
during the early stages of phosphate processing.

The chemical factors that control the precipitation of flu­
orine during the initial reactor stage in the production of
wet-process phosphoric acid are poorly understood, but the
chemical forms of by-product fluorine and their distribution
pattern in subsequent process steps affect both the product
quality and the potential for pollution by liquid and solid
by-product effluents.

Commercial phosphate concentrates used as raw materials
for wet-process acid production differ in fluorine content as
well as in their relative contents of soluble sodium, potassium,
magnesium, calcium, aluminum, and silica, among others. In
preliminary studies these constituents were identified as
having the major influence over the composition of fluorine
precipitates and the eventual distribution of fluorine in gas­
eous effluents, by-product gypsum cake, wash liquors, and the
intermediate acid product. Thus, the fate of the fluorine is
determined by the compositional type of phosphate raw ma­
terial as well as by the particular manufacturing process. The
types and amounts of impurities solubilized during acidulation
interact with fluorine and govern its precipitation. A better
knowledge of the fate of the precipitated fluorine in the solid
and liquid wastes discharged to gypsum storage ponds will
lead to more effective control of evolved gaseous fluorine and

improved methods for prevention of discharge of fluorine to
pond and surface waters. Thus, the precipitated forms of
fluorine in reactor solids and their solubility properties in wash
solutions, pond waters, and pure water presented a complex
characterization problem that had not been studied ade­
quately.

Characterization and Preparation of Fluorine
Compounds for Solubility Studies

The initial objective was to identify, isolate, and charac­
terize the fluorine compounds that can be precipitated from
filter-grade wet-process phosphoric acid. Salts such as K~iF6
(I), Na~iF6 (I), ClI.jS04A1SiFI3·10H20 (2), MgSiF6-6H20 (3),
CaNaAIF6·H20 (4), MgNaAIF6·2H20 (5), Na3AIF6 (6),
CaSiF6·2H20 (7), and CaF2(8) have long been recognized as
contaminating phases in many phosphate fertilizer products.
MgF2, which is isotypic with CaF2, is likewise implicated.

To confirm that these compounds are possible precipitates
in filter-grade acids (32% P20 S), factorial tests were made with
simulated acids containing impurities at levels that are com­
patible with those found in Florida rock products. Except for
variations designed to test the effect of individual components,
each solution contained 0.51% Na20, 0.14% K20, 0.28% MgO,
0.96% Fe203, 1.1% AI20 3, and 3.5% F and was equilibrated with
excess solid gypsum. The chemical analysis, reported else­
where (9), of the salts used in the solubility study agreed well
with the empirical formulas shown in Table I. The Si02con­
tent varies considerably in wet-process phosphoric acids, and
an initial series of tests was designed to determine the sig­
nificance of an increasing Si02 content at AhO:! concentra­
tions of 0.5 and 1.0%. The Si02 concentration was varied from
0.1 to 1.4% in increments of 0.05% and maintained at 65°C for
24 h with agitation. The results showed that the concentration
of silica was not the significant factor in controlling the forms
in which fluorine precipitated. Of the possible fluorine com­
pounds that may precipitate from filter-grade H3P04, only
five were found in this test; all except one were present in es­
sentially all simulated acid compositions, regardless of the
silica content.

Characterization studies by optical and x-ray methods
identified four of the salts as Na2SiF6, NaKSiF6, MgNaAlF6'
2H20, and Na:lAIF6. The fifth salt, found only at low Si02
levels, was poorly formed as small rosette aggregates which
at first appeared to be either pachnolite or its dimorph
thomsenolite, CaNaAlF6·H20. Its x-ray pattern, however, did
not agree with the published data for these 'dimorphic salts.
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8 Recommend polyethylene containers.

Table I. Preparation Methods for 12 Fluoride Salts
from Filter-Grade Wet-Process Phosphoric Acid a

Subsequent chemical studies showed that this salt had the
composition of Ca3(AIF6)z·4H20 and could be prepared ac­
cording to the procedure shown in Table I, which gives the
preparation methods for salts used in this study. Petrographic
and x-ray data have been reported (5, 7, 8, 10) for most of
these salts, and the optical data for Ca3(AIF6)z·4H20,
CaSiF6·2H20 (dimorphs A and B), and NaKSiF6 are given
in Table II with the x-ray powder diffraction data for Ca3­
(AIF6)z·4H20 and NaKSiF6 in Table III. Dimorph B of
CaSiF6·2H20 precipitates initially in acid solutions but is
metastable and converts to the stable form, A, after a few
hours.

The compositional parameters of the possible fluoride
compounds are discussed in the following section with refer­
ence to known or suspected variations. These considerations
are pertinent to preparation procedures and especially so
when precipitated from impure wet-process phosphoric acid
solutions.

Caa(AlF6)z·4HzO. Preparation of this compound in fil­
ter-grade wet-process acid compositions free of sodium es­
tablished it to be a stoichiometric calcium fluoroaluminate,
rather than a pachnolite-type composition.

CaNaAlF6·HzO. After considerable effort, pachnolite and
thomsenolite, CaNaAIF6·H20, were eliminated as possible
precipitates from filter-grade acids. This can never be ascer­
tained completely; however, since many compositional ad­
justments between Ca and Na produced only Caa(AIF6)z·4HzO
or NaaAlF6 and no other salts, it became apparent that con-

ditions for the formation of CaNaAIFr,-H20 did not exist in
a wet-process phosphoric acid production train. The prepa­
ration ofCaNaA1F6·H20 from solutions other than filter-grade
(30-32% P20 S) acids appeared to be irrelevant to our inves­
tigation and was not attempted.

Ca4S04AlSiFI3·10HzO. Chukhrovite, Ca4S04AISiFla'
IOH 20, which occurs frequently in wet-process filter acids is
reported to have a variable composition (II) as a result of (AI
+ RE:l+) substitution for Ca and Si. No satisfactory method
of preparation was known, and the concentration factors that
control its precipitation or influence its composition had not
been established. A 1937 British patent (2) states that pre­
cipitation of chukhrovite-type compositions from wet-process
filter acid (30-32% P Z0 5) is promoted by maintaining high
concentrations of calcium and fluorine, although specific
details about other impurities in the acid compositions were
not disclosed. In an exploratory test at high calcium and flu­
orine levels, a simulated acid was prepared that yielded
well-crystallized chukhrovite. The acid mixture contained 30%
PzO,,, 3.0% CaO, 1.0% AbO", 1.0% Si02, and 3.8% F, and also
an excess of solid CaS04·2HzO. After equilibration for 3 days
at 35°C, the solids were essentially homogeneous chukhrovite,
along with traces of residual gypsum which were removed by
extraction with 1:10 HC!.

The composition of this synthetic chukhrovite is compared
with similar material from two commercial acids, and all have
compositions that are essentially equal to the stoichiometric
composition shown in Table I. Thus, it appears that the
chukhrovite phases that precipitate from wet-process acids
will not show the wide variations in composition that have
been reported previously (II). Further confirmation of this
was obtained in the subsequent experiment.

As a further test, a factorial experiment was designed to test
the effects of F, AI, and Si on the precipitation and composi­
tion of chukhrovite. A simulated wet-process acid was pre­
pared to contain 30% P20,,, 3.0% CaO, 2.0% SO:1 with F levels
of 1.0, 2.5, and 4.0% and with A120:1and SiOzlevels of 0.5 and
1.5%. The mixtures prepared according to this design with
excess gypsum were equilibrated for 4 days at 25°C with
frequent shaking, after which the precipitated solids were
filtered, washed with dilute acid to remove gypsum, and then
water washed and air dried for petrographic and x-ray anal­
ysis.

Chukhrovite precipitated from all except two of the com­
positions, and was usually associated with other solid phases
such as gypsum, CaF2, or CaSiFr,-2H20. The characterization
studies showed that the 10 chukhrovite precipitates were
well-crystallized cubic salts with nearly identical refractive
indices (1.429-1.430), indicating essentially no variation in
chemical composition. This further confirmed the results in
Table I and eliminated the necessity of selecting a represen­
tative chukhrovite composition for use in the solubility
characterization studies.

It is obvious that factors other than the concentrations of
Ca and F as claimed in the British patent are involved in the
formation of chukhrovite. The concentration ranges and
possible interactions of all likely impurities affecting the
precipitation of chukhrovite from filter-grade wet-process
phosphoric acid were studied next.

The choice of impurities and their concentration levels used
to prepare the simulated acids were based on a typical central
Florida phosphate rock with an average composition of 30.0%
P20 S (66 BPL), 3.8% F, 0.6% Na20, 0.3% MgO, 1.0% AbOa, and
1.0% Fe203.

The acid compositions were prepared with fixed concen­
trations ofP20 s (30%), Fe203 (1.0%), F (3.8%), and SO:1 (2.0%,
maintained by gypsum saturation) and variable amounts of
Ab03 (0.5-1.0%), Si02(0.5-1.0%), MgO (0.3-0.6%), and Na20
(0-0.5-1.0%) according to a factorial design. These concen-

Precipitates from acidic solutions of H,SiF6 by
addition of respective cation salt. pH must be
maintained below 6.0
Forms from 30% P,Os acid containing 0.2%
K, 0.15% Na, and 0.5% H,SiF6. Better crystals
obtained by slow addition of Na,SiF6 to slurry
of K,SiF6 in 30% P,Os acid. Microscopic
observations confirm dissolution of each end­
member as coarse crystals of double salt
become the homogenous solid phase
Forms slowly as small rosette aggregates of
needle crystals when 10 g CaSO.·2H,O charged
to 300 g of solution comprising 160 g of 60%
P,Os acid (reagent H3PO.). 28 g of 48% HF
solution. 16 g of amorphous AIPO.·2.5H,O. and
96 g water. Equilibration period about 2 weeks;
excess gypsum removed by soaking solids in 5%
HCI
Precipitates slowly from solution containing 30 %
p,Os. 0.4% AI. 2.5% F. 2% Ca. 0.3% Si. 2%
SO•. and saturated with CaSO.·2H,O. Excess
gypsum removed by soaking product in 5% HCI
Precipitates slowly from solution comprising
30% P,Os. 0.35% Na. 0.2% Mg. 0.25% AI, and
3.5% F
Prepared by stoichiometrically adding constituent
ions to 30% P,Os acid
Precipitates from 30% P,Os acid containing
1.2% K. 4% F. 0.7% AI. and 1.5% Na
Prepared by reacting stoichiometrically MgC03
and H,SiF6 in 2% P,Os acid until first stable
precipitate forms. then filter. Coarse crystals of
MgSiF6·6H,O grow as filtrate slowly evaporates
Prepared similarly as magnesium salt by use of
CaC03
Prepared by adding constituent ions to dilute acid
solution of HF

MgNaAIF6·2H,O

NaK,AIF6

NaKSiF6

MgSiF6·6H,O

Ca.SO.SiAIF 13'
10H,O

Ca3(AIF6),·4H,O

CaF,
MgF,
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tration ranges were selected to represent a wide range of ore
variability with regard to accessory mineral impurities.

The equilibrium cells were prepared from reagent-grade
(60% P 20 5) HaP04 with AlP04·nH20 (30% AI20:h 42% P 20 5)

for the aluminum source, FeP04·nH20 (41% Fe20:1, 36% P 20 5)

for th&iron, H2SiF6 (30% solution containing 12% Si02, 14%
F) for the Si and F with additional F from 48% HF solution
(46% F), MgCO:1(40% MgO) for magnesium, NaHCO:\ (57%
Na20) for sodium, and H2S04 for the excess (1.5%) SO:1 and
H20 for dilution to the desired concentration. The fluoride
components were charged last to avoid premature precipita­
tion, and each cell was charged with an excess of CaS04·2HzO.
The mixtures were equilibrated at room temperature (25-27
°C) until cessation of fluoride precipitation and dissolution
of the gypsum component, after which the aqueous phases
were sampled for chemical analysis, and the solid phases were
prepared for petrographic examination to determine the types
and relative abundance of the equilibrating f1uoride com­
pounds.

The final compositions of these simulated acid solutions and
the petrographic identification of the solid phases after ces­
sation of fluorine precipitation are available elsewhere (9). The
solid-phase compositions so obtained indicated that the ap­
propriate combination of impurity elements was considered
in the factorial design to achieve maximum precipitation of
chukhrovite.

The approximate weight percent of chukhrovite precipi­
tated in the various simulated acid compositions was calcu­
lated from the change in solution composition with respect
to fluorine and cations, and the composition of fluoride solids
was determined petrographically. These results are shown in
Table IV and reveal the pronounced suppressant effect of

Table II. Microscopic Characterization

sodium on the chukhrovite precipitation process, but there
was no direct dependence on silica concentration.

In the eight tests where only chukhrovite precipitated, the
amounts of aluminum or silica were sometimes the limiting
factors. When Si02 was present at the low level (0.5%), the
maximum possible amount of chukhrovite would be about 6.8
wt %; when AlzO:1 was present at the low level (0.5%), the
maximum amount of chukhrovite that could form would be
about 7.2%. The actual chukhrovite weights ranged from 6.0
to 7.2%. When Al or Si were at the high level (1.0%), f1uorine
(3.8%) became the limiting factor, with the maximum amount
of chukhrovite being 11.4 wt %, whereas the maximum amount
observed was 9.66%. Thus, complete removal of f1uorine by
the chukhrovite precipitation process is not possible.

Table III. X-ray Diffraction Patterns a of Ca3(AIF6h·
4H20 and NaKSiF6

Ca3(AIF612·4H20 NaKS1F6

d, A I d. A d. A

13.31 100 4.86 15 2.37 15
3.14 40 4.64 15 2.30 20
3.06 40 4.31 90 2.05 40
2.23 10 4.26 70 2.02 15
2.02 40 3.40 35 1.925 20

3.38 45 1.918 15
3.34 100 1.815 15
2.61 20 1.651 15

a Scanned at 0.50 2 Olmin. Intensities read from goniometer tracings and
reported as percent of strongest line.

Compound

Ca3(AIF6)2·4H20

NaKSiF6

Crystal system

Orthorhombic needle
crystals as rosette
clusters

Hexagonal, trigonal, 6,
rhombohedr,!!. Highly
modified (1011) prisms
or hexagonal r.ods
exhibiting (1010) _
terminated by (1011)
and elongated along c.
Interpenetration twinning
gives strained, distorted
crystals with pseudobiaxial
figures ranging up to
2V = 20°
Orthorhombic, mmm. Stout
rods flattened on (010),
elongated along a and
exhibiting forms:

1
1111' /0111, and small
110

Monoclinic, 21M, rod
crystals elongated on c
with prominent 11101 and
t!!r'!)inated by (101) and
(101)

Monoclinic, 21M, (010)
plate crystals modified
by (100) and /1111

Refractive
Indices

NF~ 1.413
Ns ~ 1.420

Nw = 1.342
Nt = 1.360

Na = 1.323
N(j = 1.326
N)' = 1.328

Na = 1.412
N(j = 1.416
N)'=1.419

Na = 1.369
N(j = 1.388
N)' = 1.391

Optical properlles

Length slow needles
with parallel
extinction
Deale = 2.40
Uniaxial (+)
Deale = 1.70

Biaxial (-)
2V = 70° (calc 77°)
Deale = 2.46
a:b:c = 0.5317:
1:0.9209
Deale = 2.46
Biaxial (-), 2V = 75°
(81°). b = Xand YAC =
17° in acute (j
on (010), (j = 98°
Deale = 2.65
Ddeto = 2.68
DHay = 2.68
Biaxial (-), 2V = 45°
(43°). Y = band ZA
c = 3° in acute (j
(j = 97°. Deale =
2.60
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The percent of input fluorine removed from the initial acid
composition as solid fluorides in the gypsum cake is shown in
Table V. In general, chukhrovite was much more effective
than alkali fluorosilicate in immobilizing fluorine; a maximum
of 85% of the input fluorine (3.8% F, corresponding to a typical
Florida feed rock) was removed in the filtercake solids,
whereas in commercial practice, usually no more than about
20-40% of the fluorine is removed with the by-product solids.
Thus, the chukhrovite precipitation process offers a way for
greatly decreasing the residual fluorine content of the phos­
phoric acid intermediate, and at the same time, render it in­
soluble during subsequent transport and storage in disposal
ponds.

The results show that the total quantity of residual metallic
impurities (Ca, Mg, Na, AI, and Si) in the acid summarized
in Table VI was affected by the chukhrovite precipitation
process. Although the initial acid compositions (based on
Florida rock composition) contained up to about 4% of these
oxide impurities, the final filter-acid compositions after flu­
orine precipitation only contained from 0.17 to 2.00% total
impurities.

The single most important variable was magnesium; in­
creasing the MgO content from 0.3 to 0.6% more than doubled
the amount of dissolved impurities retained in the acid (0.52
vs. 1.28%). The effect of magnesium was to depress all fluorine
precipitation processes, which strongly indicates a competing
process of complex formation. Consequently, the total im­
purities were as low as 0.24% at maximum fluorine precipi­
tation, but at high concentrations of magnesium and sodium,
the concentration of dissolved impurities was almost an order
of magnitude higher (2.0%).

Gypsum is the main source of calcium and sulfate required
for the precipitation of chukhrovite, but the mole ratio of
Ca:S03 in this solid phase is 4. Consequently, high sulfate
concentrations parallel the removal of fluorine as chukhrovite.
In commercial practice, this precipitation mechanism would
return SO:I in acid recycle to the reactor in proportion to the
amount of calcium removed as chukhrovite.

In these simulated acid products this differential in acid
consumption amounted to 2.6% S03 (weight percent increase
in SO:) content from about 2.0 to 4.6%).

