




For automatic, cyclical sampling
of particulates, H2S gas, and
fluorides in ambient air ...

specify RAe filter tape instruments

STACK SAMPLING SEMINARS
Since 1970. RAG has sponsored an annual
series of 2-day. technical. practical seminars
on stack sampling parameters & procedures
(EPA methods). Write for descriptive folder.

this line of versatile, precision
samplers & monitors provides a
wide range of capabilities to
meet air sampling requirements
RAG offers a variety of portable. automated. timer
controlled instruments designed to sample/monitor
airborne particulate matter-to ASTM 01704 specs
-by means of filter tapes. Particles down to 3.4
microns (and smaller) are collected automatically
and accurately during preset sampling cycles. In
addition. RAG particle samplers can be easily
adapted to sample hydrogen sulfide gas (HzS) in
concentrations ranging from 0.02 to 20 ppm. Fluor
ides, both gaseous and particulate. are sampled
simultaneously with a dual-tape instrument.

Eng ineered to operate unattended and with opti
mum repeatability. these precision designs are
among the most versatile, adaptable devices avail
able for both indoor and outdoor air sampling/
monitoring operations. RAG monitor configurations
automatically evaluate sample spots by means of
an integral densitometer, and provide an output sig
nal that can transmit the densitometer readings to
a remote data collection device or station.

The scope of application for RAG tape instru
ments depends largely on users' needs and ingen
uity. They can be used to detect air pollutants. to
indicate the rate and frequency of change in am
bient pollution concentrations, to provide data for
determining source and distribution of atmospheric
contaminants. to check the efficiency of dust collec
tion and air filtration equipment. to plot traffic flow/
density patterns. to correlate wind direction with
ambient pollution levels. and for similar types of air
sampling/monitoring operations.

Ten different models ... plus a variety of special
ized options ... are available to meet vi rtually any
air sampling/monitoring requirement within the
capabilities of RAG filter tape designs.

For details on particle & HzS samplers,
send for BULLETIN 2300.
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For details on dual-tape fluoride sampler,
send for BULLETIN 2356.
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CURRENT RESEARCH

Submlcron particle size and charge characteristics of
239,240pU in natural waters 673

James J. Alberts', Morris A. Wahlgren, Donald M.
Nelson, and Paul J. Jehn

The submicron particle size distribution and charge characteristics
of atmospheric fallout 239,240pU are determined by ultrafiltration and
ion-exchange resin techniques.

Polychlorinated biphenyls in coastal marine zooplankton:
Bloaccumulation by equilibrium partitioning 676

John R. Claylon, Jr., Spyros P. Pavlou', and Norman F.
Breltner

Chlorobiphenyl concentrations are studied in an effort to elucidate
lactors that control bioaccumulation of CB residues in lower trophic
levels of nearshore ecosystems.

Monitoring ot polynuclear aromatic hydrocarbons in water.
I. Extraction and recovery of benzola)pyrene with porous
polyurethane loam 682

Jitendra Saxena' , Jack Kozuchowski, and Dipak K. Basu

The concentration of trace quantities of benzo(a)pyrene from water
with flexible polyurethane foam plug is studied. Factors influencing
benzo(a)pyrene retention are determined.

Total organic halogen as water quality parameter:
Adsorption/mlcrocoulometric method 685

William H. Glaze', Gary R. Peyton, and Richard Rawley

A method is developed to determine carbon-bound halogen at the
I'g/L level in water samples. Adsorption efficiencies of haloforms
and other organic compounds are studied,

Photochemistry of the "Sunday Effect" 690

Thomas E. Graedel', leonilda A. Farrow, and Thomas A.
Weber

Sunday ozone concentrations in urban areas are described by
photochemical calculations. The concept of "functional oxygen
groups" is defined and aids in making the Sunday Effect
quantitatively explainable.

Correction of S-type pitot-static tube coefficients when
used for isokinetlc sampling from stationary sources 694

Bernnie J. leland, Jerry l. Hall', Alfred W. Joensen, and
John M. Carroll

Factors that affect the pitot tube coefficient are considered. A
technique is presented for determining the uncertainty in the pitot
tube coefficient. Calibration techniques are also suggested for
determination of coefficients for tubes attached to sampling probes.

• To whom correspondence should be addressed.

This issue contains no papers for which there is supplementary material in microform.
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Sorption and diffusion interactions with lIy ash of S02 in air,
S03 in air, H20 in air, S02+H20 in air, S03+H20 in air

701

Pavel Dill and Robert W. Coughlin'

Sorption isotherms with fly ash as sorbent are determined. Diffusion
coefficients for mass transfer of sorbate molecules into a sample of
fly ash particles are calculated, and the mechanism of electrical
conductivity in layers of fly ash is discussed,

Size distributions of lIocculated particles: Application 01
electronic particle counters 707

Gordon P. Treweek' and James J. Morgan

Aggregate size distributions in flocculating systems are studied for
particle size analyzers of liquid suspensions. Electronic response is
correlated with aggregate porosity. and equations are derived to
correct for porosity effects,

Trimmed Spearman-Karber method lor estimating median
lethal concentrations in toxicity bioassays 714

Martin A. Hamilton, Rosemarie C. Russo, and Robert V.
Thurston'

Methods for treatment of data from toxicity tests to determine the
median lethai concentration (LCSO) are discussed. Treatments of
actual and hypothetical bioassay test data are compared for three
methods including the "trimmed Spearman-Karber method".

Determinative method for analysis ot aqueous sample
extracts for bis(2-chloro)ethers and dichlorobenzenes

719

Ronald C. Dressman', Jerry Fair, and Earl F. McFarren

A method for the identification and measurement of bis(2
chloroethyl)ether, bis(2-chloroisopropyl)ether, and the
dichlorobenzenes extracted from aqueous samples at
submicrogram levels is presented.
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EDITORIAL

Readership survey
Occasionally ES& T conducts a survey of its subscribers

for the purpose of evaluating their attitudes toward the
editorial content of the Journal. The most recent survey was
conducted during the fall of 1976 and attempted to define the
readership attitude among the academic. industrial.
government and engineering segments of the total
circulation. I am pleased to summarize for your information
some of the major findings.

Apparently the vast majority of our subscribers look at
every issue and about 35 % read at least half of each issue.
These figures are significantly higher than comparable
reader-involvement percentages for sister journals. In terms
of the usefulness of publications. ES& Tappears to be doing
a creditable job on an overall basis, but scored lower than
sister publications (Analytical Chemistry, Limnology and
Oceanography, Journal of the Water Pollution Control
Federation, and Journal of the Air Pollution Control
Association) in the utility of coverage in special interest
subjects.

A characteristic of ES& T has always been its diverse
readership and it is not suprising, therefore, that significant
differences arise in the expressed interest of academic
recipients (research and engineering), industrial recipients
(air and industrial water pollution). and government recipients
(instrumentation monitoring and industrial water pollution).
Those whose interest in a particular subject is high tended to
rate ES& T coverage in that area as very good. Exceptions
were noted with respect to health-related coverage in which
above-average interest exists, but present coverage scores
below average. On the other hand, we may be covering solid
waste, noise pollution, remote sensing and transportation
more heavily than readership interest supports.

ES& T is strongly perceived as unique among other
environmental publications because of its breadth of scope,
balance between technical information and news, and for its
factual format. Nearly all readers enjoy both the Feature!
Outlooks section as well as the research papers, although
differences exist with regard to individual preferences.

Basically the survey results constitute a vote of confidence
for ES& T from its readers. If you would like to discuss any
particular deficiency in ES& Ts present coverage, I would
welcome an opportunity to hear from you. Since our data
indicate that nearly 60 % of all readers read this column. I
look forward to receiving some letters.
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Lots can happen during a wind
storm. And you can find enough to
be tense about, without the added
worry of losing a crane or two.

To ease your mind-and protect
your investment-investigate the
Bendix Crane Wind Alarm Set.

The Bendix wind alarm provides
local audible and visual alarm when
winds reach the level of an adjust
able preset limit. A switch closure
provides the option for automatic
braking and/or wheel locking when
alarm level is reached.

The alarm has features like a
Bendix Aerovane® wind speed
transmitter or wind speed and

direction transmitter. An Aerovane®
indicator/recorder. And an
Aerovane® wind alarm.

You also get optional telemetry
electronics that activate remote
alarm indicators through dedicated
telephone lines.

If you have special needs, we can
adapt the system to meet them. To
help cranes keep their sea legs
during high winds.

For more information, contact:
The Bendix Corporation, Envi
ronmental & Process Instruments
Division, 1400 Taylor Avenue,
Baltimore, Maryland 21204.
Phone: (301) 321-5200.

CIRCLE 2 ON READER SERVICE CARD
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INTERNATIONAL

About 32 mi2 of West Germany known
as the Hambach Forest will be strip
mined for lignite coal beginning late
next year. By the year 2030, 2.4 billion
tons of lignite coal is expected to be
mined, and in the process, four villages
will be razed, and 3000-10 000
inhabitants will be displaced. Uch
Steinstrausse, 25 mi west of Cologne,
will be the first village to disappear,
followed by Etzweiler, Manheim and
Morschenich. Combustion of lignite
supplies 33 % of the country's
electricity needs. On another energy
matter, the Workshop on Alternative
Energy Strategies, comprised of 35
men from 15 countries, released its
report "Energy: Global Prospects
1985-2000." In doomsayer fashion, the
report concludes that despite
conservation efforts and shifts to other
fuels, the non-Communist world will be
faced with an oil shortage, perhaps as
early as 1981, depending on the
vagaries of Saudi Arabia.

WASHINGTON

In his environmental message,
President Jimmy Carter stressed the
enforcement of laws already on the
books. In the first such message to be
sent to Congress since 1973, Carter
said"... that the primary need today is
not for new comprehensive statutes but
for sensitive administration and
energetic enforcement of the ones we
have." Carter endorsed strict clean air
and water regulations and more
park lands and wilderness areas. His
message stressed reforms to eliminate
hazards of the workplace, and the need

President Carter

CURRENTS

for a government study on global
environmental trends. CEQ was
directed to take the lead in an
interagency effort to coordinate
research and collect data to eliminate
the problems of toxic substances. EPA
was asked to work with Congress to
amend the pesticide laws.

EPA published a candidate list of toxic
chemicals, revealed increased power
industry commitment to scrubbers, and
unveiled a new S02 control system for
power plants. More than 30 000
chemicals that may be subject to the
reporting requirements of the Toxic
Substances Control Act were published
in the Federal Register of March 9. In a
"Summary Report-Flue Gas
Desulfurization Systems-Nov.-Dec.
1976," EPA revealed that nearly three
times more scrubbers (122) are being
operated, built or planned by power
companies than in 1973. On the subject
of S02 control, EPA stated that a new
system using a dual alkali process is
entering the second phase of a
demonstration project in Louisville, Ky.

The record of the Depts, of HEW and
Labor in setting workplace standards
for toxic substances, including
carcinogens, under the 1970
Occupational Safety and Health Act, is
bleak. While HEW has cited thousands
of substances as being dangerous,
Labor has set standards for only 15,
according to a recent General
Accounting Office report. Among the
recommendations made by GAO was
one that stated that if additional funds
can be used effectively, Labor should
allocate these to developing health
standards, and information, education
and training activities. OSHA assistant
secretary Eula Bingham recently
promised "to refocus ... inspection
efforts on the most serious workplace
health and safety problems," and to
"revise and simplify necessary
regulations that are needlessly detailed,
complicated or unclear."

The FDA, EPA and the Consumer
PrOduct Safety Commission have
proposed banning chlorofluorocarbons
by 1979. While all nonessential uses of
the aerosol spray would be phased out,
certain products for which adequate

substitute propellants are not available
would be exempted. These include:
sprays used by asthma patients, a mine
safety warning device, release agents
for some plastic molds and some
insecticides sprayed from aircraft. The
first step in the proposal, which halts
the manufacture of these propellants
for nonessential uses, would take effect
Oct. 15, 1978. On Dec. 15, 1978, all
companies would have to cease using
existing supplies of these compounds in
the manufacture of nonessential items.
The third step would halt interstate
shipment of these products.

The first loan guaranty for a
commercial geothermal energy project
was approved by ERDA. The $9 million
guaranty to Republic Geothermal, Inc.
(Santa Fe Springs, Calif.) will be used
to drill and develop 11 new production
and four reinjection wells in the East
Mesa area of Imperial Valley, Calif. The
drilling project's total cost is estimated
at $12 million, 75% of which is
covered by the federal loan. Republic
has indicated that it will build an
electric power plant that would
generate more than 36 MW of
electricity; this plant could be
operational in the early part of the next
decade. The ERDA loan, which covers
only the drilling and developing of the
geothermal wells, was authorized under
the Geothermal Research,
Development and Demonstration
Act of 1974.

STATES

Vermont now has a law regulating the
storage of atomic wastes that is
believed to be one of the strongest
such laws in the nation. Signed into law
as Act No. 77 by Governor Richard
Snelling on April 26, the law is
designed to prevent the siting of a
nuclear waste storage facility in the
state, one of 30 sites under
consideration by ERDA. Under the law,
the Vermont General Assembly would
have to agree that such a plant would
promote the general welfare and would
not adversely affect health or the
environment. In another matter, the
governor recently approved a bill
prohibiting the sale of detergents
containing phosphate compounds in

Volume 11, Number 7, July 1977 641



, ~.:~.
~..,~ '1':

~'

Vermont governor Snelling

greater than trace amounts after April
1, 1978. The law, Act No. 39, became
effective in April.

Northern Virginia's treated drinking
water contains levels of chloroform
that exceed EPA's suggested maximum
of 100 ppb. Recent tests of potable
water from the Occoquan Reservoir,
the region's primary source of drinking
water, revealed levels of chloroform of
232.6 ppb. A $80 million advanced
sewage treatment plant is scheduled to
begin operation next year. But,
according to engineer Clifford W.
Randall, this plant won't correct the
problem of chloroform formation since
80 % of the organic pollution in the
reservoir comes from urban and
agricultural runoff. Chlorine used to
disinfect the raw water reacts with
organic matter to form chloroform. As
steps to correct the problem, the
Fairfax County Water Authority
proposed to reduce the quantity of
chlorine used in treatment, and Fairfax
supervisors passed a motion saying
"urban runoff must be reduced."

Connecticut's DEP plan calling for
installation of gasoline vapor recovery
devices at 80 % of the service stations
in the state was turned down by the
state regulation review committee for
the fourth straight time. The Dept. of
Environmental Protection had estimated
the average cost to service stations to
be $2400/station, which the station
could recoup from motorists. This
proposed regulation was submitted to
EPA as part of Connecticut's
transportation control plan. Because
the state failed to agree on the
installation of these devices, the federal
EPA intends to require 95% of the
service stations in the state to install
vapor controls by 1978. To date, EPA
has required 17 states to adopt vapor
recovery systems.

New rules and regulations governing
solid waste disposal facilities in New
York go into effect next month.
Designed to reduce the environmental
damage resulting from the operation of
disposal facilities, the regulations set
minimum standards that affect 642
municipal and private landfills, 41
municipal incinerators and 100 refuse
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transfer stations and recycling facilities.
The cost of these regulations should
encourage consolidation of services,
which in turn makes resource recovery
and recycling systems more feasible,
according to Commissioner of
Environmental Conservation Peter
Berle. Among the new regulations are
the requirement that operators of
sanitary landfills and incinerators
complete a course in solid waste
management, and that facilities be
permitted by February 1978 or 1979,
depending on when they began
operation.

Allegheny County, Pa., is the site of an
energy conservation and development
program that enlists the efforts of
citizens of the county in voluntarily
conserving energy. Called project
"Pacesetter," the program is
sponsored by the nonprofit
organization, Americans for Energy
Independence. Phase one was simply
an organization and enlistment
program. Phase two began this June
and will be completed in the spring of
1978. The recommendations of task
forces composed of 400 community
leaders were presented in June during
Energy Week; public support was then
elicited to make the county energy self
sufficient. A recently released report of
the Northeastern Illinois Planning
Commission found that the six counties
of northeastern Illinois used 58 % of the
energy consumed in the state, but less
per capita than any other region.

MONITORING

Instrul!1ental analytical programs
support water management, according
to Perkin-Elmer (Norwalk, Conn.). As an
example, for checking on corrosion
control, solids separation, organic/
inorganic dissolved solids and toxic
materials removal, and other municipal/
industrial monitoring needs, a whole
battery of sophisticated analytical
instruments helps Calgon Corp., for
example, to conduct a smooth and very
effective water management program
for numerous customers. Perkin-Elmer
also says that this instrumentation will
be vital to keeping tabs on emissions
from the burning of coal. For instance,
knowledge of carbon, hydrogen,
nitrogen, sullur, and trace element
contents, especially when gained
through non-destructive testing, can go
a long way to improve coal cleaning
and burning strategies aimed at
minimizing pollution.

One way to measure water quality
continuously Is with the NASA
(Houston, Tex.) automated, on-line
Water Monitor System (WMS), whose
modular components were developed
for NASA by Boeing, TRW, and other

contractors, (ES&T, April 1975, p 294).
Among the many parameters that can
be measured are chemiluminescence/
bacteria, coliform, bioluminescence,
total oxygen demand, nitrate/nitrite, pH,
chloride, and total organic carbon. The
idea of the WMS is to provide data in
real time, or as close to real time as
possible, so that standards for high
quality effluent can be achieved, and
potential for reclamation/reuse of water
can be enhanced. A WMS installation is
at Houston's Southwest Treatment
Facility.

TECHNOLOGY

For drying agricultural products, heat
from a coal-oil slurry mixture could be
an alternative to oil alone, when
immediate replacement of oil-burning
equipment is uneconomical. Acurex
Corp. (Mountain View, Calif.) is to
demonstrate this concept for tobacco
drying at the Lorillard Division of Loews
(DanVille, Va.). The Acurex concept
involves burning pulverized coal, held in
liquid suspension and mixed with oil, in
boiler equipment designed to burn oil.
To put the idea to work, the firm has a
$2 million ERDA contract. Acurex
views slurry technology as "near
term," meaning that only minor
problems need be solved to make it
cost-competitive with oil burning
systems.

Removing heavy metals from
wastewaters by precipitation as
sulfides Is practical, according to new
process technology of the Permutit Co.
At this year's Purdue Industrial Waste
Conference, Murray Scott said that the
company's Sulfex process removes
most chelated metals and
simultaneously reduces hexavalent
chromium as the other heavy metals
are precipitated as s~llides. For best
results, two precipitators are used. A
large part of the metals are removed by
hydroxide precipitation in a first unit.
Residual metals in the effluent of the
first unit are then polished by sulfide
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precipitation in the second unit.
Permutit will have two 40 gpm plants,
using the process, in operation before
the end of the year.

A pollutant turned Into an anti-pollution
chemical? Yes, according to Rhone
Poulenc S.A. (Paris, France).
Previously, iron (II) sulfate (FeS04) of
high grade, a titanium ore beneficiation
by-product, was diluted and discharged
out to sea. However, Rhone Poulenc
found that FeS04' converted to iron (II)
chlorosulfate, becomes a very effective
flocculant. This flocculant can tie up
heavy metals and phosphates, and
settle them out of water, the company
says. There are plans to use the
f1occulant, marketed as "CLAIRTAN",
to protect Lake Zurich (Switzerland),
and to process drinking water for Paris
with a pilot unit at Choisy-Ie-Roi.
Meanwhile, "CLAIRTAN" is being used
to supply water (up to 150000 m3 /d) to
the industrial area of Le Havre, France.

One use for waste cellulose fiber Is to
make energy-saving Insulating board.
The Ontario Research Foundation (ORF,
Mississauga, Ont., Canada) developed a
way to combine the fiber with a certain
resin, and create an excellent insulating
material. The material will retain its
shape, and be immune from settling. It
can be produced in a variety of shapes
for instance, to insulate pipes-and can
be laminated with vapor-barrier paper
or heat-reflecting aluminum foil. The
material can be made flame retardant.
The ORC has also developed a new
method to determine pesticide residue
on vegetables, to meet Canada's
pesticide registration regulations.

Where might heavy metals In the
aquatic environment end up? They
could be taken up by water plants, A.
Mudroch of the Canada Center for
Inland waters told the Second American.
Chemical SocietylChemicallnstitute of
Canada Joint Conference (Montreal,
May-June). For example, certain
Typhae species' roots take up
chromium, copper, lead, nickel, and
zinc. A water lily might absorb
chromium, copper, and nickel, while
submerged Myriophyllum was high in
chromium, cobalt, copper, and lead.
Plant studies were made in an artificial
marsh in Lake St. Clair, mainly from
April-November 1976, normally in
water in depths of 0-50 em. Metals
were in ppm ranges; mostly in plants
and sediments, and much less in the
water. Water pH varied 7-8, depending
on the month.

One approach to disposal of
radioactive waste involves
"glasslfied" technique. Glass beads so
small that they are almost powder could
be treated with a chemical that will

react with radioactives such as
plutonium, and strontium and cesium
isotopes, and bind these "hot"
materials to the glass. The task of
finding the optimum binding chemical
that will also remove radioactives is
being handled by John Geldard of
Clemson University (S.C.). Once the
"hots" are so bound to the
commercially available glass beads that
they cannot be scraped off, effluent is
safe for discharge, and the beads, now
radioactive, could be melted and
molded into bricks, and buried with no
danger of leaching out and entering the
groundwater supply. Geldard has
$150 000 of ERDA support to develop
the concept.

INDUSTRY

Clean air rules require particulate
suppression, and create a need for
electric precipitators (ep) to do the
job. To enhance performance,
Research-Cottrell has been building
Ywscale models of every utility ep
ordered (E5& T, January 1977, P 24).
This procedure often helped to identify
and remove "bugs" before they could
cause serious down time in a full-scale
system. This "debugging" is further
enhanced by a full-size model-minus
ash hopper or gas flow-aimed at
optimizing the reliability of every one of
the thousands of hardware components
comprising an ep. Every part and
mechanical function is "shaken down,"
and the company expects to shorten
lead time from inception to a new "nuts
and bolts" idea to incorporation in a
working ep by a factor of 10.

Compostlng may be the name of the
garbage game in Hong Kong, and
Nissho-Iwai Co., Ltd. (Tokyo, Japan) will
help to set up a plant to mix Hong
Kong's garbage after it is crushed and
mixed with manure. The Nissho-Iwai
approach will convert even the highly
moisture-laden garbage into compost at
the rate of 240 tpd over an 8-h day. The
Japanese firm also will help to do a
study concerning the solvent refining of
brown coal from the Latrobe Valley,
Australia. The idea is to determine
feasibility of refining this brown coal to
a high-grade char for metallurgical use.
In Japan, Nissho-Iwai is known as sogo
shosha, or company that "meets
challenges of building new
environments for living."

"Technology exists not only to control
waste ... but to recover and recycle
the valuable raw materials," Lars
Olsson, president of SF Air Control, Inc.
(Old Greenwich, Conn.), a part of AS
Svenska Flaktfabriken (Flakt) (Sweden),
said. However, he noted that "we must
make better use of the systems that
have been developed." One key to

better use that Olsson suggested is the
Flakt-RRR system with which a 120-tpd
demonstration plant is working near
Stockholm. It handles unsorted
municipal solid waste from which steel,
glass, paper, and plastics are separated
for eventual reuse. The remainder,
mostly organic materials, can be
converted into fuel. Olsson believes
that a recovery plant can economically
reduce initial quantities of refuse by
90%.

SF Air Control pres. Olsson

By 1985, meeting just three water, air,
and noise regulations will cost Du Pont
$3 billion, or more, Irving Shapiro, the
company's chairman, said. One point
he complained strongly about was
water; he noted that in many places,
this year's cleanup standards will make
water fishable-swimmable. Why then,
Shapiro asked, require addition of 1983
"best available" technology in cases in
which goals have already been met? As
an example, he cited Du Pont's Sabine
River (Tex.) plant, at which a $15
million investment to date achieved or
exceeded "fishable-swimmable".
Additional technology for 1983 would
run $10-15 million, plus $5 million/y
operating costs. Shapiro said that the
$3 billion spent on productive capacity
could provide more than 15 000 jobs,
and suggested that the government look
into "zero-based regulation," as well as
budgeting.

Possible help for the California
drought: recycling of as much as 80 %
of Industrial effluent is possible with
currently available technology, Thomas
McConomy (E5& T, October 1976, p
974), general manager of Calgon
Corp.'s Environmental Systems
Division, said. That technology consists
of granUlar-activated carbon (GAG),
whose granules are very porous, and
are each about the size of freeze-dried
coffee particles. The pores trap
contaminants, and allow water to pass
through. Most of the used GAC can be
thermally reactivated. McConomy noted
that water recycling could allow
industries in California to keep
operating; otherwise, because there is
insufficient new water to meet
industries' needs, plants would have to
close down, and jobs would be lost.
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Monitor's Model 8440 was the first chemiluminescence analyzer which
provided simultaneous measurements of NO, NOx and N02 through its

unique chopper stabilized, dual channel technique.
Now, it is the first analyzer that is

fully approved by the EPA as a Reference Method for N02 monitoring.
The Model 8440 is available as an individual analyzer or can be supplied

as part of a complete network system with other EPA-approved Monitor Labs' analyzers.
Call or write today for full information from the leader in air quality

monitoring instrumentation and systems.

~ MONITOR LABS,
LYmIINCORPORATED

4202 Sorrento Valley Boulevard, San Diego, California 92121 / Phone: (714) 453-6260/ TWX: 910-337-1278

'Federal Re9isler Vol. 41, No. 232, pg. 52686-95, Dec. 1, 1976.
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. Sludge pump

How It works

In back of the heating plant is a silo
filled with lime. The game plan calls for
the smoke to be blown into the scrubber,
which contains two venturis. The bottom
of the scrubber is filled with a lime solu
tion; another pump with lime solution is
located halfway up the chimney-shaped
tower. Large pumps churn the liquid.

The smoke is forced through the lower
venturi into the churning lime, which
sponges up harmful sulphur oxides. The
process is again repeated through the
upper venturi, with the gases passing
through a fan that spins them upward like
a tornado. The remaining suspended
particles are spun out of the updraft, strike
the inner walls of the chamber, and fall
harmlessly to the bottom of the tank. The
sanitized gases then leave the scrubber
stack in the form of harmless steam.

"The system is not without its draw
backs," Rasor continues. "There is a
sludge by-product, calcium sulfate. This
thick black liquid is pumped into a nearby
rubber-lined lagoon. The pool will take 5
years worth of sludge. The Japanese have
a Bahco system similar to ours and have
been adding chemicals to the by-product
to make gypsum wall board."

Since the Rickenbacker scrubber is the
only one in the U.S., the Environmental
Protection Agency keeps close tabs on
the operation. The scrubber has far sur
passed present EPA emission standards
for this type of system, which means that
the Air Force experiment is doing the
job.

The project at the AF base has been
saving money by burning a cheaper, lo
cally available, high-sulphur coal, and
even with the added cost of the lime they
are still operating below the price of fuel
oil. The Rickenbacker project may be
come a blueprint for future American
coal-burning plants and could lead to
greater use of our most abundant energy
resource.

~rCulation pumps~Q

Mist
eliminator

Clarified liquid return

Lime

storage D
Level
tank

Dissolver

water
supply

S02 removal: How the
Bahco process works

Civil engineer Jim Rasor, said, "Rick
enbacker had plans to convert to oil in
1973. At the time bids were being sent out
for the job, the Pentagon was looking at
Research-Coltrell and the Swedish Bahco
scrubber. R-C obtained a license to use
the technology in the U.S. and Ricken
backer AFB is where it went."

The Air Force experimental pollution
abatement system with the Bahco
scrubber is one of a kind in the U.S. and
has been in operation for almost a year.
Because of the importance of coal as an
alternate fuel, Rickenbacker has become
a common name in environmental cir
cles.

Civil engineer Rasor
"AF experiment is doing the job"

PAT REPORT
PRACTICAL. ,AVAILABLE TECHNOLOGY

Removing 502 in
heating plant boilers

Research-Cottrell, the U.S. licensee of the
Swedish process of A. B. Bahco, cleans up

emissions from coal-fired boilers; the

process is useful on small installations of

the 100 MW size-small boilers, industrial

boilers, and small power plant boilers

Historians may remember 1977 as the
year of the coal lump instead of the snake.
The energy crunch hit hard for millions
who still face the prospects of dwindling
natural gas supplies and soaring electrical
costs.

Experts say that the U.S. has an un
limited coal resource within its continental
borders that could generate our electrical
and heating requirements for the next 500
years. But what about the pollution prob
lem?

Near Columbus, Ohio, is Strategic Air
Command, Rickenbacker Air Force Base.
The field was built in 1942 and was de
signed to be heated with coal. The plant
houses eight boilers and an impressive
number of smoke stacks. It operates
much to the dismay of local residents,
around the clock, 365 days a year. Only
12 months ago the plant was the source
of a 12-mile-long smoke screen.
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is made up of representatives of major
coal-using industries, such as cement,
chemicals, electric power, glass, iron/
steel, and paper. While the coal-producing
industry contributes technical expertise
and personnel to the task forces, present
and prospective coal users dominate the
industrial component of the Project.

The Project is expected to take about
one year from its formal start. It is to be
not just another study culminating in a
report, but a vehicle for reconciliation of
environmentalist and industry leaders who
have large followings. Its budget is
$675 ODD, provided by foundations, gov
ernment agencies, and industry. Expenses
for environmentalists' participation are
paid exclusively from non-industry
sources, so that even an appearance of
conflict of interest is avoided.

Pending completion of the Project,
those involved in it are committed to let
their conclusions be known through pub
lication of reports and summaries. In ad
dition, they hold seminars for federal of
ficials, trade associations, and the press.
The first Project communications con
cerning areas of industry-environmental
consensus are slated to be made public

velop alternatives, and make recom
mendations regarding specific issues.
Generally, these issues comprise mining;
transportation of coal; air pollution; in
dustrial fuel utilization/conservation; and
energy pricing. Approximately 100 people
are associated with the Project in some
capacity, with about 24 composing the
plenary group. In addition to the plenary
group that oversees task force studies,
and determines Project positions by
consensus, and the task forces, there are
a technical staff, and planning and budget
committees.

A one-year effort

Basically, the Project consists of an
environmental caucus and an industrial
caucus; as a Project spokesman told
ES& T, the list of participants reads like a
"'Who's Who in Energy."' The environ
mental side is represented by people who
play leading roles in coal-related issues,
and who have been involved in grass
roots environmentalist organizations, lit
igation, and in some cases, legislation
aimed at reducing adverse environmental
impacts of coal production/use.

By comparison, the industrial caucus

"Come, let us reason together"

This plea has been heard since Biblical
times, and one person who believed that
it would not fall on deaf ears when coal
was to be discussed was Gerald Decker,
corporate energy manager for The Dow
Chemical Co. (Midland, Mich.). He pro
posed the idea of rellSon instead of rancor
to Laurence Moss, former president of the
Sierra Club. Subsequently, an initial
meeting between industry people and
leading environmentalists held in Virginia
last July, persuaded both sides that a
"'meeting of the minds"' on many topics
was a distinct possibility. Thus, the Na
tional Coal Policy Project was born, and
is now headquartered at the Center for
Strategic and International Studies,
Georgetown University, Washington,
D.C.

However, in order that all sides truly
"'reason together," certain ground rules
had to be established. Essentially, those
concerned had to agree:

• to share all pertinent facts
• to avoid dogmatism
• to simplify complex concepts for

communication to lay people
• to identify and isolate subjective

considerations
• to distinguish between facts and

value judgments
• not to mislead with unfair tricks
• not to impugn each other's 'Tlotives

lightly.
To keep the reasoning process moving

at a useful pace, the Project's plenary
group had its first meeting in January, and
the next in early April, and continues
meeting at intervals of several months.
Between plenary group meetings, task
forces, which do the substantive work,
meet frequently. These task forces obtain,
analyze, and evaluate facts and data, de-

It has been said over and over again OUTI 'OOK
since the oil embargo of 1973, and ES&T L;
will repeat it: the U.S. depends upon fossil
fuels, and its need~ must be met in
creasingly by coal if severe economic
dislocations are not to occur. Environ
mental problems of coal mining and use
have also been, and will continue to be,
discussed at almost interminable length.
Nevertheless, as last year was drawing to
a close, some choices concerning the
U.S. turn to coal became clear. Industry
and environmentalist groups:

• could be at constant loggerheads,
contending with each other (and both with
government agencies) in the courts, and
provide large amounts of work and fi
nancial gain to various lawyers and law
firms

• could sit down and talk calmly and
rationally with each other, and try to
hammer out a workable, environmentally
acceptable approach to coal mining/use,
and, as an added benefit, divert time, ef
fort, and money that would otherwise be
expended for disputation and litigation to
much more useful purposes.
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in September after a plenary group
meeting.