Both magnesium and sodium tend to depress the final S03
content because they compete for fluorine and interfere with
the formation of chukhrovite.

Since the relationships affecting chukhrovite precipitation,
fluorine removal, retention of metallic impurities, and final
SO:) content involve a consideration of interactions of im­
purities, the data in each of Tables IV-VI were subjected to
an analysis of variance. Summarized in Table VII are the ef­
fects of each variable with significance at the 95% confidence
level (FO), and at the 99% confidence level (FOO).

As shown in Table VII, aluminum, sodium, magnesium, and
the first-order interactions of these elements with silica in­
fluence the formation of chukhrovite as well as the associated
fluoride salts. Quite obviously, fluorine precipitation is not
.controlled by silica or any other single component as a func­
tion of its concentration.

Also shown in Table VII are the means for the main effects.
The highly significant effects of aluminum and the Al X Si
interaction tend to favor precipitation of chukhrovite, whereas
the highly significant effects of sodium and magnesium act
to depress precipitation. The petrographic analyses (9) show
that sodium competes for the fluorine and silica to form
NazSiFs, while magnesium forms soluble fluoride com­
plexes.

Increasing the aluminum concentration has a greater effect
on promoting chukhrovite formation than an increase in silica.
This suggests that the acidulation of high alumina phosphate
rocks, whole matrix, phosphatic clay slimes, or phosphate rock
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Table IV. Weight Percent of Chukhrovite Precipitated
from Simulated Filter-Grade Phosphoric Acids a

51 (-I 51 (+)

AI(-) AI(+1 AI(-) AI(+)

Mg(-) Na(-) 6.60 b 9.66 b 6.00 b 5.70 b

Na(O) 3.30 7.29 5.20 6.95
Na(+) 1.00 1.41 (3.26) 4.12

Mg(+) Na(-) 7.20 b 9.09 b 6.90 b 3.90 b

Na(O) (2.22) 5.13 1.99 2.30
Na(+) (0.62) 3.03 (1.12) (1.65)

• Levels of concentration: SiO, =0.5 and 1.0%: AI,03 =0.5 and 1.0%: MgO
= 0.3 and 0.6%; Na20;; 0, 0.5, and 1.0%. b Essentially 100% chukhrovite;
the remainder contain Na2SiF6 as a coprecipitate, and the samples enclosed
in parentheses contain three or more fluoride phases.

Table V. Percent of Input Fluorine Removed in
Gypsum Filter-Cake Solids a

51 (-I 51 (+)

AI(-) AI(+I AI(-I AI(+)

Mg(-) Na(-) 58 85 53 50
Na(O) 53 77 55 74
Na(+) 71 71 63 53

Mg(+) Na(-) 63 80 61 34
Na(O) 34 50 21 45
Na(+) 45 47 16 63

• Levels of concentration: SiO, =0.5 and 1.0%: AI,03 =0.5 and 1.0%: MgO
;; 0.3 and 0.6%; Na20;; 0, 0.5, and 1.0%. Fluorine removal based on residual
fluorine concentration (R). as compared to the initial concentration (3.8 % F).

Table VI. Effect of Chukhrovlte Precipitation on Total
Residual Metallic Impurities (Ca, Mg, Na, AI, SI) In
Filter-Grade Acids a

Sum of metallic oxkle Impur"les, wt % b

51 (-I 51 (+)

AI(-I AI(+) AI(-) AI(-)

Mg(-) Na(-) 0.24 0.24 0.56 1.09
Na(O) 0.57 0.17 0.34 0.74
Na(+) 0.41 0.44 0.49 0.94

Mg(+) Na(-) 0.39 0.35 0.70 1.80
Na(<l) 1.24 1.49 2.00 1.59
Na(+) 1.22 1.81 1.90 0.85

• Levels of concentration: SiD, =0.5 and 1.0%: AI,03 =0.5 and 1.0%: MgO
= 0.3 and 0.6%: Na,O = O. 0.5. and 1.0%. b Based on compositions of clear
supernatant acids shown in Table II; in addition, all acids contain 1% Fe203,
which was unaffected by the chukhrovite precipitation.

with an alumina amendment may favor the chukhrovite
precipitation process over the formation of (Na,KlzSiFs, so
as to offset the adverse effect of sodium. The presence of sig­
nificant sodium in the compositions of highly substituted
apatitic phosphates appears to account for the preferential
precipitation of fluorine as MgNaAlFs·2HzO alone, or in
combination with NazSiFs, rather than as chukhrovite. With
phosphate rocks of this composition, it is unlikely that alu­
minum amendments would be effective in promoting the
precipitation of chukhrovite. The best alternative would be
to adjust rock composition to favor precipitation of fluorine
as alkali fluorosilicates rather than as ralstonite, since the
latter is usually fine grained and therefore has an adverse ef­
fect on gypsum filtration rates.

MgNaAIF6'2HzO, Ralstonite. A factorial study was made
of acid compositions to determine the range of conditions



Means for main effects: SD = 0.92%

Mean wt % chukhrovite at
concn levels

Table VII. Analysis of Variance: Chukhrovite
Precipitation

51-1 51-2

Sodium appeared to have the greatest effect on the type of
fluorine compounds that precipitated. At the highest con­
centrations of aluminum (1.0 and 1.5% AI20:t), an increase in
sodium concentration favored the formation of cryolite over
ralstonite, regardless of changes in the magnesium concen­
tration (0.1-0.6% MgO). This effect of sodium was even more
striking at the 0.5% AbO~ level. At the 0.1% AlzO:t level,
however, magnesium appeared to control the form of the
fluorine precipitate.

As expected, the ralstonite had a range of compositions with
as much as one-half of the aluminum being replaced by (Mg
+ Na + H). The compositions of the ralstonite products in
Table IX that were verified by x-ray diffraction as being
reasonably homogeneous phases are shown by empirical for­
mula in Table X. The empirical formula NaxMgxAlz- x­
(F,OH)6·HZO assigned by Pauly (5) on the basis of natural
ralstonites implies unlimited replacement of aluminum, an
atomic ratio of Na:Mg of unity, and an atomic ratio F:OH close
to 2.

As shown in Table X, Pauly's empirical formula must be
modified to include the wide range of magnesium-to-sodium
ratios found in our synthetic ralstonites. Our ralstonite com­
positions indicate that the atomic ratio Mg:Na is not unity but
varies over the range 0.24-2.50, depending upon the ratio of
MgO:NazO in the acid. It also appears that little, if any, OH
substitutes for F in these synthetic ralstonites so that the
number of moles of hydrate water should be 2, rather than 1
as indicated by Pauly. Furthermore, it appears that only
one-half of the aluminum can be replaced, so that the limiting
composition can be represented by the formula Mg(Na,H)­
AIF6'2HzO and not 2[AI(F,OHh·HzOj.

Solubility Characterization of By-Product
Fluorine Compounds

po

10.56

10.56

8.02
10.56

10.56
8.02

F'

5.12

5.12
4.26

5.12
5.12
4.26

10.81
11.58
55.76

10.38

6.40
7.49

F-value

Effect

4.09 Not significant
5.02 Increase pptn
3.76 Decrease pptn
4.30 2.03 Decrease pptn

3.49 4.08 Increase in
silica counteracts

5.94 4.10 effect of
increasing alumina

4.88 5.21 Increase in
silica enhances

4.55 2.98 depressant effect
of magnesium

8.14 5.63 Increase in
silica reduces

4.49 4.11 depressant
effect of sodium

1.52 2.54 on chukhrovite pptn

Source of variation a

Single factors

Silica 4.71
Aluminum 3.78
Magnesium 5.04
Sodium 6.88

Interactlons

AI X Si AI(-)

AI(+)

Mg X Si Mg(-)

Mg(+)

Na X Si Na(-)

Na(O)

Na(+)

Aluminum
Magnesium
Sodium
AI X Si
MgX Si
NaX Si

8 Includes only those factors and first-order interactions that are significant
(95 %. F') or highly significant (99 %. F' ').

Table VIII. Factorial Levels Used to Determine
Ralstonite Composition

Concn, %, at Indicated level

Component (-) (0) (+) (++)

MgO 0.1 0.3 0.6
Alz0 3 0.1 0.5 1.0 1.5

NazO 0.1 0.5 1.0 1.5

required to precipitate ralstonite-type salts and to obtain the
variation in the ralstonite compositions. Portions of simulated
filter-grade phosphoric acid (30% PzOr" 1.5% SO:1. 3.5% F, and
1.0% FezO:t, hut no silica) were treated with MgO, AlzO:1. and
NazO according to the factorial design in Table VIII.

The 48 solution compositions were allowed to equilibrate
for 3 weeks at 25 DC with frequent shaking to promote pre­
cipitation. Most of the precipitated solids were fine grained
and were recovered by centrifuging, washed with acetone, and
then air dried. Traces of iron and aluminum phosphate gels
that were precipitated by the acetone treatment were flash
extracted with 1: 10 HCl without visible effect on the fluorine
solid phases. The results in Table IX show that an increase
in concentration of any given component (Mg, AI, or Na)
tended to increase both the amount of total solids and the
amount of the metal component in the solid phase. This effect
was particularly pronounced for magnesium at low concen­
trations of sodium (0.1 and 0.5% NazO). A maximum of 77%
fluorine removal was obtained over the range of compositions
studied.

The solubilities of the 12 fluorine compounds that may
precipitate along with gypsum in the acidulation step of the
production of wet-process phosphoric acid and thus enter the
gypsum disposal pond system were studied in distilled water
and in four solutions that simulate the conditions for the
manufacture of wet-process phosphoric acid and the disposal
of waste products from the process.

Distilled water was used as a reference solution. The 5%
PzOs phosphoric acid solution simulates the first wash-water
composition to come in contact with the freshly precipitated
fluorine salts after precipitation and filtration from the fil­
ter-grade acid. A typical pond-water solution was prepared
from reported analytical data (12) and simulates the liquid
effluent slurry destined for pond storage. Its final adjusted
composition was 0.44% PzOs, 0.14% Ca, 0.73% SO~, 0.28% F,
0.10% Si, 0.01% Fe, and 0.01% AI; its pH was 1.05. The 15%
PzOs phosphoric acid solution is comparable in ionic strength
to the first wash liquor after sulfate conversion in hemihydrate
processes, and the 30% PzOs acid is a filter-grade acid.

The mixtures were equilibrated at 25 DC for four months;
the solid phases were examined microscopically to be certain
that an excess of the equilibrating salt was present and to
identify incongruent dissolution as indicated by the precipi­
tation ofother phases. The solution compositions (9) after four
months have been summarized in Table XI as the weight
percent solubility of each salt. These solubility values show
good agreement with equilibrium solubility values calculated
from molal solubility products (9), even where incongruent
dissolution or SiF4 evolution occurred. The chemical analyses
frequently indicated the evolution of SiF4 or HF and the
precipitation of calcium fluoride when fluorosilicate salt ex­
ceeded 0.2% solubility in pond water. Likewise, chukhrovite
precipitated in the pond systems as fluoroaluminates dis­
solved. Freshly precipitated calcium fluoride tends to be of
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a gelatinous form, which might make it an undesirable phase 1 which shows that the extrapolated solubility at 60% P20S
in storage pond ,systems. is 0.5% or the equivalent of 0.05% Mg, 0.05% Si, and 0.21% F.

Except for the potassium salt the fluorosilicates are rela- Thus, at this level the MgO concentration in a 10-34-0 liquid
tively soluble in all solutions, especially when they are exposed prepared from this acid would be 0.04%. The unusually low
to a higher acidic environment where SiF4 and HF are volatile fluorine concentration required for removal of the magnesium
components. However, the data show that very minor quan- in 60% P20 Sacid is economically attractive.
tities of potassium can decrease the solubility of fluorosilicate The fluoroaluminates and simple fluorides are much less
and consequently the evolution of SiF4• The data show a soluble than the fluorosilicates but tend to lose HF in strong
phenomenal decrease in the solubility of MgSiF6-6H20 with acids at much lower concentration levels. Supersaturation is
increasing acid strengths. These results are shown in Figure indicated for CaF2since the experimental value of 0.04% in

Table IX. Precipitation of Fluorine from Simulated Wet-Process Acids
Factorial Major

XRaample l'Ofl1l>".wl % Cornpn 01 ooIlda. % Fre-
~:dx~a~"·no. AI,o. N820 MgO Sollda. % AI,o. F N820 MgO H20 (dllf) moved, %

2031 1.5 1.5 0.1 4.3 25.8 50.2 34,2 2,5 30.5 62 r. C
2032 1.5 1,5 0.3 6.1 23.7 50.5 28,7 6,7 33.0 71 r, C
2033 1.5 1.5 0.6 7.1 21.2 47.8 20.9 10.9 39.1 77 R,C
2034 1.5 1.0 0.1 4.7 31.7 53.5 27.6 2.8 30.1 57 R.C
2035 1.5 1.0 0.3 4.9 28.8 53.0 22.7 7.5 32.9 59 R
2036 1.5 1.0 0.6 4.9 23.0 50.2 15.7 12.1 40.0 57 R,C
2037 1.5 0.5 0.1 1.3 32.6 52.3 23.4 4.7 32.4 15 R.c
2038 1.5 0.5 0.3 2.9 29.5 51.2 15.6 10.1 36.1 43 R
2039 1.5 0.5 0.6 4.3 27.7 48.9 10.7 14.5 18.8 60 R.c
4-A 1.5 0.1 0.1 0.0 No solid phases
4-8 1.5 0.1 0.3 0.0 No solid phases
2040 1.5 0.1 0.6 3.8 27.5 49.5 4.8 17.1 21.9 54 R
2041 1.0 1.5 0.1 2.8 21.5 49.5 42.9 2.3 4.6 40 C
2042 1.0 1.5 0.3 3.3 21.0 49.6 34.7 5.2 10.4 47 r. C
2043 1.0 1.5 0.6 3.4 21.4 49.6 31.1 9.4 9.4 49 r, C
2044 1.0 1.0 0.1 2.1 23.3 50.7 36.3 3.8 7.3 35 r. C
2045 1.0 1.0 0.3 2.5 21.2 48.1 32.2 8.4 10.3 34 r. C
2046 1.0 1.0 0.6 2.5 21.4 48.5 26.9 11.9 11.7 34 r. C
2047 1.0 0.5 0.1 1.4 28.4 53.2 25.0 6.4 9.4 21 R.C
2048 1.0 0.5 0.3 2.4 23.7 46.6 14.0 13.8 21.5 27 R.C
2049 1.0 0.5 0.6 2.5 19.5 46.4 12.3 17.0 24.3 33 R.C
2050 1.0 0.1 0.1 0.6 26.8 48.7 10.3 12.8 21.9 8 R
2051 1.0 0.1 0.3 0.4 27.5 51.9 7.3 16.4 18.7 6 R
2052 1.0 0.1 0.6 2.3 21.5 48.2 6.3 20.4 23.9 31 R
2053 0.5 1.5 0.1 0.7 21.4 48.8 37.0 5.0 8.4 9 C
2054 0.5 1.5 0.3 1.3 17.3 49.0 30.0 13.5 10.8 19 C
2055 0.5 1.5 0.6 1.6 15.1 48.0 16.1 24.9 16.2 23 C
2056 0.5 1.0 0.1 1.0 20.7 48.6 3.6 34.1 13.5 14 C
2057 0.5 1.0 0.3 0.6 17.7 48.6 10.5 28.6 15.1 9 C
2058 0.5 1.0 0.6 0.7 15.7 42.2 15.7 24.9 15.8 8 C
2059 0.5 0.5 0.1 1.0 26.0 48.4 10.4 19.6 16.0 14 R.C
2060 0.5 0.5 0.3 1.4 18.9 46.3 16.6 13.1 24.6 18 R,C
2061 0.5 0.5 0.6 0.6 14.2 47.9 26.7 7.1 24.3 35 R.C
2062 0.5 0.1 0.1 0.5 25.2 48.9 15.0 7.7 23.8 7 R
2063 0.5 0.1 0.3 1.1 23.3 49.7 5.8 18.7 23.5 16 R
2064 0.5 0.1 0.6 1.2 15.9 47.4 3.1 27.8 15.8 16 R, MgF2

2065 0.1 1.5 0.1 0.6 13.6 40.3 14.6 13.3 35.2 7 R. MgF2

2066 0.1 1.5 0.3 0.7 5.7 44.6 3.9 37.9 26.7 10 MgF2

2067 0.1 1.5 0.6 0.7 2.3 47.4 1.1 44.4 24.8 9 MgF2

2068 0.1 1.0 0.1 0.1 R,C
2069 0.1 1.0 0.3 0.3 5.6 45.6 3.3 39.9 24.8 3 MgF2

2070 0.1 1.0 0.6 0.4 3.1 46.5 1.4 44.6 24.0 6 MgF2

2071 0.1 0.5 0.1 0.4 13.7 41.5 13.4 14.5 5 R.C
2072 0.1 0.5 0.3 0.5 6.2 44.7 3.7 39.0 6 MgF2

2073 0.1 0.5 0.6 0.5 5.8 45.5 2.4 42.8 7 MgF2

2074 0.1 0.1 0.1 0.1 R.C
2075 0.1 0.1 0.3 0.3 5.4 45.0 3.8 39.0 4 R. MgF2

2076 0.1 0.1 0.6 0.7 3.5 43.8 1.4 42.1 9 MgF2

.. R = ralstonite. C = cryolite; capital letter denotes major or bulk phase, lower-case letter denotes minor phase.
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distilled water is higher than the reported equilibrium value
of 0.002%.

The calculation of the molal solubility product (9) for each
salt after four months' equilibration in gypsum pond water
as compared to the value calculated from the original pond
water composition shows that two salts are stable in by­
product gypsum storage ponds. These are CaF2 and Ca.­
SO.AlSiF1:I,10H20, both of which effectively immobilized
fluorine in the pond water solids and prevent the recycle of
fluorine in wash liquors or the discharge of gaseous fluorine
from storage ponds. Except for magnesium and calcium flu­
orosilicates, which are not stable in neutral solutions, the data
also show a significant decrease in solubility of each salt in
distilled water as compared to pond water, indicating that
neutralization of pond waters could result in precipitation of
any of these fluorine compounds.

Several important features of the fluorine redistribution
process are shown by these results. The fluorosilicates, with
the exception of K2SiF6, may be expected to largely or wholly
disappear as stable solid phases upon discharge into storage
ponds. The fate of the fluorine released by this dissolution is
determined by two competing equilibrium processes-one of
serious environmental concern. Dissolved fluorosilicate tends
to establish equilibrium with volatile gaseous components
(SiF., HF). Or dissolved fluorosilicate may be reprecipitated
due to supersaturation, with respect to a solid phase such as
chukhrovite. The latter process is influenced by other dis­
solved impurities. Thus, the overall process of F distribution
is not congruent nor simply related to solubility limits of the
incoming fluorine compounds, as measured in pure sol­
vents.

Table X. Empirical Formula for Ralstonite,
(AlxMgyNaz )AIF6"nH2O

X-ray Mol/mol A1Fs Mol ratio
lample no. AI. Mg, Na, H20a Mg:Na

2035 0.21 0.40 1.57 3.9 0.24
2038 0.28 0.56 1.12 4.4 0.50
2040 0.25 0.98 0.36 2.9 2.70

2050 0.22 0.74 0.78 2.9 0.95
2051 0.19 0.89 0.51 2.3 1.75
2052 0.00 1.19 0.48 3.1 2.50

2062 0.21 0.87 0.58 3.1 1.50

2063 0.04 1.06 0.43 3.0 2.50

a By difference.

Sodium and Potassium Fluorosilicates

Potassium in very low concentrations has a marked effect
on (SiF6)2- behavior by converting other fluorosilicates to the
less soluble phase, K2SiF6. The limiting concentration of po­
tassium was about 0.05% K. Thus, K2SiF6 and possibly Na­
KSiF6 are potential solid-phase components in pond solids
if small additions of potassium could be economically justified.
The potassium content of phosphate rock is usually well below
0.1% K20 but may vary widely depending upon the nature of
the accessory minerals. These small amounts, nevertheless,
have a large effect on the fate of NazSiF6.

Since phosphate rocks may show wide variation in alkali
content [weight ratio Na:K about 3-10 (13)], the solubility
relationships between Na2SiF6, K2SiF6, and the double salt
(NaKSiF6) were investigated to determine how sodium and
potassium compete to precipitate as fluorosilicates. These
results (9) are plotted in Figure 2.

Two important features are revealed by this plot. First, the
mole fraction Na:Na + K has to be about 0.6 for the double
salt to form in the filter acid composition. Secondly, since the
quantity of sodium, which is derived from the apatite, is
usually much greater than the quantity of potassium, which
is derived from accessory minerals, the conditions for pre­
cipitation of K2SiF6 will rarely be encountered.

Figure 2 also shows the three- to fourfold increase in solu­
bility of Na2SiF6 in pond and distilled water as compared to
filter-grade acid. Since Na2SiF6 is often the major fluoride
associated with gypsum filter cakes (12), it is thus likely to
redissolve in pond systems and contribute to release of fluo­
rine gas.

Summary

The aluminofluorides, ralstonite and cryolite, because of
their very low solubilities in water and phosphoric acid, were
initially considered as possible compounds for removing flu­
orine from wet-process acid and immobilizing it in storage
pond systems. However, they showed a marked instability
in 30% P20 5 acid in association with gypsum, where Caa­
(AIF6)z,4H20 precipitated as the fluoroaluminates dis­
solved.

Of the two simple fluorides, only CaF2 appears likely to
persist as a stable phase in storage ponds. The MgF2phase is
decomposed slowly by soluble calcium (from the associated
gypsum) and converts to CaF2. Despite the very low solubility
ofCaF2in the simulated pond mixtures and vast reservoir of
Ca2. ions from gypsum, it failed to control the precipitation
of soluble fluorine in most of the mixtures tested.

This study, which was based on simulated acid composi­
tions such as would be expected from Florida phosphate rock

Table XI, Stability of Fluoride Compounds from Wet-Process Phosphoric Acid
Solubility, wi %,25 °c

15% P20s 5% P20S
acid acidFluoride a.lt

Na2SiF6

K2SiF6

NaKSiF6
CaSiF6,2H20

MgSiF6,6H20

Na3AIF6

NaK2AIF6
Ca3(AIF612,4H20

MgNaAIF6'2H20

Ca.SO.AISiF 13,10H20

CaF2
MgF2

,
30% p,O.
+ gypsum

0.20
0.25
0.26
1.80
4.00
0.4
0.50
0.2

0.5
0.2

0.1
0.5

0.69
0.24
0.59

15.0
21.8
0.26
0.19
0.15
0.15
0.2
0.12
0.37

0.87
0.21
0.68

23.6
32.8

0.08
<0.10
<0.09

0.07
0.2

0.07
0.23

Pond water
+ gypsum

1.11

0.23
1.13

28.8
35.2

0.51
0.36
0.36

~0.25

<0.01
<0.01

0.31

Distilled
water

0.50
0.14
0.72

28.6
36.0
<0.02
<0.03
<0.02
<0.04
<0.04

0.04
<0.02
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concentrates, provided the desired information about the
impurity factors that favor the formation of chukhrovite over
the usual 8.Jkali fluorosilicates and possibly other major flu­
oride compositions such as malladrite, ralstonite, and cryolite.
The major effects are due to aluminum and magnesium. High
alumina concentrations favor chukhrovite, while high mag­
nesium content suppresses fluoride precipitation in general.
Increasing the sodium content favors the formation of Na~iF6

as a competing precipitation process with chukhrovite.
As discussed earlier, in the treatment of pond waters, gyp­

sum must redissolve to supply calcium as fluorine precipitates
as chukhrovite.

The results of this study demonstrate that the preferential
precipitation of chukhrovite during the rock digestion stage

°0~---0;:;-.25=----;:;0.~50;;---;;a:';75;------;l;;;;OO

KlLE FRACTION, No I No + K

Figure 2. Solubility of sodium potassium fluorosilicate

can remove·as much as 85% of the input fluorine, effect an
overall decrease in the total dissolved metallic impurities,
decrease sulfuric acid reagent requirements, and immobilize
the fluorine in the by-product cake in a salt that will minimize
fluorine redistribution in gypsum storage ponds. The large
decrease in fluorine content in the intermediate acid product
significantly decreases the fluorine evolution problem during
subsequent concentration steps to merchant-grade or su­
peracid compositions.

Further tests of aluminum amendments to feed rock or
simulated filter-grade acid compositions will be made to test
the practical limits of removing fluorine by the chukhrovite
route. This type of process may be highly attractive for high
alumina rocks, whole matrix, or leached zone-type ore, pro­
vided they have a low magnesium content. It appears unlikely
that conditions favoring chukhrovite formation can be found
for highly substituted apatitic rocks such as North Carolina
rocks, which have contents of MgO (0.6-0.8%) and Na20
(1.0-1.4%) that represent the upper. limits of the concentration
levels tested in this factorial experiment. No single impurity
constituent can control fluoride precipitation. Instead, the
competitive reaction between aluminum and silica for the
fluorine and then the interaction of magnesium, sodium, and
calcium for the fluoroaluminates and fluorosilicates present
a complex chemical problem for which a simple solution will
be difficult to obtain.

This study demonstrates the interdependence of phosphate
raw material composition, acidulation chemistry, and pond
chemical systems. Fluorine emission models that ignore this
interrelationship are thus overly simplistic.
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NOTES

Relative Photochemical Reactivity of Propane and n-Butane

Leo Zatonle" and Frank Bonamassa

Haagen-Smit Laboratories, Atmospheric Studies Branch, Research Division, State of California,
Air Resources Board, 9528 Telstar Avenue, EI Monte, Calif. 91731

• A smog chamber study was undertaken to investigate the
relative photochemical reactivity of propane and n-butane.
The use of lower, more realistic initial nitric oxide concen­
trations and longer irradiation times in the photochemical
reaction mixture permitted ozone concentrations to reach
higher levels compared to the classical experiment utilizing
an initial nitric oxide concentration of 1-2 ppm and a 6-h ir­
radiation time. Thus, the ozone yields and, therefore, the
relative photochemical reactivity of moderately reactive
compounds such as propane are increased. The study indicates
that hydrocarbon reactivity experiments should be carried
out as closely as possible to conditions that occur in the at­
mosphere to determine realistic potentials for ozone pro­
duction.

In this report we examine the results of experiments carried
out in the evacuable irradiation chamber of the Laboratories
of the California Air Resources Board (ARB). These experi­
ments are intended to give insight into the question of the
relative organic photochemical reactivity of propane and n­
butane. The ARB has recently adopted a three-class hydro­
carbon reactivity scale (1) which places all paraffinic hydro­
carbons with three or more carbons in Class II (moderate re­
activity organics). Dimitriades (2) considers all paraffinic
hydrocarbons with four or more carbons to be of moderate
reactivity (Class III of a five-class scheme) but places propane
in the nonreactive classification (Class I) along with methane
and ethane. The classification of Dimitriades is based on older
smog chamber studies that were carried out at unrealistically
high nitrogen oxides concentrations (2) and for irradiation
times that are significantly less than those which occur in the
ambient atmosphere (3). Therefore, there is a need to examine
this aspect of reactivity with additional experiments. The
implications of the experimental results for oxidant control
strategies are considered.

Experimental

Experiments were carried out in a borosilicate glass-lined
evacuable chamber (see ref. 4 for details of chamber con­
struction and operation) with a volume of 4.11 m3. The inner
surface area is 17.7 m2, and the surface area-to-volume ratio
is 4.31 m- 1. The photochemical lighting system consists of
three parallel Pyrex tubes that extend through the chamber
and are oriented axially between the side walls and the
chamber center axis. The UV light intensity inside the
chamber yields dioxide photolysis, h" of 0.2 min-1 within the
chamber which is less than that observed in the ambient at­
mosphere (3). The half-life for ozone decay in the dark
chamber is in excess of 50 h.

Prior to each experiment the dEsired volumes of the hy­
drocarbon and the nitrogen oxide were premeasured and then
injected into the evacuated chamber. Zero air (supplied by
Scott Research) was then introduced as the diluent gas to a
total pressure of 16 psi. Water sufficient to give an initial

relative humidity of 50% was introduced into the chamber
with the diluent air as it is passed through a heated bubbler
containing deionized distilled water. The chamber is cus­
tomarily evacuated to 10-6 torr between experiments to
maintain day-to-day system integrity and to prevent the
possible accumulation of reaction products on the interior
surfaces. A lO-h irradiation of zero air alone yields less than
0.02 ppm of ozone.

Sampling for oxides of nitrogen (TECO Corp. analyzer,
Model 12-A) and ozone (Meloy Corp. analyzer, Model OA 325)
is continuous. The ozone and nitrogen oxides analyzers are
calibrated with a Monitor Labs Model 8500 calibrator. Con.
centrations of ozone (up to 1.0 ppm) are simultaneously
monitored during calibration with a DASIBI UV photometer
(DASIBI Corp., Modell003H) which has been standardized
against a UV photometer. Hydrocarbons are analyzed by
standard gas chromatographic techniques. The gases are
sampled by means of Pyrex probes extending 2.5 ft beyond
the interior walls of the chamber center axis. Each of the ex­
periments was duplicated as similar reactant concentrations
and yielded similar results. The data reported represent two
single experiments.

Results and Discussion

For these experiments it was decided to investigate the
ozone yield from the irradiation of a nitric oxide/air mixture
with each of the hydrocarbons individually. In this way the
experiments would be comparable to similar experiments
upon which Dimitriades (2) based his reactivity analysis. A
major departure from the earlier studies, however, is that in
the present work the initial nitric oxide concentrations of 0.2
ppm and the initial concentration of hydrocarbon of 7.5 ppmC
are significantly lower, Le., the earlier studies involved nitric
oxide concentrations in excess of 2 ppm and hydrocarbon
concentrations in excess of 2 ppm compound. The initial
concentrations used in these experiments were designed to
approximate more closely realistic in terms of existing at­
mospheric conditions. The total irradiation time of 10 h also
approximates more closely the 10-12 h of irradiation time
available in the atmosphere (3) during the late spring and
summer.

Figures 1 and 2 give typical results for the irradiation of
n-butane and propane, respectively, under the conditions
described above. The most important observation is that both
hydrocarbons produce substantial amounts of ozone during
the 10-h irradiation period. Furthermore, the ozone yields
during these irradiations are nearly peaked at the end of the
irradiation period, rather than earlier in the time period. Table
I summarizes some of the parameters from the above experi­
ments. The nitrogen dioxide maxima in both experiments are
reached at 2.5 and 3.5 h for the butane and propane experi­
ments' respectively, and the peak value for the propane ex­
periment (Figure 2) is only slightly lower than that for n­
butane. After reaching a peak the nitrogen dioxide exhibits
a steady decline in concentration, as expected. The onset of
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(HO)b.c

1.2 X 10·
1.2 X 10·

Relative
reactivity kHO a Ref

0.68 2.2 X 10- 12 5
1.00 3.0 X 10- 12 6

0.15
0.22

Initial cone". ppm
NlIric a Hydro- Nitrogen NO. 11me 10 Max

Compound oxide carbon b dioxide a max B N02 max, h ozone 8

n-Butane 0.19 7.4 0.01 0.17 2.5 0.22
Propane 0.19 7.8 0.02 0.16 3.5 0.15

Ozone
Compound yield, ppm

Propane
n-Butane

d Units: cc/mol/s. b Units: mol/ce. C Estimated from the total hydrocarbon
loss over a 7-h period.

Table I. Reaction Parameters for n-Butane and
Propane Irradiations

Table II. Reactivity Comparison of Hydroxyl Radical­
Hydrocarbon Rate Constant

a Concentration expressed in units ppm. b Concentration expressed in ppmC
units.
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Figure 1. Ozone production from n-butane/NO photooxidation in ARB
high-vacuum irradiation chamber
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Figure 2. Ozone production from propane/NO photooxidation in ARB
high-vacuum irradiation chamber

ozone formation occurs after approximately 50% of the NO
has been converted to N02• The maximum ozone for the n­
butane experiment is 0.22 ppm after 10 h, compared to a value
of 0.15 ppm for propane. Thus, the ozone yield for propane
over the lO-h irradiation time is very significant compared to
that for n-butane, establishing that propane must be con­
sidered to be a reactive compound in terms of ozone produc­
tion.

It is worthwhile to consider the reasons for the observed
reactivity of propane in more detail. It was indicated above
that previous reactivity experiments used high concentrations
of nitric oxide (>1 ppm) in the initial reaction mixture. The
use of such a high initial nitric oxide concentration in the
previous studies would increase the time to reach peak ni­
trogen dioxide concentrations beyond the 2.5 h observed in
these experiments. Because significant ozone formation does
not occur until the nitrogen dioxide concentration has peaked,
there is little remaining time in a 6-h irradiation period to
observe ozone buildup. The atmosphere, on the other hand,
provides a significantly longer 10-12-h irradiation time. Most
of the earlier experiments upon which Dimitriades and others
rely were carried out over a 6-h irradiation period. Thus, the
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apparent reactivity based on maximum ozone yield for pro­
pane and other moderately reactive organics would then be
severely diminished, compared to the reactivity that is con­
sistent with realistic atmospheric air contaminant concen­
trations.

Table II compares the maximum ozone yields obtained in
these experiments with the relative rate constants for the re­
action of hydroxyl radical with the test hydrocarbon. The ratio
of the rate constants, 0.73, is in excellent agreement with the
observed relative reactivity for propane of 0.68. The reactivity
measurements were made at equal ppmC concentrations while
the rate constants are in volumetric units. Therefore, agree­
ment may be fortuitous. These data would indicate, on the one
hand, that for moderately reactive organics, the rate constant
for the reaction of the organic compound with hydroxyl rad­
icals could be a good measure of the compound's reactivity in
terms of ozone yield. However, as the HO rate constant in­
creases and the organic structure becomes more complex, it
is not anticipated that a linear relationship will still be valid,
because of expected complexities in the reaction mechanism.
The last column in Table II gives the average hydroxyl radical
concentrations calculated from the hydrocarbon loss over a
7-h irradiation period. In both cases a concentration of 1.2 X
1()6 mol/cc was calculated. This value is lower but in general
agreement with hydroxyl radical concentrations determined
from modeling calculations.