A first-hand look

Perhaps the effort to reconci Ie envi
ronmentalist and industrial views on coal
receives a "boost" when those involved
can visit sites at which coal is, or will be,
mined and used, Dow's Decker, and for
mer Sierra Club president Moss told
ES& T. For this reason, where possible,
some of the task force meetings are held
at these sites. Task force members can
get a first-hand look at various mining,
use, pollution, and land reclamation
problems by talking with design and op
erations people, and familiarizing them
selves with various coal sites and regions,
and differences between these sites and
regions.

For example, one such meeting was
held at Big Brown Lake mine and power
plant, located in the lignite fields of Texas.
A second such field trip and meeting was
held in Wyoming and Montana; others are
planned for southern Illinois and Appala
chia.

One fact of which the task force
members quickly became aware, through
these meetings in the field, is the great
extent to which problems can vary from
region to region, or even from site to site.

Dow's Decker
proposed that reason prevail

For instance, in the northeastern Texas
lignite fields, surface-mined land has a
good potential for reclamation, because
of adequate rainfall and favorable over
burden characteristics. However, farther
to the southwest, lower precipitation
creates more difficult conditions for re
vegetation of mine spoils.

On the other hand, geological and cli
matic conditions in West Virginia or
Montana would present other sets of ad
vantages and difficulties in solving rec-

lamation, air/water pollution, and other
problems.

Thus, perhaps, acid mine drainage may
be much more of a consideration in
Pennsylvania than it is in Texas, or land
restoration and revegetation may be
somewhat easier in parts of southern
Illinois, say, than in Wyoming. For these
and numerous other reasons, those
working on the Project may propose a
regional, or, in some cases, local strategy,
rather than an across-the-board national
approach to environmentally acceptable
development and use of U.S. coal re
sources.

Values

Perhaps much of the discord between
environmentalists, industry people, and
regulators may be ascribed to different
sets of philosophical values, or, if one
wishes, world views held and shared by
members of these different groups. One

of the Project's main aims is to determine
whether, and to what extent, these values
or world views can be reconciled. Another
is to find out how much disagreement
stems from lack of technical communi
cation.

But neither values nor technical points
of view stand a chance of being recon
ciled if people on different sides of an
issue have made up their minds in such a
way that they do not wish to be confused
with facts. That is why the Project's
ground rules entail those previously
mentioned, which comprise the "Rule of
Reason." When those rules are applied in
letter and spirit, all concerned begin to
learn how many areas of consensus and
agreement there are, after all. It is such
fairly achieved agreement that enhances
human progress-not only with respect
to acceptable coal development, but to
many other areas as well. JJ

For specialized
microcontaminants
monitoring and
analytical services,
call on
Carborundum.

The R&DIWater Management Division
of The Carborundum Company can
provide monitoring and analytical
services for:
D Trace organics
D Viruses
D Asbestos
D Heavy metals
D All toxic and hazardous industrial

wastes as defined by EPA
D Other microcontaminants

Monitoring services include equip
ment to concentrate viruses, trained
field personnel to conduct sampling
programs, specialized laboratories
equipped with computerized GC/MS
for organic compound analyses, a
scanning electron microscope coupled
to an energy dispersive x-ray spectro
meter for asbestos analyses and
isolated virus assay facilities.

Send for our free color brochure on
microcontarninant monitoring.-_....-----

The Carborundum Company
R&DIWater Management Division
P.O. Box 1054
Niagara Falls, New York 14302
Telephone 716-278-6347

CARBORUNOUM ~
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Harvard's Ferris and Spengler; EPRI's McCarroll

A 10-year effort in six cities is surveying children and
adults for health effects and simultaneously monitoring the

ambient environment at three different levels

ambient environment, and assessing
health effects by using questionnaires on
respiratory symptoms and performing lung
function tests.

Although the Harvard team recognizes
that its study may suffer from lack of
knowing the best measures of pollutant
exposure and health effects, the scientists
nevertheless feel that their prospective
epidemiologic study will properly test
some of the issues raised by CHESS. In
particular, the issues of threshold level of
exposure below which no effect is de
tectable, and the role of suifates in the
environment will be addressed and,
hopefully, answered. Sheer economics
dictated that this study approach ozone
only as a species of oxidants, that carbon
monoxide (CO) be measured in scant de
tail and that the issue of hydrocarbons
(HC) be skirted entirely.

An elaborate scheme

Even discounting ozone, CO and HC
measurements, the enormity of the task
the scientists set for themselves is readily
apparent from these statistics:

• The six communities being studied
are thousands of miles apart. They run the
gamut from rural and relatively pristine
Portage, Wis., to industrial and relatively
polluted Steubenville, Ohio, based on their
annual averages of S02, total suspended
particulates (TSP) and sulfate levels.

• In each of these cities, between
1400-1800 adults aged 25-74 are sur
veyed for respiratory symptoms and lung
function every three years, and all chil
dren, approximately 1600-2400, in the
first four school grades are surveyed an
nually.

• Among the cooperating institutions
are the U.S. EPA; state, city and local
environmental agencies and health de
partments; local school boards or boards
of education; universities; and utilities.

• There is one fixed-monitoring site,
at least 10 indoor/outdoor sites and sev
eral dozen personal samplers generating
data 24 hours every day, 24 hours every
sixth day and 12 hours every other day for
15 days during a six-week period in the
summer and winter, respectively.

• At the central station and the in-

Colome-medical and environmental
scientists from the Harvard School of
Public Health, plus a host of trained in
terviewers.

The National Institute of Environmental
Health Sciences is supporting this study
with $3.5 million committed to the project
through 1979. At that time, additional
funds will be requested to carry the
project through to 1983, 10 years after its
inception. In April of this year, the Electric
Power Research Institute bought "a piece
of the action"; EPRI awarded Harvard
$378000 through 1979.

In announcing EPRl's support of a role
for the electric utility industry in this epi
demiologic study, James McCarroll,
manager of the institute's Health Effects
Program, described the effort as "prob
ably the most important on-going envi
ronmental health study in the U.S.
today."

Indeed, the Harvard study is con
structed to relate the effects of known
exposure levels of air pollutants in the
general (as opposed to occupational)
environment to chronic respiratory
symptoms and changes in pulmonary
function. To be able to make these cor
relations, the scientists are simultaneously
taking measurements of pollutants in the

Air pollutants and health:
an epidemiologic

approach

They ride the soft summer breezes and
the blustery gusts of winter. They waft
through the air of homes, schools and
workplaces. They recognize no age, sex
or race barriers when they harm their
victims' health. They have been legislated,
monitored, measured, characterized and
traced through environments. And still we
know little of how they affect health. They
are air pollutants.

In 1970, Congress passed the Clean Air
Act. In 1971, the EPA, under its mandate,
set national ambient air quality standards
for six criteria pollutants based on the best
data then available. Since 1971, scientists
and regulators have debated the adequacy
of these standards in protecting public
health. Although many studies have at
tempted to test their adequacy, none has
succeeded in producing more than pro
vocative grist for future study mills.

Genesis of a program

Until 1974 the most comprehensive
environmental health study in the U.S. was
EPA's Community Health and Environ
mental Surveillance System (CHESS)
(ES&T, March 1973, p 204). And this study
died in a blaze of criticism and contro
versy.

Despite the fact that the CHESS study
raised more questions than it answered,
it was a pathfinder. And, in phoenix-like
fashion, from its ashes has come an ele
gantly designed, one-of-a-kind project that
approaches the study of the health effects
of air pollutants from an epidemiologic
standpoint.

This unique 10-year effort, begun in
1974, is a two-pronged study designed to
measure the levels of air pollution
especially sulfur dioxide (S02), sulfates
and respirable particulates-and to as
sess the effects of pollutant levels on the
health of children and adults. It brings to
gether the knowledge, talent and ingenuity
of Benjamin Ferris, Frank Speizer,
Yvonne Bishop, John Spengler, Mikhail
Wolfson, Douglas Dockery, and Steven
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Refined monitoring

At the indoor/outdoor monitoring sites.
the pollutants being measured are: S02.
MRP, N02 and particulate sulfates. The
five physical factors measured at the
central station are also monitored at these
scattered sites. The indoor samples are
taken in a room most frequently used by
the family. but kitchens. bathrooms and
bedrooms are excluded.

The personal sampler worn by the se
lected individual, and a duplicate of that
instrument left at the SUbject's home.
measure for respirable particulates. The
collected samples are analyzed for MRP
and water-soluble sulfates. the latter by a

will be analyzed by the EPA. and the data
will be made available to the Harvard
study.

The data collected at the fixed sites
offer a means of gross comparison of
pollution levels among the six cities. The
central location also serves as a refer
ence point for the S02 bubblers and the
MRP and TSP samplers located through
out the communities.

When fixed sites already exist that are
representative for residential outdoor
exposure. the data collected from these
sites are used in the Harvard study. In St.
Louis, for example. data from the Regional
Air Monitoring Station (RAMS) and from
a city-operated station are being used. In
Kingston-Harriman. the state of Tennes
see and the TVA are making their data
available to the study team. And in Steu
benville, Ohio. the Northern Ohio Valley
Air Authority is operating the team's in
struments at already established central
sites.

technique developed by Mikhail Wolfson.
Some samples. on a selected basis. are
analyZed for trace elements by the more
esoteric techniques of atomic absorption.
neutron activation and electron spec
troscopy.

A diary kept by the subject in which he
notes his activities for the day allows a
comparison to be made between home
exposure and exposure during a normal
day's activities.

This intricate. tri-Ievel monitoring
scheme generates an enormous volume
of data that are all retained. Data retention
is necessary because there is presently
no certain knowledge which measure best
reflects exposure.

Health effects assessment

Gauging the health of adults and chil
dren in the six communities is accom
plished by using questionnaires to docu
ment respiratory symptoms and by per
forming simple pulmonary function
tests.

In addition to asking for chronic respi
ratory symptoms, the adult questionnaire
surveys smoking habits and residential
and occupational history. This standard
questionnaire is designed to control for
factors other than air pollutants that can
influence lung diseases. Among these
factors are smoking. obviously. but oc
cupational exposure. age. lung size. he
redity and the less-obvious socioeco
nomic forces playa role.

For children. the questionnaire. com
pleted by a parent or guardian, asks about
previous respiratory illnesses; living
conditions including the type of fuel and
heating system used in the home; and the

High
Low
Low

4. Steubenville. Ohio
5. Portage. Wis.
6. Topeka. Kan.

Moderate
Moderate
High

1. Watertown. Mass.
2. Kingston-Harriman. Tenn.
3. 51. Louis. Mo.

door/outdoor sites. four or five pollutants
and five physical factors are being moni
tored; with the personal samplers. two
pollutants and. selectively. 20 trace ele
ments are being measured.

Monitoring the general environment

Environmental exposure is being
monitored at three levels, each of in
creasing refinement: central station
monitoring. indoor/outdoor monitoring and
personal monitoring.

Central station monitoring-the his
torical and. even today. typical approach
to air quality measurement-tracks the
pollutants of concern on a continuous
basis. But the site is fixed and may not be
representative of actual individual expo
sure.

The indoor/outdoor measurements
taken at selected homes scattered
throughout the community permit a better
assessment of how well the central sta
tion describes the pollution level of a
community.

But the ultimate measurement refine
ment is. of course. the personal samplers
that travel continuously with selected in
dividuals. In addition to the portable
monitor worn by the subject. a second.
identical sampler is left at the subject's
home. Initially. these portable units were
purchased commercially. But the study
team has substantially modified the
samplers and now intends to "manufac
ture" the units in-house.

While the personal samplers allow
comparison of exposures at home to
those levels encountered by the individual
during his normal day's activities. they
also offer another refinement. The data
collected from the samplers can also be
compared to data collected from the fixed
station so that the representativeness of
that fixed station for individuals who move
about the community can be ascer
tained.

At each central station, S02. TSP.
mass respirable particulates (MRP)
particles with a mass mean diameter of
3.5 Il-N02 and ozone are the pollutants
being monitored continuously the year
round. In addition. wind speed and direc
tion. temperature. relative humidity and
precipitation are also measured.

The instrumentation at this fixed site is
a mixture of sophisticated electronic de
vices and less exotic samplers for historic
comparison. TSP samples are taken with
hi-vol and low-vol samplers; MAP samples
are taken with low-vol samplers with cy
clone presamplers; and 24-hour samples
of N02 and S02 are taken with bubblers.
Additionally. N02and S02 are monitored
continuously: N02 by chemiluminescent
reactions and S02 by flame photometry.
This summer. in an effort to field test the
devices. the EPA is placing a dichotomous
sampler at the fixed site in each of the six
cities. This sampler separates particulates
3.5-20 Il in diameter from those 3.5 Il and
below. Samples collected every other day
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Preliminary findings

The study has been under way since
the winter of 1974. The volume of accu
mulated data is so enormous that the
analysis of this information is still in the
preliminary stage. In general, and not too
surprisingly, the Harva;d scientists have
found more respiratory symptoms and
more changes in pulmonary function in
the dirty cities. However, when the data
were corrected for age and lung size, but
not for smoking habits, the smoking effect
so overwhelmed the data that the effects
of air pollutants on health could not be
discerned. Further refinement of the data
will hopefully permit the scientists to
dissect the influence of air pollutants on
health from other environmental fac
tors.

With the passage of the Clean Air Act,
Congress erected a tenuous legislative
shield between air pollutants and public
health. The adequacy of the standards
promulgated under this law depends on
the data base used to develop them.
Today the data base is woefully incom
plete and present standards may be too
weak to protect health, or so stringent as
to inhibit economic growth. Either way,
the work of the Harvard scientists should
fortify that data base and, in the process,
go a long way toward improving the
standards LRE

occupation and smoking habits of the
parents or guardians.

Lung-function measurements of adults
and children are made on spirometers
low-resistance, low-inertia, water-filled
instruments. Spirometer tracings of forced
expiratory volume in one second and
forced vital capacity in six seconds are
converted to properly corrected values
that the Harvard scientists feel are sig
nificant indicators for the presence of
pulmonary disease.

In the scheme of the study, the children
are surveyed annually, and adult groups
in two of the six cities are studied each
year and are resurveyed every three years
thereafter. The Harvard team is returning
to Watertown, Mass., and Kingston-Har
riman, Tenn., this fall to resurvey the first
two adult groups monitored.

The health assessment scheme will
allow the scientists to correlate levels of
air pollution with the observed rate of
decrease in lung function in adults and
increase in lung function in children. The
prospective study of adults will permit an
evaluation of changes over a 10-year
period in persons who maintain constant
smoking habits and occupational expo
sures. In children, the study will allow an
evaluation of changes in lung function in
the absence of such obscuring factors as
smoking and occupational exposure.

It is from children, in fact, that the most
valuable information may come, since the
true effects of air pollution should not,
theoretically, be masked by other envi
ronmental factors.

If yOll think all Electrostatic
Precipitators are alike,
you're in for a big surprise!
United McGill offers the Electrostatic Precipitator with some very
important differences.

Our patented discharge electrodes. Using the
latest technology, we generate electrostatic
fields from a multitude of sharp needles
mounted on electrode plates. These needle/
plate electrodes not only give our EP's the
capability of operating at reduced voltage and
amperage, but also allow closer plate spacing,
collecting surfaces of both polarities, and less
rapping.

The result? Less power consumption, saving
you tens of thousands of dollars per year in

~ electricity alone! A smaller sized EP,
minimizing your installation space requirements' Simplified/
reduced maintenance! And, extended service life!

Our unique modular design ... means
standardization. Building virtually
every part of our EP in our' plant
insures constant quality, lower manu
facturing costs, and minimized field
construction.

Our Mobile EP's and Testing Labs were
developed to provide on-site perfor
mance verification of our equipment
with standard EPA testing. We believe
you should determine the proper equip
ment for your particular application
before you buy.

Our total capability. At United
McGill, we are manufacturers and
field constructors, as well as engineers
... which means we can handle your
project from beginning to end on a
total turnkey basis.

For the complete story, send for our
comprehensive EP Information
Package. Write: United McGill EP's,
P.O. Box 820, 2400 Fairwood Ave.,

Columbus, OH 43216 or call: 614/443-0192 (telex: 245-384).

650 Environmental Science & Technology



.....s_cns-..,..

Today, not as hot as some think,
but ocean thermal is heating up

How hot is solar energy? size. With a lesser temperature gradient,
these equipment items, and hence the
whole plant, will have to be bigger.

If the OTEC plant is placed in strong
currents, the plant will have to be moored
at the bottom. On the other hand, if the
plant grazes with the currents, the plant
design does not incur some of the site
specific penallies. In the "doldrums" near
the equator, where currents are small, a
floating plant-ship can use a propulsion
systems to "graze" at %-knot speed to
seek out the highest ~T year round.

The choices

One of the major hurdles for the OTEC
is that the plant must be economically
competitive with land-based alternatives.
It's a high hurdle.

Some of the technical teams in this
warm cold water contest include the Ap
plied Physics Laboratory (Laurel, Md.),
Lockheed Ocean Systems Division
(Sunnyvale, Calif.), TRW (Redondo Beach,
Calif.), and Sea Solar Power, Inc. To date,
these teams are all pulling for the same
national goal of development of OTEC as
an energy alternative for the U.S. But the
Japanese and French are also getting
active in OTEC.

There are several design concepts. The
APL scientists conceive of a roving vessel
that would ply the warm water of the
ocean and would graze for energy. An
OTEC plant-Ship designed to produce
1000 metric tons per day of ammonia
might run between $240-325 million.
(APL estimates $325 million for the first
one and $240 million for the ninth). The
Lockheed group came up with a sub
merged spar buoy OTEC plant, for the Gulf
of Mexico, perhaps. Why submerged? An
OTEC plant in that area would be subject
to hurricanes. By submerging, the plant is
protected.

Whether the OTEC plant is moored at
one site or roving is a hotly contested

water brought up from the depths of a half
mile below the surface. The cycle is
continuous, and the turbines produce
electricity.

Worldwide, there are 40 sites with
sufficient thermal gradients. Since the
OTEC plant efficiency increases with
approximately the square of the ~T
available, the best sites are in the tropical
oceans within 8-10° latitude of the
equator. The appeal of OTEC is consid
erable, realizing that certain resource
poor and less developed nations with such
gradients have an untapped energy re
source that could be used when OTEC
plants are built.

There are no major technical mysteries
to OTEC. It's all economics. Like other
new energy technologies, it is capital
intensive, but less so than others. It is said
to offer production costs for electricity,
ammonia, aluminum, and other energy
intensive products that will be competitive
in 6 to 8 years (or as soon as these OTEC
plants can be developed and built) with
plants using fossil fuel or nuclear power.
Another point is that the thermal gradient
is almost two orders of magnitude smaller
than that used in conventional energy
plants.

The final configuration for an OTEC
plant is a complete tradeoff in engineering
parameters. With a given temperature
gradient, the pumps, heat exchangers,
and turbine would have to be a certain

Everyone want solar energy? Yes. Why
do we want it? To help with the energy
crunch. Right. How many will pay for it?
Well ... Let's get industry to spend money
for it! Great. Let's get the federal gov
ernment to help too! Good idea.

OTEC, ocean thermal energy conver
sion, is one of six solar energy technology
options that constituted the original U.S.
solar energy plan. Today, it is the hottest
one in the federal solar funding shop.
More than twice as much money will be
spent in OTEC development in fiscal year
1978, beginning this October 1, than the
previous year. But, according to many,
that still is far from enough. Federal
funding for OTEC is still very small com
pared to coal and nuclear R&D.

OTEC is the only nonnuclear, nonfossil
fuel baseload energy option available to
the U.S. that does not use some form of
energy storage. The six solar technologies
were selected by the RANN project of the
NSF. When ERDA was formed January
19, 1975, the lead role in solar energy
was transferred to the new agency.

OTEC is unique. Other solar technolo
gies attempt to make direct use of the
sun's radiation to produce energy in a
form suitable for human purposes, These
include photovoltaic, solar thermal con
version to electricity, solar heating and
cooling, and photochemical process such
as biomass conversion. Others include
waves, currents, tides, salinity gradients,
and hydropower. But OTEC uses the
oceans-an intermediate media-as its
direct source of energy.

The real advantage of OTEC, which is
not shared with the other forms of solar
energy, is that it can operate 24 hours a
day without the use of an auxiliary storage
medium. The other forms of terrestrial
solar energy conversion are limited to use
only during daylight hours, or otherwise
have time varying levels of output (wind
energy), unless some auxiliary energy
storage method is used.

OTEC, a solar concept to harness the
thermal energy stored in the oceans
(ES& T, February 1975, p 104), is now
moving into the hardware development
phase. OTEC plants operate on the tem
perature difference (~n between warm
surface water and cold deep water. The
.:i T runs a heat engine. The warm ocean
surface water vaporizes a working fluid;
the vapor drives a turbine, and is subse
quently condensed by the cold ocean
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APL design. It's a roving platform of reinforced concrete, 476 ft long, 196 ft wide and 70
ft deep. Concept is to graze for energy on the warm equatorial ocean waters, and to make
ammonia and help conserve NG

Lockheed design. It's a submerged spar
buoy, 250-ft diameter, 2545-ft high, in
cluding the cold water pipe, weighing
300 000 tons. Concept is to send 265 MW
ofpower ashore for the needs of 160 000
residents

design decision. That decision gets into
the specific use that is to be made of the
electricity. According to the mission
analysis of the incentives for the com
mercialization of OTEC by the University
of Southern California scientists B. J.
Washom and J. M. Nilles, in a report that
became available this January, the site
specific plant would transmit the elec
tricity shoreside where it might be used.
The roving vessel would use the elec
tricity, in the first commercial application,
to make ammonia.

Once this mission decision is made, the
heat exchanger design can be optimized
for the chosen use. With the fixed site, the
delta T might not remain optimum under
all seasons; for example, at a fixed site in
the Gulf of Mexico, the seasonal variation
in t; T may be 10 to 13 OF (e.g., from 31
OF in winter to 44 OF in summer). The
roving plant can keep the t; T variation
down to a few degrees.

At best, there is a suggestion and
counter suggestion to nearly every one of
the many technical choices. The final
engineering parameters have not yet been
specified.

There are different schools of thought
on OTEC. One calls for putting a platform
in the water, building the heat exchangers,
and making a complete OTEC system
work. The other favors more experimen
tation and exploration of all operating
engineering parameters before putting
any unit in the water. It would seem that
the earlier the OTEC plant is in or on the
water, the sooner it would attract private
capital.

The APL concept

If the building of a 5-MW plant gets
underway in 1978, then the platform
would be operational by 1980. APL sci-
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entist William Avery pointed out that the
objective of the floating platform plant
was to reduce risk before commerciali
zation of OTEC plants. This roving plant
would:

• accumulate data on performance
• accumulate data on cost
• accumulate data on scheduling.
Avery and other APL scientists explain

that their design for a 10Q-MW OTEC plant
would have 20 identical modules of 5-MW
each. The 5-MW pilot plant would use the
full 100-MW demonstration-size platform
and 60-1t diameter cold water pipe. This
arrangement will produce realistic plant
motions and provide room for expansion
of the heat engine and for subsequent
onboard demonstrations of the ammonia
process and/or refining of aluminum or
other metals such as nickel and chromi
um. This APL pilot plant would cost $45
million, including the 5-MW power module
and all the ancillary equipment necessary
to the heat engine and platform opera
tions.

A commercial OTEC plant designed to
produce 1000 metric tons per day of
ammonia would be about three times as
large with 64 each of evaporator and
condenser modules and 16 turbines of
20-MW each. Thus, if one heat exchanger
module was shut down the plant would still
deliver 98.5 % of the design power; with
two down, 97%.

With a propulsive thruster at each
corner of the platform, this "plant-ship"
would graze in the Atlantic Ocean about
5° south of the equator seeking the
warmest surface water-82 to 86 OF.
Infrared (IR) satellites, for example, would
relay information on the surface temper
ature of the ocean, indicating zones where
the warmest surface area could be used;
hence, grazing would be optimized.

The cold water would come to the plant
from a depth of 2500-3000 It through the
large diameter pipe. The pipe ratio of
length to diameter would be 30 to 40: 1,
about the same as a milkshake straw. The
platform would roll and pitch only about
one-tenth of a degree in 20-ft-high waves.
This OTEC plant might ply the waters at a
speed up to 12 miles per day. keeping
close to the ~ T specified in the heat ex
changer design.

Besides the large Atlantic Ocean siting
regions that are roughly midway between
Brazil and Africa, where there is little or
no shipping to contend with, there are
suitable sites in the Pacific. They would
not be near the U.S. west coast because
the surface water is not warm enough, but
they could be west of Mexico or several
hundred miles south of Hawaii.

The ERDA plan

Meanwhile, ERDA plans to spend $26
million on OTEC in fiscal year 1978,
starting October 1. A 1-MW heat ex
changer unit will be evaiuated on OTEC-1,
formerly the Hughes Mining Barge, now
docked in Oakland, Calif.

Ultimateiy, ERDA plans to build an off
shore moored platform that would gen
erate electricity for shores ide use. Such
platforms would be ciose to the U.S., both
in the Gulf of Mexico-at such sites as
New Orleans, La., Brownsville, Tex., and
Key West, Fla.-and off the U.S. main
land, such as Hawaii. Puerto Rico, and the
Virgin Islands. Of course, some sites in
the Gulf are in the area of hurricanes.
Thus, the design must meet hurricane
conditions.

When ERDA was formed, its compo
nents included a group from the AEC, and
hence, proponents of nuclear energy; a
group from the Department of the Interior,



and hence, proponents of coal gasifica
tion projects; and a group, small in com
parison with the others, from the NSF, and
hence, proponents of solar energy.

H. H. Marvin, director of the ERDA solar
energy division, became the director in
the summer of 1975. This solar energy
division is part of the office of the assis
tant administrator for Solar Geothermal
and Advanced Energy Systems (ASGA).
It's one of six main offices in the ERDA.
Earlier, Pezdirtz, of the energy storage
branch in the Office of Conservation, told
ES& T readers about flywheels (ES& T, July
1976, p 636).

Marvin says that the fiscal year funding
request for his division is $305 million,
$26 million of which goes to OTEC. The
number of personnel for 1978 is 113, a
modest increase from less than 100
people the previous year, with a $290
million budget. During that year, OTEC
funding was $13.5 million. ERDA has
chosen TRW (Redondo Beach, Calif.) to
design and fabricate the l-MW heat ex
changer for the first ocean test in early
1979 on the converted Hughes Mining
Barge, OTEC-l.

Once outfitted, OTEC-l will be sent to
an ocean site for evaluation of the TRW
heat exchanger. The site may be in the
Gulf of Mexico, where the surface water
temperature varies 10 OF or more, winter
to summer, or along the coast of Mexico,
where the tl. T is greater and less variable.
Or again, it may be tested at the Palmyra
Islands, between Tahiti and Hawaii, sug
gested by William Heronemus, one of the
first OTEC proponents.

A second step, for which RFP's (re
quest for proposal) are imminent, involves
operating a complete 5-MW OTEC pro
totype system. The projected completion
date is 1981. Then, by 1984, an OTEC
demonstration plant including 25-MW heat
exchangers could be built. This power unit
would be modular; it would be used to
constitute OTEC plants of 100 MW or
larger.

The contrast
The heat exchanger is the critical item

in the whole plan. The question becomes:
whether to construct it of titanium or alu
minum? Whether to go with the low-cost,
5-MW APL design or a more expensive
shell-and-tube type at 25-MW size?

The ERDA plans to proceed with early
ocean testing utilizing the OTEC-l. The
former Hughes mining barge is regarded
by some as a platform of convenience. It
would have a 2500-ft long scaled-down
cold water pipe, about nine ft in diame
ter.

By 1980, the ERDA plan will not have
answered the go, no-go question for the
future commercialization of OTEC. The
design proposed by Lockheed, submerged
and hurricane proof, would be consider
ably more expensive than the roving
platform design. Also, it's a new type of
structure, not a near-term-type venture,

and probably would not be built before
1990.

On the other hand, the APL design, a
roving platform of reinforced concrete
construction, is more in line with current
shipbuilding techniques. There are more
than 20 shipyards in the U.S. today with
space available and facilities to build this
platform.

This reinforced concrete technology
was used to build over 100 concrete ships
during World War II, some of which were
recently inspected and found to be in ex
cellent condition. The new construction
barge-type pilot plant proposed by APL
would be very similar to the 461-ft by
136-ft by 56-ft deep ARCO barge deliv
ered by Concrete Technology Inc. of Ta
coma, Wash., in April 1976, just 27
months after contract, including all the

ERDA's Man';"
heads the solar energy division

preliminary and final design work. In
comparison, the proposed APL platform
would be 476 ft by 196 ft by 70 ft deep,
and the preliminary engineering design is
to begin this fall. It could be in the water
in 1980 if the funding is provided, APL
claims.

The heat exchangers, too, are the real
cost item. Using the APL platform and
aluminum heat eXChangers, 33 % of the
OTEC/ammonia plant-ship cost ($80
million of $240 million) for the ninth
325-MW plant, or $246/kW is in the heat
exchangers. In the Lockheed approach
with titanium shell-and-tube heat ex
changers, 49 % of the cost ($221 million
of $450 million) for the 25th 265-MW
plant, or $834/kW, is in the heat ex
changers. It is generally agreed that tita
nium heat exchangers will cost two to
three times as much as aluminum ones
for any given plant design and mission.

Marvin says that the difference be
tween the Lockheed and APL cost figures
are traceable to their assumptions re-

garding the technologies used in the heat
exchangers. Lockheed also recognizes
the cost advantage of aluminim and has
done an extensive ERDA-funded study of
the producibility of both titanium and alu
minum shell-and-tube heat exchangers.
The main difference in heat exchanger
costs between Lockheed and APl, if both
were aluminim, is due to the fact that the
APL heat exchangers have no shells. They
simply are fitted into rectangular openings
in the concrete platform, so that the sea
water can flow down over the tubes by
gravity (the ammonia working fluid is in
side the tubes).

The 3.5-inch-thick, welded spherical
aluminum shells proposed by Lockheed
account for one-third of their cost. Al
though titanium is more corrosion resis
tant than aluminum, the APL scientists say
that aluminum corrosion will be small
enough to have little affect on design for
the intended 20-year life. Also, with the
APL modular approach, if a few modules
should require repair or replacement in
less than 20 years, this can be done with
minimal affect on operating cost esti
mates.

The evaporators, whether aluminum or
titanium, will be fouled gradually by
microorganisms in the warm seawater.
Some experiments by J. G. Fetkovich of
Carnegie-Mellon University in the Pacific
Ocean just off Keahole Point, Hawaii, have
indicated that the fouling buildup wil be
very slight in the first two to four weeks
after each cleaning. Additional tests by
APL and the Natural Energy Laboratory of
Hawaii are now starting at Keahole Point,
using a full-scale section of the APL heat
exchanger.

In a shell-and-tube heat exchanger,
which puts the seawater inside the tubes,
TRW and Lockheed have proposed to
shoot abrasive-coated rubber balls
through the tubes to clean them. (Hydro
nautics Inc., studying cleaning methods
for ERDA says the system may not be

.practical.) The APl concept is to use
moving water jets to clean the outside
(seawater side) of their tubes. Both
methods remain to be demonstrated on
the specific heat exchanger designs in
1977 or possibly early 1978. The water-jet
method is used successfully in shipyards
to clean very heavily fouled ship hulls.