Conclusions

The results of this study show that propane will produce
significant levels of ozone in smog chamber irradiations.
Comparison of the relative reactivity of propane with n-bu­
tane indicates that the ARB classification of propane as a
moderately reactive hydrocarbon is confirmed under condi­
tions which approximate those in the atmosphere. The use of
lower, more realistic initial nitric oxide concentrations and
longer irradiation times in organic reactivity studies permits
ozone concentrations to reach higher levels when irradiating
HCINOx mixtures containing low and moderately reactive
organics, thus indicating more realistic potentials for ozone
production.
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Comparison of Levels of Trace Elements Extracted from Fly Ash and Levels
Found in Effluent Waters from a Coal-Fired Power Plant

David R. Dreesen-, Ernest S. Gladney, James W. Owens, Betty L. Perkins, Caroline L. Wienke,
and Lawrence E. Wangen

Environmental Studies Group, M.S. 490, los Alamos Scientific laboratory, P.O. Box 1663, los Alamos, N.M. 87545

SAN JUAN RIVER

Figure 1. Flow diagram of influent and effluent waters at power plant
and locations of four sampling sites (A-D) ,

Trace elements in the precipitator ash were extracted using
an ash-to-extractant ratio of 1:4. The extractants included 0.1
M H:IC6Hr,07 (citric acid), 1.0 M HCI, 1.0 M HN03, 0.1 M
HNO:1o om M HN03, 0.001 M HN03, redistilled H20, and 0.1
M NH40H. The ash-extractant mixture was agitated for 3 h
and then filtered through Whatman No. 41 followed by
Whatman No. 542 filter paper. The filtrates were acidified and
frozen in polyethylene bottles. Complete details of the ex­
traction experiment are reported elsewhere (2).

Analytical Procedures

Fluoride was measured in the sample solutions with an
Orion Model 94-09A specific ion electrode and a Corning
Model 112 digital volt meter (3). The boron content was de­
termined by thermal neutron capture prompt -y-ray analysis
(4) by evaporating 10 mL of the solutions to dryness on small
polyethylene sheets. The capture -y-ray facility at the Los
Alamos Omega West Reactor was described by Jurney et al.
(5). The remaining elements in solution were measured by
flameless atomic absorption with a Perkin-Elmer Model 306
spectrophotometer equipped with a deuterium background
corrector and a HGA-2000 graphite furnace. Perkin-Elmer
electrodeless discharge lamps were used for As, Cd, and Se
determinations, and Perkin-Elmer hollow cathode lamps were
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• Trace elements were extracted from a coal-fired power
plant electrostatic precipitator ash with nitric acid, hydro­
chloric acid, citric acid, redistilled water, and ammonium
hydroxide as extractants. Effluent waters at this plant were
sampled to assess the elevation of trace element concentra­
tions compared with intake waters. The results showed a
positive correlation between those elements most extractable
by water (B, F, Mo, and Se) or acid (As, B, Cd, F, Mo, and Se)
and those elements most elevated in effluent waters (As, B,
F, Mo, and Se).

The expanding use of coal for electric power generation in
the southwestern U.S., along with the high ash content of these
coals, will necessitate the disposal of massive amounts of coal
ash. The possible contamination of waters and soils by such
coal ash disposal requires investigation. The solubility be­
havior of trace elements in the alkaline waters of this region
may indicate that different elements are of concern here than
those found in more acidic aquatic environments. A study has
been initiated to identify which trace elements are most ex­
tractable from ash and to compare them with those elements
that are observed at elevated concentrations in effluent waters
from a coal-fired power plant in the southwestern U.S.

Experimental Methods

Electrostatic precipitator ash for the extraction experiment,
influent waters, and effluent waters were collected at a large
coal-fired power plant at Fruitland, N.M. A flow diagram of
water usage at this plant is given as Figure 1.

Influent and effluent waters were sampled at four locations:
(A) cooling lake intake; (B) cooling lake outlet at the base of
the dam; (C) decant channel-effluent water from the ash
settling pond; and (D) ash pond-surface water. Ash slurry
from the venturi scrubbers is sent to the ash pond where the
ash settles and the water is decanted. Surface water in the ash
pond was sampled for comparison with ash pond effluent
water in the decant channel. The outlet of the cooling reservoir
was sampled for comparison with cooling lake intake and ash
pond effluent, as well as to approximate scrubber intake water.
Coal ash effluents discharged into the cooling lake (J) may also
influence trace element concentrations in the outlet.

Each sample was filtered in the field with a Whatman No.
41 prefilter, a 0.45-l'm Millipore membrane filter, and a
backing pad; the filtered samples were acidified in the field
and later frozen. The sampling train and bottles were made
from plastic materials.
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Table I. Percentage of Trace Element Content of Ash Extracted by Each Solution and Trace Element Content of
Precipitator Ash

Molarity 1.0 M 1.0 M 0.1 M 0.1 M 0.01 M 0.001 M 0.1 M

Solution HMO, HCI Citric: HNOo HN03 HN03 H2O HHcOH
acid

Inilial pHB 0.5 0.5 2.2 1.4 2.2 3.1 7.4 11.3
Cone" In

Final pHb 0.5 0.6 3.6 4.1 11.7 11.9 11.9 11.9 precipitator

% % % % % % % % ash, ,ug/g

As 64 78 59 0.65 0.31 0.17 0.10 0.51 12

B 78 24 94 55 3.9 1.4 1.5 <0.05 260

Be 8.6 12 6.1 1.7 <0.09 <0.09 <0.09 <0.09 4.7

Cd 48 32 33 35 3.8 0.28 <0.14 0.14 0.29

Cr 15 14 13 1.2 0.53 0.38 0.33 0.29 34

Cu 7.3 7.9 4.6 3.3 0.11 <0.01 <0.01 <0.01 58

F 75 63 86 83 11 8.1 7.2 8.7 120 c

Mo 120 120 110 4.7 57 55 59 54 4.2

Se 78 35 46 5.1 11 5.9 5.1 4.5 8.0

V 20 28 16 0.04 0.02 <0.01 <0.01 <0.01 98

In 3.1 3.1 1.8 1.2 0.27 <0.03 <0.03 0.07 160
• pH determined before ash was added to the extractants. b pH determined after agitation of ash-extractant mixture. C The fluorine concentration given is the

mean concentration reported by the Southwest Energy Study (6) and Woodward Envicon ( 7).

Table II. Extractability Categories for Trace Elements
in Extraction Experiment for Strongly Acidic and Basic
Extractants

Table III. Trace Element Concentrations in Influent
(A), (B) and Effluent (C), (0) Waters in ng/mL (ppb)

(A) (BI (C) (0)
Cooling lake Cooling lake Ash pond Ash pond

Intake, outlet, effluent, surface,
Element ng/mL ng/mL ng/mL ng/mL

fluent (C) relative to the cooling lake intake (A) and outlet (B)
are presented in Table IV. There is a correspondence between
those elements most extractable in water and those elements
exhibiting elevated concentrations in the effluent waters. This
correspondence also holds for those elements readily ex­
tractable in acid.

As 2.6 7 27 33
B <100· 950 12000 11000
Be <0.2 <0.2 <0.2 <0.2
Cd 1 1 1 1
Cr <1 1 2 3
Cu 3 2 3 2
F 220 3700· 16000 NDb
Mo <1 23 170 160
Se <1 1 57 60
V 2 60 130 140
In 590 350 440 580

• Data for September 1975, lrom the New Mexico Environmental Improvement
Agency ( 10). • No data.

Strongly basic
extractant

(H20 )
final pH = 11.9

Mo

B,F,Se

As, Cr

Be,Cd,Cu, V,ln

Strongly acid
extractanl

(1.0 M HN03)
final pH = 0.5

As, B, Cd, F,
Mo, Se

Cr, V
Be,Cu,ln

10-30
1-10

0.1-1.0
<0.1

Extraclablllty.
%

>30

used for Be, Cr, Cu, Mo, V, and Zn. Furnace parameters and
other details may be found in Dreesen et al. (2).

The trace element content of the ash was determined by
flameless atomic absorption for As, Be, Cd, Cr, Mo, Se, V, and
Zn; by instrumental neutron activation analysis for As, Cr, Cu,
and Se; and by both neutron capture prompt -y-ray analysis
and emission spectroscopy for boron. Dissolution of the pre­
cipitator ash was carried out in either open beakers or Tef­
lon-lined Parr bombs by use of a mixture of HF, H2S04, and
HNOa·

Results and Discussion

The results of the extraction experiment and the trace el­
ement content of the precipitator ash are shown in Table I.
The data are summarized as extractability categories in Table
II. Specific acid anionic effects are not considered; however,
such effects for the common mineral acids should not alter the
qualitative conclusions of this study.

As expected, strongly acid extractants were efficient mo­
bilizers of a number of trace elements; decreasing extraction
of trace elements with increasing pH was found for all ele­
ments except Mo. Small (8) describes a similar pattern of
solubility as a function of pH for Se, As, V, Cr, and Zn in ex­
tractants having a pH range of 1-5. Increased solubility of
trace elements in fly ash under acidic conditions is reported
by Theis (9) for As, Pb, Cu, Zn, Cd, Cr, and Hg.

Although the extractability of trace metals except for Mo
was very slight at high pH's, elements with strong anionic
character were mobilized to a significant extent as shown in
Tables I and II. The acid neutralizing character of this fly ash
is demonstrated by a final pH of 11.9 for the redistilled water
extraction.

The trace element concentrations in the influent and ef­
fluent waters sampled at the power plant are given in Table
III. The discharge of power plant effluents into the cooling
lake and evaporation probably account for the higher levels
of As, B, F, Mo, and V in the outlet water. The evaporative
losses from the cooling lake are expected to concentrate dis­
solved constituents by a factor of about 2.5 (J 1). (Water will
also be lost to the atmosphere from the scrubbers; however,
the effect of this loss on concentrating elements in the
scrubber fluids is not known.)

The trace element concentration ratios in the ash pond ef-
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Table IV. Trace Element Concentrations in Ash Pond
Effluent Water (C) Relative to Cooling Lake Intake
(A) and Outlet (B)

>50 B, F, Mo, Se, V Se

10-50 As B

2-10 As, Cr, F, Mo, V
<2 (Be),· Cd, (Cr), Cu, Zn (Be), Cd, Cu, Zn

" Elements in parentheses have uncertain enriclment factors we to analytical
uncertainties and detection limits.

There are two important factors which could influence the
distribution of trace elements in the extracts and effluents.
One is the surface predominance of certain trace elements on
ash particles (12), making them more available for mobiliza­
tion; these elements (Mo, F, Se, B, As, and Cd) are among
those extractable in acids. The second factor is that anionic
species would remain soluble in alkaline environments while
the more metallic cations would be precipitated (9). Therefore,
molybdate, borate, fluoride, selenate, and possibly arsenate,
chromate, and vanadate would occur in soluble forms; whereas
Be, Cd, Cu, and Zn would be either precipitated after disso­
lution with increasing pH or not extracted from the ash ini­
tially. Thus, an important consideration is whether the trace
element compounds in the ash are soluble in the acidic envi­
ronment of the venturi scrubbers or further downstream in
the ash disposal system where more alkaline conditions are
found.

In conclusion, it appears that Mo, F, Se, B, and As are most
significantly elevated in effluent waters of the elements con­
sidered and are of prime interest for future studies of soluble
contaminants from coal ash disposal in alkaline environ­
ments.

Conen
ratio

Aoh pond ellluen!
(Cl/coollng

lak. Intake (A)

Aoh pond .Hluen!
IC)/coollng

10k. outl.t (8)
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Lead-Containing Particles on Urban Leaf Surfaces

E. E. Koslow, W. H. Smith", and B. J. Staskawlcz

School of Forestry and Environmental Studies, Yale University, New Haven, Conn. 06511

• London plane tree [Platanus acerifolia (Ait.) Willd.) leaf
samples collected from an urban environment were examined
with an electron microanalyzer and electron microscope
equipped with an energy-dispersive x-ray analyzer. Lead­
containing aerosol particles found upon these leaves contained
no detectable chlorine or bromine. The lead appeared to be
associated with sulfur and phosphorus in the form of lead
sulfate and lead orthophosphate.

Tree surfaces (leaves, twigs, stems) accumulate numerous
trace metals in roadside and urban environments (1-4).
Because of its abundance, potential toxicity, and biologic
nonessentiality, lead has been of particular interest. The in­
teraction of phylloplane microorganisms and particulate
heavy metals is potentially important and incompletely ap­
preciated (5). Lead particle abundance, distribution, size, and
chemistry in situ must be evaluated before the significance

of foliar lead particles to leaf surface microbes can be deter­
mined. This report presents our preliminary findings oflead
particle chemistry on tree leaf surfaces.

Experimental

Leaf samples were collected from the lower canopy of ma­
ture London plane trees [Platanus acerifolia (Ait.) Willd.)
every two weeks throughout an entire growing season. The
trees lined a busy (average daily traffic ~5000 vehicles) street
in downtown New Haven (pop. 140 (00). Lead contamination
was monitored by analyzing unwashed leaves with an atomic
absorption spectrophotometer. Leaves collected in August
when the foliar lead burden was relatively high (Figure 1) were
observed and analyzed with a scanning electron microscope
(Autoscan Model U-3, Etec Corp.) equipped with an energy­
dispersive x-ray spectrometer (Model E-2, Kevex Corp.) and
with an electron microanalyzer (Model MS-64, Acton Labo­
ratories Inc.). Discs were cut from representative sample
leaves, air dried, and coated with several hundred A of
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Figure 1. Total lead contamination throughout entire growing season
of streetside London plane tree leaves (unwashed, dry wi basis) de­
termined by atomic absorption spectrophotometry
Mean 8nd standard error given for each sample which consisted of approximately
25 leaves collected from each of three trees

particle (number 1) was deficient in sulfur, phosphorus, and
silicon. Physically, this particle was also unique as it appeared
to be singular, spherical, and pitted.

The calculated Pb content, employing Sand P elemental
ratios from Table I and assuming PbSO. (Pb:S = 1.0) and
Pb3(PO.)2 (PB:P = 1.5) chemistry, was 1.056 (particle 2),'
0.601 (particle 3), 1.112 '(particle 4), 1.128 (particle 5), and
1.300 (particle 6). The average calculated Pb content (±SD)
for these particles is, therefore, 1.039 ± 0.261. If all the lead
were in the form of PbSO. and Pb3(PO.h. the Pb content for
these particles would equal 1.0. The agreement of these values
supports the conclusion that Pb was present in the particles
as mixed PbSO. and Pb3(PO.b The particles were apparently
in association with, or in close proximity to, soil particles
containing large amounts of Si and AI. The extensive variation
in Pb:Si and Pb:AI ratios suggests a physical rather than a
chemical association. Soil particles high in Si, AI, and Mg were
extremely abundant on the leaf surfaces. Particle 1 was most
probably lead oxide or lead carbonate.

While lead sulfate, phosphate and oxide have been detected
in motor vehicle exhaust, lead chlorobromide is generally as­
sumed to be the primary lead salt introduced into the atmo­
sphere from the tailpipe (4, 6, 7). Lead particles leaving the
exhaust system are generally in the submicrometer to 5-l'm
range (4,8-10). Absence oflead halides on the leaves suggests
that alterations of lead particle chemistry may occur in the
atmosphere, in the roadside soil, or on the leaf surface. Size
distributions on the leaves also suggest aggregation in the
atmosphere, in the soil, or on foliar surfaces. The particles we
observed may have been soil particles reentrained by vehicular
turbulence and deposited on the leaf surfaces.

The form of lead residues on plant surfaces in natural en­
vironments has not been intensively investigated. Heichel and
Hankin (11) employed an electron microprobe to examine
roadside twig and bark tissue and, in contrast to our results,
did detect chlorine and bromine in association with lead
particles. Fleischerand Parungo (12) detected lead on tobacco
leaf trichomes with x-ray spectrometry, but did not suggest
the anion associated with it.

It is critically important to ascertain the chemistry of lead
particles on plant surfaces so that the biological significance
of these contaminants can be determined. In the absence of
this information, we have arbitrarily employed lead nitrate
to make preliminary judgments concerning the in vitro tox­
icity of lead to various components of the leaf surface micro­
flora (13-15). We now judge that lead sulfate, phosphate,
carbonate, and oxide should be screened.
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0.011 8 0.364 8 21.9 8

42.9 8

1.0 1.0 1.0 1.0
0.0128 0.138 8 0.307 8 0.084 8

0.003 8 0.612 8 0.196 8 0.685 8

Element

5i
AI

Pb
5
P

1.0 1.0
0.415 8 0.593 8

0.474 8 0.471 8

[0.653] b [0.482]
4.156 8 1.187 8 0.545 8

0.615 8 1.306 8 1.200 8

[0.734] [1.03]
Mg 8.314 8 1.421 8 4.986 8 7.390 8

Ca [0.340] [1.030]
K [0.228] [0.094]
Fe [NO] C [0.016]

• Obtained by microprobe analysis. b [ ] obtained by energy-<lispersive x-ray
spectrometer. C NO: not detected.

Table I. Elemental Ratios, Relative to Lead, for
Selected Lead~Containing Tree-Leaf Particles

Particle no.

'0
'0

or 60

70

graphite. Leaf disc surfaces were systematically scanned for
lead-containing particles. Spectrometers were calibrated using
metallic oxide, or in the case of the halogens, salt standards.
Spectra were corrected for such factors as fluorescence yield,
detector counting efficiency, and other acc~untablefactors.

Results and Conclusions

Lead particles were infrequently encountered among the
myriad of particles associated with the leaf surfaces. Lead
particle size was variable with their maximum dimension
ranging from 1.0 to 25 I'm. The instrumentation available in
this study had a minimum detectable particle size of -1.0 I'm.
The particles were generally composed of highly angular,
planar sheets in either microcrystalline or crystalline micro­
aggregate arrangement. The elemental composition of six
particles was examined (Table I). Both systems gave similar
results-especially with regard to the absence of halides in the
particles studied. Sulfur and phosphorus were associated with
the majority of these particles. Silicon, aluminum, and mag­
nesium were also common. Chlorine and bromine were not
associated with any of the lead particles «10 ppm). One
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CORRESPONDENCE

SIR: The paper, "Particle Collection Efficiencies of Air
Sampling Cyclones: An Empirical Theory" by Tai Chan and
Morton Lippmann [ES&T 11 (4),377 (1977»), contains several
serious errors with reference to the theory of Leith and Licht
as cited.

In Table I and in the discussion, this is classed as a "semi­
empirical theory" with the comments "empirical fit of cyclone
collection efficiency data" and "weak dependence of Dpc to
Q predicted". It is also stated that this theory "make(s) an
analogy to electrostatic collection of particles".

The facts are: (a) there is nothing whatever empirical about
the theory, and there are no empirical constants in it; (b) the
dependence of Dpc on Qis precisely the same as that given for
the "conventional" (Type I) theories, namely, Dpc = K·Q-l/2,
and this is clearly stated in the cited reference; (c) there is no
analogy whatever drawn with electrostatic collection in the
explanation of the theory.

The line purporting to represent the Leith and Licht theory
in Figure 1 is incorrect. It must have a slope of -1f? on a plot
of log Dpc vs. log Q, and therefore be parallel to the lines for
the other Type I theories represented.

Our theory was developed for use in the design of industrial
size cyclones and without reference to its possible application
to the very small cyclones used for respirable dust sampling.
We are naturally very interested in any investigation of the
relevance of the theory to this small scale of cyclone operation.
However, any conclusions drawn from such an investigation
must at least be based upon a correct knowledge of our theo­
ry.

William Licht
Dept. of Chemical and Nuclear Engineering
University of Cincinnati
Cincinnati, Ohio 45221

SIR: It has come to our attention that there were compu­
tational errors in the data presented in Figure 1 in our recent
paper (l) corresponding to the Leith and Licht theory (2). The
corrected version is presented here, showing a slope of -0.5
for the Leith and Licht theory.

Although most cyclone theories in Figure 1 seemed useful
in predicting performances of air cleaning cyclones, they were
shown to be unsatisfactory in describing the collection char­
acteristics in the miniature air sampling cyclones. For the
industrial size air cleaning cyclones, the high loading factor
improves collection efficiencies due to kinematic coagulation
(3), but also favors losses due to particle rebound and reen­
trainment. In contrast, the operating conditions of the air
sampling cyclones are quite different since the concentration
of the airborne particulates hardly exceeds a few mg/m3.

Particle reentrainment effects were shown to be negligible at
dust concentrations below 300 p,g/m3, although particle re­
bound is probable (4). The empirical theory presented in our
paper includes these complicating factors.

Received /or review December 22, 1976. Accepted May 26, 1977. Re­
search supported by a grant /rom the Consortium for Environmental
Forestry Studies through the Pinchot Institute for Environmental
Forestry Research, U.S. Department of Agriculture, Forest Ser­
uice.
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Flgwe 1. Comparison of experimental data vs. theoretical predictions
for 10-mm nylon cyclone.
Data from Blachman and Lippman (1974). Data for 8eecl<mans' theory obtained
from Beeckmans (1974)

The Leith and Licht theory should be classified under
semiempirical theories since the original equation (5) includes
an empirical constant n, termed the vortex component. The
Leith and Licht equation was written as:

'1 = 1 - exp [-2(C,p)-1I2n+2j

where C = cyclone design number, '" = inertial deposition
parameter, and n = vortex component.

n= 1- [1- (0.394 Dc )O.14] (5'...)0.3
2.5 283

We regret the misinterpretations of the Leith and Licht
theory which were unfortunately based on faulty arithmetic
computations.
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INDUSTRY TRENDS Process Engineering Co. (Mannedorf,
SWitzerland) will build a plant for the
Government of Kenya, Africa, to utilize
60 000 t of local agricultural wastes to
produce several basic items for Kenya's
food and chemical industries. This will
create at least 700 iobs.

Beckman Instruments, Inc. (Fullerton,
Calif.) will install 10 Iight-<luty consoles to
measure automobile emissions for Ford
Motor Co.

MikroPul Corp. (Summit, N.J.) has been
selected to supply a large fabric-filler air
pollution control system to Southern
Colorado Power. The system, costing al­
most $1.3 million will handle 12 086 Ib/h
of fly ash with 99+ % efficiency.

Xonics, Inc. (Van Nuys, Calif.) has a $4.5
million EPA contract to operate and
maintain EPA air monitoring systems for
the Community Health Air Monitoring
Program (CHAMP), to provide air quality
information in support of epidemiological
studies.

AG Brown Boveri & Cle (Baden, Swit­
zerland) has set up a Department for
Water Treatment and Environmental
Protection, responsible for planning, de­
signing, and building sewage plants based
on the latest technology.

Sybron Corp., and Zurn Industries, Inc.,
have reached an agreement "in principle"
to sell Sybron's subsidiary, The Permutit
Co., Inc., to Zurn for an undisclosed
amount of cash.

Wheelabrator-Frye Inc. will supply a
three-field electrostatic precipitator for a
paper mill at Willamette Industries (Al­
bany, Oreg.). It will clean 73 000 acfm at
a collection efficiency of 99.57 %.

Tracor, Inc. (Austin, Tex.) recently deliv­
ered 5 Air Pollution Monitoring trailers to
the Savannah River Plant of Du Pont. It
monitors S02, H2S, and residual sulfurs in
air down to parts-per-billion levels. The
trailers, costing $20 000 each, were de­
livered within 90 days of order.

Nichols Engineering and Research, a
subsidiary of Neptune International Corp.,
will build a powdered carbon regeneration
plant for CPC International at Argo, III., for
more than $3.5 million.

Enviro-Systems & Research, Inc. (Roa­
noke, Va.) has a $138000 contract to
supply its S0-10 Fabric Filter Collector for
a coal-fired heating plant at the University
of Iowa.

C-E Power Systems (Windsor, Conn.) has
a $52 million order from the Texas Mu­
nicipal Power Agency (Waco) for a
400-MW Texas Lignite-fired steam gen­
erator, air quality control system, and re­
lated equipment.

WESMAR (Seattle, Wash.) has a large
contract to supply liquid level monitors to
Metro Water District of Southern Califor-
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nia. They work by ultrasonic, non-contact
monitoring.

The National Coal Policy Project
(Washington D.C., ES& T, July 1977, P
646) is developing recommendations for
application of the new federal strip mine
law to northern Appalachian coal.

Monitor Labs (San Diego, Calif.) an­
nounced that it has shipped its 1000th
Model 8500 Calibrator for air pollution
monitoring, and that it has sold more than
$3 million worth of them worldwide over
the last 5 years.

The Manufacturing Chemists Association
(Washington, D.C.) is questioning EPA's
proposal to regulate benzene as a haz­
ardous air pollutant under Section 112 of
the Clean Air Act.

Recon Systems, Inc. (Princeton, N.J.) has
substantially expanded its capabilities in
industrial wastewater treatment, envi­
ronmental impact, laboratory services,
and related fields.

The Beverage Industry Recycling Pro­
gram (BIRP, Phoenix, Ariz.) has held
meetings in New Mexico to see about
starting what it hopes can become a na­
tional program. The name BIRP is autho­
rized for any state wishing to develop a
recycling program through the BIRP sys­
tem.

Underwriters Laboratories Inc. (Chicago,
III.) has released the First Edition of its
Standard for Flow-Through Marine Sani­
tation Devices, UL 1119. It is available for
$3 at 207 E. Ohio St., Chicago 60611.
With future revisions, the price is $8.

IU Conversion Systems (Philadelphia, Pa.)
has contracts totaling several million
dollars for its Poz-O-Tec scrubber sludge
stabilization systems for two electric
power plants in Illinois. The system will
stabilize 1 million tpy of sludge.

Fluor Corp. has contracts for about $42
million to design, engineer, procure, and
construct a proposed 45-MW geothermal
power plant using geothermal brine. It will
be the largest plant of its kind in the
U.S.

The Willis & Paul Corp. (Hillsdale, N.J.)
will design, supply, and build a fly ash,
lime, and limestone handling and stabi­
lized sludge disposal system for the Rural
Electrification Administration (Hattiesburg,
Miss.).

Zurn Industries, Inc., and Sybron Corp.
have formally signed an agreement to sell
Sybron's subsidiary, The Permutit Co., to
Zurn. Terms called for $12 million in cash,
with closing in late August.

National AirOIl Burner Co. (Philadelphia,
Pa.) has named United Engineering De­
velopment & Trading Co., of Kuwait, to
represent National AirOil in the Middle
East.

The Buell Emission Control Division of
Envirotech (Lebanon, Pa.) has a turn-key
contract for more than $17.9 million for
precipitators for two 490-MW generating
units in Sullivan County, Ind. They will
collect up to 1900 tpd of fly ash.

Research-Cottrell's Metcalf & Eddy Di­
vision has received approval to design a
1600-tpd refuse processing facility for
Metropolitan Toronto, Canada. The facility
is to produce 1200 tpd of fuel, equivalent
to 600 tpd of coal.

Combustion Equipment Associates, Inc.,
has a letter of intent from The Toledo Ed­
ison Co., whereby Toledo Edison would
purchase CEA's low-sulfur, refuse derived
fuel called ECO-FUEL (600 tpd).

M&T Chemical Inc., a subsidiary of
American Can Co., will study the feasi­
bility of a low-technology processing plant
to recycle newspaper, glass containers,
and metal cans, for Garden State Paper
Co., Inc.

Apollo Chemical Corp. has recently de­
veloped and patented a means whereby
the flow of coal ash and slag, and its quick
removal from boiler systems, resulting in
less unscheduled outages, are en­
hanced.

Nalco Environmental Services is con­
ducting studies at four fossil-fueled power
stations in central New York, for New
York State Electric & Gas Corp. The
studies, being conducted on central New
York waterways, are for proposed plant
sites on Lake Ontario and the Hudson
River.

Public Service Co. of New Mexico and
nine other southwestern utilities have
joined together to study the distribution of
solar radiation in that region, in order "to
match the right equipment to local radia­
tion."

U.S. Ozonair Corp. (South San Francisco,
Calif.) will run an $80000 mobile unit
across the U.S. to demonstrate its ap­
proach to ozone treatment of water. Ca­
pacity is 12-100 gpm.

Met-Pro Systems, Inc. has shipped a pilot
water treatment system to San Diego Gas
& Electric (21 gpm) for the Sundesert
Nuclear Power plant site (Blythe, Calif.).
Scale-up to 30 mgd is planned.



Resources Conservation Co. (Seattle.
Wash.) will design a multimillion dollar
wastewater recovery system (WWRS).
and install it at the San Juan Generating
Station of Public Service Co. of New
Mexico. and Tucson Gas & Electric Co.
The WWRS will purify/recycle over 2
mgd.

HORIZONTAL

ALL- PLASTIC CHEMICAL PUMP
features shielded pump shaft
for total corrosion protection

Peabody International Corp. has reached
an agreement with Welltrade Middle East
Ltd.• to expand testing and inspection
services overseas, especially in the
Middle East and Africa.

EG&G's Bionomics subsidiary (ES& T,
April 1976, p 322) has a $1.6 million
contract to provide to the EPA special
expertise for determining fate and effects
of selected chemicals in the aquatic en­
vironment.

w/Double Seal for
Double Safety

• Eliminate
Solution losses·

• Pump never
sucks air

• Crystals never
form in seal area
causing wear

Dames & Moore (Los Angeles, Calif.) was
retained by Wisconsin Power & light Co.
to monitor air quality and conditions along
the Wisconsin and Mississippi Rivers. to
identify sites potentially suitable for
coal-fired power stations.
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UNITED STATES NAVY
CHEMICAL PRDCESS INDUSTRIES
SPill CLEANUP CONTRACTORS

MARINE OPERATORS

SEAWARD INTERNATIONAL, INC.
6269 Leesburg Pike Falls Church, Va 22044. U S.A

Telephone 703/5343500 Telex 899455

DSERFILCO.
U'1E"·V··'·'j·ijl·",,'liil-P'··'·'4·'liii·V'

1415 Waukegan Rd., Northbrook, 111. 60062
PH'. Telephone: (312) 498-1010 273-3240

Because it has no moving parts. the SLURP oil skimmer provides
simple, reliable operation. Its unique design permits remote con·
trol'of skimming depth. Ideally suited for both emergency spill
cleanup and routine skimming of industrial waste water, SLURP

is in worldwide use by:

REFINERIES
UTILITIES
STEEL MILLS

RAILROADS

Bob West Associates, Inc. has been
formed at Greenwich. Conn., to provide
interdisciplinary services to the health
care and chemical industries. especially
with regard to EPA, FDA. OSHA. and the
Toxic Substances Act.

Thermal Processes, Inc. was formed at
La Grange, III., to supply fluidized-bed
combustion equipment to generate steam,
hot water, hot air, or high-temperature
combustion gases.

Alaskan Arctic Gas Pipeline Co. is es­
sentially disbanding, and its member
companies plan to consult with and assist
organizations aiming to win approval of
the Alcan gas pipeline project.

Clow Corp. has provided 48 "Yeoman"
surface aerators to treat wastewater at
Syracuse. N.Y. Each 100-hp unit will
contribute to treating up to 110 mgd when
the plant is completed.

Proler International Corp. is constructing
two new processing plants at Randolph,
Ariz. One will recover tin from cans and
other scrap; the other will convert de­
tinned steel and other light-gauge scrap
into precipitation iron.

The Electric Power Research Institute
(Palo Alto, Calif.) gave a contract for $4.6
million to San Diego Gas & Electric to
support design/construction of the first
commercial U.S. power plant to use
geothermal hot water for power produc­
tion.

URS Corp. (San Mateo. Cali!.) has com­
pleted the design of a 4-level, 65 000-ft2

solar office building for the Tri-County
Metropolitan District of Oregon (Portland).
It includes 4500 ft2 of collectors, and a
buried 4500-gal hot water storage tank.
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Acid mist neutralizer
This additive eliminates sulfuric acid mist
and reduces corrosion produced by
burning sulfur-containing fuels. The
powder additive removes more than twice
its weight of sulfur trioxide. Chemed Corp

103

Gas analyzer/monitor
The system is capable of continuously
monitoring room or ambient environments
for any number of preselected gases for
quantitative measurements. Sensitivity is
in ppm range. An alarm system is avail­
able as an option. CVC Products 108

Liquid sampler
This surface sampler is suitable for sam­
pling, measuring and analyzing oil slicks
on the surface of liquids. The device can
also be used to sample sewage treatment
tanks. This surface sampler is an acces­
sory to the company's oil recovery sys­
tem. Oil Recovery Systems 115

Flowmeter
Designed specifically for open channels
or sewers, this system consists of a fully
sealed flow tube containing permanently
mounted ultrasonic transducers. and a
computer that provides flow indication.
recording. totalization and sampler con­
trol. The flow tube is available in sizes to
accommodate sewer pipes from 4-48 in.
Controlotron Corp. 101

Flocculant
The high-molecular weight polymer was
designed for activated sludge conditioning
prior to dewatering. It is supplied in a
soluble micro-bead form. Allied Colloids

102

High temperature RO
This reverse osmosis system is capable
of operation on feed waters with tem­
peratures of up to 130 OF. The permeate
rate is 15 gpm. The system will find ap­
plication in potable water production and
wastewater recycling of water. Osmonics

104
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Microprocessor
This data acquisition system is designed
for the collection of air quality and mete­
orological data. During programmed op­
eration. the unit samples analog or BCD
inputs every 30 s, accumulates the sam­
ples for l-h periods. averages the data.
computes wind vector. records data on
tape and serially "outputs" the data for
remote transmission. Martek Instruments

105

Standby pulpit
This 8-man welded steel enclosure, spe­
cifically for use by coke battery personnel.
incorporates a HEPA-type power filter and
an air conditioner that comply with OSHA
coke oven emission standards. James
Campbell Smith 106

Cyclone preseparator
Samples wind-blown dust from coal
storage piles and roadway construction
sites. The unit attaches to the holder of
standard hi-vol samplers and collects all
particles greater than 5 Il in diameter.
Particles less than 5 Il pass through the
cyclone to be collected on the hi-vol filter
paper. Sierra Instruments 107

Arsine/phosphine monitor calibrator
The device verifies the proper operation
of the arsine/phosphine monitor that
continuously monitors the air for these
gases and signals an alarm when toxic
levels are reached. Matheson 109

Flow monitoring system
The ultrasonic flow monitor, consisting of
a sensor and electronics in separate en­
closures. monitors and records the vol­
ume of flow and takes water samples. The
sensor. mounted above a flume, weir,
pipe or channel, acts as a transmitter/
receiver. Environmental Measurement
Systems 110

Water demineralization plant
The systems consists of a membrane
stack or stacks and a factory-assembled
steel skid containing the dc power sup­
ply/control unit. feed water filter, pumps,
valves and other hydraulic equipment. It
produces 100000-264000 U.S. gal/d of
fresh water from brackish water. lonics

111

LC/MS interface
The interface can be used to combine
liquid chromatograph and mass spec­
trometer systems. It permits a choice of
electron impact or chemical ionization
and does not interfere with GC/MS or solid
probe studies. It is especially useful in the
mass spectral analysis of pesticides and
polycyclic aromatic compounds. Finnigan

112

Portable pH recorder
The instrument. only 15 lb. features three
selectable pH ranges. an 8-in. circular
chart and a peripheral junction-type
electrode. The instrument can be field
calibrated for proper operation. Manning
Environmental Corp. 113

Solar power meter
Designed to measure the power of nor­
mally incident solar radiation. the meter
is expected to be valuable to workers in
the field of solar power conversion.
Readout in kilowatts/meter squared is
displayed on an analog scale. The meter
is also calibrated to read laser power at
three wavelengths. LiCoNix 114

Filtration media
Available in felt and fabric forms. the
"Teflon" filtration media offers high-heat
resistance. excellent release properties
and excellent chemical and fleX-fatigue
resistance. according to the manufac­
turer. It can be used to collect titanium
dioxide and carbon black. and to remove
fly ash in power generation baghouses. Du
Pont 116

Thermal reductor
The conically-shaped rotating ignition
chamber thermally oxidizes the waste
stream while continuously discharging
noncombustible material. The resultant
gases are re-ignited in a secondary
combustion chamber and channeled to a
waste heat boiler before being scrubbed.
The unit can dispose of gases. liquids.
solids and sludges. Stack emissions are
pollution-free. Progressive Equipment Co.