Biofouling mayor may not occur in the
condensers from the cold, deep water. But
pumping is not a problem. One spokes
man at the 4th OTEC conference (New
Orleans, La.) this spring, Dr. O. Roels,
mentioned that cold water from 875-m
depth had been pumped continuously for
the past five years at a site off St. Croix,
Virgin Islands.

The big decision is how fast to get to
the actual use of the thermal gradient. APL
recommends a 5-MW module in addition
to the 5-MW system ERDA claims will be
operating in 1980.

A basic requirement for OTEC is the
adequacy of the thermal gradient. This is

Volume 11, Number 7, July 1977 653



OTEC-1. ERDA will outfit the barge with a state-of-the-art heat exchanger; early ocean
tests are planned for 1979

fundamental for the heat exchanger de
sign and determines where commercial
OTEC plants can be sited. For example,
if the heat exchanger is designed for one
delta Tand operates at a smaller delta T,
the operating efficiency would be de
creased.

The energy savings

One might wonder how an OTEC plant
in the ocean, making ammonia, would
help with the U.S. energy situation. APL's
E. J. Francis explains. Today, about 3 %
of the natural gas supply in the U.S. goes
for the production of ammonia. In the past
two years, the price of natural gas has
increased about 660 %. By 1985, about
7-8% of the "lower 48" states' natural
gas supply will be used to make ammonia,
75 % of which would be used in fertilizer,
principally for corn and wheat produc
tion.

How this ammonia production relates
to the OTEC funding picture is quite vivid.
Before the natural gas price escalation,
the number of OTEC plants required to be
built before a return on investment could
be realized was six or seven. With the
price escalation, only two or three OTEC
plants for ammonia production may have
to be built, with partial government sup
port, before a return on investment ade
quate to attract full private funding can be
attained for subsequent plants.

On an OTEC plant, all raw materials for
ammonia production are available. Hy
drogen would be obtained from the elec
trolysis of fresh water made 1rom sea
water. Nitrogen would be obtained by air
liquefaction.

Further, with ammonia production there
is no major problem with logistics. Nor is
there the problem of transmitting the
electricity shoreside. The ammonia would
be generated on the OTEC and then
shipped to the U.S. in refrigerated tankers
such as already exist.

The transmission of electricity from a
submerged OTEC plant to the shore faces
the hostile environment of 2500-4000-ft
depths. Pressures are roughly equivalent
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to about 1100-1800 psia. Conventional
alternating current line losses include
radiated power, high voltage corona leaks,
and resistance losses. If the OTEC plant
generates high voltage direct current,
there are primarily just corona and resis
tive losses. For this reason, the electricity
generated by an OTEC plant at a specific
offshore site probably would be sent
ashore as high voltage direct current.
Once ashore, it would go through an in
verter, to change to alternating current
usable in the U.S. power grid.

For the roving, tropical, OTEC/ammo
nia plant another aspect is to reduce the
cost of the electrolysis operation, ob
taining hydrogen gas from seawater. In
Avery's view, the cost is 1.7 times higher
than it need be. The cost might be cut in
half in six or seven years.

An electrolytic process of General
Electric would be used, which involves a
solid-polymer electrolyte cell. The sea
water is on one side of a solid membrane,
and hydrogen gas comes off the other side
of the membrane. The solid polymer
electrolyte (SPE) is Teflon with S03
groups. This membrane is impervious to
everything, with the exception of hydrogen
ions (H+).

Some 45 000 hours, spanning four
years of operating experience, have been
logged with such cells. The SPE film,
made by Du Pont, is protected by patent.
To date, it has only been made in pilot
batches; its cost is about $20/fl2. In re
cent tests, GE has been using an alter
native material that may prove lower in
cost.

Go Hawaii

In its first annual report (1975), the
Natural Energy Laboratory of Hawaii said
that Hawaii is in a position to move ahead
in ocean and solar energy research and
development as the federal energy pro
gram crystallizes.

Former ERDA administrator Robert
Seamans compared this energy research
organization in Hawaii with the U.S. space
program, which he organized in the early

60's. In his view, this new laboratory will
be as crucial to the ERDA as the Kennedy
Space Center was to the space program.
Other contenders for energy labs include
Florida, Louisiana, and Puerto Rico.

An Hawaiian site is natural. "Almost all
of the energy in Hawaii derives from oil,
and all, of necessity, is imported by sea,"
Governor George R. Ariyoshi said. During
1972, only 22 days with significant
amounts of cloud cover were reported
from the relatively new Keahole airport.
The port of Kawaihae, 23 miles northeast
of Keahole Point, is a commercial deep
water harbor.

This site, on Keahole Point, fulfills the
requirements for an ocean-related natural
energy research lab. A land parcel of
approximately 140 acres along the
shoreline has already been designated.
Aside from tourism, a preferred new in
dustry on the Big Island (Hawaii), as in the
state as a whole, is research and devel
opment. The west coast of the Big Island
offers excellent potential. Research
vessels can easily moor at the deepwater
port at Kawaihae.

Prognosis

It has been said that the developing
nations of the world with thermal gradients
now have an untapped resource. But how,
under the sun, are they going to be able to
finance high technology? Unless, of
course, the U.S. develops it and gives it
away in the form of aid!

A difficult obstacle confronting OTEC,
or any federal program for that matter, is
the new federal exercise of zero-base
bUdgeting. Coming down to the bottom
line, at least in the mission analysis report,
under the "worse" conditions the price of
OTEC electricity is 2.5 times as expensive
as conventional electricity. The capital
intensiveness is a fundamental problem
that is delaying the widespread use of any
solar energy technologies, or other new
nonsolar energy technologies.

The market for OTEC plants within the
continental U.S. is relatively limited and
restricted to the Southeast states and
Hawaii. In the absence of private capital,
the federal government appears to be the
only potential source of funding for the
necessary R&D and initial construction.
So, the federal government and your tax
dollar must come forth to catalyze de
velopment of this solar resource. Mean
while, the more the prices of coal, oil,
nuclear fuels escalate, the more eco
nomically viable OTEC becomes.

EPRI, the official research arm of the
electric utilities, has no plans, as yet, for
a R&D effort in the OTEC area. Neither
does the Fertilizer Institute of America,
nor the chemical industries represented
by the Manufacturing Chemists Associa
tion. One glaring omission in the Presi
dent's budget request for fiscal year 1978,
and his energy concerns, is a national
mandate for priority demonstration of
OTEC plants. SSM



Under the authority of Section 111 of the Clean Air Act, as
amended, the U.S. Environmental Protection Agency (EPA), on
December 23,1971, promulgated its first group of new source
performance standards (NSPS), which placed restrictions on the
allowable emissions from new plants in five industrial categories.
These were followed in 1974 by standards for seven additional
industries, and standards covering several others have now either
been promulgated or are in varying stages of development.
Moreover, four substances (asbestos, beryllium, mercury, and
Vinyl chloride) have been designated as hazardous air pollutants,
and emission standards for the first three were promulgated in
1973 under Section 112 of the Clean Air Act.

Of fundamental importance to enforcement of the above
standards is the measurement process. At the time that the initial
NSPS were established, many of the measurement methods
used to determine compliance with these standards had not been
fully evaluated, nor had their precision, accuracy, and general
reliability in the hands of typical users been determined. It is for
this reason that the Quality Assurance Branch, Environmental
Monitoring and Support Laboratory, EPA, has for the past three
years been engaged in a systematic program to standardize or
validate those source test methods that will be used to determine
compliance with these federal emission standards.

Collaborative tests have been, and are being
developed to establish monitoring procedures
for keeping tabs on Clean Air Act compliance

M. Rodney Midgett
u.s. Environmental Protection Agency
Research Triangle Park, N.C. 27711

Traditionally, the within-laboratory and between-laboratory
precision of test methods is determined through collaborative
testing (round-robin testing). The collaborative test is designed
so that each participant makes one or more measurements on
identical samples by use of the same test method. Then, from
a statistical analysis of the results, an estimate is made of the
Within-laboratory and between-laboratory precision of the test
method. This general technique has been used very widely for
the validation of methods for the analysis of such materials as
water, drugs, food and agricultural products, fertilizers, coal, and
ores.

Experience has shown that before a stationary source test
me)hod can be successfully collaboratively tested, it must be
described in sufficient detail to ensure that each collaborator
uses exactly the same sampling and analysis procedures. Fur
ther, it must give repeatable results when one laboratory ana
lyzes the same sample several times. This repeatability can be
assured only through intensive method evaluation, which now
constitutes a large portion of the total program. This evaluation,
followed by collaborative testing, is resulting in more fully de
scribed methods of known precision and accuracy, and of proven
reliability.

The standardization process

The validation of source test methodology is a complex,
lengthy, and costly process, but years of experience have indi
cated the need for a complete and systematic examination even
for those methods and measurement principles with fairly ex
tensive histories of usage. Basically, this examination consists
of the following steps:

• The method is examined for technical accuracy, clarity,
and completeness of detail.
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• The method is subjected to a thorough and rigorous labo
ratory evaluation, which may include investigations of sample
collection efficiency, applicable concentration range, mode of
calibration, and effects of interferences.

• The method receives field evaluation at an applicable test
site; statistically designed experiments, with novel and original
evaluation techniques to determine its performance under typical
field conditions, are often performed.

• Finally, the method is submitted to an interlaboratory col
laborative test at an appropriate test site. Qualified participants
determine its precision, accuracy, and field reliability. Based on
the test results and other information gained from the test, a final
draft of the method is prepared and recommendation is made
for its adoption by the agency.

Collaborative test design

For collaborative tests of a stationary source emission
method, both the sampling and the analytical procedures must
be evaluated, usually at a real source representative of those
where the method will be used. All participants must have ac
cess to the same pollutant concentration in the stack, for, if they
cannot obtain identical samples, they surely will not get repro
ducible results. For gaseous pollutants, this can frequently be
accomplished by extracting a side stream from the stack and
piping it to ground level, where it is delivered through a manifold
to the collaborators who simultaneously sample the gaseous
pollutant.

Collaborative testing of methods for pollutants that exist in
particulate form is complicated by the requirement that all test
teams sample the material isokinetically directly from the stack.
Here the problem becomes one of the simultaneous extraction
of representative samples from the stack by each of the colla
borative test teams. Since spatial and temporal variations may
constantly be occurring in both the velocity profile and the pol
lutant profile, an attempt must be made to compensate for this
so that each participant has access to statistically identical or
equivalent samples.

Because they could not ensure for statistically identical or
equivalent samples, previous test designs were considered
imperfect, and often included source variability in the precision
estimates. Thus, a different approach was sought for collabo
rative testing methods for pollutants that exist in particulate form.
The result was a new test design that uses paired sampling trains
in which two probe-pitot tube assemblies could simultaneously
sample at very nearly the same point in the stack. Since the
paired probe tips sample in rather close proximity, the effects
of spatial and temporal stack variation on the samples collected
by the adjacent probes are greatly minimized. This test design
employed six independent test teams operating separate trains
in three of the paired train systems for the entire duration of the
test. Both trains in the remaining pair were operated by a single
team, with one operator running both meter boxes. Since all
equipment in each train in this pair was virtually identical, had
been carefully calibrated, and was operated by the same indi
vidual, the sample pair collected during any given run could be
considered replicates.

Estimates of the variability within a laboratory were based
upon the differences in concentration reported by the paired-train
laboratory for the replicate samples on each determination or
run. Differences among laboratories were estimated by contrasts
between paired trains that were operated by the six single-train
laboratories.

Data analysis

Prior to evaluation of the precision of a method, the deter
minations are tested for equality of variance by means of Bart
lett's test for homogeneity of variances. In addition, the deter
minations are passed through either of two common-variance
stabilizing transformations; the logarithmic or the square root,
and Bartlett's test is again applied. The use of transformations
serves two purposes. First of all, it can put the data into an ac
ceptable form for an analysis of variance; and secondly, it can
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provide information concerning the true nature of the distribution
of sample points. The transformation that provides the highest
degree of run equality of variance is accepted and used for de
riving the precision estimates.

When the distributional nature of the data is such that its
original or linear form provides the highest degree of equality
of variance, a constant variance that is independent of the mean
level is implied. In this case, the variances are estimated by a
pooled analysis of variance on the original data.

Probe. A technician takes samples from stack gases; another
records the data from the instrumentation

In order to provide the maximum useful information, the test
must be designed, and the data analyzed in such a fashion that
the precision estimates for a determination can be partitioned
into their respective variance components. The variance com
ponents of interest are:

• the Within-laboratory standard deviation, (J, which measures
the dispersion in replicate single determinations made by one
laboratory team sampling the same concentration level

• the between-laboratory standard deviation, (J~, which
measures the total variability in a determination caused by si
multaneous determinations by different laboratories sampling
the same true-stack concentration

• the laboratory bias standard deviation, (JL = V (Jb2 - (J2 ,

which is that portion of the total variability that can be ascribed
to differences in the field operators, analysts, and the instru
mentation, and to different manners of performance of proce
dural details left unspecified in the method.

With respect to the accuracy of a method, an attempt is made
to define its absolute accuracy; this is, how well the measure-
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previous single-laboratory study indicated that for nonturbulent
streams, Method 2 provides an accurate estimate of the true
stack gas velocity at velocities of 55-60 ft/s.

Gas analysis

Several collaborative tests of the Orsat methodology for the
determination of carbon dioxide (C02), excess air, and stack gas
molecular weight (EPA Method 3) have been conducted to in
vestigate various aspects of the method's performance. The
most recent collaborative field test, by use of a revised version
of Method 3, was conducted at a municipal incinerator. Estimates
of precision for the various parameters are summarized in terms
of standard deviation in Table 3.

Based upon the results of all studies completed, it is concluded
that:

• The Orsat method is tedious and requires great attention
to detail and technique.

• The original EPA Method 3 operator performance criterion
(three consecutive analyses that vary no more than 0.2% by
volume) is not easily met in the field, and even meeting this
criterion does not ensure that highly reproducible and accurate
resulls will be obtained.

• The use of Orsat data to convert particulate catches to such

TAIILE 1

Stack .... s-type pitot tube 2
veloclJend
volwnetrlc flow
rat.

Stack g.. Orsat 3
molecular
weight, C~. ~
Stack g.. Condensation and 6
moIItur. volumetric
content measurement
Particulates Dry filtration and 6

gravimetric
determination

SuHur dioxide Selective absorption 6
and barium thor!n
titration

NItrogen oxides Phenol disulfonic acid 7
Sulfuric acid Selective absorption 8
mlltllUHur and barium lhorIn
cRoxicle titration

Opacity of stack Visual estimation of 9
percent opacity

Carbon Nondisperslve 10
monoxide infrared

absorption

ment value agrees with the actual or true value. Estimates of
method accuracy must frequently be based on the analysis of
standard cylinder gases. One approach is to have each collab
orator measure the concentration of the cylinder gas (or other
material), after which a mean and a standard deviation are cal
culated for the group of collaborators. A 95 % confidence interval
is then calculated around this mean. If the true concentration of
the cylinder gas lies within this 95 % confidence interval, then
the method is said to be unbiased and accurate within the limits
of its precision.

A more common means of stating method accuracy consists
of averaging the respective biases of all collaborators and ex
pressing this average as a percentage (either positive or nega
tive) of the overall mean, or of the true value, when known. Both
approaches to stating method accuracy will be found in the
various collaborative test reports.

Since the initiation of the program in August 1972, evaluations
and collaborative studies have been done on a number of
methods. Table 1 lists those methods for which some collabo
rative testing has already been completed, and a discussion of
the results of these investigations will now follow. Those readers
interested in a more detailed discussion and interpretation of
these results are referred to the review by Midgett, and to the
individual collaborative test reports.

Velocity

For example, collaborative tests of the Type S Pitot Tube
Method for stack gas velocity and volumetric flow rate (EPA
Method 2) were conducted at a Portland cement plant, a coal
fired power plant, and two different municipal incinerators. The
precision components were shown to be proportional to the
mean of the determinations and are expressed as percentages
of the true mean in Table 2 for both the velocity and the volu
metric flow rate determinations.

Based upon the results of these tests, the precision of the
volumetric f1ow-rate determination seems adequate for use with
other test methods in determining pollutant emission rates. A

.. ...: . .... . .
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reference conditions as 12 % CO2and 50 % excess air can in
troduce significant errors into the corrected particulate load
ing.

• The Orsat method is, however, quite satisfactory for use
in determining stack gas molecular weights.

Particulates

Collaborative tests of EPA Method 5 for determination of
particulate matter emissions were done at a coal-fired power
plant, a Portland cement plant, and a municipal incinerator, with
the early test design that has subsequently been abandoned.
Although attempts were made to find the best test sites available
at the time, the power piant testing was conducted at a far
less-than-desirable sampling location. Also, the cement plant
was subject to extreme load variation over the duration of the
test. For the purpose of statistical treatment, the determinations
were grouped into blocks by means of the most appropriate
blocking criteria that could be devised for each test. A coefficient
of variation approach was then used to calculate a within-lab
oratory, between-laboratory, and laboratory bias component for
each test. These ranged from 25.3-31.1 %, 36.7-58.4 %,
19.6-51.0%, respectively, for the three tests.

Because of problems and uncertainties in the original test
designs, as well as difficulties with the test sites, a fourth col
laborative test of Method 5, using the paired sampling train test
design previously discussed, was undertaken. The test, con
ducted at a municipal incinerator in September 1975, used a
revised and more detailed version of Method 5, since the original
method write-up was considered deficient.

Data analysis produced the precision estimates shown in
Table 2. (See also Table 3 for the moisture fraction results.)
These test results show the precision capabilities of Method 5
to be considerably greater than had been previously thought, and
this improvement may be due in part to better test design. There
was no feasible way that the accuracy of the method could be
estimated under field conditions. Those readers seeking a
complete discussion of the probable reasons for the poor pre
cision obtained on the earlier tests are referred to the review by
Midgett.

S02/NOx

EPA Method 6 for S02 was evaluated, and then was colla
boratively tested at two different sites-a 140-megawatt coal
fired electric generating plant, and an oil-fired pilot combustion
plant. Analysis of the data by means of a coefficient-of-variation
approach provided estimates of the precision components listed
in Table 2. From these values, it is evident that Method 6 is ca
pable of good precision when used by competent personnel.
Analysis of standard sulfate solutions indicated that most of the
precision variation is found in the field-sampling phase of Method
6, as opposed to the analytical phase.

A gas cylinder accuracy test first showed Method 6 to be
accurate at S02 concentrations of up to about 480 mg/m3 , but
indicated that it acquires a significant negative bias above the
range of about 480-800 mg/m3 . However, more recent work
within EPA has indicated that this conclusion was in error, and
the method is unbiased up to S02 concentrations of at least 5000
mg/m3 .

EPA Method 7 for NOx was evaluated for interference effects
in the laboratory, and then subjected to collaborative testing at
the same two sites used for the Method 6 tests described above.
A third test was conducted at a nitric acid plant. The data from
the first two tests were pooled to provide a larger data base, and
then analyzed with a coefficient-of-variation approach. A similar
analysis was performed on the nitric acid plant data. The resulting
precision estimates are presented in Table 2, first for the pooled
power plant/pilot combustion plant data, and then for the nitric
acid plant data.

Because of the larger data base resulting from the pooling of
the data from the first two tests, and because of the frequently
unstable conditions encountered at the nitric acid plant, it is felt
that more reliance may be placed on the precision estimates
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obtained from the former tests. Analysis of a standard test at
mosphere established that Method 7 is unbiased and accurate
within the limits of its precision.

Sulfuric acid mist

EPA Method 8 for the measurement of sulfuric acid (H2S04 )

mist (including any free 803) and 802 was collaboratively tested
at a dual-absorption contact process sulfuric acid plant. Simul
taneous samples were collected by four collaborative test teams
in a manner analogous to that previously described for the earlier
Method 5 tests.

Inspection of the data revealed that H2S04 mist concentrations
varied by as much as an order of magnitude between collabo
rators within single runs, with several very high values occurring.
S02 determinations varied by as much as a factor of two, and
showed a significant negative correlation with the variation in
the H2S04 mist values.

The precision components shown in Table 2 for H2S04 mist,
and in Table 3 for S02, were developed after six extraordinarily
high acid mist values were excluded from the data set. Thus, the
precision of the acid mist determination was extremely poor in
this test and the S02 determination, while better than that of the
acid mist, was not highly precise either. However, the analytical
phase was found to be precise and accurate.

Because of the significant negative correlation between the
H2S04 mist determinations and the S02 determinations, one is
immediately led to suspect some intrinsic problem in the method.
But at this time, it is impossible to say whether the imprecision
observed is due to a real deficiency in the method, some phe
nomenon peculiar to the test site, or other unknown factors.

Opacity

Collaborative testing of EPA Method 9 for visual determination
of opacity of emissions from stationary sources was conducted
by certified observers at three collaborative test sites: a training
smoke generator, a sulfuric acid plant, and a fossil fuel-fired

Stack. Particulate matter test is being validated here



steam generator. The initial test on the training smoke generator
was conducted to provide background information on the use
of the method, while the test at the sulfuric acid plant and the
fossil fuel-fired steam generator was conducted to obtain in
formation on the use of the method on applicable sources under
field conditions.

Composite precision estimates based upon the results of all
the tests were derived, and these are shown in Table 3. With data
from the training generator and from Test 3 at the steam station,
a composite estimate of the accuracy of Method 9 was derived
for ideal (clear sky) conditions. This estimate compares the
expected deviation of the observer from the average metered
opacity, and is given by the equation, deviation = 3.13 - 0.31
(meter average), for the range from 5-35%, average opacity.

.. . - .... . .
Methods 1-9: Federal Register, 38 (247), 24876
24895(1971)

Methods 10-11: Federal Register, 3. (47),9308
9323 (1974)
Method 9 (revised): Federal Register, 3. (219),
39872-39876(1974)
Methods 1-8 (proposed revislons~ Federal Register,
41 (111),23060-23090(1976)

With respect to the other experimental factors and variables
studied, it was concluded from the clear-sky data of Test 3
that:

• The angle of observation does affect the observer's de
terminations, and, in this study, the most accurate readings were
made when the group was at an approximately 45-degree angle
to the sun.

• The experienced observers were able to read average
opacity more accurately than the inexperienced observers, but
the difference occurred mainly in the high opacity range
(~25%).

• Attempts at reading opacity in increments of 1% produced
greater within-observer variability and was less accurate than
reading in 5 % increments.

• Averaging the results of two observers yielded increased
accuracy over the result of a single observer.
Based partly on the results of these studies, Method 9 was re
vised and improved and has now been repromulgated to replace
the original method of 1971.

Carbon monoxide

A collaborative test of EPA Method 10 for carbon monoxide
(CO) was done at a petroleum refinery, where seven collabo
rators sampled the emissions from the CO boiler downstream
of the fluid catalytic cracking unit catalyst regenerator. An in
direct approach based upon the pairing of runs of similar con
centration was used to estimate the precision components of
the method shown in Table 3. From an analysis of cylinder gases
supplied by the National Bureau of Standards (NBS), a somewhat
similar between-laboratory term was calculated (26 mg/m3 as
compared to the 32 mg/m3 shown in Table 3 for the field data).
Howevl3r, the standards data showed about a threefold im
provement in the within-laboratory standard deviation over the
field data (5.2 mg/m3 vs. 14 mg/m3), and this is probably due to
the presence of some source variability in the field esti
mates.

As done in this study, Method 10 produced results with only
moderate accuracy of ±101 mg/m3 (2<T level), on the average,
over the concentration range of 277-1048 mg/m3 of CO. One
factor that adversely affected the accuracy of Method 10 was
the failure of many of the collaborators to correct adequately

for the nonlinearity response characteristics of their instruments.
Another factor was the calibration gases themselves, some

of which were in error by as much as 30 %, when compared with
the NBS standard gases.

Future plans

Results obtained thus far from the methods standardization
program indicate that the program has been successful for the
most part, although questions concerning the performance of
some of the methods tested still remain. It has been shown that
the methods for stack gas velocity and volumetric flow rate,
particulates, sulfur dioxide, nitrogen oxides, and plume opacity
(Methods 2, 5, 6, 7, 9) are indeed reliable if used properly under
the conditions for which they were designed. The Orsat proce
dure (Method 3) is generally satisfactory, provided that its limi
tations are recognized, and that its limits of precision can be
accepted. The method for carbon monoxide (Method 10) is
thought to be capable of good accuracy and precision, but it
appears that the suppliers of standard gases need to improve
the state of their technology. The collaborative test also indicates
that some users of nondispersive infrared (NDIR) instrumentation
need further training in correcting for the nonlinear response
characteristics of their instruments.

Results of the tests of the sulfuric acid mist/sulfur dioxide
method (Method 8) indicate that either this method suffers from
extremely poor precision, or that the test design was incapable
of compensating for the normal range of concentration and
velocity variation in time and space at the selected test site. The
cause of this poor precision has been investigated, and another
collaborative test of the method, using paired sampling trains,
has recently been completed. The results of this test are not yet
available.

It should be pointed out that EPA Methods 1 through 8 have
recently been revised (1976), and that many of these revisions
reflect refinements and improvements brought about through
the methods standardization program. While the basic chemistry
and procedures of these methods remain unchanged, the revi
sions supply much needed detail, and correct other deficiencies
of the original versions. They are due for promulgation in a
forthcoming issue of the Federal Register.

Several other test methods are now in various stages of the
standardization process. These inciude methods for mercury,
vinyl chloride, hydrogen sulfide, fluorides, polychlorinated bi
phenyls, lead, and arsenic.

The hydrogen sulfide method (Method 11) was evaluated in
the laboratory and found to suffer a major interference from
thiols, which are common constituents of such gas streams. A
modified method, which is designed to eliminate this interference
problem, was therefore developed, and this method has now
been collaboratively tested. A report on the work is in progress.
Field investigations of the fluoride method (Method 13) are
complete and a collaborative test has recently beer. conducted.
A report on this work will also be forthcoming.

Additional reading

"National Emission Standards for Hazardous Air POllutants," U.S. En
vironmental Protection Agency, Federal Register, 38 (66), 8820-8850
(1973).

Midgett, M. R., "The EPA Program for the Standardization of Stationary
Source Emission Test Methodology-A Review," U.S. Environmental
Protection Agency, Research Triangle Park, N.C. Report No. EPA
600/4-76-044 (1976).

M. Rodney Midgett is chief of the Source
Section, Quality Assurance Branch, En
vironmental Monitoring and Support
Laboratory, EPA. For the past 15 years,
Midgett has been employed in various
Federal programs concerned with both
water and air pollution, and has numerous
technical publications' to his credit.
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Clean drinking water, free of disease-causing agents, has long
been taken for granted in the U.S. However, the public's confi
dence was shaken when a series of drinking water samples from
several major U.S. cities was analyzed last year and found to
contain possible disease-causing agents.

With the discovery of these potentially dangerous substances,
came the question of the relationship between many chronic
diseases and the chemical composition of treated water. This
question was discussed at a workshop held under the auspices
of the National Academy of Sciences Subcommittee on the
Geochemical Environment in Relation to Health and Disease
(GERHD) at Captive Island, during the fall of 1974. This paper
summarizes the major findings of the workshop: the health ef
fects of trace elements in drinking water, their sources and
distribution, and the effects of water treatment. The workshop
pointed up the need for more reliable data.

Although the true incidence of acute water-borne disease is
difficult to estimate, documented outbreaks caused by chemical
poisoning in the U.S. during the period 1946-1972 numbered
19, which involved 279 cases of illness. This chemical con
tamination of drinking water resulted both from man's activities
and from natural geochemical sources.

The influence of chemical constituents of water on the de
velopment of certain chronic disease, however, still remains
controversial and unresolved. Many studies have shown a
relation between water hardness and certain cardiovascular
diseases. Data have also been presented that suggest a link
between selected trace elements and certain cancers, and be
tween calcium and magnesium and urolithiasis. These data
however, are not unequivocal. A further study of these rela
tionships is desirable from a public-health standpoint. Attempts
to relate problems of health and disease to specific element
concentrations in water or to a broad population base are
meaningful only if the source and the effects of treatment and
delivery of that water are considered. Comprehensive and reli
able chemical data (especially trace elements) of finished water
supplies in the U.S. are badly needed.

Intake of trace metals

While water seems to offer the most direct means of studying
the relationships between trace metal intake and human health,
food is man's major source of trace metals. It is possible that
the physiological availability of metals in food and water may be
different. If water is to provide a significant contribution to the
body burden of trace metals, the metal must be more readily
available in water than in food.

The community Water Supply Survey, which covered 969
water systems in nine geographic areas around the country,
collected water samples at the consumer's tap. It was not a to
tally representative sample of the U.S., but its wide coverage
provides an estimate of the metal intake from potable water
(Table 1).

The importance of chemical speciation of metals on body
assimilation has been demonstrated by comparative studies that
have shown high uptake of methyl and dimethyl mercury but not
inorganic mercury from the intestinal tract. In addition, numerous
studies have been conducted that document variations in the
availability of trace metals in water as a function of other dietary
components such as phytates, hemicelluloses, and amino
acid-carbohydrate complexes.

The chemical form of substances in natural water or in water
entering a treatment plant affects the efficiency of their removal.
For example, stable, water-soluble complexes of metals with
either organic or inorganic ligands can pass through a treatment
plant unaffected. Sand filters are generally less effective for

metal removal than treatment involving coagulation. Chlorination
of water following treatment will often degrade organic com
plexes of metals.

As water leaves the plant and enters the distribution system,
it is again subject to concentration and species variation through
interaction with other warm constituents and reactions with el
ements of the distribution system. Calcium and magnesium salts
associated with water hardness are excellent coprecipitators
of divalent ions such as zinc, cadmium, and lead, and often ac
cumulate on the wall of pipes in the distribution system.

Investigations have found a relationship between cadmium
and hypertension, and an inhibition of the cadmium effect by
water hardness. The effect of water hardness on cadmium
availability can logically be attributed to the tendency of car
bonate and phosphate-the anions often associated with water
hardness-to precipitate cadmium, thus either effectively re
moving it or converting it to an unavailable chemical form.

Reliable techniques are not available for identifying such
species in water at present. However, computer models are
available for calculating most probable species by using avail
able information on formation constants of the various metal
inorganic and organic complexes that could occur in such sys
tems.

Work reported by several investigators has also indicated that
the amount of hardness in surface or groundwater supplies has
a bUffering effect that decreases the toxicity of certain trace
substances and influences the growth of aquatic life. The general
trend that the toxic effects of metals decrease with increased
water hardness has been noted by investigators working with
water-pollution problems in the metal-mining industries. This
apparent bUffering effect of water hardness may play an im
portant role in protecting livestock.

On the other hand, there is a good correlation between ce
rebrovascular mortality and the acidity (softness) of water
supplies. Investigators are attempting more clearly to define the
role of drinking water in cardiovascular diseases.

With few exceptions, relatively little is known about the quality
of water In individual water wells. It is, therefore, difficult to
equate health problems with the quality of water in the rural areas
of the U.S.

Reviews of water-borne diseases found that over 92 % of the
cases involving public systems were associated with the water

TABLE 1

CommunRy waler oupplla.

Average Percentage 01
concn, Microgram Intake .ample. wRh mglL

Melal mg/L al2 L/day or more

Cadmium 1.3 3 63
Chromium 2.3 5 11
Cobalt 2.2 4 62
Copper 134.5 270 99
Iron 166.5 440 99
Lead 13.1 26 74
Manga- 22.2 44 78

nese
Nickel 4.8 10 78
Silver 0.8 2 23
Zinc 193.8 390 100
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source and treatment deficiencies. However, most disease
outbreaks associated with private water systems resulted pri
marily from the use of untreated groundwater.

Metal contamination in drinking-water supply systems in rural
areas utilizing individual water sources will continue to be a
problem to the epidemiologist. Many incidences of metal toxicity
have been reported connected with the pH of the water supply
and the type of storage or distribution system utilized.

Sources and treatment

To conduct meaningful studies in this area, one must be
cognizant of the mechanics of drinking-water delivery systems
in the U.S. Water used for drinking is essentially a local product.
That is, it is normally consumed within a reasonable distance
of its source.