117



Tubular filter
Constructed of stainless steel, the filter is
rated to 300 psig, 300 OF. It can be
cleaned manually or by shock back­
washing. The Duriron Co. 133

Adsorbent
These non-dusting dry carbonaceous
beads are purported to remove and re­
cover organic chemicals from fluids. They
were designed to serve as an alternative
to activated carbon and polymeric ad­
sorbents. Rohm and Haas 130

Sludge level detector
The sealed detector combines an optical
sensing head with a solid-state audio
signal receiver to provide audible indica­
tion of sludge and slurry levels in water
and wastewater treatment plants. Keene
Corp. 128

Speed reducer system
Specifically designed for application in
wastewater treatment plants, the units
reduce motor speed and convert horse­
power to the torque capacity required to
drive aeration, clarifying, and solids han­
dling processes. Ex-Cell-O corp. 129

Hamilton Company, P.O. Box
10030, Reno, Nevada 89510.

HAMILTON

sage of fine particle sand or soil without
clogging under varying water flow condi­
tions. nhas high tensile and burst strength,
and is chemically resistant to fresh or salt
water, and to alkaline or acid soil condi­
tions. Staff Industries 124

Over 200 different models,
accurate delivery to ±1%.
Write for free catalog.

Soil stabilizing membrane
This polypropylene filter fabric can control
water seepage rate and prevent the pas-

Spectrophotometer
The instrument, a UV/visible double-beam
ratio-recording grating unit, proVides
spectral analysis in the 195-800 nm
range. Six forward scan speeds permit
high resolution and rapid survey recording.
Two selectable response times are pro­
vided and bandpass is adjustable in four
steps. Perkin-Elmer 127

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.

Turbidimeter
This laboratory turbidimeter features a
digital readout of JTU/ppm silica mea­
surements and is insensitive to color and
color changes in the fluid. Resolution is
0.01 JTU/ppm and dynamic range is 0­
1000 JTUlppm. Monitek 118

Continuous level Indicator
The indicator is designed to provide con­
tinuous level indication for solids or liquids
with stable dielectric constants. Measur­
ing range (span) is 10-4000 pf and tem­
perature range is 0-140 of or -20 to 60
°c. Endress and Hauser 121

Top feed centrifuge
This fully automated sludge dewatering
centrifuge is capable, according to the
manufacturer, of dewatering a variety of
waste sludges with little or no polyelec­
troly1e treatment. De Laval Separator Co.

122

Organic vapor dosimeter
This dosimeter meets OSHA standards for
benzene monitoring. It is accurate at
concentrations of benzene of 1 ppm. The
clip-on pocket unit contains an activated
carbon collection element that is removed
for analysis by NIOSH-recommended
procedures. The dosimeter can be refilled
with a new collection element and reused.
Abcor, Inc. 123

Oxygen/toxic gas monitor
Simultaneously measures the concen­
tration of oxygen in the atmosphere and,
cumulatively, a specific toxic gas. Cur­
rently hydrogen sulfide can be detected.
but carbon monoxide, chlorine, sulfur
dioxide and ammonia detection sensors
are under development. When oxygen
levels fall below 17 % concentration, an
audible alarm and a flashing yellow light
are activated. Neotronics Ltd. (England)

119

Dust abatement compound
Composed of soluble resins, penetrants
and plasticizers, this product, when diluted
with water, can be sprayed, fogged,
painted or drenched on surfaces to control
dust. Easton R/S Corp. 120

CIRCLE 11 ON READER SERVICE CARD

Volume 11, Number 10, October 1977 1025



NEW LITERATURE together with recommended municipal
treatment methods. Flow diagrams are
given. The Permutit Co., Inc. 171

Advanced wwt. Bulletin 17.71 describes
packaged wastewater treatment (wwt)
system for liquids-solids separation.
Typical users are electroplaters, auto­
motive and electronics plants, and the
like. Crane Co. 151

Products from starch. "Guide to Starch
Processing Product Possibilities" lists
numerous products that can be made from
starch for many applications. Stone &
Webster 152

Air doors. Brochure describes air doors
that can keep air from entering or es­
caping, and can, among other things, ex­
clude insects, dust, dirt, and fumes.
Temperature can be controlled. Mars Air
Doors 153

Organic vapors. Bulletin 769 outlines
OSHA-recommended methods for de­
termining organic vapors in the industrial
atmosphere. These methods are outlined
in great detail. Supelco, Inc. 154

Glassware. Catalog 700 is a 464-page
listing of scientific glassware. Included are
items for chromatography and pollution
control. Many connections use no grease.
Ace Glass Inc. 155

Waste screens. Bulletin 12000 describes
broad line of "Link-Belt" screens for
water, sewage, and industrial waste. Fa­
cilities for large and small solids are listed,
as are degritters. FMC Corp. 156

Jet-type filters. Bulletin EMT-077-Fl de­
scribes EMTROL line of advanced pulse
jet type filters for air pollution control and
product recovery. Applications in pulp/
paper, coal, minerals, others. Emtrol
Corp. 157

Fuel conditioning. Brochure lists fuel
additives for oil-fired boilers, diesel en­
gines, and gasoline turbines. Increase
efficiency, reduce particulates, smoke,
corrosion. Uses manganous amine com­
plex. The Rolfite Co. 158

Energy recovery. Bulletin 54-100M lists
a line of pyrolytic incinerators that can be
equipped with optional energy recovery
systems. Company says that landfill dis­
posal problems can be virtually ended.
Kelley Co. Inc. 159

Scale Inhibition. Bulletin No. 502 de­
scribes corrosion- and scale-inhibiting
programs for cooling water systems with
non-polluting chemical products. Services
are also described. Zimmite Corp. 160

Refuse handling safety. ANSI booklet
tells how company's waste handling
equipment can meet ANSI Z245.1-1975
safety standards. All levels of the industry
are concerned. Marathon Equipment Co.

161
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Precipitator controls. Brochure GEA­
9607A tells about maximum efficiency,
improved protection, and quick start-up
capabilities of the precipitator control, as
well as safe, easy adjustment. General
Electric Co. 162

Resource recovery. Brochure, "Resource
Recovery and Energy Systems", de­
scribes 4-step program for a resource
recovery system to help solve growing
solid waste problems. Combustion Engi­
neering, Inc. 163

Granular media fmers. Bulletin 900 lists
virtually all types of commercially avail­
able granular media filters for industrial
waste and process water recycle. Ecod­
yne Corp. 164

Treatment plants. Brochure describes
"Activator" modular prestressed concrete
wastewater treatment plants. Modular
design permits future expansion; plant
uses activated sludge. Pollution Control,
~. 1~

Groundwater protection. Brochure de­
scribes impervious, concrete-like mixture
that can prevent seepage into ground­
water or surface waters by means of Un­
derground Pollution Barriers. ChemBar,
~. 1~

Precipitators. Fifty-page brochure pro­
vides a complete discussion of electro­
static precipitators. There is also an in­
ternational system of units, glossary, and
keyword index. United McGill Corp. 167

011 skimmers. Bulletin OS-5 details the
Series 7000 Oil Skimmers and their ability
to recover floating oils from water and
other liquids. Works on oils of almost all
viscosities. Met-Pro Systems, Inc. 168

Thermal processes. Bulletin SG-230 lists
thermal processes for environmental/
energy control/recovery; airless solvent
drying; sludge disposal; solid waste py­
rolysis; and many other applications.
Midland-Ross Corp. 169

Respirators. Data Sheet 10-00-05 gives
.detailed information in respirators to
protect workers against certain air pol­
lutants during welding, and similar oper­
ations. Mine Safety Applicances Co.

170

Municipal water treatment. Bulletin 5890
lists water impurities in source supplies,

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.

Slime control. "Application of HTH Dry
Chlorine Granular in Industrial Plants" tells
how dry chlorine granular controls slime,
bacteria, a'nd certain toxic pollutants in
industrial water operations. Olin Corp.

172

Corrosion-resistant pumps. Bulletin 330
lists a series of corrosiOlH'esistant plastic
horizontal pumps. Full specifications and
technical details are provided. Sethco
Mfg. Corp. 173

Chemical pumps. General Bulletin 477
lists pumps for various chemical feed
systems. Neptune Chemical Pump Co.

174

Sludge drying. Bulletin No. D-73389-477
tells how the rotary dryer can reduce
sludge moisture from 80-90 % to 5­
10%. Only 1500 Btu evaporated 1 Ib of
water. Solid wastes or waste heat can
power the system. The Heil Co. 175

Fabric filters. "ENELCO Pulse Jet Fabric
Filters" explains how coal-burning,
metal-prOducing, and other industry
emissions are controlled. Much data are
given. Environmental Elements Corp.

176

Chlorine leaks. Bulletin 11030 describes
the ADVANCE chlorine leak detector with
remote sensing, no need for chemicals,
fail-safe devices, and other features.
Capital Controls Co. 177

Combustion control. "Oxygen Trim for
Combustion Control" tells how correct
control of oxygen input can reduce eco­
nomic loss and pollution. Can be used on
new and existing systems. Reliance In­
strument Mfg. Corp. 178

Monitoring station. Flyer sheet depicts
and describes fUlly instrumented station
for housing air quality or other monitors on
a short-term basis. Ample work space.
Radian Corp. 179

Sludge Injection. Brochure tells how
sludge with up to 8 % solids can be sub­
surface-injected, and how that is an en­
vironmentally and economically feasible
alternative. Briscoe-Maphis Environmental

180

Odor control. Form No. 423-ADV illus­
trates and describes a full line of imme­
diately available odor control units. They
use activated carbon and other adsor­
bents, and have many applications. Zurn
Industries, Inc. 181

Water Intakes. Brochure describes static
screen designs for water intake that
minimize plugging and the need for
cleaning. Fully submersible. Full siting
freedom. Johnson Division, UOP Inc.

182



BOOKS needed, and rationales for personnel
policy. It is the outgrow1h of a long, in­
depth study chaired by Earnest Gloyna,
and coordinated for the Academy's Na­
tional Research Council by Stanton Ware
(ES&T, March 1976, p 222).

Solar Energy: Technology and Applica­
tions. J. Richard Williams. 176 pages. Ann
Arbor Science Publishers, Inc., P.O. Box
1425, Ann Arbor, Mich. 48106. 1977.
$9.95, hard cover.

This book is a revised edition that dis­
cusses many solar energy aspects. It tells
how to build a heating/hot water system,
and how to select the proper collectors.
It also discusses industrial and agricultural
applications, air conditioning, ocean­
thermal power, wind, geosynchronous
power plants, and other timely topics.

Environmental Impact Assessment. Larry
W. Canter. xiv + 331 pages. McGraw-Hili
Book Co., 1221 Ave. of the Americas,
New York, N.Y. 10020. 1977. $16.50,
hard cover.

The National Environmental Policy Act
says that just about any project on which
one wishes to embark must be preceded
by an Environmental Impact Statement
(EIS). This book discusses the Act, and
sets forth detailed instructions for the
correct preparation of an EIS.

Energy from Bioconversion of Waste
Materials. Dorothy J. De Renzo. ix +223
pages. Noyes Data Corp., Mill Rd. at Grand
Ave., Park Ridge, N.J. 07656. 1977. $32.
hard cover.

Energy from sludge-methanation of
urban trash, animal waste digestion-all
these are technologies under scrutiny. But
what is the latest state-of-the-art in this
field? What materials does one use? This
book covers the latest technology and
practice in bioconversion.

Chemical Reactions as a Means of
Separation: Sulfur Removal. Billy L.
Crynes, Ed. ix + 345 pages. Marcel
Dekker, Inc., 270 Madison Ave., New
York, N.Y. 10016. 1977. $29.75, hard
cover.

This work completely addresses the
removal of sulfur in energy processing
industries. It covers scrubbers, tail gases,
coal gases, coal liquefaction, "resid", and
stock gases. Technology is covered ex­
haustively.

Energy Technology Handbook. Douglas
M. Considine, Ed. xxvii + 1857 pages.
McGraw-Hili Book Co., 1221 Ave. of the
Americas, New York, N.Y. 10020. 1977.
$49.50, hard cover.

"You name it, this book has it." Pe­
troleum, gas, coal bioconversion, chem­
ical fuels, nuclear, solar, geothermal­
they are all covered. Environmental
problems arising from energy produc­
tion/use are also extensively discussed.

Environmental Chemistry. J. O'M.
Bockris, Ed. xi + 795 pages. Plenum'
Publishing Co., 227 W. 17th St., New
York, N.Y. 10011. 1977. $49.50, hard
cover.

This work discusses interactions be­
tween pollutants and air and water. It also
covers exhaustive consumption of natural
resources; development of non-polluting
forms of energy; political aspects; sewage
treatment; food source development; and
monitoring. Many other related and per­
tinent SUbjects are discussed.

Animal Wastes. E. Paul Taiganides, Ed.
xvi + 429 pages. Applied Science Pub­
lishers ltd., 22 Rippleside Commercial
Estate, Barking, Essex, England. 1977.
$50, hard cover.

Animal wastes are a formidable nui­
sance and water pollution source. They
can spread disease. But they can also be
a fine source of compost and fertilizer, as
well as a medium for producing gaseous
fuels. This book covers all of these rami­
fications of animal wastes, and is an out­
grow1h of a symposium on the subject,
held at Bratislava, Czechoslovakia.

Environmental Law Handbook, 4th ed. J.
Gordon Arbuckle et al. 350 + pages.
Government Institutes, Inc., 4733 Be­
thesda Ave., Bethesda, Md. 20014.1977.
$33.50, hard cover.

What is the latest environmental law
and legal terminology? This book treats
those SUbjects, and discusses NEPA,
water/air pollution control, land use,
pesticides, hazardous materials, toxics,
noise, and solid waste/resource recovery.
It tells what the law "really says."

Mercury Contamination: A Human
Tragedy. Patricia A. and Frank M. D'itri.
xxii +311 pages. John Wiley &Sons, Inc.,
605 Third Ave., New York, N.Y. 10016.
1977. $17.95, hard cover.

Remember Minamata Disease? The
mysterious epidemic in Iraq? Mercury
contamination was at the root of these,
and other episodes. This book explains
the mechanism of mercury (methylmer­
cury) contamination and poisoning, and its
origins. It also offers recommendations as
to how citizens and government agencies
can combat this menace.

Manpower For Environmental Pollution
Control. xxiv + 443 pages. Printing and
Publishing Office of the National Academy
of Sciences, 2101 Constitution Ave.,
NW., Washington, D.C. 20418. 1977.
$11.25, paper.

Here is a publication that looks closely
at availability of personnel, where they are

Water and Waste Treatment Data Book.
xvi + 143 pages. The Permutit Co., Inc.,
E49 Midland Ave., Paramus, N.J. 07652.
1977. $3, ring-bound.

This revised edition contains up-dated
charts and sections of data for practicing
engineers, and others who work in water
and wastewater treatment. It includes the
most current technology in practical use.
For more information, contact A. W.
Pieper.

Marine Pollution. R. Johnston, Ed. xiv +
729 pages. Academic Press, Inc., 111
Fifth Ave., New York, N.Y. 10003. 1977.
$51. hard cover.

Marine pollutants are many and varied.
This book looks at the problems they en­
gender, discusses heavy metals, sewage,
legal controls, and other related topics.
Pipeline discharges, oil spills, inputs from
the air, and mineral resource exploitation
are also covered, as are marsh and
deep-sea habitats.

Solid Wastes. George Tchobanoglous,
Hilary Theisen, Rolf Eliassen. xv + 621
pages. McGraw-Hili Book Co., 1221 Ave.
of the Americas, New York, NY 10020.
1977. $22, hard cover.

The technology of solid waste man­
agement is rapidly changing and ex­
panding. This book discusses this prog­
ress, examines necessary engineering
principles, and looks at essential man­
agement issues in depth. Problems are
worked out in a step-by-step format.

Advances in Environmental Science and
Technology. Vol. 7. James N. Pitts et aI.,
Eds. 520 pages. John Wiley &Sons, Inc.,
605 Third Ave., New York, N.Y. 10016.
1977. $30, hard cover.

This volume discusses new perspec­
tives on pollution control. It also looks into
vehicular emissions and their control; fate
of NO. and H2S; environmental health
assessment: and statistical models. Other
pertinent topics of air pollution control,
including photochemical smog and eco­
nomics of enforcement, are also cov­
ered.

Particulates and Fine Dust Removal:
Processes and Equipment. Marshall Sit­
tig. xv + 605 pages. Noyes Data Corp.,
Mill Rd. at Grand Ave., Park Ridge, N.J.
07656. 1977. $48, hard cover.

What is the latest technology in this
field? This book gives a complete answer
to that question, and emphasizes reduc­
tion of such emissions at the source.
Complete, up-to-date information con­
cerning the nature of the problem, and
practical technology and patents aiming
at its solution are given.
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MEETING GUIDE

Bound and
Conjugated
Pesticide
Residues
ACS Symposium Series No. 29

Donald D. Kaufman, Gerald G.
Still, Gaylord D. Paulson, and
Suresh K. Bandal, Editors

A symposium sponsored by the
Division of Pesticide Chemistry of
the American Chemical Society.

Thirty state-ol-the-art papers ex­
amine in detail specific classes,
formation mechanisms, fate, synthe­
sis, extraction, characterization, and
overall significance of pesticide
residues in plants, animals, and soils.

Specific topics include: biological
activity of pesticide conjugates;
glycosides; glucuronide, sulfate
ester, glutathione; propanif, 3,4­
dichloroanifine- "C, propanif­
phenyl- "C, nitrofen, dichlobenif,
paraquat, pirimicarb, ffuchloralin,
and dinitroanifine residues; organic
matter reactions; clay-pesticide
interactions; humic materials; plant
avaifability; and chloroanifine­
humus complexes.

Pesticide and industrial chemists,
microbiologists, agronomists, toxi­
cologists, and ecologists will find
this book to be a valuable source of
current technology and protocol for
investigating pesticide residues.

396 pages (1976) $23.95 clothbound
ISBN 0-8412-0334-2 76-13011

SISIAmerican Chemical Society
1155 16th St., NW.IWash.. D.C. 20036

Please send copies of Bound and
Conjugated Pesticide Residues at $23.95
per copy.

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

Name

Address

C_'_IY__ State Zip
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October 16-19 Los Angeles, Calif.
Oceans '77. Oceans '77 Headquarters

Conference will explore developing tech­
nology and its impact on public policy with a
focus on the Pacific rim. Write: Oceans '77,
Suite 504, 615 S. Flower St., Los Angeles,
Calif. 90017

October 17-19 Richland, Wash.
17th Hanford Biology Symposium. ERDA
and Battelle Memorial Institute/Pacific
Northwest Laboratories

Theme is "Developmental Toxicology of
Energy~elatedPollutants." Write: Mrs. Judith
A. Rising, symposium secretary, Biology Dept.,
331 Bldg., Battell&-Northwest, Richland, Wash.
99352

October 17-19 Hampton, Va.
Noise-Con 77. NASA Langley Research
Center/NASA and the Institute of Noise
Control Engineering

Write: Conference Secretariat, Noise-Con
77, P.O. Box 3469, Arlington Branch, Pough­
keepsie, N.Y. 12603

October 17-20 Niagara Falls, N.Y.
ISAl77 Fall Industry-Oriented Confer­
ence and Exhibit. Instrument Society of.
America

There will be sessions on the automatic
control of municipal wastewater treatment,
and automatic control of municipal water
supply. Write: Peter Vestal, ISA/77, 400
Stanwix St., Pittsburgh, Pa. 15222

October 17-20 Washington, D.C.
91st Annual Meeting. Association of Of­
ficial Analytical Chemists

Environmental topics will be discussed.
Write: L. G. Ensminger, executive secretary,
AOAC, Box 540, Benjamin Franklin Station,
Washington, D.C. 20044

October 17-21 San Francisco, Calif.
ASCE Annual Convention and Exposi­
tion. American Society of Civil Engineers
(ASCE) ,

Environmental topics will be discussed.
Write: ASCE, 345 E. 47th St., New York, N.Y.
10017

October 18-20 Louisville, Ky.
NCAlBCR Coal Conference and Expo IV.
National Coal Association and Bituminous
Coal Research, Inc.

Write: National Coal Association, 1130 17th
St., NW., Washington, D.C. 20036

October 18-20 Detroit, Mich.
Finishing '77. Association for Finishing
Processes of the Society of Manufacturing
Engineers (AFP/SME)

Environmental topics will be discussed.
Write: AFP/SME, 20501 Ford Rd., P.O. Box
930, Dearborn, Mich. 48128

October 20-21 Myrtle Beach, S.C.
Ninth Annual Carolinas Air Pollution
Control Association's Fall Technical
SessIons and Equipment Show. Carolinas
Air Pollution Control Association
(CAPCA)

Write: Don O'Gormann, 2600 Bull St., 203
Sims Building, Columbia, S.C. 29201

October 23-28 St. Simons Island, Ga.
Storage for Solar Energy and Transpor­
tation Applications. Engineering Foun­
dation

Write: Engineering Foundation Confer­
ences, 345 E. 47th St., New York, N.Y.
10017

October 24-28 Tucson, Ariz.
International Conference on Energy Use
Management. Energy Use Management
Conference

Write: Energy Use Management Confer­
ence, P.O. Box 64369, Los Angeles, Calif.
90064

October 26-27 Stateline, Nev.
6th Annual Lake Tahoe Wastewater
Treatment and Water Reuse Seminar.
Culp, Wesner, Culp

Write: Culp, Wesner, Culp, Box 40, EI
Dorado Hills, Calif. 95630

October 30-November 3 Washington,
D.C.
Annual Meeting. American Public Health
Association

There will be a session on "Environmental
Impact on Human Health." Write: American
Public Health Association, 1015 18th St., NW.•
Washington, D.C. 20036

October 31-November 1 Miami, Fla.
Energy and the Oceans. Institute on Man
and the Oceans

Write: Thomas R. Post, InstiMe on Man and
the Oceans, Inc., P.O. Box 012436, Flagler
Station, Miami, Fla. 33101

October 31-November 3 Tucson,
Ariz.
13th American Water Resources Con­
ference. American Water Resources
Association (AWRA)

Write: Daniel D. Evans. Ph.D., Dept. of Hy­
drology and Water Resources, University of
Arizona, Tucson, Ariz. 85721

October 31-November 4 Gatlinburg,
Tenn.
2nd Conference on Water Chlorination:
Environmental Impact and Health Ef­
fects. Oak Ridge National Laboratory,
ERDA and the EPA

Write: Robert L. Jolley. Chemical Tech­
nology Division. Oak Ridge National labora­
tory. P.O. Box X. Oak Ridge, Tenn. 37830

November 1-3 Pittsburgh, Pa.
38th International Water Conference.
Engineers' Society of Western Pennsyl­
vania

Write: Engineers' Society of Western
Pennsylvania, William Penn Hotel, 530 William
Penn Place, Pittsburgh, Pa. 15219
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November 1-3 Atlanta, Ga.
International Pollution Engineering
Congress. Clapp & Poliak, Inc.

Write: Clapp & Pollak, Inc., 245 Park Ave.,
New York, N.Y. 10017

November 1-3 Cincinnati, Ohio
Fifth National Conference on Energy and
the Environment. American Institute of
Chemical Engineers, the Air Pollution
Control Association and others

Write: Dr. Edmund J. Rolinskl, Air Force
Materials Laboratory, AFMLllPJ, Wright-Pat­
terson Air Force Base, Ohio 45433

SR. ENVIRONMENTAL
ENGINEER

CHEMICAL PLANTS DIVISION
Pittsburgh, PA Based

November 2-4 Augusta, Ga.
Energy and Environmental Stress In
Aquatic Systems. Savannah River Ecol­
ogy Laboratory

Write: James H. Thorp, III, symposium
chairman, Savannah River Ecology Laboratory,
Drawer E, Aiken, S.C. 29801

This position requires an Individual with a BS/MS In chemical or sanitary engineering, and
at least 8 years Industrial water and waste treatment experience with some background
In municipal water waste. The successtul applicant would have experience preparing P&I
drawings, making analytical calculations and writing equipment specifications. The ability
to conduct field surveys and a knowledge of laboratory and treatability testing procedures
would be an asset. Specific experience In the refining and/or pulp and paper Industries
would be a plus. Individual must be commercial oriented and adept at oral and written
communications.

Salary competitive In today's market with an excellent fringe benefit package. Send re­
sume In confidence to:

Mr. J. L. Rice, Jr., P.E.
Manager, Special Employment

The Department of Civil Engineering, University
of Illinois at Urbana-ehampaign invites applications
for an assistant professorship in environmental en­
gineering. Applicants preferably should have ad­
vanced training in the principles of reactor analysis
and design and the physical and chemical principles
of water quality control processes. Research com­
petence in the chemical and/or physical aspects of
waler quality control is desired. Individuals with re­
search and teaching competence in the area of
aqueous chemistry associated with air pollution
control processes will also be considered. A Ph.D.
degree is required.

Duties will involve teaching a graduate course in
water quality control processes as well as under­
graduate courses in water quality and pollution and
water quality control processes. The successful
candidate will be expected to develop and supervise
research in his area of interest and advise graduate
students in the same area.

In order to receive full consideration, applications
must be received prior to December 1, 1977. The
University of Illinois is an Affirmative Action-Equal
Opportunity Employer and encourages applications
from members of minority groups and women.

Resumes should be addressed to Dr. C. P. Siess,
Head, Department of Civil Engineering, University
of illinois at Urbana-Champaign, 1114 Civil Engl·
neerlng Building, Urbana, illinois, 61601. Phone
(217) 333-3924.

Develop computer air pollutIon dispersion models;
evaluate air quality from Iand-ose decisions and traffic
strategh!s; develop options for metro and central
business district with planners, conSultants, and in­

dustry; direct professIonal personnel in laboratory,
engineering, and enforcement. Degree in chemical,

civil, mach., or envir. engineering, chem. or physics.

3-5 years experience In computer modeling and sys­
tems analysis in air pollution. Year for year graduate
work In above fields may substitute for experience:

equivalency. Salary negotiable. Apply by Nov. 1. 1977,
to llopl of P__, Am. 108, CIty of Ak:lvnond, 900

E. Broad Street, Richmond, Va. 23218. Please verify

education. An Equal Opportunity Employer.

DRAVO CORPORATION
One Oliver Plaza

Pittsburgh, Pennsylvania 15222

TECHNICAL EDITOR
for water pollution control publications. Environmental
engineering or related degree required. Publications
experience desirable (writing, editing, manuscript
evaluation). Responsibilities commensurate with
qualifications. Send resume and salary requirements
to: EdHor, Water Pollution Control Federation, 2626
Pennaylvanla N.W., Washington, D.C. 20037.

ENVIRONMENTAL SYSTEMS ENGINEER

November 3 Cherry Hill, N.J.
2nd Annual New Jersey and Pennsyl­
vania Water PollutlonlTreatmentlTest
Seminar. Rossnagel & Associates

Write: Mrs. M. Hanna, Rossnagel & Asso­
ciates, 1999 Rt. 70, Cherry Hili, N.J. 08003

November 3-4 New York, N.Y.
The Outlook for Natural Gas. The 'Energy
Bureau

Write: Robert W. Nash, executive director,
The Energy Bureau, Inc., 101 Park Ave., New
York, N.Y. 10017

November 3-4 Arlington, Va,
Environmental and Safety Briefing Ses­
sions. The Bureau of National Affairs,
Inc.

Write: Briefing Conference Secretary, Bu­
reau of National Affairs, Inc., Room 413,1231
25th St., N.W., Washington, D.C. 20037

November 3-4 Bangor, Me.
Northern New England Environmental
Control Exposition. Gorham Internation­
al

Write: Alvin G. Keene, Gorham International
Inc., Gorham, Me. 04038

November 3-5 Seattle, Wash.
Third Annual Meeting. The Coastal So­
ciety

Theme is "Energy Across the Coastal
Zone." Write: M. l. Schwartz, Dept. of Geol­
ogy, Western Washington State College,
Bellingham, Wash. 98225

November 4 West Chester, Pa.
Dual Water Supply for Urban Water
Management. Weston Corp.

Write: Dr. Arun K. Deb, director, Dual Water
Supply Seminar-Workshop, Weston, Weston
Way, West Chester, Pa. 19380

(continued on page 1030)

Air Pollution Control Director

REOlJIRI:S: B. S. Oegee In EngIneemg. Chemis1Jy, or allied field
with 5 years experience In the tlek! at air pollution control. Re­
sponsible for engineeflng, flek! eolorcement, ectnlnlstratlve and
technical services provided by a stafl of 13. Alt Inquires confi­
dential. Sendresune andsalllry~,beforeDecerrtlet
1, 1977, to: DIrector of Admlnlmatlon, Canton CftJ H.alth
DepIwtrMnI, Canton, OhIo 44702

ENVIRONMENTAL SCIENTIST-Background
in aquatic Biology, M.S. required, 2-3 years
experience with industrial problems. Duties to
include preparation of environmental reports,
conducting field studies, and project man­
agement. Submit resume to R. Francis, En­
vlrodyne Engineers, 12162 Lackland Road,
Sl. Louis, Mo. 63141.
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For immediate consideration. qualified applicants are requested to send a detailed resume specifying
salary history and requirements to:

November 6-8 Washington, D.C.
The Role of Utility Companies In Solar
Energy Utilization. Institute of Gas
Technology (IGT)

Write: Wendell W. Waterman, IGT, 3424 S.
State St., Chicago, III. 60616

November 6-11 New Orleans, La.
4th Joint Conference on Sensing of En­
vironmental Pollutants. American
Chemical Society, EPA, ERDA and oth­
ers

Write: Mrs. Barbara R. Hodsdon, American
Chemical Society, 1155 16th St., N.W.,
Washington, D.C. 20036

November 7-8 Washington, D.C.
NEPA Conference. Environmental Law
Institute

Write: Joan Habib or Karla Heimann, Envi­
ronmental Law Institute, 1346 Connecticut
Ave., NW., Suite 620, Washington, D.C.
20036

November 7-11 Detroit, Mich.
FACSS IV. Federation of Analytical
Chemistry and Spectroscopy Societies

Environmental topics will be discussed.
Write: Mitch Kapron, Ethyl Corp., 1600 W.
Eight Mile Rd., Ferndale, Mich. 48220

November 7-11 Seattle, Wash.
20th Navy Occupational Health Work·
shop. Dept. of the Navy

Write: Navy Environmental Health Center,
3333 Vine St., Cincinnati, Ohio 45220

November 8-9 Washington, D.C.
First Annual International Conference on
Energy. Energy Magazine

Write: Energy Magazine, P.O. Box 2070C,
Stamford, Conn. 06906

MEETING GUIDE (continued)

OVERSEAS ASSIGNMENT

An Equal Opportunity Employer M/F

CAMP DRESSER &McKEE Inc.
Environmental Consultants
One Center Plaza, Boston, MA 02108
Tel. (617) 742-5151

(DOMESTIC AND OVERSEAS)

ENVIRONMENTAL ASSESSMENT

PROJECT MANAGERS

A
CDM

Minimum position requirements include:

• Proven project management and business development ability
• Three years of technical experience preparing environmental assessment or impact

statements in the field of sludge management with emphasis on land application
• M.S. degree in Environmental Planning. Engineering or ~cience
• B.S. degree in Civil, Sanitary, Environmental or Mining Engineering; Geology; or Agrono­

my

International firm specializing exclusively In environmental consuhlng services has
Immediate openings (In our domestic and overseas offices) for Project Managers
experienced In environmental assessment.

Marine Pollution
Research

November 8-10 Chicago, III.
Energy Efficiency In Wood Building
Construction. Forest Products Research
Society (FPRS)

Write: Connie Walling, FPRS, 2801 Marshall
Court, Madison, Wis. 53705

The Kuwait Institute for Scientific Research, a rapidly expanding institute
for applied science and technology, has current vacancies for scientists,

oceanographers and ocean engineers experienced in both thermal
and chemical marine pallution.

Kuwait Institute offers attractive salaries commensurate with
qualifications and experience, liberal fringe and medical benefits,

and round-trip air tickets.

If you are interested and qualified, please airmail your resume to:
The P.n_' M r, S.lectlan.nd ••mlltlng Dlylslon,

Ku••1t Instltut. for SclentHJc rch, P.O. Box 12009, lIuw.lt.

November 8-11 Hollywood, Fla.
Symposium on Flue Gas Desulfurlzatlon.
EPA

Write: Franklin Ayer, Research Triangle
Institute, P.O. Box 12194, Research Triangle
Park, N.C. 27709

November 13-17 New York, N.Y.
70th Annual Meeting. American Institute
of Chemical Engineers (AIChE)

There will be a session on "Fluidization of
Large Particle Systems." Write: AIChE, 345
E. 47th St., New York, N.Y. 10017

Or for fastest response, call our agent's toll-free operator
(800) 638-1914.

Kuwait Institute for Scientific Desearch

Courses

October 17-28 Austin, Tex.
Design of Fixed Offshore Platforms.
University of Texas at Austin/College of
Engineering

Environmental considerations will be dis­
cussed. Fee: $625. Write: Registrar, Fixed
Offshore Platform Design Program, c/o Engi­
neering Institutes of the College of Engineer­
ing, Cockrell Hall 2.102, University of Texas
at Austin, Austin, Tex. 78712
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P.O. Box 1014 Ansonia Station
New York, New York 10023

An Equal Opportumty Employer MIF

POWER AUTHORITY
OF ,. STATE OF NEW YB

Aquatic Ecology Specialist
Advanced Degree in Ecological Sciences with specific orientation toward
aquatic ecology with coursework in biostatistics and chemistry and 5 years
experience in conducting aquatic ecology studies of thermal electric
generating plants is required. You must be familiar with regulatory proce­
dures. You will help detennine the need for and develop ecological informa­
tion acquisition programs undertaken to assess the impact of power plant
construction and operation.

Environmental Health Specialist
Bachelor's Degree in a BiologicaVPhysiologicaVMedical Science discipline
with specific orientation toward Environmental Health (Advanced degree
preferred) and 5 years of related industrial experience is required. Experi­
ence in the electric power industry is preferred. You will participate in the
design, evaluation, coordination and direction of Environmental Health
Studies oriented toward acquisition of penn its for construction and opera­
tion of power generating facilities and in the selection of consultants for such
studies.