A distinction needs to be made between raw and finished
(treated) water and between community and individual water
systems. Data must be obtained on raw-water sources, the
treatment of water, the chemical composition of water as it
comes from the tap, and the nature of the chemical species
present.

In most metropolitan areas, water is generally treated before
it is consumed. However, the degree and effectiveness of
treatment may vary dramatically from one water district to an
other. Attention paid to natural surface-water or groundwater
composition may be misleading if one ignores the changes ef
fected by treatment on the chemistry of a particular water
source.

Trace-element chemistry of surface water varies greatly in
composition on a seasonal basis. Groundwater from a given
source or aquifer, however, tends to be of reasonably constant
composition over time. Iron, nickel, cobalt, cadmium, lead, zinc,
and copper are most likely to be removed by the lime-softening
process, while lithium, selenium, molybdenum, and arsenic are
most likely to pass into the delivery system (pipes) relatively
unchanged. However, water as it emerges from a tap may have
been changed considerably from what entered the delivery
system.

A major source of metal contamination of drinking water is
the water supply itself. This contamination begins with the
chemicals used during treatment. Copper is often added for algae
control in reservoirs. Treatment chemicals contain trace metals
and may (and undoubtedly do) contribute to trace-metal con
centration levels found in water. Corrosion of the distribution
system and household plumbing add to the metal content of
drinking water.

An industrial health survey was conducted in Chicago in 1968.
Water samples collected as part of this survey prOVided an op
portunity to determine the metal content of a large number of
samples from a single system. Composite samples were col
lected at the treatment plants, and these results were compared
with 550 grab samples collected from the distribution system
to give an indication of metal pickup. The percentage of samples
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that picked up trace metals was: cadmium, 15; chromium, 17;
cobalt, 10; copper, 28; iron, 39; lead, 20; manganese, 32; nickel,
34; silver, 15; and zinc, 67. When corrosive water is distributed,
metal contamination can be even more serious.

Distribution studies conducted in Seattle and Boston (Table
2) illustrate the effect of corrosive water on tap-water quality.
Both Boston and Seattle use impounded surface water, and
chlorination is the only disinfection treatment. The hardness and'
alkalinity of these waters are remarkably low and the pH is on
the acidic side. The dissolved oxygen content of Seattle's water
approaches saturation; this makes Seattle waters excellent
solvents that exhibit aggressive corrosion tendencies.

The difference in metal pickup between these systems is
probably related to the type of plumbing material and service
lines in use. In Boston a high percentage of homes sampled had
lead service pipes, whereas in Seattle copper and galvanized
iron were more commonly used. No lead pipes were reported
in Seattle and the source of lead in this case was probably from
the solder used to join the copper piping.

Until recently, few states had minimum standards governing
the employment of treatment-plant operators, but the situation
is rapidly changing. Currently 36 states have some type of pro
gram that requires mandatory certification of operators. The
quality of these programs varies from stringent examination to
adherence to general formalities. The trend, however, is toward
the examination procedure.

There is a shortage of private and public funds for training
professional and technical personnel in the water-treatment field.
A major problem exists in drinking-water research because of
this lack of training.

Quality of drinking water

Except for those health studies conducted after-the-fact, when
pollution of water sources has been suspected, virtually no na
tionwide data exist on the quality of the water as it comes from
users' taps. The EPA's Interstate Carrier Water Supply study
unfortunately covered a large population but a small geographic
area. These data, however, are primarily from treatment plant
taps (finished water sources).

Although water-plant analyses may be well performed, little
is known about the changes in the chemical quality of the water
as it moves through the distribution system. Many large cities
probably possess such data in unpublished form, and these data
would be valuable to epidemiologists who could use them to
facilitate study of urban populations large enough for reliable
statistical analysis. Funds for this purpose have, in fact, declined
decidedly in the last 5 years, and the money available for re
search in water treatment and quality has decreased to the extent
that more is known about wastewater than about drinking
water.

Sampling, laboratory methods, data

Samples are generally collected at an operator's convenience
and not according to some reliable procedure. This practice
maximizes the condition for data variance. It is particularly im
portant to establish a range of values for surface-water supplies,
because water quality varies considerably. A literature search
indicates no uniform sampling or sample storage procedures
used prior to analysis by all health research groups. This defi
ciency leads to collection procedures that are redundant or in
compatible to the point of being almost useless.

Good sampling, storage, and preservation procedures used
on a nationwide basis are badly needed, and additional studies
on this subject should be made at the earliest possible time. In
a survey conducted by the Trace Elements and Toxicity Sub
committee of the Committee on Water Quality, Environmental
Engineering Division, American Society of Civil Engineers
(ASCE), the data indicate that only four of the 50 states and four
possessions of the U.S. have criteria for evaluating or accrediting
their testing laboratories. Virtually no programs exist for sample
exchange and for analytical cross-checking in any state.

Only the largest cities can afford their own analy1ical facilities.



Age-adjusted rate
• Signif. high, In highest decile

Signi!. high, not in highest declle
CJ In highest decile, not signlf.
o Not signlf. different from U.s.
o Signif. lower than U.S.

Most small systems must use commercial laboratories, a
practice that immediately raises problems, not only of laboratory
quality but of sample collection, and of the effectiveness, length,
and conditions of storage.

The research scientist must have confidence in the reliability
of the data he is using if studies relating water chemistry to health
and disease are to have meaning. Two important aspects of the
reliability of water-quality data are: the ability of the analytical
method or technique to generate valid data; and the capability
of the analyst to produce data in which a high degree of confi
dence can be placed.

It is obvious that to produce reliable data, the laboratory must
use methods of proven adequacy for the purpose intended.
Compendia of acceptable methods are available.

Any methods proposed as a standard acceptable method for
water analysis should, as a minimum requirement, be accom
panied by a statement giving the accuracy and precision of the
method. This precision statement expresses the degree of re
liability of the analysis, provided that the method is used by an
experienced analyst working in a properly equipped laboratory.
Such a statement assures the data user that the data have at
least this degree of reliability. In spite of the use of standard
analytical methods, data may be unacceptable because the
analyses were performed in a careless manner, or in an im
properly equipped or managed laboratory.

Concentrations of trace or minor constituents frequently are
so low that they approach the limit of detection of the analytical
method. Moreover, values of this small magnitude are often of
significance when the data are examined and related to their
effects on health and disease. When it is determined that such
very low concentrations are significant, special analytical
techniques must be used, the analytical costs increase appre
ciably, and the accumulation of sufficient data that can lead to
valid statistical treatment is severely limited. Most often a

compromise must be achieved whereby a statistically significant
amount of data must be obtained at a reasonable cost, usually
with more sacrifice of data reliability.

Water quality is a constantly changing factor, especially in
the case of surface waters. Consequently, reliance on a single
analysis is risky. Samples should be collected over a sufficient
period of time to identify the ranges of concentration that may
be expected for the several constituents of interest. Data re
porting the mean concentration over a period of time will be
more significant than data based on the analysis of a single
sample.

In practice, the frequency of reporting is erratic. More im
portant, the only information sought is whether or not certain
constituents exceed state or federal standards. As a result, the
bulk of data is being reported as a value of "less than" that re
quired for a particular standard and does not provide usable in
formation for the researcher. Another and perhaps equally im
portant factor is that few states require or request information
on elements other than those for which there are specific limi
tations or standards. Consequently, relatively little information
is available on those trace elements for which there are currently
no standards, and little information is accessible on anions at
all, except for chlorides, nitrates, sulfates, bicarbonates and,
possibly, phosphates.

Predictive mapping

Numerous problems are associated with producing reliable
nationwide maps representing water-quality parameters. Among
these are the availability and quality of the data, relevance of the
data to the purpose at hand, and the representation of the
threEHlimensional aspect of water sources on a twcxlimensional
map. For many trace elements of interest, the availability and
quality of the data are the most important constraints on map
production.
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Though the amount of trace-element data has increased
rapidly in the past several years. there are still large areas in the
U.S. with little or no available data. Presently no standard group
of trace elements that are routinely determined by all laboratories
exists.

Further. most data-storage systems that combine data from
numerous sources provide no means of evaluating the quality
of the data. When using these data. equal consideration is often
given to interpretations based on excellent or poor data.

It should be noted though. that many factors need to be con
sidered when constructing maps of trace-element distribution
in water. Water supplies in many areas can be obtained from
either streams or subsurface aquifers. Many areas are underlain
by ground aquifers. each capable of furnishing adequate water
supplies to municipalities. In preparing such maps it is important
to note. in fact. that many communities use multiple sources of
water supply; thus it is important to define the water used by each
population.

To better define the relationship between water hardness and
chronic disease. an area taking its water supply from an aquifer
whose chemical composition is uniform would be preferable.
For example. the Florida hardwater aquifers (Biscayne and
Floridian systems) all underlay an area of sufficiently large
population to be considered for this purpose. Furthermore. being
essentially a pure calcium carbonate system, the input of
magnesium would be minimal. This circumstance should. for
example. provide a means of studying the effects of calcium as
separate 'rom that of magnesium. Such a distinction is of interest
to those studying urolithiasis problems.

A population in the upper midwest or along those states
bordering the Great Lakes could be selected whose water source
is from a dolomitic aquifer. This would make it possible to study
the effects of hard water (dolomitic) with a high magnesium
content. Maps such as those showing hardness of surface and
subsurface waters can be extremely useful in this regard.

Considerable useful geochemical information pertaining to
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groundwater quality is also available. It is possible to delineate
those areas of the U.S. that should be of concern medically by
using hardness maps already available.

A large amount of reliable data on the quality of both surface
and groundwater can be obtained from cities, rural water co
operatives. private utilities. state geological surveys. federal
agencies. and many other sources. As a result of the problems
previously mentioned. the quality of these data must be evaluated
on a case-by-case basis.

If all the information could be assembled in central data
storage systems together with information on how, when, and
where the samples were collected, stored. and analyzed, this
knowledge could be more effectively used by epidemiologists
to establish criteria for making judgments. Similarly. if infor
mation from physicians were made more readily available, it
would be of great value not only to those interested in the geo
chemical environment and health but also to the professionals
in the fields of water treatment and distribution.

Recommendations

One method of expanding the usefulness of existing data on
both surface and groundwater chemistry (mostly major element
data-calcium, magnesium. sodium, potassium, bicarbonate,
and chlorine) would be to have maps of water quality plotted on
the basis of drainage basins of low- to medium-order streams.
This usefulness would be further refined by developing maps of
water-quality data on a distribution-system basis.

Greater emphasis needs to be placed on securing useful in
formation on concentrations of all the trace elements in
water.

Water-quality maps that separate concentrations of calcium
and magnesium, rather tt"ln combining the two in a hardness
map. would be of great value. To develop information on
trace-element speciation in natural water systems would be of
even greater value. The ionic species of an element present in
the water will have a great effect on its bioavailability.
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A system must be developed for collecting an accurate data
base on specific groundwater aquifers, and for determining the
quality of the tap water derived from these groundwater sources.
Only with the availability of reliable water chemistry data can
useful studies be conducted.

There is also a need to develop a data base and analytical
procedures on the chemical form of the specific metals asso
ciated with disease. In particular, it is necessary to know what
anions are associated with the metals in high- and low-risk areas,
and whether organic metallics are a major problem. It has been
reported that organics materially increase the mobility of metals
in an aquatic environment. Perhaps the same phenomenon also
makes these metals more available to biological systems.

Long-term multidisciplinary studies should be made of the
relation between the geochemical environment and disease,
particularly in those areas where the existing data base is reli
able. The studies should be of sufficient duration so that mean
ingful data collection, analysis, and interpretation can be made
to protect human health through better technology.
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A proposal for defining such a quantity
for 95 % of the nation's waterways

is presented that will aid the EPA
in implementing its mandate

under P.L. 92-500

w. Brock Neely
The Dow Chemical Company

Midmn~ Mich. 48640
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With the passage of the Federal Water Pollution Control Act
of 1972, the Environmental Protection Agency (EPA) received
the mandate to restore and maintain the chemical, physical and
biological integrity of the nation's waters. A paramount problem
then became the definition of just what constitutes a harmful
quantity (HQ) of any material alien to natural waters. The difficulty
in defining a HQ is compounded by the ambiguity of Section 311
of the law, by the wide variety of substances listed as harmful
(some 300 at the date of this writing), and by the ability of the
body of water to assimilate the substance.

So complex is the problem that four years after the enactment
of the amendments final regulations have not yet appeared. An
appreciation of the technical difficulty can be seen by examining
the photographs, which depict scenes of the Mississippi River
(250000 cfs river), a medium size river (1000 cfs) and a small
stream (50-100 cfs). Obviously what is a HQ for a small stream
may not be harmful for a large stream. How can this paradox be
resolved? The purpose of this paper is to set forth certain pa
rameters, well within the intent of the law, that, if followed, will
enable EPA administrators to define HQ.

P.L. 92-500 summarized

P.L. 92-500 requires the EPA administrator to designate those
chemicals that, when released into navigable water, constitute
a harm to the environment. Section 311 of the Act further re
quires the administrator to determine the amount of each des
ignated chemical that actually causes the harm. This amount is
referred to as harmful quantity (HQ). This determination of HQ
has compelled the EPA and its contractors (Battelle) to develop
methodologies capable of defining this number. The difficulty
may be more fully appreciated by referring to the actual section
of the law describing HQ.

Section 311(b)(4) describing the concept of HQ states, "the
President shall by regulation, to be issued as soon as possible
after the date of enactment of this paragraph, determine for the
purposes of this section, those quantities of oil and any haz
ardous substances the discharge of which, at such times,
locations, circumstances, and conditions will be harmful ..."
(emphasis added). The President assigned this authority to the
EPA administrator. In order to follow the letter of the law, the
administrator would have to have complete knowledge of an
accident before it occurred in order to take time, location, cir
cumstance and conditions surrounding the discharge (spill) into
the determination of a HQ. Obviously, this becomes impossible
and it is here that most of the difficulty resides in writing final
regulations.

Once established, the HQ value becomes very important,
especially when it is remembered that a discharge of this quantity
triggers the notification scheme and the calculation of the penalty
that will be levied against the discharger. When a person in
charge ot a vessel or an onshore facility has knowledge of the
discharge of a HQ, he is to immediately notify the appropriate
agency of the U.S. Government [Section 311(b)(5)]. A penalty
will then be assessed by the administrator under Section
311(bX2XBXiii). This penalty will be assessed on those hazardous

Large river. The 250 000 cIs Mississippi River flowing near St. Louis
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materials determined to be nonremovable; the penalty assess
ment has nothing to do with the HQ designation.

The penalty under Section 311(bX2XBXiiiXaa) is based on the
toxicity, degradability and dispersal characteristics of the sub
stance. Under Section 311(bX2XBXiiiXbb), the administrator can,
at his discretion, base the penalty on the number of units dis
charged multiplied by a dollar amount established for each unil.
The unit under this penalty clause is a unit of measurement based
upon usual trade practice. Usually, the penalty for such a unit
is in the range of $100-$1000/unit based, once again, on the
toxicity, degradability and dispersal characteristics of the sub
stance. This is a rather complicated procedure and may be more
easily visualized by means of a flow chart (Figure 1).

Proposed rule-making

The agency in its proposed rule-making under Section 311(1)
designated about 300 chemicals as hazardous, based for the
most part on 96-h LCso fish toxicity. They then divided the list
into four categories. The most hazardous was designated cat
egory A and had toxicity numbers of less than 1 ppm; category

B fell in the range of 1-10 ppm, followed by C at 10-100 ppm
and D at 100-500 ppm. Materials with a 96-h LCso greater than
500 ppm were not considered hazardous. In order to define the
unit of measure as described under penalty section (bbl, EPA
discovered that cyanide, a member of Category A, was shipped
in 1 Ib containers; hence a unit of measure based on usual trade
practice was one pound.

This is all quite reasonable. However, by a quantum leap in
logic, the agency arbitrarily equated one pound with a HQ for
Category A. The rest was simple; the fish toxicities in each
category went up by an order of magnitude, consequently HQ
was increased in a similar manner. This resulted in the following
table of harmful quantities (Table 1).

The Agency appears to be very comfortable with this ratio
nale. One of the reasons for this is that benzene happens to fall
into Category C with a HQ of 100 lb. For some reason, the
agency equates a 1OO-Ib spill of benzene with a sheen. A harmful
quantity of oil is a sheen on the surface of water. Since benzene
is derived from oil, and 100 Ib gives a sheen, then quid pro
quo.

In summary, the problems with the EPA proposal are:
• The agency has equated the unit of measure with HQ. This

has resulted in a very low value for HQ, which in no way is related
to harm. Furthermore, the proposed definition of HQ does not
even consider the time, locations and circumstances surrounding
the spill or discharge of a designated hazardous material.

• According to the law, the unit of measure concept should
be applied only to the penalty schedule under 311(bX2XBXiiiXbb)
and not to (aa).

• Such a small number for HQ will cause a tremendous
amount of reporting or a disregard of the regulation on the part
of the offender .

Alternate approach to rule·maklng

Pending legislative redress of the wording of Section 311(bX4),
there is no way to define HQ according to the letter of the law
as it is presently written. To do so would require complete
knowledge of the spill before the accident occurred. We agree
with EPA that the intent of this clause should be to provide a
notification number associated with each chemical and when
a quantity is spilled into any public waters, regardless of size,
the authorities would be notified. Furthermore, this notification
number should be reasonably protective of the navigable water
in the nation. We hold no brief with the agency's obj.ective of
defining a number that will protect all of the nation's water. Such
a goal is as unrealistic as providing 100% safety for all people
living in this country.

It is our contention that if a notification quantity can be defined
for any designated hazardous chemical to protect 95 % of the
water, all major streams will be covered. Referring back to the
photographs, if a number can be associated with a chemical that
will protect the small streams, this will also be protective of the
larger rivers on which chemicals are likely to be transported,
manufactured or used. A proposal for protecting 95 % of the
waters of the U.S. is shown in the box.
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No
No further action under
Section 311
No
No need to notify

96-hLC

A 1 ppm 1

B 1-10 ppm 10

C l()...IOOppm 100

D 100-500 ppm 500

W. Brock Neely is a technical advisor in
Dow's Environmental Science Research
Laboratory. Dr. Neely also serves on
EPA's Ecology Advisory Committee. Be
sides these activities, Dr. Neely is writing
a book on the transportation and trans
formation of chemicals in the environ
ment. Coordinated by LRE

Additional reading

Federal Register. December 30. 1975. P 59982.
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October, 1974.

Neely, W. B., Blau, G. E., Alfrey, T., Environ. Sci. Technol., 10, 72
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viding the midpoint 96-h LCso of each category) were found to
be: A = 4 ppm, B = 40 ppm, C = 400 and D = 2000.

The question that then had to be answered was: How much
chemical (hazard rating A) had to be added to a 36-cfs stream
to yield a concentration of 4 ppm or greater for a period of at
least six hours? From a knowledge of river flow and dispersion
studies, this amount turned out to be 500 lb. By applying a safety
factor of 5 to allow for a more sensitive species, a HQ of 100 Ib
for Category A material was calculated. The HQ for the remaining
categories was estimated in a similar manner and is shown in
the box.

It should be pointed out that these HQ's are very conservative
estimates. They represent harmful quantities only for those
substances that are completely soluble in water. It is well known
that most organic chemicals, while they are classified as soluble,
are in fact only partially soluble. A good example is chloroform,
where it was recently shown that only a small portion of the
spilled chemical actually went into the wave as it traveled
downstream. This would mean that the actual concentration of
the chemical in the water as a result of a major spill will be only
a small part of what was calculated.

The estimation of harmful quantity was based on the following
assumptions:

• Measure of harm is related to the 96-h LCso on median
receptor aquatic species such as fathead minnows or blue
gills.

• It is possible to convert a 96-h LCso to a 6-h LCso by dividing
the 96-h value by a factor of 0.125.

• Hazard will be arbitrarily categorized into four classifica
tions based on fish toxicity. This is similar to the proposal made
by EPA in their proposed regulations.

• A 36-cfs stream represents the smallest receiving body
of water that is likely to be the recipient of a chemical spill.
Acceptance of this assumption implies that if the HQ defined for
such a stream is valid, then the HQ will be acceptable for other
receiving bodies of water such as lakes, estuaries and coastal
zones.

• The underlying assumptions used in developing the math
ematical model for chemical spills in rivers are reasonable.

• Reducing the calculated HQ by a factor of five to protect
other aquatic organisms.

If these six assumptions can be accepted, then the calculated
HQ for each category appears to be reasonable. It is this value
that would be used for triggering the reporting and penalty as
sessment portion of Section 311 of P.L. 92-500.

In summary

EPA was presented with an impossible task in writing regu
lations to implement Section 311 of P.L. 92-500. Implementation
of this section has resulted in a proposed set of regulations that
encourage ignoring the law. EPA's rationale for these regulations
was not logical, nor did it follow the law (as it probably couldn't).
There is need for legislative change.

If the material is nonremov
able, the EPA has a choice
of penalties at the discre
tion of the administrator
1) Sec 311(b)(2)(B)(iii)(aa)

Apenalty between $500
$5000 based on toxicity,
degradation and persist
ence(TDP)

2) Sec 311(b)(2)(B)(iii)(bb)
Number of units dis
charged times $1()()'
$1000, where dollar
range is based on TOP.
This penalty will not
exceed $5 million for a
discharge from a vessel
or $500 000 for a dis
chaflle from an on shore
facility.

What happens when a spill occurs
A spi II occurs

Is it a designated
hazardous material

. Yes
Did the amount spilled

exceed the harmful quantity
Yes

Agency must be notified
Section 311(b)(5)

Under Section 311(b)(6)
the Coast Guard will

access penalty of not
more than $5000

Rationale for proposed HQ

How do we define a harmful quantity? It must be related to
both the concentration of the chemical, and the length of time
that species are exposed to that concentration. Furthermore,
it should be recognized that it is impossible to define a HQ that
protects all waters. Clearly, even one gram of a chemical is
harmful to some organisms in a very small volume of water.

Consequently, the definition we propose for a HQ is relevant
to 95 % of all streams in the U.S. Such a definition requires re
porting of virtually all of the significant spills that occur. Battelle
in its study examined a large number of water sheds. It was
concluded that streams of 36 cfs or larger constitued 95 % of
all the water flowing in the country. Consequently, a HQ for this
size stream will cover 95 % of all water flowing in rivers. Fur
thermore, a HQ associated with such a small stream will also
be protective of the other major water body types.

The LCso values that are normally reported for fish are usually
of 96-h duration. Applying this to a stream would mean that the
resulting concentration would have to be equal to or greater than
the LCso values for at least 96 hours. This is an unreasonable
length of time, and is one of the questions that Battelle attempted
to answer in its report to EPA.

In analyzing the available data Battelle concluded that six
hours was a more suitable length of time. Since most of the
available fish toxicity data were on a 96-h basis, it was necessary
to convert this to six hours. A reasonable estimation was found
possible by dividing the 96-h LCso by a factor of 0.125. Per
forming this division, the critical concentrations in Table 1 (di-
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Water chemistry: seeking information
Any literature search involves hard, time-consuming work. For one field,

at least, here's how such work can be made easier

Joseph J. Delfino
University of Wisconsin-Madison

Madfflon, Wffl.53706

Water chemistry is a scientific discipline that originated from
a variety of basic and applied science and engineering fields.
Among those fields are chemistry, geology, limnology, ocean
ography, soil science, public health, and civil-environmental
(sanitary) engineering. Because of these multidisciplinary roots,
water chemistry is a difficult specialty to define. However, an
appropriate description has been offered (see box).

Water chemistry education

The education of water chemists in the United States reflects
the diverse backgrol;nd of this discipline. Very few university
chemistry departments offer more than one or two courses; by
comparison, environmental science and engineering programs,
schools of public health, and the like, provide the strongest
support. However, at least one chemistry department (The
University of Maryland, College Park) has made a commitment
to the field of environmental chemistry, and offers instruction
in water chemistry as well as atmospheric chemistry, geo
chemistry, and other pertinent SUbjects. Part of the reluctance
of traditional academic chemists to get involved in water
chemistry programs is apparently caused by uneven funding
patterns, although there are also some significant conceptual
difficulties involved.

Among the universities having programs housed in depart
ments of environmental science and engineering and schools
of public health that have substantial offerings in water chemistry
are the Universities of California, Florida, Michigan, Minnesota,
North Carolina, Tennessee, Texas, Washington, and Wisconsin.
Similarly strong programs are operating at the California, Illinois,
and Massachusetts Institutes of Technology and at Harvard and
Rutgers Universities. Other institutions are no doubt involved in

water chemistry education to some degree, but those listed
above are particularly known to the author.

The curricula of water chemistry are as diverse as the insti
tutions and professors involved. Nevertheless, they provide the
student with a strong background in chemistry and a broad
familiarization with the collateral disciplines that were cited in
the beginning of this article.

Water chemistry literature

The multidisciplinary roots of water chemistry have resulted
in a variety of publication outlets for the research performed in
this field. There is no "Journal of Water Chemistry," per se,
which would be analogous to the Journal of Organic Chemistry,
or Inorganic Chemistry, for example. Also, prior to 1967, there
was no American Chemical Society (ACS) journal committed
entirely to the chemical aspects of the environment.

The initiation of Environmental Science & Technology in 1967
gave water chemists their first formal chemical publishing outlet.
To be sure, other ACS journals such as Analytical Chemistry,
Industrial & Engineering Chemistry, and a few others have always
published some papers in the field of water chemistry. But in
ES& T it became possible to have many more articles concerning
environmental and multidisciplinary aspects of water chemistry
research published.

ES& T, though, is not a surrogate for a "Journal of Water
Chemistry." It must serve all environmental chemical disciplines
equally, and thus share its space allocations among water, air,
and waste chemistry articles and papers. It must also consider
the broader policy questions involved in environmental mat-
~~ .

It is premature to suggest the establishment of a journal de-
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voted exclusively to water chemistry. The coverage would
necessarily be so broad that it would eventually have to be di
vided into more specialized journals, thereby defeating its
originally intended purpose. Thus, an important question arises:
"Where does one find the published information of interest to,
and most often needed by, water chemists?" In an effort to an
swer this question, a survey of the literature available to water
chemists was made. The material was initially collated for use
in a senior-graduate level course that the author teaches in the
Water Chemistry Program at the University of Wisconsin
Madison. The utility of the material to water chemistry students,
librarians, and colleagues led to this article.

Texts and reference books

The acceptance of water chemistry as a recognized chemical
discipline was enhanced by the publication of one of the few
authoritative and comprehensive texts on the subject. Appro
priately titled Aquatic Chemistry (Wiley-Interscience, 1970), the
book was authored by Professors Werner Stumm (the 1976 ACS
Monsanto Award winner) and James J. Morgan (ES& Ts first
editor). The text includes examples of recent environmental
research applications that illustrate basic aquatic chemical
principles. A 1967 reference work, edited by Samuel D. Faust
and Joseph V. Hunter, and based on the proceedings of the
Fourth Rudolphs Conference, held at Rutgers University (New
Brunswick, N.J.), is one of the few other relevant texts that were
available to water chemists before the publication of Aquatic
Chemistry.

There are also a number of reference books available that
deal with specific aspects of water chemistry. Many of these are
based on papers presented at scientific meetings, or are col
lections of topically-related articles assembled by editors.
Readers are referred to the catalogs of publishing houses or to
the most current Books in Print (R.A. Bowker Co., New York,
N.Y.) for listings of these works.

A number of analylical reference books for use by water
chemists-analysts are also available. These are published by
governmental agencies, professional organizations, and others,
and include such well-used works as Standard Methods for the
Examination of Water and Wastewater (APHA et al.).

Bibliographic resources

The literature of water chemistry, and of chemistry in general,
is expanding rapidly. The annual volume of newly published
chemical and chemical engineering literature is doubling ap
proximately every nine years. It is almost impossible for water
chemists to go to a single library (except, perhaps, the Library
of Congress) and expect to find all of the journals that they might
need in a broad-based research program. Even if all of those
journals were locally available, few individuals have the time to
scan each and everyone. Therefore, one solution is to utilize
some of the current awareness (tables of contents or titles)
services that are available. A few of these are listed in Table 1.
By selecting an appropriate combination of current awareness
services, water chemists can optimize the time and expense
of their coverage of the current literature.

In addition to the current awareness services, water chemists
can subscribe to the Automatic Subject Citation Alert (ASCA)
provided by the Institute of Scientific Information. This is a
subscriber-specific service that is tailored to an individual's own
interest areas. The ASCA system is not available in libraries but
its data base, that is, the Science Citation Index (SC~, is avail
able in many locations. By utilizing the SCI data base, water
chemists can make their literature-reviewing activities more
efficient, since SCI is well suited to multidisciplinary research
topics. An advantage of SCI is that every paper published in the
journals covered by the data base is indexed and cross-ref
erenced.

In contrast to the above approach, abstracting services (Table
1) provide a more selective review of the literature needs of
water chemists. Journals that are surveyed by the abstract
services are not given complete coverage, and the papers se-
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Water .chemistry
"Water chemistry can be best defined as that branch

of chemistry dealing with natural and artificial aquatic
environments which is concerned with surface water
and ground water systems as well as water and waste
treatment processes. Such scientific phenomena as
chemical equilibrium, thermodynamics and klnetlcs
dynamics are relied on to explain the reacl/ons and
changes occurring In the bulk of a body of water, in its
unconsolidatedsediments or sludges and at the water
air and water-solid Interfaces. Water chem1sIry is unique
In that it deals with viable aqual/c systems where prin
ciples of other scientific disciplines become rele
vant."'

Source: Hindin, J. Chem. Edue.• 52, 599 (1975).

lected depend on the acuity of the abstractors. Nevertheless,
the abstract services do provide an additional dimension in in
formation dissemination, since the actual abstracts are published
along with citation information. This assists abstract readers in
selecting articles that may merit further and more thorough
reading.

Journals

Regardless of how comprehensive or encompassing the
standard reference texts and the current awareness or ab
stracting services may be, the real strength of water chemistry
is manifested in the primary literature of its pUblished research.
Water chemistry research papers are presently published in a
wide variety of journals. Many of these journals are assembled
in Tables 2 through 7 according to topical categories such as
analytical techniques, environmental engineering and
science.

The journals in each table are ones that the author has se
lected as being among the most useful to a wide spectrum of
water chemistry practitioners and their diverse research inter
ests. The author recognizes that the lists are not necessarily
complete, and that they reflect some of his own interests and
biases. The lists are not based on computer analyses of citation
frequencies, although such an analysis might serve to confirm
or reject some of the selections solely on a numerical basis.

Another factor in the choice of journals was a desire to have
each journal covered by at least two of the bibliographic re
sources discussed earlier (Table 1). This criterion has been
satisfied to a large extent, with only a few exceptions.

Tables 2 through 7 should be used by persons seeking to
assess the breadth of research in the water chemistry field. By
routinely screening the journals in these tables, readers can
readily determine the publications that are most useful for their
own research area. In time, individual researchers, teachers,
and students will be able to reduce their journal screening to a
core list that might be substantially smaller than the lists in Tables
2 through 7.

ACS publications

In addition to journals such as ES& Tand Analytical Chemistry,
the ACS also publishes books that often include water chemistry
topics. These are represented in the Advances in Chemistry and
Symposia in Print series. The ACS frequently updates listings
of those titles still in print. Moreover, the ACS Division of Envi
ronmental Chemistry publishes preprints (four-page extended
abstracts) of papers presented before the Division at the semi
annual ACS National Meetings. These preprints are distributed
to about 1500 Division members and are also available in certain
libraries. Remaining copies from earlier press runs can be
purchased from the Publications Committee of the Division
(contact ACS for this information).

Reference materials in both the Government and ACS pUbli
cations categories are frequently abstracted by some of the



TABLE 1 Environmental Geology b,c,d,g

Bibliographic resources Geochimica et CosrT1Ochimica Acta a,c,e,f,g

Current awareness. Geological Society of America Bulletin c,e,f,g
Code uaed In Ground Water b,f,gTifles and Tables of Contents 7_2-7

• Chemical Titles (American Chemical Society, a Journal ofGeology c,f,g
Columbus, Ohio) Journal of Soil Science a,b,d,g

• Current Contents@ (Institute for Scientific Soil Science a,b,d,e,f,g
Information,@ Philadelphia, Pa.)

... Agriculture, Biology & Environmental b Soil Science Society of America Journal a,b,d,e,f,g

Sciences
. Physical & Chemical Sciences c TABLE 4

• Environmental Periodicals Bibliography d Environmental health, environmental
(Environmental Studies Institute, Santa toxicology and pesticidesBarbara, Calif.)

Archives of Environmental Contamination and b,f,g
Abstracts Toxicology

Selected Abstracts (selections do not necessarily Archives of Environmental Health a,b,d.e,f,g
give complete coverage of all papers in each
journal issue) Bulletin of Environmental Contamination and a,b,d,e,f,g

• Chemical Abstracts (American Chemical e Toxicology

Society, Columbus, Ohio) Environmental Health Perspectives b,d

• Selected Water Resources Abstracts (U.S. Journal of Environmental Health b,d,f
Department of the Interior, Washington, D.C.) Journal of Environmental Science and Health, b,d,f,g

Indices
Part B

Computer Generated Index Journal of Pesticide Science b
• Science Citation Index<!> and Automated Subject 9 Journal of Toxicology and Environmental Health b

Citation Alert (ASCA)@ (Institute for Scientific Pesticide Science a,b,d,e,gInformation@, Philadelphia, Pa.)
Pesticides Monitoring Journal b,f,g

Other Indices
• Engineering Index (United Engineering Center,

TABLE 5New York, N.Y.) Covers various subjects in
engineering, technology and applied science. Limnology and oceanography
Uses key words such as Water-standards, Deep-Sea Research b,g
analysis, filtration, pollution, supply,
treatment, etc. Journal coverage substantially Estuarine and Coastal Marine Science b,f

less than a through 9 above. Freshwater Biology b,d,f,g

• Applied Science & Technology Index (HW. Hydrobiologia b,f,g
Wilson Co., Bronx, N.Y.) Uses key words Journal of the Fisheries Research Board of Canada b,d,e,f,g
such as Water-wastes, analysis, pollution,
purilication, standards, etc. Journal coverage Journal of Great Lakes Research e,g
also substantially less than a through 9 Journal of the Marine Biological Association of the b,g
above. U.K.

• Not included in Tables 2-7 Journal of Marine Research b,g

Limnology and Oceanography b,e,f,g

TABLE 2 Marine Biology b,d,e,f,g

Analytical techniques Marine Chemistry b,f,g

American Laboratory e,f Marine Geology c,f,g

Analyst (London) a,c,e,f,g Netherlands Journal of Sea Research b

Analytica Chimica Acta a,c,8,f,g Transactions of the American Fisheries Society b,d,f,g

Analytical Chemistry a,c,e,(,g

Analy1ical Lellers a,c,e,f,g TABLE 6

Applied Spectroscopy a,c,e,g Environmental engineering and science
Atomic Absorption Newslstler f CRC Critical fleviews in Environmental Control b,d

International Journal of Environmental Analy1ical b Journal of the American Water Works Association a,d,e,f,g
Chemistry Journal of Colloid and Interface Science a,c,e,f,g

Journal of the American Oil Chemists Society b,c,e,g Journal of the Environmental Engineering Division, b,d,f,g
Journal of the Association of Official Analy1ical a,b,e,g ASCE

Chemists Journal of Environmental Science and Health, b,d,f,g
Journal of Chromatography a,c,d,e,f,g Part A

Talanta a,c,e,g Journal of Hydrology c,(,g

Journal of the Water Pollution Control federation a,b,d,e,f,g

TABLE 3 Swiss Journal of Hydrology b

Geological sciences and soils Water and Pollution Control f

American Mineralogist a,c,e,g Water and Sewage Works d,f

Canadian Journal of Earth Sciences c,e,g Water and Wastes Engineering b,d,f,g

Chemical Geology a,c,e,g Water Rese~ch a,b,c,d,e,f,g

Clays and Clay Minerals a,b,c,e,g Water Resources Bulletin b,(,g

Earth and Planetary Science Lellers a,c,e,g Water Resources Research b,d,(,g
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b,d

a,c,e,f,g

b,d.f,g

b,c,d,e,f,g

a,e,g

b

b,d,g

b,d,g

a,b,d,e,f,g

a,b,c,e,f,g

b,g

of water chemistry and the environmental science field in gen
eral, making literature reviewing difficult. There are many aquatic
scientists, research institutes, state and federal agencies, and
corporations developing conceptual papers, or generating re
search and monitoring reports that do not follow the editorial style
of established journals. Often, these unpublished manuscripts
and reports contain information that is valuable to others, but
they never become widely available because of a very limited
distribution pattern. Many of those reports contain a considerable
amount of environmental data that never reach computer storage
and retrieval systems. This has led to the development of an
"invisible data bank."

The matter of limited availability of conference "proceedings"
and other unpublished materials is an important one that should
be addressed by concerned aquatic scientists and information
retrieval specialists. It is reasonable to suggest that some of the
research efforts presented by these unpublished materials have
been duplicated by other researchers who were genuinely un
aware of the original work. In this time of stricter cost-accounting
of research programs, it is imperative that as many of these
unpublished materials as possible be disseminated widely, with
appropriate coverage by the various bibliographic resources
discussed above.

a,c,e,g

b,d,f;g

b,d,f,g

a,b,d,e,f,g

a,b,c,d,e,f,g

b,d

b

b

b,d,f,g

b,d,f,g

b,d,f,g

b,d,f,g

d,f,g

a,b,d,e,f,g

e,f

b,g

b,g

fABLE 7

Multidisciplinary (ecology, policy, regulations,
pollution, and related topics)
Ambio

American Journal of Science

Ar,erican Midland Naturalist

American Naturalist

Applied Environmental Microbiology

Atmospheric Environment

Ch~mosphere

Chesapeake Science

Ec?logical Modeling

Ecological Monographs

Ecology

Environment

Environmental Pollution

Environmental Research

Environmental Science & Technology

FeQ.eral Register

Journal of Applied Bacteriology

Jo~rnal of Applied Ecology

Journal of Bacteriology

journal of Chemical Ecology

J;urnal of Ecology

J;urnal of Environmental Management

Journal of Environmental Quality

Nature

Philosophical Transactions of the Royal
; Society of London, B

Science
Science of the 1;otal Environment

Water, Air and Soil Pollution

bibliographic resource organizations (Table 1). The coverage
is not always complete, however, but at least it provides water
chemists with an overview of the materials available.

Proceedings, unpublished articles, and reports

One of the most frustrating aspects of the water chemistry
literature is the matter of conference "proceedings" and non
traditionally published articles. How are they generated?

Many conferences of interest to water chemists are held each
year. Some of these gatherings result in "proceedings" that are
distributed to attendees. Unfortunately, distribution to other in
terested persons, libraries, and abstracting services is often on
a random basis. Consequently, when some of the attendees use
these limited distribution "proceedings" as literature citations
in their own published papers, others have a difficult task in trying
to locate these "proceedings" for further, in-depth reading.

Conference organizers might ensure that widespread distri
bution of these "proceedings" is provided for in the conference
bUd.get. At least, complimentary copies might be made available
to libraries of institutions that have large aquatic research pro
grams, and also to the relevant abstracting services, and the
Institute for Scientific Information, which is now indexing non
journal publications. Additiol,ally, notice of the existence of the
"proceedings" might be made in appropriate journals.

One useful technique in this regard could be the preparation
of summary articles that highlight the conferences, and identify
authors and their resrective research findings. Chemical & En
gineering News does this on a selective basis for ACS National
Meetings, and ES& T has published such articles in its "Features"
department on a variety of conferences related to the water
chemistry field.

The preparation and distribution of mimeographed, photo
copied, or otherwise unpublished manuscripts is another feature

Many places to look

The literature of water chemistry is extensive; it appears in
a wide variety of journals; and it is covered in varying detail by
bibliographic resources. Scholars desiring to pursue research
in the field of water chemistry should be aware of these facts,
in order to utilize the literature in an efficient, systematic, and
comprehensive manner.

Some of the journals listed in Tables 2-7 were originally collated by Prof.
G. F. Lee as part of unpublished course materials distributed at the
University of Wisconsin. Prof. lee (ES& T, April 1976, p 334) is now at
the University of Texas-Dallas.

Additional reading

Stumm, W., Morgan, J. J., Aquatic Chemistry, Wiley-Interscience, New
York, 583 pp, 1970.

Faust, S. D., Hunter, J. V., Principles ,and Applications of Water
Chemistry, Wiley, New York, 643 pp, 1967.

Giefer, G. J., Sources of Information in Water Resources, Water In
formation Center, Inc., Port Washington, N.Y., 290 pp, 1976.

Ralston, V. H., Water Resources-A Bibliographic Guide to Reference
Sources, Institute of Water Resources, Report No. 23, University of
Connecticut, Storrs, 123 pp, 1975.

Joseph J. Delfino holds a joint appoint
ment at the University of Wisconsin
Madison. He is associate professor in the
Water Chemistry Program and is also
Chief, Environmental Sciences Section at
the Wisconsin Laboratory of Hygiene.

Coordinated by JJ
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CURRENT RESEARCH

Submicron Particle Size and Charge Characteristics of 239,240pU in Natural Waters

James J. Alberts', Morris A. Wahlgren, Donald M. Nelson, and Paul J. Jehn

Radiological and Environmental Research Division, Argonne National Laboratory, 9700 South Cass Avenue, Argonne, III. 60439
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Figure 1. Flow diagram of fractionation scheme employed for 239.240pU

particle size and charge distribution studies of natural water sam
ples
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A third 50-L filtered water sample was taken for ultrafiltration
through a Bio-Fiber 80 Miniplant (Bio-Rad Lab.) which has
an approximate size retention of particles greater than 30 000
molecular weight (MW) or about 30 Adiameter.

The water which passed through the fiber bundle was col
lected and spiked as above. The fiber bundle was then back
flushed with deionized water which was spiked and retained.
The final 50 L of filtered water were passed (1 Llmin) through
successive ion-exchange resin beds containing 1f2 Ib of anion
resin (Dowex 1A X 8, 100-200 mesh, chloride form) and Ih lb
of cation resin (Dowex 50W X 8, 100-200 mesh, hydrogen
form). The water which passed through these resins was dis
carded. The fractionation scheme outlined in Figure 1 has also
been accomplished by passing water samples through the ul
trafiltration fibers prior to ion exchange. Both methods give
comparable results. The scheme used here was chosen because
of its flexibility aboard a ship.

Snow samples were collected by placing large polyethylene
sheets on the ground after the beginning of a snow storm. The
snow was then transferred to large (200 L) covered plastic vats
and allowed to melt at room temperature (approximately two
days), but with gas exchange to the atmosphere. The melt
water was then passed through the same fractionation scheme
as the Lake Michigan water samples. The pH of the sample
was determined with a Beckman pH meter with combination
glass electrode.

Methods

Water samples from Lake Michigan were taken at a station
approximately 13 km southwest of Grand Haven, Mich. (water
depth = 67 m), from the University of Michigan research
vessel, RN Mysis. Water samples from 3 m were taken using
a submersible pump, while those from 60 m depth were taken
by repeated lowerings of a 30-L Niskin sampling bottle. Two
hundred liters of water were pressure filtered through 3.0-llm
and then through 0.45-llm membrane filters (Millipore Corp.).
Two 50-L samples of filtered water were immediately spiked
with 2:l6pU (1.2 dpm) as an internal standard, and 100 mL of
concentrated HCl which lowered the pH to approximately 2.

The concern over possible environmental contamination
by radionuclides has been enhanced by proposals of major
increases in the use of nuclear power to ease the demands on
petroleum-generated energy. As the supply of uranium is
exhausted, plutonium usage will be required for continued
nuclear power generation. Therefore, the fate of the isotopes
of plutonium in the biogeochemical cycles of the environment
is of particular concern, especially since the bioavailability of
this element may be affected by its chemical state and size
spectrum. Although the chemistry of plutonium is one of the
best understood of all elements at the laboratory scale,little
is known of the solution chemistry of this element at envi
ronmentallevels, which are approximately 10 orders of mag
nitude less than usually observed in laboratory studies.

For several years, Argonne National Laboratory has been
studying the distribution of plutonium in the waters, sedi
ments, and biota of the Great Lakes in an effort to derive a
predictive capability for this element at concentrations
(~1O-t8 M) which are realistic in an environmental framework
(J). One phase of this program has been determination of the
distribution in the colloidal and subcolloidal size ranges, and
the ionic charge of plutonium which has been in the environ
ment for several years. This report presents some of the
findings from this study and compares the submicron particle
and total charge distribution pattern of 239.240pU present in
precipitation and surface waters from diverse areas of the
eastern United States as a result of atmospheric fallout from
nuclear testing.

• The submicron particle size distribution and charge
characteristics of atmospheric fallout 2:l9,240pu are determined
by ultrafiltration and ion-exchange resin techniques at ex
tremely low activities (~1 femtocurie/L) in rain, snow, and
surface waters of the northcentral and southeastern United
States. Results indicate that fallout 2;19.240pU exhibits different
size and charge characteristics as well as total activities in
waters of differing pH and anionic composition. These ob
servations are of importance in attempting to predict the
geochemical behavior of plutonium on a wide geographical
scale.
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Rain water samples were taken by placing two large boards
(1.2 X 2.4 m) covered with polyethylene so that the water
falling on them during a rain storm would be funneled and
collected in a large plastic vat. The pH of the solutions was
determined, and the water collected in this manner was then
fractionated as above. Snow and rain samples were collected
on the Argonne site.

Water samples from Banks Lake, a small black water lake
in south Georgia whose limnological parameters have been
previously described (2), and from Okeefenokee swamp in
Georgia, were obtained by J. E. Schindler, University of
Georgia. Water was pumped into large carboys from a depth
of 1 m. The samples were immediately air freighted to this
laboratory, where they were fractionated within four days of
collection. Observations on Lake Michigan waters showed that
the distribution of plutonium activity did not change in this
period of time in samples stored at a pH of approximately 8.
The pH of the samples from Georgia was 4-5, and it is as
sumed that the observed distributions were not altered sig
nificantly during transit and storage.

The various water samples were analyzed for 2:19,240pU by
the method of Golchert and Sedlet (3). The resins were dried
at 110°C, ashed at 500°C, dissolved in concentrated nitric
acid, spiked with 236pu (1.2 dpm), evaporated to dryness,
dissolved in concentrated HBr to ensure isotopic exchange,
evaporated to dryness again, taken up in nitric acid, and then
analyzed in the same manner as the water samples. The ac
tivity of 2:19.240pU was determined by comparing the integrated
count under that peak with that in the 2:16PU internal standard
peak.

Discussion

The results of this investigation are summarized in Table
I (±l (J counting error). The concentrations of 2:19.240pU in

filtered surface and deep waters from Lake Michigan exhibit
the same lower surface values relative to deep waters as pre
viously reported in unfiltered samples taken during a summer
season (4). Water samples from lakes in the southeastern
United States and of precipitation samples from the Argonne
area have significantly higher 2:I!J.240pU activities than filtered
water in Lake Michigan. The decrease in 2;19.240pU concen
tration in Banks Lake surface waters between May and De
cember may indicate a seasonal trend similar to that observed
in Lake Michigan, but more analyses will have to be under
taken to substantiate these values.

One possible explanation for the increased 2:19,240pU activity
values observed in lake samples taken from places other than
Lake Michigan may be found in the pH differences observed
in these samples. Lake Michigan surface waters during August
and September are supersaturated with calcium carbonate
(5, 6) and hence have a pH of approximately 8. All samples
which are higher in 2:m.24opu activity have pH values 3--4 units
more acidic than Lake Michigan. It may be postulated that
the presence of carbonate, which forms a strong complex with
plutonium (7), is the major factor controlling the level of fil
terable 2:19.240pU in waters of high pH. This hypothesis is
supported by the fact that surface waters of a southeastern
pond from South Carolina, with pH values approximately the
same as Lake Michigan, have 2:m.2.lOpu activities less than or
equal to those of Lake Michigan, despite the fact that the
sediments have approximately five times the 2:l9.240pU activ
ity/g of Lake Michigan sediment (Alberts and Corey, un
published data).

Examination of the data in Table I reveals striking differ
ences in the distribution of2:m.24opu in the submicron particle
fractions of these water samples. With the exception of the
September 1974 3-m sample, Lake Michigan water does not
have a significant fraction of its filterable 2;19,240pU activity in

Table J. Activity Values of 239,240pU (fCi/L) in Various Physicochemically Defined Components of Natural
Waters a

30000 MW
pH of Filtered ultraflltered Ultrafilter Anion Cation Ultrafilterable
water waler water backwash exchangeable exchangeable noncharged

Lake Michigan
Sept. 1974 ~8.0 0.40 ± 0.04 0.25 ± 0.03 0.15 ± 0.02 0.42 ± 0.06 <0.01 0.0
3m
Aug. 1975 ~8.0 0.37 ± 0.05 0.31" 0.06 ± 0.02 0.26 ± 0.04 <0.04 <0.03
3m
Aug. 1975 ~8.0 0.65 ± 0.07 0.62" 0.03 ± 0.02 0.35 ± 0.05 <003 <0.27
60 m
Sept. 1975 ~8.0 0.27 ± 0.05 0.20 ± 0.03 Lost 0.18 ± 0.03 Lost
3m
Sept. 1975 ~8.0 0.68 ± 0.12 0.51 ± 0.05 <0.03 0.52 ± 0.08 Lost
60 m

Banks Lake
May 1975 3.9 4.30 ± 0.45 3.60 ± 0.27 0.73 ± 0.07 0.76 ± 0.06 0.33 ± 0.04 2.51
Surface
Dec. 1975 4.0 1.00 ± 0.13 0.87 ± 0.13 0.19 ± 0.03 0.34 ± 0.04 0.07 ± 0.02 0.46
Surface

Okeefenokee
Dec. 1975 ~5.0 3.34 ± 0.25 2.87 ± 0.21 0.25 ± 0.03 0.24 ± 0.03 0.09 ± 0.02 2.54
Surface

Precipitation
Nov. 1974 5.3 1.35 ± 0.26 0.92 ± 0.08 0.02 ± 0.01 0.40 ± 0.05 0.47 ± 0.05 <0.03
Snow
Feb. 1975 4.8 4.8 ± 0.6 3.7 ± 0.4 1.1 ± 0.13 0.84 ± 0.06 0.18 ± 0.03 2.68
Rain

a Due to the long counting times involved in these analyses (4000-5000 min to obtain ........50 counts). values below O. 1 'Ci/l have large associated counting errors.

Hence. the mass balance calculations involving these numbers may vary from 100%. b Ultrafiltered water not analyzed: values obtained by difference of column
3 minus column 5.
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the nonultrafilterable size range (i.e., smaller than 0.45 fJm but
larger than approximately 30 A). The other samples, with the
possible exception of the snow melt water, have between 7 and
23% of the plutonium activity associated with this size range.
The reason for the presence of material in the colloidal size
range in the latter sampies and not in Lake Michigan waters
is not known at this time. However, since all of the 239.240pU

activity in these samples is due to atmospheric fallout, the
observed difference must reflect a difference in water chem
istry or equilibration time rather than differences in the source
term.

The 239.240pU in these Lake Michigan water samples dem
onstrates a considerable amount of anionic character, re
gardless of the total activity in the water or the depth from
which the sample was taken as shown in Table II. While some
anionic character is observed in all samples, the amount of
cationic behavior is small in all samples and almost nonexis
tent in the samples from Lake Michigan. An exception is the
snow sample. The differences in the observed charge charac
teristics help to support the hypothesis of the importance of
carbonate in Lake Michigan waters, as shown by the pre
dominance of anionic behavior in these waters and the rela
tively low amount of anionic behavior in waters of lower pH,
where sulfate and chloride are the dominant anions.

The value for anionic exchangeable material at 60 m in
August is felt to represent an analytical difficulty rather than
a true decrease in anionic behavior since the design of the resin
beds used in that experiment caused some channeling to occur.
To ensure that the retention by the anion resin was truly an
exchange process and not physical removal by the bed, the
order of the resins was changed for several samples, and the
cation resin was placed before the anion resin. In all cases,
where the reversed resin procedure was carried out, the ac
tivity values for the resins were the same as for the resins
placed in the normal order. Therefore, it appears that the
charge characteristics are real and most likely represent a
negative complex of plutonium, most likely carbonate in the
case of Lake Michigan.

Perhaps the most significant difference between the plu
tonium distribution in Lake Michigan waters and that of the
other samples, with the exception of the snow, is the per
centage of plutonium activity that is in a form smaller than
approximately 30 Aand neutrally charged (greater than 50%
in all cases except Lake Michigan and the snow sample where
virtually no activity is present in this fraction) (Table 11). This
fraction can represent a significant quantity of plutonium with
as much as four times the total found in Lake Michigan waters
present in some cases. The significance of this fraction is en
hanced by the realization that water treatment involving fil
tration or ion exchange may not remove this material. The
effect of coprecipitation on this fraction is as yet unknown.

In conclusion, it appears that 239.240pU derived from at
mospheric fallout exists in different forms in natural waters
and precipitation samples depending on the pH of the system
and the composition of the counterions available. Hence, to
form a predictive capability for the geochemistry of 2:19.24UpU

in the environment, care must be exercised to take into con
sideration other physicochemical factors which will exist in
a given body of water. Further studies are under way to
quantitatively determine the nature of the anionic complex
and that of the large fraction of material which is neutrally
charged in the case of low pH waters. Thought should be given
to the fact that the snow sample is intermediate in its 2:19.240pU

distribution patterns between the predominantly anionic
species of Lake Michigan waters and the higher total activity
and greater fraction of larger than 30 Amaterial of the low pH
southeastern waters and rain. This may be especially signifi
cant when it is remembered that the snow was allowed to melt
exposed to atmospheric gas exchange for two days and hence
exposed to increasing concentrations of dissolved carbonate
and bicarbonate ions. Although the pH of the snow melt water
was still relatively low compared to Lake Michigan, this water
may represent an intermediate stage of a slow equilibrium
which changes the Z:19.240pU activity distribution pattern from
that observed in the rain sample to that observed in the lake
itself.

Table II. Percentage of 239,240pU from Natural Waters in Various Submicron Particle Size and Total Charge
Categories

Filterable 239.240pu, Ultrarllterable 239,240pu, Ultrafllterable 239,240pu, Ultrailiterable 239,240pu,
ultrafilierable negatively charged positively charged uncharged

Lake Michigan

Sept. 1974 63 100 <4.0 0
3m

Aug. 1975 83 90 <14 <10
3m

Aug. 1975 95 57 <5 <44
60m

Sept. 1975 75 90 Lost
3m

Sept. 1975 75 100 Lost
60 m

Banks Lake

May 1975 84 21 70
Surface

Dec. 1975 87 39 8 53
Surface

Okeefenokee

Dec. 1975 86 8 3 89
Surface

Precipitation

Nov. 1974 68 44 51 <3
Snow

Feb. 1975 77 23 72
Rain
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Finally, it must be stressed that the results of I.his study are
only for the distrihution paUerns of atmospherically derived
plutonium and may not necessarily apply on a one-to-one
hllsis with the distribut ion of plutonium derived from indus
try-related sources.
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Polychlorinated Biphenyls in Coastal Marine Zooplankton:
Bioaccumulation by Equilibrium Partitioning

John R. Clayton, Jr." Spyros P. Pavlou', and Norman F. Breitner2

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

• Chlorobiphenyl concentrations in marine zooplankton
from estuarine zones of the North Eastern Pacific Ocean were
measured from 1973 through 1975. Concentrations in the lipid
fraction of the orl!anisms ranged between 1 and 16 ppm. For
the low levels detected in seawater (0.7-3.4 ppt), the data
sUl(l(est that bioaccumulation is predominantly controlled by
equilibrium partitioning of t.he chemical between the internal
lipid pools of the biota and ambient water. Amplification
factors of 106 are determined in terms of lipid-water concen
tration ratios, Kr These quantities are uniform over a wide
ranl(e of spatial and temporal rel(imes, species composition,
and lipid content of the organisms. The results from this study
provide good evidence that at least for pelagic biota at the
lower trophic levels, food chain biomagnification is not a
controllinl( factor in attaining the observed residue levels.

Polychlorinated hiphenyls (C 12CI"H IO-" with n = 1,2 ...
10) are well recol(nized as ubiquitous components in aquatic
ecosystems (1-:1). Their worldwide occurrence has become an
issue of increasinl( concern due to their continued global
production and persist.ence. t.heir slow rates of chemical and
biological degradation, their capacity for hioaccumulation,
lind t.heir toxicity to livinl( systems.

Coast.al ecosystems in part icular receive suhst.antial input.
loads of chlorobiphenyls (CH) wit.h the main sources being
industrial and municipal sewage outfalls, river runoff. aerial
fallout, and dredge spoil disposal (2.4-6). Since t.hese regions
are capahle of providing large quantities of harvestable food
resources. as II result of high producl.ivit.y in the lower I.rophic
levels (7), any biological effects induced hy CB are of crit.ical
importllnce to man and thp sl.ability of the ecosystem. Fur
t hermore. t.hese compounds have been shown t.o alter the
species composit ion of mixed phyt.oplankton cultures (8. 9)
lind inhibit t.he reproduction of cert.ain zooplankton (/(i).

--,-.,.-----,-----::--,,----------- ._----
I Present address. ColleJ!tA of Fislwries \\'H·IO, llllivf'rsit~· or

\Vashil1~tol1. S('attlt', \-Va!;h. ~JRI9fJ.

1 Pr~ent address. Bigelow 1.:lhorator~· for (k£'i11l ~den('t"s. Md\o\\'11
Point. \Vpst Boothhay Harbor. Mp. O·F)7rl.
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Consequently, adequat.e information on current residue
quantities and distributions in lower pelagic trophic levels is
essential for predictinl( potential effects at the ecosystem
level.

Rationale. Although CB re~idues in marine zooplankton
have previously been reported (11-16), interpretation and
comparison of these data are difficult. for the following reasons:
The residues are frequently normalized t.o different parame
I.ers (i.e., zooplankt.on fresh weight or lipid weight, or volume
of water), sample cont.amination by surface films and float
abies during field collection may produce erroneously high
resulLs (12. 17, Iii), and predictions of hiological consequences
t.o ZI.,plankton populations may he meaningless without prior
knowledge of tbe factom that control the hiological availability
of the chemical.

This paper present.s a detailed analysis of CB residues
measured in zooplankton in an effort. to elucidat.e factors that
cont.rol bioaccumulation of these stable organic molecules in
lower trophic levels of nearshore ecosystems.

Malerial and Method"

Sampling. Z,.,plankt.on samples were obtained from Puget.
Sound. Wash .. from 197:1 t.hrough 197;'. The re!!ions studied
are shown in Figure I. A detailed description of the station
paramet.ers is given elsewhere (19. 20). All collections were
made wit.h a modified .Juday net (2/) designed to minimize
contact of hot.h net and sample with surface films and float
abies (22). The mesh size and mout.h diamet.er of the net were
:l:l:l pm and 0.7" m. respectively. The volume of water filtered
per tow was measured by posit ioninl( a TSK flow meter (23)
in the mouth of the nel.. All tows were oblique and traversed
a depth range appropriate for represent.ative sampling of the
water column. Care was taken to avoid contamination from
t.he vessel's wake hy towing amidships. Slim pies were stored
in screw-cap glass jars (prerinsed with nanograde hexane) and
frozen until t.he time of analysis. Whole sellwater samples were
collected using a GO-L stainless-steel sampler (24) and stored
wit.h approximately IOO-mL nanograde hexane in precleaned
I-gal glass boU.!es until t.he time of analysis. The water sam
pling dept.hs were seleded on the basis of t.he density profiles
of t.he wat.er column and t.he estimat.ed vert.ical dist.ribut.ions
of zooplankton populations.



Figure 1. Location of sampling regions in Puget Sound
Elliott Bay. adjacent to I: Main Basin. II: Whidbey Basin. Ill: Hood Canal. IV: Sinclair
Inlet, V: Straights of Juan de Fuca and Admiralty Inlet. VI

, ,
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Chlorinated hydrocarbons in seawater were determined by
extraction witb nanograde hexane and suhsequent sample
cleanup with 1:1 (V:V) sulfuric acid-fuming sulfuric acid
(27).

Determination of Zooplankton Biomass Parameters.
The CB residues were normalized to four biomass parameters:
fresb, lipid, dry, and carbon weights. Fresh weight was de
termined hy using a weighed aliquot ofthawed sample in the
initial hexane-acetone extraction. Lipid weight was obtained
hy transferring a known volume fraction of tbe resulting ex
tract to a dry, tared beaker and desiccating until a constant
weight was achieved. A supplementary total lipid analysis
technique, utilizing chloroform-methanol solvent extraction
(28), was performed on selected samples. Comparison of re
sults from the two procedures gave values which were not
significantly different at the 9.5% probability level. Dry weight
was determined by placing a weighed, frozen aliquot of zoo
plankton in a tared beaker and freeze drying to constant
weight. Carbon weight was measured by grinding the resulting
dried material to a fine powder, transferring a weighed aliquot
to an aluminum foil boat, and analyzing for total carbon
content with a Coleman Model :1:1 CH analyzer; percent car
bon recoveries for mannitol standards gave a mean of
98(± 1)%. Triplicate analyses of selected zooplankton samples
gave analytical uncertainties for the lipid, dry, and carbon
fractions of 10, I, and 4%, respect.ively.

Supporting Field Data. Temperature, salinity, and
chlorophyll-a were measured at all stations to examine pos
sible correlations with the CB residues in zooplankton (20).
For these quantities, the mean values for the upper :10 m of
the water column were used.

I

.1

Analyses. The procedure used for all zooplankton samples
was similar to that of Porter et al. (25). Chlorinated hydro
carbons and lipids were extracted by means of four successive
homogenations with :lO-mL aliquots of a 2: I (v/v) hexane
acetone solution in a glass and Teflon tissue grinder, Sample
cleanup was achieved by means of hexane-acetonitrile par
titioning, norisil-column chromatography, and ethanolic
KOH saponification. All solvents were nanograde quality,
Chlorobiphenyls were measured on a Tracor gas chromato
graph, Model MT-220, equipped with dual (;:INi EC detectors.
The stationary phase was 1.5% SP-2240/1.95% SP-2401 on
100/120 Supelcon AW-DMCS (Supe!co, Inc,) packed in 2
mm-i.d., 180-cm salinized glass columns. The presence of
chlorobiphenyls and pesticides was confirmed in all samples
by observing appropriate spectral responses following etha
nolic-KOH saponification.

Representative gas chromatographic spectra are shown in
Figure 2. Further confirmation was obtained for selected
samples by comparing the GC spectral distrihutions to cblo
rinated hydrocarbon standards by use of a Silar 10 C on
100/120 Gas-Chromosorh Q column (Applied Science Labo
ratories, Inc.) and by identifying mass fragmentation patterns
on a Finnigan Model IOJ5C gas chromatograph/mass spec
trometer system located at the EPA Region-X Laboratories,
Seattle, Wash. Quantitation was accomplished by the proce
dure of Dexter and Pavlou (26). Recovery experiments were
performed with spiked zooplankton samples to test the effi
ciency of the CB extraction and cleanup procedures. In gen
eral, recoveries were better than 80%. The :,- and 7-CB had a
high degree of uncertainty due to their relatively small
amounts and tbe presence of impurities with similar GC
spect.ral retention times. Althougb the largest interference was
caused by components of the DDT family, the concentration
of total DDT (total DDT = p,p'-DDT + p,p'-DDD + p,p'
DOE + (J,p'-DDT + (J.p'-DDD + (J,p'-DDE + DDMU) in
zooplankton was always less than the total CB by at least a
factor of seven.