These positions command excellent salaries and benefits
coupled with an opportunity to grow professionally.

Please submit resume indicating position apptying for with salary requirements to:
Director of Personnel

~ri=-
--~-Z.
---~~~ :.-

Each year, and every day, the demand for power continues to increase
to support our country's growth. Additionally, international and en­
vironmental concerns are having an impact on our nation's ability to
attain energy independence. Careful planning, foresight and decades
of Indepth and detailed research have produced the Authority's cur­
rent generation capability Including nuclear, fossil and hydroelectric
plants which provide approximately 1/3 of New York State's electricity
making us the largest non-federal public power authority in the United
States.

At the Authority we are committed to meeting the challenge of provid­
Ing for Increased demand in reliable power with a concem for the
environment. We are continually looking to the future, realizing the
Imporlance of being there, on time, to meet the consumer demand.
Consequently, the Authority has plans for the future construction of 3
major power plants including one nuclear plant.

Because this growth cannot be accomplished without the skilled pro­
fessionals of today ... the following positions are immediately availa-

ble: Water Quality Specialist
Bachelor's Degree preferably in Environmental Science or Engineering and
5 years experience w~h specific orientation toward water quality, water
treatment and wastewater treatment in the electric power industry is re­
quired. You will help in determining the need for and in developing water
treatment and wastewater treatment information acquis~ion programs.

Environmental \II

Specialists :\ I

THE ENERGY NEEDS
OF TOMORROW ARE

BEING PLANNED
FOR TODAYI

October 19-20 Madison, Wis.
Second Annual Municipal Sludge Man­
agement Institute. University of Wiscon­
sin-Extension

Fee: $125. Write: Vitte V. Yusas, program
director, Dept. of Engineering, University of
Wisconsin-Extension, 432 N. Lake St., Madi­
son, Wis. 53706

Call for Papers

November 14-18 Cambridge, Mass.
4th Special Workshop on Acoustical
Modeling. Massachusetts Institute of
Technology

Fee: $500. Write: Special MIT Workshop on
Acoustical Modeling IV, Room 9-335, Center
for Advanced Engineering Study, Massachu­
setts Institute of Technology, Cambridge,
Mass. 02139

November 15-17 Washington, D.C.
Industrial Noise Control, George Wash­
ington University

Fee: $365. Write: Martha Augustin, Con­
tinuing Engineering Education, George
Washington University, Washington, D.C.
20052

October 20-21 Los Angeles, Calif.
Environmental Law Course. Government
Institutes, Inc. (Gil)

Fee: $320. Write: Nancy McNerney, Gil,
4733 Bethesda Ave., N.W., Washington, D.C.
20014

October 26-28 Washington, D.C.
Financing Energy Conservation Oppor­
tunities In Existing Buildings. The George
Washington University

Fee: $370. Write: Director, Continuing En­
gineering Education, The George Washington
University, Washington, D.C. 20052

October 31-November 4 Austin, Tex.
Advanced Water Pollution Control. The
University of Texas at Austin/College of
Engineering

Fee: $300. Write: Engineering Institutes,
College of Engineering, Cockrell Hall 2.102,
The University of Texas at Austin, Austin, Tex.
78712

November 1-4 Pittsburgh, Pa.
Practical Mass Spectrometry. Extranu­
clear Laboratories, Inc.

Fee: $395. Write: Jody Kelsey, manager,
Dept. of Administration, Extranuclear Labo­
ratories, Inc., P.O. Box 11512, Pittsburgh, Pa.
15238

October 15 deadline
Third Annual Conference on the Treat­
ment and Disposal of Industrial Waste­
waters and Residues. Hazardous Mate­
rials Control Research Institute, University
of Houston, American Institute of Chem­
ical Engineers and Information Transfer
Inc.

Conference will be held March '14-17,
1978. Write: Treatment and Disposal of
Wastewaters Conference, c/o Hazardous
Materials Control Research Institute, 1160
Rockville Pike, Suite 202, Rockville, Md.
20852
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Sol04INDIAN HillS DRIVE
Omaha. Nebraska 68114 (402[ 399·1000

II

HAVENS AND

EMERSON LTD.

ENGINEERS DESIGNERS CONSTRUCTORS

393 Sev!:.'nln Avenue New Yo,l< NY 10001
A Suos,a,a'y 01 [lr8vO Co,ooral10n

'~.J J. E. SIRRINE COMPANY

•

Environmental Impact Analysis

Water and Wastewater Engineering
Solid Wasles Management

Air Pollution Control. Power Engineering

TRUESDAll LABORATORIES, INC.
(Hrrv'hT<.; • f'l.ICROR10IOGISTS • fNGINrrRIl

A ".",'ro.",,..ta' .~.,. ,.
~ ...11 """.,.,.r'." .

TOTAL ENVIRONMENTAL SERVICES

ESTABLISHED 1931

POLlUTtON TESTING SERVICES
AtR· WATER· NOISE

4101 N. Figueroa St.. los Angeles 90065
(213) 225·1564

184 S. Hotel SI., Honolulu. HA 96813

Environmental En~ineers

Gibbs S. Hill. Inc.

Engln••r. Sine. 1902 An Employ.. Ownltd ComJ)lny

Complete Design of
Environmental Facilities

USA: GreenVille, SC. 29606 • Houston, TEX. 77027
Rale;gh. NC. 27607 0 Riyadh, Saud; Arabia

P. O. Box 5888
Denver, Colorado 80217

HENNINGSON DURHAM & RICHARDSON
ENGINEERING-PlANNING-SYSTfMS-ECOSCIENCES

WA TER AND AIR POLLUTION CONSULTANTS
Environmental Services -Water and Air Quality

Testing - Emission & Ambient Air Testing­
Microbiological and Chemical Analyses

ENVIRONMENTAL SCIENCES DIVISION
(303) 758-1122

SI
,•.:7:8:::'"~ ~~~o~~~~~I~::~~~s~e~:~~t~L S~~~~~:tS:m;s

earns-~ 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. 1.9104
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

(504) 889-0710 ANALYSIS LABORATORIES, INC.
2932 LIME STREET METAIRIE, LA. 70002

100 Bond (1 Bldg 299 M~,kel Street ISO recrlnolog~ P~rk

(Iev..lind QH Siddle Broolo. NJ AtI~nu CA

SVERDRUP & PARCEL AND ASSOCIATES, INC.
800 NORTH TWELFTH BOULEVARD ST. LOUIS, MISSOURI 63101

ENVIRONMENTAL ENGINEERING
air • water • solid waste noise

Basta n-Charleston, WV. Gai nesville·Jacksonville -Nashville -New Yark .Phoenix
Port Washington, NY·San Francisco·Sealtle-Sliver Spring, MO.Washinglon, DC

CHARLES R VELZY
ASSOCIATES, INC.

CONSULTING ENGINEERS
WATER POLLUTION COrHROL • SOLIO
WASTE DISPOSAL. AIR POLLUTION
CONTROL. INDUSTRIAL WASTES.

DRAINAGE. WATER SUPPLY
355 Main Street
Armonk, N.Y. 10504

Mineola New York Bab Ion New York

AIR & WATER

STACK & EXHAUST TESTS
CONSULTING. LABORATORY

Engineering & Testing Consultants
1999 Rt. 70, Cherry Hill, N.J. 08003

(609) 424-4440
250 Arizona Ave .. N.E. Atlanta, Ga. 30307

(404) 377·4248. 4149

ribrifTl[] CHEMICAL HAZARD ASSESSMENT
E!LlJ\.l.[J for Government and Industry

HAZARD ASSESSMENTS
Toxic Substances • Occupational Hazards

• Environmental Contaminants

LITERATURE REVIEWS AND EVALUATIONS
OESIGN AND DEVELOPMENT TEST PROGRAMS

ENVIRONMENT AL FATE AND
TOXICITY REVIEWS

Conlact Dr Philip H Ho.....ard
eefiler lor Chemical Hazard Assessment
(315) 425-5134

Syracuse Research Corp .. Merrill Lane. Syracuse. NY 13210

r.:::n EnvironmentJl Quality
~ laboratory. Inc.

·CHEMICAL & BACTERfOLOGICAL ANALTSIS

• ECOLOGICAL RESEARCH

-LAND USE & WATER RESOURSE STUDIES

- ENVIRONMENTAL IMPACT ASSESSMENT

590-0 NW Oltan 81.d. Po'l C~a,la1!', FI ))952 (81))625'3137

PHoNE (201) 432-9385

General Environmental Testing laboratories, Inc.
SpecialiZlllg In Waler Analysls-Waler Quality Invesligations

Cherntcal InveSllg3110n. Monitoring and 5amplif'Q Services

EPA and APHA Methods
ofl.site testing

AA. IR, GC

lBl PACIFIC AVE. JERSEV CITY. N.J. 07305

GREELEY ANC HANSEN
CNGINEE8S

STUDIES, OEOSIGN''; ANO

CONSTRUCTION SERViCES fOR WATE:.R

WASTEWATER l\NO SOLID WASTES

2225 R,yerSlde P:"'8 . Ch,CdgO, Il 60606 . (312/-648-1155
New Yor~ 10007 Phliadelph,a 19103
q'chmOn(l23230 ramo" 33607

USE THE
CONSULTANTS'

DIRECTORY
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TREATMENT PLANT DESIGN
ANALYTICAL LABORATORY

COMPUTER SERVICES
(914) 135·8300

1 Blue Hill Plaza, Pearl River. N. Y. 10965

En.... ironmental 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

ENVIRONMENTAL
SCIENCE &

ENGINEERING
CONSULTANTS

CAMP DRESSER & McKEE INC.
Olilces ThroughoUl the U S

One Cenler Plaza

Boston. Massachuse1ts 02108

CDM
environmental engmeers. SCientists

planners, & management consuJrants

r Woodward.Clyde~""'"
Consultants ~

• Site Selection Studies
• Impact Assessment

Evaluation
• Decision and Risk Analyses
• Environmental Field and

Laboratory Studies

Environmental Systems DivISIon
Headquarters: San FranCISCo, CA

•Other offices In: Denver, CO
Anchorage. AK • San Diego. CA

SEND FOR 8·PAGE BROCHURE

6601 Kirkville Road, East Syracuse, N.Y. 13057
(315) 437·7181

• Scanning Electron Microscopy

• Transmission Electron Microscopy

• Electron Probe Microanalysis

• Optical Microscopy

• Quantitative Image AnalySIS
Ouantlmel' Image AnalyzlOg Computer

• Auger _ ESC A • ISS. SIMS

Specialists in Malerials Research

New York Area
230 forrest Street, Metuchen,NJ 08840. 201 S49·9350

Philadelphia Area
535 £. Gay Street. West Chester, PA 19380 • 215-436-S400

Small Particle Analysis

lEi O'BRIEN&GERE

STRUCTURE PROBE,INC_

1304 Buckley Road, Syracuse, N, Y. 13201
(315)451-4700

Ambient Air Quality Studies
Dilfusion Modelling

Source Sampling
Industrial Hygiene Services

Water and Wastewater Surveys
Laboratory Services

Engineering Services

Engineering and
Laboratory Services
including:
o Water & Wastewater Analyses
o Characterization & Treatability
o Pilot Plant Studies
o Environmental Assessments
o Water Quality Surveys

Con<,wiilllts _ [ngmeers _ Constructors
EnVironmental Systems DIvISIon

Cpntrt:! Square Wesl 1500 Markel Strf'f'l
Phil'lclelphl<l, Pn 19102.215-8648000
Charlo1te, NC 28209, 704-5~5 8220

CATALYTIC
INC.

l<ll>oratory ilnd Process Development ~
Induslrtill Waste Water Control
liqUid and Solid InCineration

AI( Pollullon Control
In plilnt Control and Process Modtllc"lllons

Desalu1atlon

Enuironmental Studies, Design

and Construction Management

Chagrin falls. OhIO 44022
121612475000

Arlington. TX .. Charlotte, NC .. los Angeles. CA
Mmneapolls, MN .. Portland, OR

MOGUL 0 ®

®1ffiWllrrm)/erViCe
PR(X;RAMS

• Woler Quolily (.oluolion - Monilaring
• Air Te5ling- Ambienl & Source
• Engineering-Enyironmentol

Energy &Woler Can5ervolion

THE MO<iUl CORPORATION

,..
For heads-up help on ecostatistics

call J.S. Warner. consulting biologist.
750Norlh 50Wesl
Logan. UT 84321
(8011 753 - 3549 References

~IMPACT?
...... STUDY.

'~~~PY§
Environmental services,
air and water pollution
control eng ineeri ng
and consulting

4 Research Place
Rockville. Md. 20850
301/948-7010
TWX: 710-828-0540

Baton Rouge. LA/Cleveland. OH/Concord, NH
Decatur, GAl Houston, IX/Los Angeles, CA

Metairie. LA/Nashville, TN/Oklahoma Clly, OK
Richmond, VA/New York City, NY ISllver Spnng. MD

West Chester. PA/Wllmetle, IL

P O. Box 12291
Reseilfch Tflangle Park. N. C. 27709·919-781·3550
Yonkers. New York -914·423·8721
Nilshville, Tennessee. 615·297 :01 04

¥dNt&4N
LABORATORIES INC,

545 Commerce St Fr6nklln Ldkl!:'s, N J 07417
201-337-4774 201-891-8787

• Atomic Absorption • OpUeal Emlllion
• Chemic.' • X..rey Spectrometry

Complete Andlytlcdl Services for
Envlfonmentdl StudIes & PollutIon Control

ECOLOGY AUDITS, INC.
11061 Shady Irall Dalla::. IX r~2?9

(;::OI<l):l~O r893

Amt/ltnl AI! SIOOIl!'S· Slacil S..'nllhrog' W;;ter le5:lo9· lImo:! Parly

Prole5510nal RelJltsenl<lrlon' ~POf.~ MOOll0""9' I)~PtI511,m MOlltlHl9

Eovl,onrnlmrdllml/<lCl S1aternerll5

fI'd.,ch Olhce' I .,~e U,.rrlc' : A . 13161 43Y lIJJ4 . C~~~, WV· 1:J0/,)66 13~

SUbSIdIary 01 Com I aborafolles Inc

E:::::ME..T....'ST., ,,,0:;

Walter S. Smith, President

...!!).PECIA..'STSI..

~OURCE

~"MP"'''O
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Whether you have one-afew - or a
few hundred gases to analyze,Wilks has
the right ambient air analyzer for you!

MIRAN-lOl: Calibrated
at factory to measure
one specific gas or
vapor. MIRAN·IOI
measures lower
concentrations;
MIRAN·IOIS
measures higher
concentrations.
Economical price
permits the purchase
of severa Ito cover all
your air monitoring
requi rements.

Foxboro/Wilks, Inc.

• >

• Registered trademark of Fo~boroNlilks.lnc_

MIRAN'103:
"Modular" concept of
quickIy·changeable
filter/scale sets
permits measuring
any of more than 300
OSHA·defined gases
and vapors without re­
calibration. Excellent
choice for plant
engineers, OSHA or
insurance inspectors.

Fast help for toxic gas problems!
CALL THE FOXBORO/WILKS TOXIC GAS
ACTION CENTER at (203) 853-1616,

If you have a toxic gas problem requiling
immediate attention, call us. You'll get
the advice you need fast. We'll help you
select the right measw'ing instrument, give
you applications information and, when

required, send a specialist to your
facility for immediate direct
assistance.

MIRAN·80:
Built-in microprocessor
automatically computes
concentration of each
component in amixture of
vapors, prints out concentra­
tions on apermanent paper
tape. Accuracy to 1%relative.

MIRAN'104: Slightly
less sensitive but also
lighter in weight and
less expensive than
the MIRAN·IA.
Designed for rugged
field use.

Wilks portable MIRAN·Ambient Air
Analyzers offer significant advantages for
laboratory, plant and field applications.

Samples can be collected as far away as
100 feet. Measurements are accurate,
response time is a few seconds, and moni­
toring is continuous. The instruments are
lightweight for use anywhere required;
they're simple to use: no routine recalibra­
tion is required, as is true ofNDIR analyzers.
MIRAN cU1alyzers are rugged: there are no
columns to change - or break - as with GC
portables, and no gas supplies are needed.

There's a MIRAN Portable Ambient Air
Analyzer just right for you. Let us prove
it. Send for our new brochw'e.
Foxboro/Wilks, Inc., PO Box 449,
S. Norwalk, CT 06856.

MIRAN·IA: The
ultimate instrument
for measurement of
trace (less than 1
ppm) to percentage
concentrations of
more than 300 OSHA·
defined gases and
vapors, as well as
hundreds of others.
Fast, accurate,
portable, rugged,
easy to operate.
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You can now protect your pneumat­
ic instruments by completely re­
moving oil droplets, water and

t particulates from your instrument
air supply. How? Simply by installing
a Balston ®Coalescing Filter with its
exclusive, patented Microfibre® Fil­
ter Tube!

What's more, Balston Filters cost far
less than other oil-removal filters
and about the same as filters that
don't remove oil from instrument air.

And, our product literature is the
easiest in the industry to read and
understand. It'll tell you quickly
which filter is best for your
application.

Finally, Balston Filters are available
from stock from a distributor near
you. For his name and complete in­
formation about Balston Coalescing
Filters, just write us at Dept. EST-21.
Or phone us collect.

O!~~!!!c!!e~sl~~~
Lexington, Massachusetts 02173
(617) 861-7240 • (617) 862-7455
Telex. 92-3481

'= ® RALSTON CANADA LTD.
1938 Mattawa Ave., Mississauga, Ontario L4X 1K1

Telephone: (416) 272-1516
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