Results

To discern realistic spatial or temporal trends of trace
chemicals in hiota, the residue quantities should he normal
ized to some parameter reflecting the mechanism of accu
mulation. Since the choice of a normalization parameter for
chlorinated bydrocarbons in marine zooplankton has been a
controversial issue in the recent literature (29), a systematic

, 2

Figure 2. Typical gas chromatographic spectra of chlorinated hydro
carbons obtained in these studies
(A) zooplankton extract. (B) mixed chlorobiphenyl standard (Aroctor 1254), (C)
selected pesticide standards. Dashed lines: elution regions for chlorobiphenyls
of specific chlorine substitution, N. varying from 2 to 7
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8 n is the number of data points, and R2 is the square of the correlation

coefficient. b Values in parentheses are the standard errors.

Table II. Regression Functions of Will on Wdll and
WellS

a R is the correlation coefficient; N refers to the chlorine substitution on the
biphenyl; n denotes the number Of data points; numbers in brackets are the R2
values. b The values in parentheses are the standard errors.

0.82 38
0.83 38

N=&

0.88 [0.78)
0.74 [0.54)
0.80 [0.64]

N·S

o

N=5

0.89 [0.79]
0.76 [0.58]
0.82 [0.68)

o

Parameter n N =.
Will 42 0.86 [0.74]
Wdlf 38 0.74 [0.63]

WeIr 38 0.84 [0.70]

Regr....on function b

log Wilt = 0.099 (±0.008) Wdll - 1.139 (±0.119)
log Wilt = 0.171 (±0.013) Well - 0.750 (±0.083)

Regression functions b with Will

[4-CBj' = [13.97 (±1.30) Will + 0.55 (±4.55)] X 10-9

[5-GB]'= [19.77 (±1.60) WIlI -1.12(±5.60)] X 10-9

[6-eBI' = [5.96 (±0.50) WIII - 0.39 (±1.74)] X 10-9

Table I. Correlation Coefficient Data for IN-Car and
Highly Correlated Effector Varlables s

R

central to our work and to the discussion that follows, a brief
review of the fundamental relations is presented below.

The amount of a chemical stresser in any component within
an ecosystem depends on the interfacial exchange processes
and the endogenous transformation reactions. However, the

W'/t Cr.)

Figure 3. Plots of [N-CB)I vs. Will

+. for N ;:; 4; 0 I for N = 5; "', for N::;::: 6. Solid lines: linear regression func
tionsDiscussion

A limited discussion regarding the use of environmentally
determined partition coefficients to predict the bioconcen
tration potential of organic stressers in ecosystems was pre
sented previously (37). Although equilibrium partitioning
between internal lipid pools of biota and their aqueous envi
ronment has been suggested as a bioaccumulation mechanism
for hydrophobic compounds (14, 30, 31), no comprehensive
investigations have been conducted to test the validity of this
hypothesis in marine ecosystems. Preliminary applications
of this concept in coastal zones have been reported only re
cently (38). Since the concept of equilibrium partitioning is

analysis of the data in this work was undertaken to investigate
the dependence of the observed CB distributions on a variety
of potentially controlling parameters.

The selection of these parameters was based on the fol
lowing considerations: Since chlorobiphenyls are hydrophobic
compounds, their residue levels should be a function of the
organic content of the organisms; if equilibrium partitioning
with the dispersive medium is a major contributing factor to
bioaccumulation (30-32), residue quantities in the organisms
should depend on the ambient water concentrations; earlier
investigations suggest that for environmentally stable
chemicals, such as chlorinated hydrocarbons, bioaccumulation
in plankton depends on the standing stock of biomass (33);
grazing studies with herbivorous copepods have shown in
gestion rates to be a function of the phytoplankton concen
trations (34-36). If input of CB's via grazing were a major
contributing factor to zooplankton residue levels, a positive
relationship with chlorophyll concentrations might be ex
pected, provided that biological patchiness, i.e., spatial and/or
temporal inhomogeneity of the populations, did not tend to
randomize the data; and the general accumulation charac
teristics of CB's in biotic and abiotic phases of aquatic eco
systems may be influenced by salinity and temperature since
changes in these parameters would affect the solubility and
therefore the biological availability of these compounds.

The zooplankton CB data were first normalized to fresh
weight, i.e., the quantity IN-CBlf, since it most adequately
describes the total body burden of the residues. Factors which
were considered to have possible effects on [N -CBJf were: the
lipid, dry, and carbon fractions of the biota (WI/f, W d/f, and
Welf , respectively); the concentrations of CB in water ([N
CBJw); the standing stock of each biomass parameter per cubic
meter of water; chlorophyll-a; salinity; and temperature.

In a correlation analysis of these quantities with [N -CBlf
for N=4, 5, and 6, only WI/f, Wd/f, and We/fshowed consis
tently high correlations. To test the effects of combinations
of parameters on [N-CBlf, stepwise multiple linear regressions
were also performed on the data. The results showed that W I/f
was always selected as the first regression variable and ac
counted for 74-79% of the variance. No other parameter
contributed more than 8%. The results are presented in Table
I; only the most important effector variables are listed. Plots
of [N-CBlf vs. WI/f are depicted in Figure 3. Although the
scatter of the data is large, a distinct linear behavior is ap
parent; the regression functions are included in Table I. The
high correlations observed for Wd/f and Welf result from
semilogarithmic relationships to WI/(, the regression functions
are shown in Table II.

Since the lipid content is highly correlated with residue
levels of CB in the organisms, it was felt appropriate to use
lipid as the most meaningful normalization parameter for
residue quantities. Values of [N-CB]i were therefore computed
from the [N-CBlf/Wl/fratio. The regional mean distributions
of [N -CB]i are presented in Table III.
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Table III. Regional Mean Distributions of Chlorobiphenyls in Marine Zooplankton Collected in Puget Sound from
1973 Through 1975 8

No. of IN-cat x 10-. gIg

Region stations N N N 5 N -. N - 7 Total

Elliott Bay 6 0.73 (±O. 18) 2.28 (±0.18) 2.43 (±0.18) 0.64 (±0.49) 0.56 (±0.03) 6.63 (±0.45)
Main Basin 4 0.50 (±0.12) 1.73 (±0.43) 2.61 (±0.93) 0.81 (±0.33) 0.58 (±0.25) 6.24 (±2.00)
Whidbey Basin 12 0.25 (±0.01) 1. 13 (±a.08) 1.55 (±0.14) 0.45 (±0.05) 0.33 (±0.04) 3.72 (±0.32)
HoodCanal 4 0.13 (±0.01) 0.52 (±0.16) 0.79 (±0.25) 0.21 (±0.05) 0.16 (±a.06) 1.78 (±0.50)
Sinclair 3 1.57 (±0.36) 3.98 (±1.03) 6.64 (±1.64) 2.21 (±0.47) 1.78 (±0.23) 16.17 (±3.83)
Inlet

Admiralty 3 0.08 (±0.02) 0.29 (±0.08) 0.37 (±0.11) 0.11 (±0.02) 0.07 (±0.02) 0.92 (±0.26)
Inlet and
Straits of
Juan de Fuca

• Cruises: OA 552, November 5-8, 1973; OA 608, September 24-27. 1974; and OA 665. July 14-17, 1975. For detailed information on station parameters.
see ref. 20. Values in parentheses are the standard deviations of the means; they include spatial variability and analytical uncertainty.

Table IV. Summary of the Regional Mean K1N Values for Zooplankton in Puget Sound 8

KI N X 108

Region N=4 N = 5 N=. Dominant fauna

Elliott Bayb 6 1.06 (±0.81) 1.42 (±1.06) 2.17 (±1.64) Euphasiids

Main Basin b 4 1.07 (±0.61) 1.90 (±1.25) 3.18 (±2.32) Copepods
Whidbey Basin c,d,e 12 0.80 (±0.38) 1.09 (±0.51) 1.47 (±0.75) Copepodsl
(Port Gardner) Euphasiids

Hood Canal d 3 0.98 (±0.56) 0.74 (±0.52) 0.43 (±0.32) Ctenophores
Sinclair Inlet C 3 1.12 (±0.68) 3.61 (±2.02) 6.90 (±3.45) Ctenophores
Admiralty Inletd,e 3 0.34 (±0.21) 0.28 (±0.18) 0.29 (±0.18) Copepods
and Straits of
Juan de Fuca

IJ Computations were based on Method II, as described in the text. Values in parentheses are the standard deviations. b Cruise OA 608, September 24-27, 1974.
C Cruise OA 552, November 5-8, 1973. d Cruise OA 665, July 14-17, 1975.• These values are based on the ch'orobiphenyl concentrations measured at depths
greater than 20 m.

(2)

net accumulation can be expressed as the product of the
concentration of the stresser in the dispersive medium, or any
other interacting component, multiplied by a proportionality
constant, K. This empirical constant, K, is defined as the
component concentration ratio

K = Cx(j) (1)
CxU )

where Cx(jl and Cx(il are the concentrations of chemical X in
componentsj and i, respectively. This definition of K has been
modified to a more specific expression for these studies.
Hence, the lipid-water concentration ratio for chlorobiphenyls
can be defined as

K N - [N-CBl i

, - [N-CB)w

The regional mean values of K~ determined from Equation
2 are presented in Table IV, together with the dominant
zooplankton encountered. The in situ [N -CBI' and [N -CB]w
quantities measured at each sampling station were used to
compute K~. For certain stations where no water was col
lected, the [N-CBlw values were back calculated from the
residue concentrations in suspended particulate matter
(SPM), obtained at the appropriate density surfaces, and the
corresponding SPM-water concentration ratios (39). Mean
KjV were then determined for each region as well as for the
total Puget Sound. These data are summarized in Table V and
were computed as follows; from the slope of [N-CBI' vs. [N
CBlw plots as shown in Figure 4 (/), from the instantaneous
values of [N-CBJ! and [N-CB]w obtained at each sampling
station, and subsequent averaging of the individual K~

quantities (II), from the intercept of KJV vs. WI/r plots as
shown in Figure 5 (II1); since the slopes of these plots are es
sentially zero, the calculated intercepts are close to the avera!(e
values determined by Method I I, and from the instantaneous
IN-CBI' values and the regional mean water values of [N-CBlw
below 20 m depth (IV). The water data used for these calcu
lations are given in Table VI.

By inspection of Table V, a good agreement is shown for KI
among all computation methods. For N = 5 and 6 the results
from Method I V do not appear to be statistically different
from those of II and III. However, the Kf and K? values
computed by I are inconsistent in comparison with the other
three methods. This reflects the disadvantage in using the

Table V. Summary of Integrated K1N Values for
Zooplankton in Puget Sound 8

KIN x 106

N I (n = 31) /I (n = 31) 11/ (n = 31) IV (n = 40)

4 1.19(±0.11); 0.91 [±0.33] 0.99 (±0.09); 1.22 [±0.99]
0.81 0.05

5 3.44 (±0.87); 1.45 [±0.98] 1.53 (±0.28); 1.02 [±0.681
0.35 0.005

6 2.26 [±2.16] 2.37 (±0.62); 1.03 [±0.85]
0.002

B The values are computed by Methods I-IV as described in the text; n is the
number of data points. Values in parentheses are the standard errors; values
in italics are the square of the correlation coefficients- (R2); the numbers in
brackets are the standard deviations.
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Figure 5. Plots of K,N vs. W,"
Symbol designations same as in Figures 3 and 4. Solid lines: linear regression
functions for corresponding values of N

lipid constituted less than 2% of fresh weight (Figure 5) may
define a region in which other parameters influence the degree
of accumulation. It should be pointed out here that on a per
volume basis the ratio of the absolute quantities of CB in both
zooplankton and suspended particulate matter (39) to the
quantities measured in seawater was always less than 0.21.
Therefore, it is reasonable to consider the dispersive medium
as a virtually infinite reservoir of CB for uptake by' zoo
plankton. This conclusion is substantiated by the spatial and
temporal uniformity of the K~ values observed in these
studies.

Interregional Comparisons. Due to the uniformity ofK~
observed in this work, zooplankton might serve as useful in
dicators of CB residues in water. This seems very appealing
in view of the sampling and analytical difficulties involved in
measuring the low concentrations normally encountered in
seawater. By using the K~ values calculated in this work, CB
water concentrations were determined for a number of regions
where CB data in zooplankton were available. The results are
shown in Table VII. Although in most cases there was good
agreement between measured and calculated water values, it
appears that some of the North Atlantic data are abnormally
high, especially when compared with regions known to receive
significant inputs of chlorobiphenyls (e.g., Southern California
Bight).

Applicability of Partitioning Concept to Higher
Aquatic Trophic Levels. At the present time, the absence
of simultaneous measurements of chlorobiphenyls in water
and the lipids of higher trophic level organisms, e.g., fish and
marine mammals, does not permit direct calculation of their
concentration ratios. However, if a lipid-water partitioning
mechanism is operable in these species, comparable to that
observed in zooplankton, all biota within an ecosystem should
have similar residue levels normalized to lipids, especially if
collected from a region of uniform CB water values. To test
this assertion, the IN -CBj! values measured in plankton,
several species of pelagic fish, and seals from the Baltic Sea
were examined. The data are summarized in Table VIII. It
may be noted that, in spite of the wide range of values, residue
levels in plankton and fish were reasonably close but lower
than those in seals. Earlier studies (31) have implied that
biota-water exchange equilibria for environmentally stable
compounds are established in fish by a rapid exchange across
gill surfaces and subsequent transport to and from internal
lipid pools via the circulatory system. Marine mammals,
however, possess no equivalent external surface for exchange.
Therefore, it is possible that accumulation via equilibrium
partitioning may be applicable to a wide variety of, but not all,
pelagic organisms.

Conclusions

In summary, the data and computations presented in this
paper suggest that the K~ quantities are reasonably constant
over a range of spatial and temporal regimes; the residue levels
in ambient water and in zooplankton normalized to lipid play
an important role in controlling the degree of accumulation,
particularly when lipid constitutes more than 2% of zoo
plankton fresh weight; the K~ quantities appear to be inde
pendent of changes in faunal composition; and the total res
ervoir of CB in the water was higher than that in the biota. In
view of the above considerations and the stability of the eco
system in which the studies were performed, it appears that
the zooplankton are exposed to CB water concentrations for
a period of ti"me sufficiently long to establish equilibrium and
that the biota possess surface properties favoring establish
ment of rapid exchange between the internal lipid pools and
the aqueous medium.

This type of bioaccumulation mechanism observed for
chlorobiphenyls has some important connotations to the

1
+

N·4

++

+

o

~
V
I

~2

1

10.

[N-CB]w x 10'" gig

Figure 4. Plols of [N-CBJ' vs. [N-CB]w
Symbol designations same as in Figure 3. Solid lines: linear regression functions
for corresponding values of N
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regression technique when confronted with the highly scat
tered measurements obtained over the narrow range of the
15-CB]wand 16-CB]w values. In view of the above consider
ations for the 5- and i;-CB, any of the values computed by
Methods II, III, and IV can adequately represent the mag
nitude of their amplification factor in the zooplankton pop
ulation.

In general, the K ~ values appear to be independent of
faunal differences within the uncertainty of the data (Table
IV). The increasing scatter in the values ofK~ observed when

f---__.__----{,.)--.....,....- N =6

!;F-::r-'l..H.n""l"f)-=7'v--;:::....-\)-- N= 5..
!2 l.O-V~=--t"""=*~..~-'-T~-__._--N=4
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8 The numbers in parentheses are the minimum and maximum values.

IN-CB!w X 10-12 gig

.. n is the number of values used; values in parentheses are the standard de
viations.

Table VI. Regional Mean [N-CB)w Values for Depths
Below 20 m

nations for X include f, I, d, and c, which refer to fresh, lipid,
dry, and carbon weights, respectively, g

Wx/x' = mass ratio of biomass normalization parameter X

to a second biomass normalization parameter x· for zoo
plankton, e.g., Wllr for the lipid fraction of fresh weight,
%

[N-CB]w = mass of Nth chlorobiphenyl homolog in water
per unit mass of water, g of CB/g of water, assuming water
density of 1

K~ = lipid-water concentration ratio for Nth chlorobi
phenyl, unitless since it represents an amplification factor
in zooplankton from ambient water
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Ref

l:IN-CB!w X 10-12 gIg

Calcd 8 MendRegion

Zooplankton 18 (3-35) ( 12)

25 (4-77) ( 15)

Herring 14 (0.5-180) (41)

Salmon 13 (6-25) (41)

Seal 112 (20-970) (42)

Region n a N=. N=5 N = 8

Elliott Bay 1 1.40 1.71 0.50
Main Basin 1 1.06 3.37 1.12
Whidbey Basin 3 1.50 (±0.64) 1.99 (±0.96) 0.64 (±0.19)
Hood Canal 4 0.89 (±0.55) 1.29 (±0.67) 0.46 (±0.45)
Sinclair Inlet 1 1.06 3.37 1.12
Admiralty Inlet 1 0.90 1.40 0.36
and Straits of
Juan de Fuca

NE Atlantic 2.3 1.53 ( 13)

Sargasso Sea 1.1 (6)

NW Atlantic 82 54.7 ( 11)
Shelf
North Atlantic 30 (43)

Baltic Sea 18 12.0 ( 12)
25 16.7 (15)

S. Calif. Bight 4.6 3.06 8.8 ( 16)
7.4 (40)

Puget Sound 2.20 1.47 1.91 [0.70- These
(±1.8)· (±2.05) 3.37]C studies

a The calculated values were obtained as };[N-{;B)w =(11l-' };[N-{;B), where
11 = 1.50 X 10' (based on Methods liar II~ and };(N-CB], are the literature
values reported as Aroclor 1254 (N "" 5). b The mean (5-CB)'; the value in pa-
rentheses is the standard deviation. C The mean water value for all depths
sampled; numbers in brackets are the minimum and maximum values.

Table VII. Mean Values of Total Chlorobiphenyl
Concentrations in Zooplankton and Water for Various
Marine Regions

l:IN-CBt
x 10-6

gIg

Table VIII. Mean Total Chlorobiphenyl Concentrations
in Various Marine Species from Ballic Seas

Specie. l:IN-CBt X 10-8 gig Ref

spatial and temporal distributions of other environmentally
stable organic chemicals in aquatic ecosystems. Therefore,
meaningful environmental impact studies involving trace
organic contaminants require an adequate knowledge of the
mechanisms responsible for their biological availability and
biomagnification within the ecosystem.

Nomenclature

[N-CB]x = mass of Nth chlorobiphenyl (CB) in z(xlplankton
normalized to biomass parameter x: N is the num ber of
chlorine atoms on the biphenyl and may vary from 1 to la,
g of CB/g of x

x = zooplankton biomass normalization parameter. Desig-
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Monitoring of Polynuclear Aromatic Hydrocarbons in Water
I. Extraction and Recovery of Benzo(a)pyrene with Porous Polyurethane Foam

Jitendra Saxena', Jack Kozuchowski, and Dipak K. Basu

Center for Chemical Hazard Assessment, Syracuse Research Corp., Syracuse, N.Y. 13210

• The concentration of trace quantities of benzo(a)pyrene
from water with flexible polyurethane foam plug was studied.
The recovery from water was independent of flow rates over
a wide range but increased to a great extent with increase in
temperature of water. Other factors which influenced ben
zo(a)pyrene retention were: water pH, diameter of the column
used for holding plugs, and coating of the foam plugs with
chromatographic phases. The foam-sorbed benzo(a)pyrene
was stable, and its recovery quantitative after storage of the
plug for 'seven days at 4 ·C. Some loss of benzo(a)pyrene oc
curred when foam plugs were stored at room temperature.

Among the many chemical oncogenic agents, polycyclic
aromatic hydrocarbons (PAH) play an unique role because
of their demonstrated carcinogenic activity (1,2) and because
of their wide distribution and long persistence in the envi
ronment (3). To control the possible intake of PAH com
pounds by man through drinking water, it is necessary to as
certain their levels. The concentration of PAH compounds in
drinking water, however, is so low (4) that concentration of
large volumes is required to meet the detection limit of the
analytical method.

The effort required for extracting large volumes of samples
renders the solvent extraction method unattractive and
sometimes unfeasible. An instrument employing on-site
continuous liquid-liquid extraction (5) has doubtful practical
value for routine analysis of PAH because of slow flow rates
(~20-35 mL/min) necessary to establish an equilibrium dis
tribution between the aqueous and organic phases. Further
more, many good PAH solvents (e.g., benzene) cannot be used
in the system because of their relatively high water solubility.
The limitation of the two most promising sorbents-XAD
resins (6, 7) and Tenax (8)-is their incapability of allowing
water flow rates greater than 50 mL/min. Passage of large
volumes of water at such flow rates is very time consuming.

The discovery of the ability of polyurethane foams to retain
a number of compounds including PCB's and organochlorine
pesticides from water (9-11) produced a surge of interest in
using this technique to concentrate other compounds as well.
Gough and Gesser (12) used polyurethane foams for the re
covery of phtalate esters from water. These authors and others
(11,13) used foam plugs coated with gas chromatographic
liquid phases with varying degrees of success. Bedford (14),
however, reported that polyurethane foam cannot be used
reliably to extract PCB's from turbid natural waters. The
studies conducted by EPA (15) with paper mill wastewater
components, fuel oil, and textile dyes showed that both coated
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and uncoated foams are very limited in their extraction abil
ity.

In this paper, the removal of trace quantities of benzo(a)
pyrene (BaP), a major representative of carcinogenic PAH,
from water with a flexible polyurethane foam plug is reported.
The optimum conditions for PAH retention by foam plugs
have been determined. The method can be extended to other
PAH's, and such studies will be reported separately.

Experimental

Materials and Reagents. The studies were carried out
using radiolabeled benzo(a)-pyrene (7_10_ 14C) because of the
ease and greater sensitivity of 14C-detection. This also elimi
nated the necessity for determination of background levels
ofBaP in water. Radiolabeled BaP in methanol solution was
obtained from California Bionuclear Corp. The BaP was of
98% purity and used without further purification.

Polyurethane foam plugs used were diSPo plugs (Scientific
Products, Inc.), Identi plugs (VWR Scientific), and plugs cut
from UU34 foam sheets (Thomas E. Forrest Co., Inc.).

Tap water used in these studies was obtained from labo
ratory tap and was derived from Skaneateles Lake. The only
treatments the water received prior to distribution were
chlorination and fluoridation (16). Raw water was collected
from Onondaga 'Lake (Syracuse, N.Y.) in the month of De
cember. Large floating and suspended particles were removed
by filtration through a fine wire screen prior to use.

Chromaflex columns used for holding the foam plugs were
purchased from Kontes Glass Co. The oscillating-type pump,
Gilmont flow meter, and Haake Model FE thermostated cir
culator were purchased from Scientific Products, Inc.

All the solvents used were AR grade and purchased from
Mallinckrodt Chemical Co.The nematic liquid crystal [N,N' 
bis(p-methoxybenzylidene)-a,a'-bi-p-toluidine] was obtained
from Eastman Kodak Co., and gas chromatographic phases
DC-200 and SE-30 were from Analabs, Inc. Insta-gel and the
chemicals for preparing scintillation fluid were purchased
from Packl!rd Instrument Co.

Procedure.·For sorption studies under static conditions,
a preweighed foam plug was left in contact for 4 h with 14C_
BaP solution which had been preequilibrated with the glass
container. The difference in the 14C-activity in initial and final
water sample gave the amount of 14C_BaP sorbed by the foam
plug. This was carried out using each foam over a range of BaP
concentrations.

In the flow system experiments, one foam plug was wetted
with distilled water and placed in a 25-mm Chromaflex col
umn. It was washed successively with acetone, benzene, ace
tone, and distilled water. Preequilibrated tap water containing



BaP concentration of 0.1 ppb (unless otherwise stated) was
drawn through the column with the help of a pump controlled
by a variac at a constant flow rate of 250 ± 10 mL/min. The
flow rate was continuously monitored with the help of a Gil
mont flow meter. Prior to reaching the foam column, the water
was brought to a desired temperature by passing it through
a custom-made glass coil (10 ft X 6 mm) which was immersed
in a thermostated circulator (Haake Model FE). A water trap
with a thermometer was introduced near the column to con
tinuously monitor actual water temperature.

The concentration of radioactive BaP in spiked water and
effluent was determined by extracting a known aliquot with
benzene and counting 14C-activity in the solvent layer. To
account for change in the concentration of BaP in spiked water
with time, two effluent samples-one at the beginning and the
other at the end of the run-were taken and values were av
eraged. BaP retained on the foam plugs was eluted with 20 mL
acetone followed by 75 mL benzene. Soxhlet extraction of the
plugs did not elute more BaP than that recovered by batch
column extraction. A 5-mL aliquot of the extracted solution
was counted in 10 mL of scintillation fluid (5 g PPO and 0.15
g POPOP/L toluene) with the aid of a Nuclear-Chicago 720
series automatic liquid scintillation system. Water samples
were counted when necessary, in Insta-gel.

The plugs containing BaP obtained by passing 2 L of spiked
tap water (0.1 ppb) were used in determination of the stability
of BaP on foam plugs. They were stored in the Chromaflex
columns covered with aluminum foil and analyzed for total
14C-activity at intervals. The concentrated foam eluates were
subjected to thin-layer chromatography on cellulose plates
with benzene as solvent to ascertain possible BaP degradation.
The plates were scanned for radioactive spots on a Nuclear
Chicago Actigraph III.

The calculation of the percent retention of BaP by foam
plugs in this paper has been based on the amount of 14C_de_
tected in water by benzene extraction. This eliminated the
necessity for quantitation of the BaP adsorbed on the reservoir
surface. The total loss of BaP due to adsorption on the glass
coil used for heating of the water and on connecting tubes was
small and was ignored in the calculation of the percent re
tention efficiency. Experiments were repeated 2-3 times, and
results are expressed as the mean of these values. The devia
tions from the mean were usually in the range of 3-6%.

Results and Discussion

Sorption data for BaP on three types of foam plugs under
static and flow system conditions are shown in Table I. The
retention under static conditions was linear over a range of
BaP concentrations covering 20-500 ILg/L. The plugs differed
only to a small extent in their sorption characteristics under
the two conditions. The chemical nature (ester or ether) and

Table I. Recovery of BaP from Spiked Water

their density did not appear to be related to the sorption
properties. The maximum attainable flow rates with these
plugs, however, varied considerably. Cleaning of the foam cells
by removing face membranes by treatment with alkaline so
lution (17) resulted in increased water flow rates but decreased
sorption. Columns packed with shredded foams allowed high
water flow rates but gave variable retention values. Further
studies were undertaken with Identi plugs which offered the
best compromise between sorption efficiency and flow
rates.

The recovery of BaP from spiked distilled and tap water
with Identi plugs at ambient temperature was 65 and 91%,
respectively. The decreased retention from tap water was
probably not due to competition for sites by contaminants
since the retention of BaP from distilled water was not af
fected by prior exposure to BaP free tap water. The lower ef
ficiency appeared to be linked to the presence of suspended
particles since the tap water dosed with BaP following MilIi
pore filteration (0.45 IL) gave retention values equivalent to
distilled water.

The diameter of the column holding the plugs had a distinct
effect on BaP recovery from tap water. As the column diam
eter was increased (20-50 mm), the recovery of BaP on the
foam plugs steadily decreased; the decrease was as much as
20% with increase in column diameter from 20 to 50 mm.
However, as a best compromise between retention efficiency
and flow rate, a 25-mm column was found to be most suitable
for the plug dimensions used.

The efficiency of the foam plugs to retain BaP at ambient
temperature in the examined water flow range (130-520
mL/min) remained unaltered with both tap and distilled
water. Furthermore, no measurable removal of BaP from
spiked foam occurred by passing water over it regardless of
the volume of water and flow rate, suggesting that BaP sorbed
on the foam irreversibly. Even though BaP recovery was in
dependent of flow rates, a flow rate of 250 ± 10 mL/min was
preferred for further studies. At higher flow rates, foam plugs
quite often slid to the bottom of the column which was ac
companied by lowering of the retention values. In the studied
pH range of 3-10, the retention efficiency of the foam plugs
increased steadily with increase in pH. The retention at tap
water pH (6.7) was between 62-65%; the retention efficiency
at pH 3.0 and 10.0 was 59 and 76%, respectively.

The most dramatic effect on the recovery of benzo(a)pyrene
from spiked tap water was observed when the temperature of
the water was varied (Figure 1). The relationship between BaP
recovery from tap water and temperature was biphasic. The
retention steadily increased with increase in temperature up
to 40°C, but decreased with further increase in temperature.
When the temperature was increased beyond 50 °C, the in
crease in BaP retention was resumed until a plateau was

Static con<mlons,8 Continuous lIow system b

ItQ SaP sorbed from % Recovery % Aecovery
distilled water/g from tap from distilled

Foam plug Plug characlerlltlcs foam water water

A, diSPo plugs Polyester; white; 150 62 89
50 X 38 mm; density,
24 kg/m3

B, Identi plugs Polyether; white; 135 65 91
45 X 45 mm,
density, 25 kg/m3

C, piugs cut Polyester; green; 187 66 96
from UU34 45 X 45 mm; density,
sheets 24 kg/m3

a BaP concn. 200 /Lg/L. b Water temperature, 23 ·C; volume. 4 L; BaP concn, 0.1 ppb; flow rale, 150 mllmin (±10 mL); column diameter, 25 mm.
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Figure 1. Effect of water temperature, water volume, 4 L; SaP con
centration, 0.1 ppb; flow rate, 250 ± 10 mL/min
o Tap water (unfiltered), • filtered tap water, '" distilled waler

reached starting at 60 DC. The recovery ofSaP at temperature
greater than 60 DC was approximately 87%.

The effect of temperature on SaP recovery from tap water
is complex and probably the consequence of many interacting
factors. The initial increase appears to be linked to the pres
ence of suspended particles in water. This is due to the fact
that such an increase was not seen with distilled water, and
that the increase was less pronounced when tap water was
Millipore-filtered prior to spiking. The increased retention
of SaP beyond 50 DC was observed with tap water and distilled
water as well!!s filtered water and, therefore, appears to be
linked to the foain itself. Subjecting polyurethane foam to the
action of hot water or steam causes hydrolysis of residual
isocyanate and ethyl silicate (18). The increased SaP retention
at higher temperature was, however, not linked to these
changes because preheated or steam-treated plugs gave re
covery of SaP similar to untreated foam.

In view of significant increase in the recovery of SaP on
foam plugs with increase in temperature, further studies were
carried out at a water temperature of 62 ± 2 DC.

Table II shows the mass balance of the 14C_SaP added to
4 L ofwater. Nearly 25% of the 14C added to the tap water was
adsorbed to the bottle surface compared to a value of 15% with
distilled water. The extractability ofSaP with benzene from
the two types of water also varied to a significant extent. While
all the SaP was extractable with benzene from spiked distilled
water, the amount recoverable from tap water was only 92%.
Whether this is due to transformation of some SaP to a ben
zene-insoluble form or due to nonextractable particle-ad
sorbed portion of SaP as suggested by Acheson et al. (19) is
not clear. All the 14C-activity retained by the foam plug from
spiked distilled or tap water was in the form of SaP as shown
by thin-layer chromatography of the foam eluate.

Coating of the foam plugs with as high as 5-10 wt %of gas
chromatographic phases, e.g., SE-30, DC-2oo, or nematic
liquid crystal (11, 20, 21) showed a small increase of 4-9% in
recovery over untreated foam at a water temperature of 62 ±
2 DC (Table III). The eluate from coated foarn plugs contained
large quantities of the coating material, rendering its con
centration to a smaller volume (which would be necessary in
the later stages of development) difficult; therefore, coating
of foam plugs was not considered further.

The retention of SaP from 4 L of tap water remained be
tween 84-87% in the concentration range of 0.002-25 ppb. A
successive increase in the volume of spiked water (0.05 ppb)
passed through a single foam plug showed a steady decrease
in the efficiency of retention. The efficiency of retention with

• Waler volume, 4Ltaken in a 5-L bonle; flow rale, 250 mLlm;n ± 10 mL;
temperature, 62 ± 2 DC; BaP concn, 0.1 ppb. 0 By extraclion with benzene.

62.0
85.3
87.5
92.6
91.2
66.0

% Retention
on loam

Temp of
spiked water,

'c
23
62
62
62
62
23

Cone" of
Chromatographic coating on plug,

phase % of loam. w/w

Table II. Mass Balance of 14C-Actlvily Added to
Water a

Tap waler, Distilled waler,
% 14C.dlstrlbutlon % 14C_dla.rlbullon

Amount Amount Amount Amount
Material added detected ._d detected
toated towat.r In water b to water In ~al.rb

Foam plug 56.0 86.0 80.0 95.0
+ glass
column

Glass bollie 24.4 15.0
Glass coil and 2.1 2.8 1.8 2.1

connect-
ing
tubes

Effluent 8.0 11.0 3.2 3.3
"C-non 8.0 0

extract-
able

Total 98.5 99.8 100 100.4

Uncoated
Uncoated
DC·200 5
DC-200 10
SE-30 10
Nematic liquid 3.7
crystal
[N,N'-bis(p-methoxybenzyl idiner
a,a'-bi-p-toluidine1
• Water volume, 4 L; flow rate, 250 mLlmin ± 10 mL; BaP concn, 0.1

ppb.

Table III, Benzo(a)pyrene Retention from Tap Water
with Foam Plugs Coated with Chromatographic
Phases·

4 L of tap water was nearly 87%; however, when the sample
volume was increased to 10, 20, and 40 L, the efficiency fell
respectively to 73, 67, and 49%. The efficiency of retention
from distilled water, however, remained unchanged with in
creasing sample volume. To maintain high retention efficiency
with tap water, it was necessary to increase the number of
foam plugs. The retention efficiency was increased to ap
proximately 85% with 20 L of spiked tap water when four foam
plugs (two each in two different columns) were used. The
distribution of SaP retained on individual plugs was as fol
lows: 65% on the first plug, 4% on the second, 13% on the third
(first plug of the second column), and 3.5% on the fourth.

Onondaga Lake water was chosen in retention studies with
raw water since it would represent a worse possible case of raw
drinking water source (total suspended solids in water = 102
mg/L; total dissolved solids = 2.4 gIL). The retention from 4
L of spiked raw water (0.1 ppb) with a single foam plug was
69%. When the number of foam plugs in the column was in
creased to two, the efficiency of retention increased to 81%.
Therefore, with raw water in general, twice as many total foam
plugs (not exceeding two plugs per column) should be suffi
cient to effectively concentrate SaP from the same volume of
raw water as with tap water.

The effect of storage of foam plugs sorbed with SaP at room
temperature and under refrigeration was examined. All the

~ ~ ~ ~ ~ ro ~

Temperature of Water Passed Through Foam (DC I

100

90

i
j

8lI
~•~
j

70

" 60

50 ,.•
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activity was recoverable from foam plugs after seven days
storage at 4°C. A small but steady loss of BaP was observed
during storage at room temperature; BaP recovered after
seven days storage was only 82% of that originally present.
Thin-layer chromatography of the eluates from plugs stored
at room temperature and at 4 °C revealed that all the 14C was
localized in the BaP spot.

Conclusions

Polyurethane foam plugs are excellent sorbents for ben
zo(a)pyrene from natural treated-and untreated waters. For
sampling 20 L of finished water, four foam plugs (two each in
two different columns) should be used. The water should be
heated to 6~5 °C prior to passage through the foam column,
and flow rate should be maintained at nearly 250 mL/min.
Foam plugs following sampling should be shipped in ice to
prevent loss ofbenzo(a)pyrene. For raw water, the four-plug
system should be used for concentrating BaP from 10 L
only.

The increase in the efficiency of retention of BaP by heating
of water appellrs to be linked to the desorption of benzo(a)
pyrene from suspended particles in water as well as to a pos
sible change in the foam itself. It is felt that the retention of
other contaminants, e.g., PCB's, on polyurethane foam will
also be enhanced if water temperature is increased and should
be investigated.
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Total Organic Halogen as Water Quality Parameter:
Adsorption/Microcoulometric Method

William H. Glaze', Gary R. Peyton, and Richard Rawley

Institute of Applied Sciences and Department of Chemistry, North Texas State University, Denton, Tex. 76203

• A method is developed to determine carbon-bound halogen
at the IlglL level in water samples with a commercially avail
able instrument and readily obtainable materials. The
method, which consists of adsorption from the water onto an
XAD-2 or XAD-4 column, followed by elution and injection
into the microcoulometer, can be used to recover and quantify
60-100% of the compounds tested (except long-chain aliphatic
chlorides), with a lower limit of about 2 IlglL. Analysis of
drinking water samples from four cities, before and after
purging with helium, shows a great variation in nonhaloform
organic halogen content, not only in amount but in resistance
to purging. The difference between the total organic halogen
and the haloform content could prove to be an important
water quality parameter.

Since the discovery of haloforms in drinking water (J), there
has been intense interest in their sourCl'), toxicity, identifica
tion, and quantitation. Several methods, including purge
techniques (2) and liquid-liquid extraction (3, 4), have been
used to quantify these purgable volatile halogen compounds

in drinking water supplies. The growing concern that many,
if not most, compounds containing carbon-bound halogen may
prove to be toxic has created a need for a method of detection
of such compounds in public drinking water supplies.

The methods mentioned above suffer from the disadvan
tage that the compounds of interest must be chromatogra
phable, which is not the case with, for example, haloform
precursors. There are, in addition, other obvious volatility/
solubility restrictions on these methods. A liquid-chromato
graphic method would be a useful complement to gas chro
matographic procedures, but there is as yet no halogen-specific
liquid chromatographic detection system in common use. The
final and perhaps most serious drawback from the standpoint
of routine utility is the amount of work required to identify
and quantify each peak in the chromatogram. It is desirable,
then, to have a method which is halogen specific, not volatility
or solubility dependent, and amenable to routine application.
Separation by adsorption onto macroreticular resin followed
by desorption, pyrolysis in oxygen, and microcoulometric
detection comprises a method which satisfies these require
ments.

Volume 11, Number 7, July 1977 685



The XAD-2 and XAD-4 polystyrene-divinylbenzene co
polymer resins are popular for the adsorption of organic
compounds from water (5--8). Although appreciable work has
been done on XAD adsorption of organic compounds likely
to result from pollution by the chemical industry and agri
culture, very little has been published concerning adsorption
of the haloforms or substances likely to be their precursors
(9-11). In this work, adsorption efficiencies of haloforms were
studied, as well as carbon tetrachloride and some less volatile
organic compounds. After XAD column parameters were
optimized with the model compounds, raw and finished
drinking water from various cities was analyzed by liquid
liquid extraction (3) and the XAD/microcoulometric tech
nique described below. In addition, the ether elutions from
the XAD columns were analyzed chromatographically to de
termine the recovery of the individual purgable volatiles.

Experimental

Instruments. The Dohrmann MCTS-20 Microcoulometric
Halide System, equipped with an SBI single-boat inlet system
was used to determine halogen content of the ether elutions
from XAD resins. Gas chromatography of the purgable vola
tiles was carried out on a Tracor 560 equipped with a s3Ni
electron capture detector using a glass 6 ft X 2 mm i.d. column
containing 10% squalane on 100/120 Supelcoport. Nonpur
gable volatiles for model compound studies were chromato
graphed on a Varian 1800 equipped with a flame ionization
detector using a glass 6 ft X 2 mm i.d. column containing 10%
OV-ll on 100/120 Supelcoport. In both cases, carrier gas flow
rates were 20 mL min-' helium. The electron capture chro
matography was isothermal at 68 °C, while programming from
room temperature at 4°C min- I was adequate to separate the
nonpurgable volatiles.

Gases and Reagents. All gases were dried with silica gel
traps between the regulators and the instruments. Model
compounds were checked chromatographically for purity.
Pentane was freed of interfering peaks by distillation from
freshly cut sodium. Methanol for XAD processing and storage
was Fisher electrograde. Reagent grade diethyl ether directly
from the can was found to be sufficiently pure for both chro
matography and microcoulometry.

Water free from interfering chromatographic peaks and
sufficiently pure to give low system blanks was obtained
(Figure 1) by passing tap water through a 75 cm X 4 cm i.d.
glass column filled with 12/40 mesh Calgon Filtrasorb 400
activated carbon, through a deionizing unit, then through a
75 cm X 1.5 cm i.d. glass column filled with 20/50 mesh XAD-4
which had been cleaned by the same method used from XAD
to be used in the columns. It was found advantageous to place
a cotton string or fiber filter ahead of the carbon column to
prevent premature fouling by gelatinous iron-containing de
posits. All tubing was borosilicate glass or copper connected
by stainless steel fittings with PTFE ferrules. The resulting
"super-D" water was found to consistently contain about 0.1
I'g/L of carbon tetrachloride and less than the following
amounts of the haloforms: CHCl3 (0.05I'glL); CHClzBr (0.02
I'g/L); CHCIBrz (0.02 I'g/L); CHBra (0.05 I'glL).

XAD resins were obtained from Rohm and Haas as 20/50
mesh spherical beads and 100/400 mesh ground ~,owder.

Spherical resin, 75/85 mesh, was obtained by the application
of a dynamic flotation process to the "20/50" mesh commercial
product, and the 75/85 mesh sizing was calculated from par
ticle diameter, measured by a binocular microscope with a
stage micrometer. Granules, 100/120 mesh, were obtained by
aqueous wet sieving of 100/400 mesh resin.

Glassware was soaked in chromic acid, washed with water,
super-D water, and absolute ethanol, then dried at 150°C for
at least 1 h. PTFE-lined septa were used on all sample bottles,
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and water samples were taken so as to eliminate any head
space above the water. For the model compound studies,
concentrated standard solutions were made up in ethanol,
then spiked through the septa, directly into water in the
sample bottle. All metal fittings were degreased with distilled
acetone and then washed with absolute ethanol on cotton
swabs.

XAD Resin Columns. Columns containing the macroret
icular resin consisted of a 7-cm piece of %-in. o.d. Pyrex
standard wall tubing filled with 5 cm of the resin (ca. 200 mg)
and plugged at both ends with glass wool. The tubes were
tightened into % X VIS in. stainless steel reducing unions with
PTFE ferrules. The tubes minus the fittings were stored under
methanol when not in use. Consistency and reproducibility
of the columns improved with use.

Analytical Procedures. The liquid-liquid (LLE) extrac
tion method (3) has been described elsewhere. The XAD/
microcoulometric procedure (XAD/MC) is as follows:

After flushing with 10 mL ether followed by 10 mL of su
per-D water, the XAD trap is fitted with a syringe needle
tapped to accept the 10-32 threads of the lhs-in. end of the
Swagelok fitting (Figure 2). This syringe needle is then in
serted through the septum of a 120-mL sample bottle. Another
syringe needle connected to a helium tank is inserted through
the septum, and the helium pressure increased to obtain the
desired flow rate through the resin column-25 mL water/min
in this work. When the last drop of water goes through, the
column is removed and the free end attached to a 10-mL glass
syringe fitted with a polypropylene valve and an adapter made
by tightening a lhs-in. Swagelok nut and ferrules onto a syringe
needle. The syringe is filled with ether, and the needle inserted
into a septum-capped cone-shaped sample vial which is then
immersed in ice water (Figure 3). Ether is pushed into the trap
until about five drops of liquid fall into the sample vial. Elu
tion is continued a few drops at a time until 1 mL of liquid has
been eluted over a period of about 10 min. The small water
layer which has formed in the bottom of the sample vial is then
removed with a syringe (microcoulometric analysis of the re
sidual water showed an insignificant trace of organohalogen),
and the elution continued until a total of 1 mL of ether has
been collected. The sample vial is then removed and analyzed
immediately or stored in the freezer. A system blank is run
similarly with super-D water.

Microcoulometric analysis is made by injection of 20 I'L of
ether eluate into a platinum foil-lined quartz boat on the inlet
side of the coulometer. The boat is then positioned at the edge
of the furnace to evaporate the more volatile constituents.
When the recorder peak reaches its maximum, the boat is
inserted the rest of the way into the furnace to pyrolyze any
remaining less volatile substances. The pyrolyzed substances
pass from the quartz pyrolysis tube to a titration cell where
the halides react with silver ion, the concentration of which
is maintained electrochemically. When this concentration
begins to drop, additional silver ion is generated to replace that
which is lost, and the charge required to generate that amount
of silver ion is measured by an integration circuit and con
verted to nanograms of chlorine which is read from a digital
meter on the instrument.

The precision of this measurement depends primarily on
the baseline noise level of the coulometer, since the coulometer
"memorizes" the baseline value at the beginning of the inte
gration. This noise level varies with frequency of use, num ber
of hours in operation, and length of time since the electrodes
were plated. Clearly, for a given noise level, measurement of
a small quantity of chlorine would be less precise than mea
surement of a large quantity because of the signal-to-noise
ratio and variation in the point that the coulometer picks to
reference the beginning of the peak integration. It is, therefore,
more meaningful to give the average precision (in percent) as



Figure 1. Water purification apparatus
A: Filter
B: Five-gal reservoir
C: Carbon column
D: Deionizing unit
E: XAD column
F: TENAX-filled vent
G: Super-D water reservoir

Figure 2. Adsorption of sample onto XAD column
a: Helium delivery tubing (Y.-in. o.d. Teflon)
b: Swage10k reducing union (Y16 X Y. in.)
c: Syringe needle (20 gauge) with Luer fitting tapped to accept 10-32

threads of Swagelok
d: Glass tubing (8 cm X 6 mm o.d.) containing XAD resins
e: Sample bottle, 120 mL with Teflon-lined septum

Figure 3. Elution of adsorbed organics from XAD
a: 10-mL glass syringe containing diethyl ether
b: Ringstand clamp with one arm removed
c: Polypropyiene three-way valve
d: Y18-in. Swagelok nut tightened onto a 20-gauge needle
e: XAD column
f: Syringe needle (25 gauge) with Luer fitting tapped to accept 10-32

threads of Swagelok
g: Septum~capped minivial in ice water

a function of the order of magnitude of the value measured.
Typical data are shown below:

Magnitude of meas, No. of sets No. of Mean %
ngel analyzed points SD

10°-101 5 14 17.3
101-102 11 25 10.4
102_103 7 22 2.7
103-104 7 21 2.3

At a level of about 100 ng, the precision of the coulometer is
comparable to that of the injection volume. Insofar as the
practical lower limit of detection for the coulometer is affected,
the sample must differ from the system blank by at least twice
the standard deviation to get a meaningful result. Since there
is a 102-fold concentration step in the method, a water sample
originally containing 1 pg/!"L (1 ppb) would end up concen
trated in the ether eluent at 0.1 ng/!"L (multiplied, of course,
by XAD recovery efficiency). A typical blank using a 20-!"L
injection gives about 5-12 ng response, so that a 20-!"L injec
tion of sample giving a response of 4 ng over that of the blank
should be easily discernible. This corresponds to 0.2 ng/!"L in
the ether eluent, giving 2 !"g/L as a reasonable detection limit
for a 120-mL water sample.

Results and Discussion

Column geometry and resin size were optimized by doing
recovery efficiency studies on model compound mixtures in
super-D water, tap water, and municipal secondary waste
water effluent. The purgable volatiles generally found in
drinking water were used, along with a few heavier compounds
of varying polarity and structure. The best results were ob
tained using 100/120 mesh ground resin rather than 75/85 (or
larger) mesh spherical resin. Poropak Q, 100/120 mesh, was
also tried but gave recoveries 30-50% below those obtained
with XAD. [Sized macroreticular resins are marketed by
Johns Manville and its various distributors under the trade
names Chromasorb 102 and 108, which correspond to XAD-2
and XAD-8. Preliminary results.in our laboratory suggest that
these materials may be used for the XAD/TOX method if
properly cleaned. Current practice is to use a minicolumn
containing 1 em of XAD-8 over 5 em of XAD-2. The former
is included because of its greater affinity for polar compounds;
however, we find little difference between XAD-2/8 and
XAD-2/2 columns (in series) using Denton, Tex., drinking
water. Perhaps, in other cases, the use of XAD-8 will result
in greater overall efficiencies.] A column 5 em long gave better
results than the smaller lengths tried, but longer columns were
not used because of the increased solvent dead volume. When
a sample volume of 900 mL was used, the apparent concen
tration of chloroform dropped about 50%, dichlorobromo
methane dropped 33%, and dibromochloromethane about
25%, as compared to values obtained with 120-mL samples.
The final combination of 120-mL sample volume, 5 em X 4
mm i.d. column size, and I-mL ether elution volume was
chosen as the best in view of the problems associated with
quantitative analysis using ether as a solvent and the desir
ability of maintaining a 2-ppb lower detection limit. .

Since free chlorine is seen by the microcoulometer, it must
be quenched in drinking water samples before they are passed
through the resin. Model compound recoveries (Table I) were
not altered by the addition of sulfite as a quenching agent,
with one exception. Standard additions of o-dichlorobenzene,
dodecyl chloride, and p-chlorophenol at the 5-45-ppb level
were made to super-D water, Denton, Tex., drinking water,
and municipal wastewater (unchlorinated) to determine if
there was a matrix effect. No chlorophenol was recovered from
the drinking water when unquenched, whereas recoveries from
all three matrices were comparable when sulfite was added
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to tap water prior to addition of the chlorophenol. The results
with chlorophenol point to the desirability of quenching active
chlorine when attenwting the recovery of reactive organic
materials.

The coulometer also will respond to some inorganic chlo
rides, either because of their volatility or their entrainment
in the solvent vapor, but addition of inorganic chloride to
samples prior to XAD adsorption did not affect the final re
sults.

Model Compound Studies. Recovery studies were con
ducted on 11 compounds; carbon tetrachloride, the chlo
rine-bromine haloform series, cyclohexyl chloride, o-chloro
phenol, 2,2'-dichloroisopropyl ether, hexadecyl chloride, do
decyl chloride, and p-chlorophenol. Table I shows the recov
eries obtained for the six "nonpurgable" compounds in the
5-50 ppb range, and the efficiency of their detection on the
microcoulometer/pyrolysis system. Good recovery was ob
tained for all compounds except hexadecyl and dodecyl
chloride. This result is not unexpected, since long-chain ali
phatic hydrocarbons have been shown previously (12) to give
poor recoveries. The aqueous solution which passed through
the columns was analyzed hy the LLE method (3) for unad
sorbed compound, and no cyclohexyl chloride, o-dichloro
benzene, or 2,2'-dichloroisopropyl ether was found. A small
amount of chlorophenol was found in the water, but an un
favorable partition coefficient prevented its accurate quan
titation. Hexadecyl chloride remained in the water to the
extent of 37.6% and dodecyl chloride was not determined.

Results for carbon tetrachloride and the chlorine-bromine
haloform series are also shown in Table I, where recovery ef
ficiency is seen to increase in the direction of decreasing vol
atility/polarity. Table II shows the result of an earlier exper
iment with 75/85 mesh resin where, at least for the haloform
compounds,'ntost of the unrecovered compound is found in
the water which passes through the resin. Rinsing the walls
of used sample bottles with ether and subjecting that ether
to microcoulometric analysis showed that only 0.3%. of the
total chlorine in the samples remained 01. the walls of the
sample vessel. Incomplete elution of the resin was eliminated

Table I. XAD Recoveries and Pyrolysis/Coulometric
Efficiencies of Selected Organohalogen Compounds

% Recovery Ea

Carbon tetrachloride 63.4 ± 8.4 0.96
Chloroform 72.7 ± 7.9 0.97
Bromodichloromethane 78.8 ± 7.4 1.09
Chlorodibromomethane 86.3 ± 6.7 0.74
Bromoform 87.5 ± 7.3 0.52
Cyclohexyl chloride 96.4 ± 4.3 0.84
o-Dichlorobenzene 103.5 ± 2.0 1.0.0
2,2'-Dichloroisopropyl ether 109.7 ± 2.1 0.68
p-Chlorophenol 97.4 ± 5.0 0.98
Dodecyl chloride 29.9 ± 2.6 1.00
Hexadecyl chloride 8.8 ± 3.1

a Pyrolysis-coulometric efficiency = halogen detected (as chlorine) by
cQu/ometer/halogen calculated. Efficiencies were determined by injection of
standard solutions of the compounds into the pyrolysis/coulometer system.
Efficiencies for direct injection of 1queoUS KCI, KBr, and KI into the titration cell
are 1.00. 0.99. and 0.96. respectively.

as a source of loss by the observation that in virtually all cases,
except dodecyl arid hexadecyl chlorides, the quantity of the
compound of interest found in successive milliliters of eluate
decreased almost exactly two orders of magnitude. The two
aliphatic halides decreased by a factor of three from the first
milliliter to the second.

Drinking Water Samples. Results of the analysis of
drinking water from four cities in different parts of the country
are shown in Table III. In each case, the principal raw water
source is surface water. XAD/EC values result from electron
capture gas chromatography of XAD elutions and are the
same samples as have been analyzed by microcoulometry
(XAD/MC). LLE values are the result of the liquid-liquid
extraction method mentioned above (3). In two-thirds of the
cases where the measured value was ~1 ppb (excluding CCl4

which was in a difficult range and was consistently higher by
XAD/EC than by LLE), agreement between LLE and XAD/
EC was within experimental error after correcting the XAD/
EC values by the recovery factors in Table I.

It is clear from the data in Table III that total organic
halogen (as measured by this method) for three of the four
cities exceeds the values obtained from the sums of the halo
form concentrations. To better understand the nature of this
difference, haloform and the total organic halogen content of
actual drinking water samples were monitored as a function
of purging time, Purging was carried out using a procedure
similar to that employed by Kopfler et aI. (13). Sample volume
and helium flow rate were 120 and 100 mL min-I, respectively.
The results are given in Table IV, normalized to the sum of
the haloforms present at t = O. The haloforms disappear about
four times as quickly as the nonhaloform halogen, the halo
form compounds being 92% removed after 1 h, while the
nonhaloform compounds required 4 h to drop to 10% of their
original value, Although the functional form of the disap
pearance is not known exactly, a plot of -In (C/Co)vs. t 1/2 is
approximately linear,leading to C/Co=e-"I l/'l where" =2.1
s-1/2 for the haloforms and 0.92 for total chlorine, Different
drinking water matrices would not necessarily lead to the same
results, but the indication is that there are indeed chlorine
compounds present which are considerably less purgable than
the haloforms.

The results in Table III indicate the great differences in
organohalogen content of drinking water from various loca
tions. City # 1 appears to have a large excess of organic halo
gen above that accounted for by the volatiles, but upon
purging, this chlorine is removed from the water. In the water
from City #2, a higher portion of the halogen is accounted for
by the volatiles, but a larger portion of the excess halogen re
mains even after purging, The higher ratio of bromine com
pounds is probably indicative of a higher bromide level in the
raw water and/or bromine in the chlorine used to disinfect the
water, as it has been shown in this laboratory and others (I3,
14) that chlorination of humic acids in the presence of bromide
and iodide leads to halogenated methanes containing bromine
and iodine. City #3 has a smaller nonhaloform halogen con
tent but demonstrates some resistance to purging, whereas
City # 4, on the other hand, has essentially no nonhaloform
organic halogen in the drinking water.

Finally, note that the XAD method described here has not
been compared with the pyrolytic hydrolysis method of Kuhn

Table II. Distribution of Volatile Model Compounds Between Ether Elution and Water Having Passed Through
75/85 Mesh XAD Column

% in ether
% in water

CCI4

75.8 ± 0.9
2.5 ± 0.3

CHCl3

50.7 ± 5.0
40.0 ± 4.0

CHCI2Br

84.4 ± 1.2
1.8 ± 2.0

CHCIBr2

68.3 ± 6.3
7.5 ± 0.8

76.0 ± 6.0
3.7 ± 4.0
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Table III. Trlhalomethane and Total Organic Halogen (XAD/MC) Data from Four Cltles 8

Sample b Method CHCI3 CCI. CHCI211< CHCISr2 CHBr3 2:

City #1

T LlE 29.4 ± 2.5 1.03 ± 0.23 12.6 ± 0.7 5.7 ± 0.7 0.43 ± 0.06 49.2 ± 4.2
XAD/EC 28.1 ± 2.5 1.4±0.1 11.4 ± 1.1 6.5±0.7 0.4 ± 0.1 48.1 ± 8.1
XAD/MC 73.2 ± 8.9

TP LLE 4.4 ± 0.4 0.015 ± 0.015 0.40 ± 0.16 5.3 ± 0.6
XAD/EC 1.0±0.3 1.3±0.1 0.02 ± 0.12 0.001 2.4 ± 0.3
XAD/MC 2.0 ± 3.1

R LlE 0.98 ± 0.01 1.71 ±O.Ol c 0.22 ± 0.01 2.92 ± 0.02
XAD/EC 1.0 ± 0.4 0.2 0.02 1.3 ± 0.4
XAD/MC 1.8 ± 2.1

T LLE 31.9 ± 5.8 0.10 ± 0.02 21.6 ± 2.0 15.0 ± 2.4 2.1 ± 0.6 70.6 ± 8.7
XAD/EC 14.5 0.1 16.8 10.6 1.6 43.6
XAD/MC 83.5 ± 2.3

City #2

TP LLE 2.6 0.08 0.3 0.9 0.5 4.4
XAD/EC 1.5 0.17 0.6 0.7 0.4 3.4
XAD/MC 11.0

R LLE 0.82 ± 0.01 0.05 ± 0.001 0.88 ± 0.01
XAD/MC 5.5 ± 0.7

T LLE 129.7 ± 8.1 0.18 ± 0.01 19.7 ± 1.5 3.10 ± 0.22 0.028 ;52.7 ± 9.8
XAD/EC 84.6 ± 1.0 0.25 ± 0.01 16.7 ± 1.1 3.0 ± 0.04 104.6 ± 0.5
XAD/MC 113.4 ± 5.9

City #3

TP LLE 6.3 ± 0.9 0.007 1.7 ± 0.4 0.56 ± 0.15 8.7 ± 1.0
XAD/EC 4.3± 0.1 0.135 ± 0.005 1.7 ± 0.2 0.28 ± 0.07 6.4 ± 0.4
XAD/MC 8.8 ± 1.6

R LLE 0.88 0.038 ± 0.008 0.15 ± 0.04 0.002 ± 0.002 1.07 ± 0.04
XAD/EC 0.95 ± 0.24 0.165 ± 0.005 0.12 ± 0.01 1.24 ± 0.25
XAD/MC 2.8 ± 1.7

City #4

T LLE 106.1 ± 1.9 0.19 14.6 ± 0.15 2.27 ± 0.01 123.2 ± 2.1
XAD/EC 87.7±8.7 0.37 ± 0.06 14.4 ± 1.2 2.46 ± 0.25 104.9 ± 9.8
XAD/MC 98.7 ± 3.8

R LlE 0.64 ± 0.12 0.035 ± 0.007 0.33 ± 0.14 1.0 ± 0.26
XAD/ECC 10.8 ± 2.8 0.245 ± 0.04 0.13 ± 0.02 11.2 ± 2.8
XAD/MC 4.7 ± 0.04

• All values in ppb halogen as chlorine. b T. treated: R, raw; P, purged 12D-mL samples 10O-mL helium for 1 h. C This value thought to be in error.

et al. (I5). That method, which adsorbs organics from aqueous
samples on an activated carbon surface and subsequently
decomposes the halogenated compounds in a stream of water
vapor to halide ions, must be considered as a viable alternative
to other total organic halogen methods because of its use of

relatively inexpensive equipment. However, the method may
suffer from interferences from inorganic halide ion, and it
remains to be seen whether it or the XAD procedure described
here, or some other method becomes the acceptable TOX
procedure of the future.

Table IV. Comparison of Haloform and Total Organic
Chlorine Disappearance with Purging

o 1.00 1.81
0.25 0.39 0.85
0.50 0.21 0.67
1.0 0.08 0.25
2.0 0.05 0.36
4.0 0.03 0.19

12.0 <0.001 0.05
• This quotient is the fraction of the original hatoforms remaining at time t.

b Total organic chlorine normalized to sum of haloforms present at t = O.

Purge time, h

1: Haloform 8

1,; Haloform(l=Oj

Conclusions and Summary

A method has been developed to determine carbon-bound
halogen at the jlglL level in water samples with a commercially
available instrument and readily obtainable materials. The
method, which consists of adsorption from the water onto an
XAD-2 or XAD-4 column, followed by elution and injection
into the microcoulometer, can be used to recover and quantify
60-100% of the compounds tested (except long-chain aliphatic
chlorides), with a lower limit of about 2 jlglL. Analysis of
drinking water samples from four cities, before and after
purging with helium, shows a great variation in nonhaloform
organic halogen content, not only in amount but in resistance
to purging. The quantity TOX-HALOFQRMS could prove
to be an important water quality parameter, while comparison
of that value with an analogous quantity for the purged water
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gives an indication of the "heaviness" of the nonhaloform
halogen compounds.
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• The "Sunday Effect", in which measured Sunday ozone
concentrations in certain urban areas are similar to those oc
curring on workdays despite markedly decreased emissions,
is reproduced by photochemical calculations representing the
northern New Jersey troposphere. The near equality of odd
oxygen [0:.. O('lP), 0(1D)] source and sink rates on workdays
and Sundays is responsible for the Sunday Effect; this simi
larity results from the tight balance between ozone production
through NO" photodissociation and oxygen scavenging by NO,
the advection of ozone from less urban areas, and the en
trainment of similar quantities of ozone from layers aloft. The
higher levels of oxides of nitrogen on workdays increase
morning ozone scavenging, produce enhanced N02 advection,
and result in higher concentrations of organic and inorganic
nitrates and an increased rate of reaction of N02 with
ozone.

Recent statistical investigations of air quality data have
clearly disclosed a tendency for similar average ozone levels
on summer Sundays and workdays, despite markedly differ
ent traffic patterns (I, 2). This circumstance has become
known as the "Sunday Effect" and has defied straightforward
chemical analyses based on precursor-product concepts.

This paper presents the results of detailed chemical kinetic
computations representing workdays and Sundays in Hudson
County, N.J. The computational formulation is described,
particularly the differences between workday and Sunday
parametric inputs. We compare the computational results
with air quality data and show that good agreement is ob
tained for both workday and Sunday calculations. Finally, the
concept of "functional oxygen groups" is defined. This concept
serves as a unifying analytical technique for smog photo
chemistry, thus making the Sunday Effect a quantitatively
explainable result of the chemistry and meteorology of the
urban troposphere.
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Computational Formulation

Calculation of the diurnal chemical concentrations in the
, urban troposphere is based on a chemistry of 143 reactions in
76 species. Extensive descriptions of the chemistry of oxides
of nitrogen, hydrocarbons, and sulfur compounds are included
in the reaction set, as is a representation of the heterogeneous
interactions between gas-phase radicals and the atmospheric
aerosol. This chemical formulation is described in detail by
Graedel et al. (3). As discussed previously (3), no chemical set
can be considered a complete representation of tropospheric
photochemistry. The excellent agreement with data that re
sults, however, indicates that our formulation, at the very
least, captures the essential processes which control that
chemistry.

Sequential computations are performed for adjacent New
Jersey counties; we present here the results from Hudson
County, the most urban. Details of the emissions inventories
and their computational treatment and of the meteorological
facets of the computation have been given (3).

Several differences exist between the workday and Sunday
computations. The most important is the marked difference
in motor vehicle emission and power generation functions for
Hudson County (Figure 1). Atmospheric aerosol concentra
tions are lower on Sundays, and, perhaps as a result, the solar
radiation at ground level is somewhat higher (2). In addition
to its meteorological effects, the change in aerosol concen
tration reduces the heterogeneous interactions which have
important effects on tropospheric chemistry (4, 5). The in
creased solar radiation increases the rate of the photosensitive
reactions included in the chemical set.

Results

Computations of the kinetic chemistry of the urban tro
posphere have been performed for Morris, Essex, and Hudson
Counties, N.J., for both workdays and Sundays. The workday
computations have been described in detail (3), and the
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Figure 2. Computed diurnal concentration patterns for workdays and
Sundays in Hudson County. N.J.
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tential insight into a wide variety of other atmospheric
chemical regimes. The initial step is to divide the oxygen
containing species into groups on the basis of the function of
the incorporated oxygen in photochemical reactions. Four
groups are distinguished: fixed oxygen (4)0), accessible oxygen
(aO), dissociative oxygen (00), and odd oxygen (00).

The chemical species assigned to each group depend on the
chemical detail of the analysis. In this study, odd oxygen in
cludes Oep) (indicated throughout simply as 0), O(lD), and
0 3. Dissociative oxygen includes those species that photo
dissociate to produce odd oxygen: N02 and (possibly) N20 (6).
Accessible oxygen species are those that can donate an oxygen
atom to permit formation of00 in a single reaction step; in our
study this group comprises nine RD2 radicals, HN03, HD2,

N20 5, and ND3• The 4>0 group is the largest of the four, and
consists of 47 species not included in the other groups. Table
I lists the grouping of the oxygen-containing species.

Figure 3 demonstrates schematically how the oxygen species
cycle among the groups. The double letter designations (e.g.,
DO) are termed "group transition rates" and are the sums of
all reactions transforming an oxygen atom from one group to
another in the direction indicated by the arrow. For example,
OD is the Slim of the rates of

(Table II gives examples of each of the chemical transforma·
tion processes.) The triple letter designations in Figure 3 are
group transition rates that are not the result of gas-phase
chemistry. Rates SMx represent the sums of all source emis
sion and meteorological rates contributing to changes in the
group concentration (note that rates SMx may be either
positive or negative), and rates ARx represent group con
centration changes because of heterogeneous reactions with
atmospheric aerosols (4, 5). No triple letter rates are indicated
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agreement with a wide variety of air quality data for Hudson
County (across the Hudson River from Manhattan) has been
judged to be good. For the Sunday computation, there are
insufficient days with appropriate characteristics (Le., full sun,
summer, westerly wind direction, wind speed within the
central 50% of all values) to permit a direct comparison be
tween data and computational results. It is possible, however,
to make general comparisons with less stringently stratified
data. Figure 2a shows the computed diurnal ozone concen
trations for workdays and Sundays. The former has been
shown to agree well with air quality data (3). The latter re
produces two important characteristics of the Sunday ozone
data illustrated by Bruntz et al. (1): the virtual equivalence
of the afternoon ozone peak and the higher ozone values on
Sunday morning. The calculation demonstrates higher Sun
day evening values not reflected in the data; this discrepancy
may be a result of inadequate representation of the heavy
traffic flow from New Jersey shore points into the metropol
itan area that occurs on summer Sunday evenings.

The reduction in the ozone precursors NO and NO~ on
Sundays is shown in Figure 2b and c. Similar reductions occur
in air quality data (2) and are representative of concomitant
reductions in other species such as CO and nonmethane hy
drocarbons.

The results can be succinctly summarized: The computa
tions have succeeded in reproducing the ozone Sunday Effect,
while simultaneously demonstrating the reduction in primary
emittants known to occur on Sundays.

Chemical Analysis

The Sunday Effect is intriguing because of its defiance of
the intuitively anticipated precursor-product relationship
between ozone-producing species and ozone itself. Having
duplicated the Sunday Effect computationally, we then pro
ceeded to deduce a unifying analytical technique that not only
demonstrates why the Sunday Effect occurs, but offers po-
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HR. Of CAY

Figure 1. Top: diurnal variation in hourly traffic flow weighting factors
for workdays. Saturdays. and Sundays in Hudson County. N.J. Bottom:
diurnal variation in variable stationary source weighting factors for
workdays. Saturdays. and Sundays in Hudson County. N.J.
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Figure 3. Functional oxygen group diagram
s: emissions sources, M: meteorological sources and sinks. AR: removal by
aerosol incorporation. Other symbols explained in text

Table II. Examples of Subgroup Rate Processes
. 1M).

FA H+02-H02
AF H02+ HO ~ H20 + O2
AD CH30 2 + NO ~ CH30 + N02

• 1M)
DA HO + N02- HN03

Table I. Species Comprising Functional Oxygen
Groups .

00 OI'P), O( 'D), 0 3

00 N02, N20
aO CH,cHCH20 2, CH,jO)6, CH3CH20 2, CH3CH(0)6,

CH3CH(02)CH20H, CH3C(OHjHCH20 2, CH3C(OHjH02, CH30 2,
HN03, H02, N20s, N03

</>0 C3H60, CH2CHCH2S02H, CH2CHCH20, CH2CHCHO, CH20 2,
CH3CH2CHO, CH3CH2N03, CH3CH20 2N02, CH3CH20H,
CH3CH20, CH3CH2S02H, CH3CHCH20H, CH3CH(02)CH20,
CH3CH(O)CH20 2, CH3CHO, CH3CH02, CH3CHOHCH2,
CH3CHOH, CH3C(OH)HCH20, CH3C(OHjHO, CH3C(O)HCH20H,
CH3COOH, CH3CO, CH3(CO)02N02, CH3(C0)6,
CH30N02, CH30 2N02, CH30H, CH30, CH3S02H, CHO, CO,
CO2, H20, H20 2, H2S04, HCHO, HCOOH, HN02, HS03' NO,
O2, HO, SO, S02, S02' S03

(3)

(1)

h,-
NOz-NO+O

NO + 0,1 ~ NOz + O2

The SMO rate is the largest of those remaining and is virtually
identical weekdays and Sundays. This term represents not
only the ozone advected into Hudson County from the less
urban areas upwind, but also that which enters the "reaction
volume" as the rising height incorporates preexisting "fossil"
ozone (7) from above. This incorporation was shown to be
consistent with air quality data (3) and provides a vital car
ryover buffer against the day-to-day perturbations of ozone
precursors.

The early morning excess in R(oO) on Sundays reflects the
ozone reductions that occur when rush hour NO emissions
enhance the rate of Reaction 1. These reductions, combined
with the slightly higher solar flux levels present on Sundays,
produce a somewhat higher value of (DO - 00) on Sunday
mornings than on workday mornings. A further factor inhib
iting net ozone production on workdays is the increased rate
of the ozone scavenging reaction

These rates permit ready assessment of the diurnal variations
in the oxygen groups; analyses of the individual components
responsible for the variations reveal those processes that
control the chemical structure of the tropospheric trace
species.

Ozone dominates the concentration of 00; hence, the
diurnal workday and Sunday variations in 00 are given by
Figure 2a. The summed group rates R(oO) are the derivatives
of Figure 2a and are shown in Figure 4a for the important
ozone generating period 6 a.m.-6 p.m. N02 dominates the
concentration of 00; the diurnal 00 concentrations are thus
essentially those of Figure 2c, the derivatives of which com
prise Figure 4b. The summed group rates for aO and </>0 on
workdays and Sundays complete Figure 4.

From Figure 4a, the integral of R(oO) through midafternoon
on workdays and Sundays is essentially identical, as it must
be if the ozone peak concentrations are to be similar. It can be
readily demonstrated that group transition rates DO and 00,
although markedly larger on workdays, have a similar net rate
(Figure 5a), which represents the close balance between

S,M AR

OF

S,MS,M AR

The product in Equation 7 is, of course, peroxyacetyl nitrate

and an increase in the group transition rate OA, largely
through

caused by the higher N02 concentrations. The inhibitory
factors are eventually overcome by the workday presence of
00 (i.e., N02 + NzO); the result is virtual equality of resulting
peak ozone.

A diurnal analysis can also be made for R(oO), for which
Figure 4b demonstrates larger workday fluctuations but little
difference in the integrated summed group rate. This occurs
despite a 28% greater integrated rate for the aO ~ 00 group
transition, as seen in Figure 5b. No significant increase occurs
in the 00 ~ 00 group transition rate (Figure 5a), which is
controlled by the tightly balanced Reactions 1 and 3. Instead,
we find increased workday rates of NOz advection loss (SMO),
an increase in the group transition rate OF, largely through

HOz + NOz~ HNOz + Oz (5)

CH,,02 + NOz~ CH"OzNOz (6)

CH,,(CO)Oz + NOz~ CHACO)OzNOz (7)

(4)

(8)

(4)

HO + NOz~ HNO'I

0,\ + NOz~ O2 + NO'I

h"
DO N02-NO+0

00 03+NO~N02+02

FO HO + HO ~ H20 + 0
OF CH4+0~CH3+HO

hr .

FD CH3CH20N02- CH3CH20 + N02

OF CH30 + N02~ CH30N02
. h/l ,

AO N03- N02+ 0 (also an AD process)

OA HO + 03~ H02 + O2

on Figure 3 for </>0, since O2dominates the </>0 concentration
and is negligibly affected by SMF or ARF processes; since we
neglect heterogeneous processes for N02and N20, rate ARO
does not exist. The total net rat~s for the oxygen groups are
defined by

R(oO) = DO - 00 + AO - OA + FO
- OF + SMO - ARO

R(oO) = AD - OA + OD - DO + FO - OF + SMO

R(aO) = FA- AF + OA -AD +OA
- AO + SMA - ARA

R(</>O) = AF - FA + OF - FD + OF - FO
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Compound Workday 8 Sunday 8

CH3(COj0 2N02 2.9 2.5
CH30 2N02 10.2 9.8
HN02 0.34 0.24
HN03 3.9 2.3

8 All concentrations are expressed in parts per billion by volume.

(PAN), thought to be the principal lachrymator present in
photochemical smog (8).

The summed group rates R(</>O) and R(aO) of Figure 4
demonstrate the increased rates of oxygen incorporation on
workdays, largely through oxygen molecule addition to hy
drocarbon and aldehyde fragments. Examples of the gro.up
transition rates involved in these processes have been pre
sented by Farrow et al. (9).

Discussion

Functional group analysis of oxygen in the troposphere has
demonstrated that the Sunday Effect in urban areas results
from the near workday-Sunday equivalence of the following
factors: tight balance between ozone production through NO"
photodissociation and ozone scavenging by NO, the advection
of ozone from less urban areas, and the incorporation of sim
ilar quantities of ozone preexisting above the morning mixed
layer. The higher levels of N02 on workdays increase the rates
of the NO-NOz-O:J shuttle Reactions 1 and 3, but do not
significantly alter the similar behavior of odd oxygen on
workdays and Sundays. The increased levels of oxides of ni
trogen on workdays have other consequences, however. The
advective transport of NOx is somewhat enhanced relative to
Sundays, with a concomitant expansion of the downwind
impact of the urban area. In addition, the rates of secondary
reactions are higher on workdays, resulting in higher con
centrations of organic and inorganic nitrates (Table III) and
concomitant increases in the potential of the atmosphere to
cause lachrymation.

The functional group diagram for tropospheric oxygen al
lows one to readily see the function of different components
of the ozone production system. The existence of oxides of
nitrogen is vital, since N02 is the only significant tropospheric
carrier of dissociative oxygen, and since odd oxygen results
almost exclusively from dissociative oxygen precursors. Hy
drocarbons provide the chemical fragments utilized for the
bulk of the </>0 ~ aO transitions (generally through alkyl
radical to alkoxy radical reactions) and for the bulk of the aO
~ 00 transitions (principally NO oxidation by alkoxy radi
cals). Meteorological effects are significant perturbers of the
oxygen group concentrations, in processes that bypass the
transition reactions. Aerosol incorporation effects are of
consequence only for accessible oxygen; they differ from the
transition reactions by virtue of their irreversibility. The
presence of solar photons not only allows the 00 ~ 00 tran
sition, but also creates the free radicals that interact with the
atmospheric hydrocarbon compounds.

It is important that the results of this study are not regarded
as automatically applicable to all urban areas. The meteo
rology and the emissions densities, types, and diurnal patterns
are specific to each urban region and would thus require
separate calculational treatment in each case. The chemical
approach and interpretive techniques are of general utility,
however, and allow one to order the kinetic system in such a
way as to illustrate in true perspective the closely balanced
processes with high reaction rates and significant but subtle

Table III. Peak Diurnal Concentrations of Organic and
Inorganic Nitrates
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Figure 4. Summed group rates for workdays (--) and Sundays (- - - -),
Hudson County, N.J., 6 a.m.-6 p.m. Zero rate line (_. -) shown for
convenience .
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Figure 5b. Group transition rates between accessible oxygen and dis
sociative oxygen
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secondary processes whose importance is often obscured in
a complicated kinetic computation. It is with this perspective
that the Sunday Effect is revealed as a quantitatively ex
plainable consequence of the chemistry and meteorology of
the urban troposphere.
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Correction of S-Type Pitot-Static Tube Coefficients When Used for lsokinetic
Sampling from Stationary Sources

Bernnie J. Lelandl, Jerry L. Hall', Alfred W. Joensen, and John M. Carroll

Engineering Research Institute, Department of Mechanical Engineering, Iowa State University, Ames, Iowa 50011

• Factors that affect the pitot tube coefficient, including
blockage, misalignment, proximity, turbulence, Reynolds
number, and calibration system characteristics, are consid
ered. Two different calibration facilities are used to demon
strate these effects with six different sampling probes. Results
from the two facilities are in agreement only after application
of correction factors for the effects mentioned above. Exper
imental data are given as well as relations for accomplishing
these important corrections. Probe coefficients determined
in this study range from 0.74 to 0.78 after the corrections are
accomplished. A technique is also presented for determining
the uncertainty in the pitot tube coefficient. The resulting
uncertainty in probe coefficients of this study is between 2 and
3%. Finally, revised calibration techniques are suggested for
determination of coefficients for those S-type pitot-static
tubes attached to sampling probes. The results of this study
indicate that probe coefficients can be obtained to an accuracy
typically within ±2% if the appropriate precautions and cor
rections are applied. .

In pollutant sampling from stationary sources, the Staus
scheibe (or S-type) pitot-static tube is the instrument most
commonly used to determine stack gas velocity (1-3). Because
the S-type pitot-static tube is normally attached to the par
ticulate sampling probe (4, 5) in stationary source sampling,
one must calibrate the S-type pitot-static tube to ascertain
the correct value of the probe coefficient (Cp ).

The probe coefficient (C p) fO>' the S-type pitot-static tube
is considerably different from that of the conventional
pitot-static tube. Typical values for the probe coefficient are
0.85 ± 0.05 (3) for the S-type pitot-static tube and 0.99 ± 0.01
(4) for the standard pitot-static tube. The value of Cp is nor
mally determined (1) by. measuring the velocity in a flow
stream with the S-type pitot-static tube and comparing the
result with the same velocity measurement via a standard
pitot-static tube. In many instances when the value of Cp is
unknown, a value of 0.85 has been recommended (6-8) for the
S-type pitot-static tube without calibration. Use of this value

1 Present address, Procter & Gamble Co., Cincinnati, Ohio.
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for an uncalibrated S-type pitot-static tube can result in er
roneous emission values which are higher than the true values
(9).

The stack gas time-average velocity at a point in the flow
is calculated according to the relationship

(V) = KC ((aPST)AVG(TST)AVG)l12 (1)
ST AVG pp PSTMsT

where (VST)AVG is stack gas time-average velocity, Cpp is S
type pitot tube coefficient, (aP)AVG is time-average stack gas
velocity head, (TST)AVG is time-average absolute stack gas
temperature, PST is absolute stack gas pressure, and MST is
molecular weight of the stack gas. The constant K includes
the universal gas constant and appropriate conversion factors
depending on the units used in the various measurements.
Thus, any error in the calibrated probe coefficient causes an
error in the calculated average stack gas velocity and, conse
quently, whether or not the sampling is performed isokineti
cally.

Objectives

Our own experiences as well as those of investigators in a
number of very recent sudies (9-15) have demonstrated the
need for a more detailed and systematic calibration procedure
than is now available under the current Environmental Pro
tection Agency guidelines (l, 2).

Correspondingly, the first objective of this study was to
examine and measure a variety of factors believed to be im
portant in affecting the flow field and pressure distribution
around the S-type pitot-static tube. These factors would then
govern the value of the probe coefficient (Cp ) for a given S
type pitot-static tube and calibration facility. Specifically, the
factors to be studied were aerodynamic interference (prox
imity effect) of the nozzle, misalignment (yaw and pitch angle
effects), blockage (area effect), turbulence intensity (turbu
lence effectl, Reynolds number effect, and calibration facility
effect (flow tube effect).

The second objective of this study was to develop and per
form an uncertainty analysis on the probe coefficient as cor
rected for by the variety of effects mentioned in the previous
paragraph.

The third objective was to recommend improvements in the
current guidelines for the calibration of sampling probes used
for particulate sampling from stationary sources.
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uations in the two calibration facilities was investigated using
hot wire anemometry.

Calibration Procedure. The current S-type pitot tube
calibration guidelines are contained in the Federal Register
(1,2). These guidelines specify that calibrations be accom
plished in the laboratory by measuring the velocity head at
some point in a flowing gas stream with both an S-type pi tot
tube and a standard pitot-static tube of known probe coeffi
cient. The calibration is to be performed at a velocity inter
mediate to the velocity range expected in field operations and
after use at each field site. Also, the average coefficients ob
tained with first one side (the "A" side) of the S-type pitot
static tube and then the other side (the "B" side) pointed
upstream are to be compared. Use of the S-type pitot-static
tube is to be discontinued if these two coefficients for each side
differ by more than 0.01.

(2)

Probes and Calibration Facilities

Probes. Three different brands of sampling probes were
calibrated in this study. They were manufactured by Research
Appliance Corp. (RAC), Microchemical Specialties Corp.
(MISCO), and Iowa State University (ISU). A typical frontal
view of these probes is shown in Figure 1. A !h-in. (1.27 em) i.d.
sampling nozzle was used with these probes in all calibration
runs of this study where the sampling nozzle was attached to
the sampling probe.

Wind Tunnel. A wind tunnel as illustrated in Figure 2 was
used to calibrate the various sampling probes. Sampling
probes were calibrated at the test site location shown in the
wind tunnel schematic. The test site was positioned in the
forward portion of the wind tunnel test section. Probes were
calibrated in the wind tunnel at flow velocities which varied
from 20 to 120 ftls (6.1-36.6 m/s). Five stages of screens were
rocated upstream in the wind tunnel to reduce the turbulence
intensity of the flow. Static temperature and pressure, as well
as the pressure across the pitot-static tube, were measured.
These measurements and knowledge of the standard pitot
static tube probe coefficient allowed the velocity to be ascer
tained.

Flow Tube. To ascertain the effect of using a different fa
cility for sampling probe calibration, the various types of
sampling probes were also calibrated in a flow tube as illus
trated in Figure 3. Probes were calibrated in the 1Q%-in. (26.35
em) diameter duct at a centerline flow velocity which varied
from 10 to 80 ft/s (3-.24 m/s). The test site location in the flow
tube is at least a distance of twice the duct diameter upstream
of any flow disturbance and at least a distance of eight times
the duct diameter downstream of any flow disturbance as
suggested by Environmental Protection Agency guidelines
(J, 2) for probe calibration. There were no turbulence intensity
reducing apparatus used in this flow tube. Thus, the turbu
lence intensity was measured and compared to that in the
wind tunnel to ascertain its effect on the probe coefficient.
This correction is discussed in the Results and Discussion
section.

Standard Pitot-Static Tube. The standard pitot-static
tube was calibrated in an air jet at the exit of a converging
nozzle. The application of the Bernoulli equation along a
streamline connecting the inlet of the nozzle to the exit of the
nozzle results in the following equation for the probe coeffi
cient (C p,):

where Cps is the probe coefficient of the standard pitot-static
tu be, tlPT is the pressure drop across the nozzle as measured
by a manometer, tlPs is the difference between the total and
static pressures as sensed by the standard pitot-static tube
and as measured by a manometer, and C is a factor to account
for nonideal flow through the nozzle. This factor was· deter
mined to be 0.990 ± 0.005 by methods presented in ref. 16.
Equation 2 was used to determine the probe coefficient of our
standard pi tot-static tube over a jet velocity range which
varied from 20 to 140 ftls (6-43 m/s).

Instrumentation. All S-type and standard pitot-static tube
pressure measurements were made with Meriam null-balance
20-in. differential pressure measuring micromanometers.
These manometers are capable of measuring the pressure
differences to the nearest thousandth of an inch of water.
Temperature measurements of the air flow in all the ducts
were made by suspending a calibrated thermometer or ther
mocouple in the exit air flow. The pressure of the air stream
in the calibration facility was determined by applying the
appropriate static pressure reading to the local barometric
pressure. The turbulence intensity of the different flow sit-
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(pitched up or pitched down) so that the pitat tube openings
are not perpendicular to the flow, the pitobe is said to have a
pitch angle.

The effects of pitch angle over a range of Reynolds numbers
are demonstrated in Figure 5. In Figure 5A and B the change
in probe coefficient is expressed as a fraction equal to Cp at
a particular pitch angle divided by Cp ata pitch angle of zero
degrees. The same pitobe was used to obtain the data ofFiiure
5A and B, but Figure 5A represents side A of the pitobe up
stream, and B represents side B of the pitobe upstream. Pitch
angles of up to ±10 degrees increase or decrease the probe
coefficient within a range of at least 2%. These observations
are in basic agreement with the data presented in refs. 9 and
10 where pitch angles of up to ±1O degrees were found to in
crease or decrease the probe coefficient within a range of about
4%. It may also be concluded from Figure 5 that drastic
changes (larger than about 30 degrees) in pitch angles cauSe
drastic changes in the probe coefficient. The asymmetry is
believed to be caused by the slightly different configuration
presented to the flow by the probe nozzle because of nozzle
asymmetry as the probe is rotated from positive to negative
angles of pitch.

Yaw Angle. If the pitobe assembly is inserted in the flow
so that it is not perpendicular to the duct wall, the pitobe is
said to have a yaw angle. The effects ofyaw angle over a range
of Reynolds numbers are plotted in Figure 6. Again, the same

The same calibration procedure was used in both the wind
tunnel and the flow tube. The flow rate was first adjusted by
means of fan rotatien speed and/or dampers to a specific
setting in the calibration facility. Next, the sampling probe
was placed in the duct through a port hole in the side of the
duct_ A special rubber stopper was designed to fit around the
probe while the probe was in the duct to prevent air leaks.
Also, the rubber stopper was contoured to the inside of the
duct to avoid any unnecessary flow obstructions. Once a tJ'p
reading was recorded for the sampling probe, it was taken out
of the facility, and the standard pitot-static tube was placed
in the flow, keeping the flow setting constant. The standard
pitot-static tube was inserted into the duct through a port hole
located to the rear of the sampling probe port hole. The
standard pitot-static tube port hole was located on the side
of the duct so that the tip of the standard pitot-static tube and
the tip of the S-type pitot-static tube on the sampling probe
was positioned exactly at the same point in the flow field. A
rubber stopper was also made for the standard pitot-static
tube. Once the tJ's reading was recorded for the standard
pitot-static tube, the probe coefficient was calculated for the
sampling probe by applying Equation 1 to both the sampling
probe and the standard to yield

(t.Ps) 1/2
C pp = Cps tJ'

p

Finally, the appropriate correction factors were applied to the
calculated sampling probe coefficient as found from Equation
3 to obtain the proper value of the sampling probe coeffi
cient.

Results and Discussion

The pitobe assembly consists of the S-type pitot-static tube,
a sampling noizle, and a thermocouple wire or a thermocouple
wire protective tubing. Various factors affect the flow field and
pressure distributions around the pitobe assembly which, in
turn, governs the probe coefficient of the S-type pitot-static
tube. Investigation of these factors and the experimental re
sults of this study are presented in the following sections.

Aerodynamic Interference. Aseries of very recent studies
(9,11-15) has demonstrated that when an S-type pitot tube
is used as a component of a pitobe assembly, the proximity of
the sampling nozzle, the thermocouple, and the probe sheath
can cause a significant lowering of the value of the S-type
pitot-static tube probe coefficient.

To ascertain the aerodynamic proximity effect of the
sampling nozzle on the probe coefficient, data were taken in
the wind tunnel over a range of Reynolds numbers both with
and without the sampling nozzle attached to the pitobe as
sembly. Typical data are presented in Figure 4. From this
figure it is apparent that the sampling nozzle has a distinct
effect on the probe coefficient which amounts to a lowering
of the probe coefficient by about 4% with the sampling nozzle
attached. This change in the probe coefficient is in agreement
with data presented in ref. 13. Note also from Figure 4 that
the probe coefficient decreases slightly with increasing
Reynolds number during these experimental runs. The effects
of the thermocouple and probe sheath were not investigated
in this study but are given elsewhere (12-15).

Misalignment. When the pitot-static tube openings are
not perpendicular to the direction of flow, an alignment error
occurs (4,9, 10). This results in erroneous flow velocities when
using the pitobe assembly for source sampling. There are two
specific misalignment effects to consider for a properly con
structed pitot tube when it is placed in a flow situation. These
are yaw and pitch angle misalignments.

Pitch Angle. If the pitobe assembly is inserted in the flow
so that it is perpendicular to the duct wall but is rolled

696 Environmental Science & Technology



Figure 6. Typical yaw angle effect on probe coefficient

pitobe was used to obtain the data of the plots, but Figure 6A
represents side A of the pitobe upstream and B represents side
B of the pitobe upstream. Also, Cp is expressed as a fraction
equal to Cp at a particular yaw angle divided by Cp at a yaw
angle of zero degrees. Yaw angles up to ±5 degrees yield either
a decrease or an increase of up to 4% in the pitobe coefficient.
Yaw angles greater than ±5 degrees will cause significant
changes in the probe coefficient. These results are also in basic
agreement with results of refs. 9 and 10 where yaw angles up
to ±5 degrees yield either a decrease or an increase (depending
on the direction of yaw) in the probe coefficient up to about
4%.

Reynolds Number. The pitot tube coefficient not only
depends on the pressure distribution around the pitobe as
sembly but also on the velocity and fluid properties of the flow
stream (1-4,9, 12, 17). One of the important dimensionless
numbers found to be essential in characterizing fluid flow
situations is the Reynolds number (16). The Reynolds number
of the duct flow is defined by the relation

where V is the velocity, D is the duct diameter (or equivalent
diameter), p is the fluid density, JL is the dynamic or absolute
viscosity, and v is the kinematic viscosity. With the viscosity,
density, and duct diameter constant, the Reynolds number
varies directly with velocity. Another Reynolds number of
importance is that characterizing the flow over a sampling
probe. For the probe the significant dimension could be the
nozzle length, the nozzle diameter, or the length of probe in
sertion into the duct or exhaust stack.

The Reynolds number has been found to characterize the
type of boundary layer and, correspondingly, the frictional
losses in the flow around any obstruction in a flow stream. In
our case, the obstruction is the pitobe assembly. Both in
creases and decreases in the probe coefficient have been ob
served (4, 12) with increasing velocity. Thus, it appears to be
important to calibrate the S-type pitot tube over the complete
range of velocities and corresponding Reynolds numbers an
ticipated for its use in source sampling.

If the probe coefficient is approximately constant with
Reynolds number over the appropriate Reynolds number
range, the correction will be small or negligible. Under these
conditions, simulation of velocity only is satisfactory. How
ever, if a particular probe coefficient varies significantly with
Reynolds number, the probe coefficient used must be that for
the Reynolds number of the exhaust stack. This is mainly
because of the large differences in densities and viscosities
between the fluids in the exhaust stack and the calibration

(5)

facility. For example, exhaust stack Reynolds numbers can
be as low as 102 to 103• If the pitobe assembly has been cali
brated at the same velocity but at Reynolds numbers on the
order of 1()4 or 105, the question naturally arises as to what
probe coefficient should be used in the field application.

Blockage. When sampling or calibrating in a relatively
small diameter (or equivalent diameter) duct, the pitobe as
sembly can reduce the cross-sectional flow area by a significant
amount (9, 12, 15). The reduction in flow area causes the flow
velocity to increase if all other flow parameters remain fixed.
This can be demonstrated by the application of the continuity
equation to the flow situation. If the cross-sectional flow areas
are different for the standard pitot-static tube as compared
to when the pitobe assembly is in the flow, an error in the
probe coefficient will occur due to a change in the flow area.
A blockage of 2-3% has been demonstrated to decrease the
probe coefficient by 1% (15). Thus, for all blockages larger
than 2% based on the projected area of the pitobe assembly,
one must correct the observed probe coefficient.

A correction factor due to blockage effects was applied to
all the Cp data of this study. The blockage correction was
developed by the authors in ref. 18 and is given by AJA pin
Equation 5. As is the cross-sectional flow area with the stan
dard in the stream, and Ap is the cross-sectional flow area with
the sampling probe in the stream. In all cases of this study, the
blockage correction factor raised the calibrated probe coeffi
cient from 3 to 5%, depending on the size of the facility in
which the pitobe was calibrated.

Calibration Facility. Different facilities used for cali
bration can yield different probe coefficients for S-type
pitot-static tubes because of factors different from those
previously mentioned. Descriptions and examples of some of
these items are contained in the following paragraphs.

Velocity Profile in Facility. The velocity profile in the
calibration facility should be as uniform or flat as possible. If
the velocity profile is nonuniform, the S-type pitot-static tube
and the standard pitot-static tube will not be immersed in the
flow at points with the same flow velocity. If no correction is
made for this effect, significant errors in the probe coefficient
can result.

Before any calibration data were obtained, velocity profiles
in the calibration facilities were ascertained over a wide range
of velocities and corresponding Reynolds numbers. Uniform
velocity profiles were observed over a range of Reynolds
numbers from 1 X 105 to 6 X 105 in the flow tube and from 1
X 105 to 9 X 105 in the wind tunnel.

Flow Rate Correction. The change in flow rate, due to a
change in the system operating point, when the pitobe as
sembly is in the flow stream as compared to when the standard
pitot-static tube is in the flow stream will cause significant
errors in the calibrated probe coefficient. The operating point
of a system depends on the combination of head-flow char
acteristics of the blower or fan and the flow-resistance char
acteristics of the ducting and probes used in the calibration
facility.

The flow rate correction Qp/Qs as determined by the au
thors in ref. 18 yields

C =c (t>Ps)l/2QpAs (6)
pp ps t.P

p
Qs Ap

where Qp is the volumetric flow rate with the sampling probe
in the duct, and Qs is the volumetric flow rate with the stan
dard in the duct. If the flow rates do not change (as was de
termined in the wind tunnel but not the flow tube of this
study), Qp/Q, = I, and the correction factor to be applied to
the measured probe coefficient reduces to the blockage cor-

(4)
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rection AJAp• To ascertain the volume flow rate correction
factor QrJQ" velocity profiles were measured in the flow tube
when the pitobe asselllbly and then the standard pitot-static
tube were in the flow tube. These velocity profiles were then
plotted, and the resulting plots were integrated with the
Trapezoid Rule (19) to determine the average flow velocity.
The volume flow rate was then calculated by taking the av
erage flow velocity times the flow area, and the ratio QrJQs was
calculated and plotted as a function of the velocity sensed by
the standard pitot-static tube. The resulting plot is shown in
Figure 7. In Figure 7 the equation of the flow rate correction
factor Qp/Qs = 0.933 + 0.000624 V, was determined by a
least-squares technique. This volume flow rate correction
varied from 0.939 to 0.983 in this study and was applied to all
measured probe coefficients determined in the flow tube. '

Flow Pulsations. Finally, the possibility of flow pulsations
caused by the blower or fan .in the calibration facility is an
other point to consider. A suggested correction technique is
presented in ref. 20. However, in this study no pulsations were
present, and no correction was ascertained.

Turbulence Level. If there is turbulence in the flow
stream, a pitot-static tube will sense an additional pressure
difference due to the turbulence intensity present at the
pitot-static tube impact and static openings (20-22). Because
of the configuration and relative size of the S-type pitot-static
tube impact and static openings, the turbulence effect sensed
at each opening is identical and is canceled in the measure
ment process. However, a standard type pitot-static tube will
sense different turbulence effects at its impact and static
openings because of its configuration. Thus, when performing
a calibration to determine the probe coefficient, a correction
for turbulence intensity in the flow duct must be accom-

1.O~

~ 0.1

0.'

0.5

0.1

Figure 7. Volume flow rate correction

Table I. Tabulation of Probe Coefficients

plished. The correction for turbulence intensity has been
shown (22) to depend on the particular pitot probe-tip shape
and size of openings compared to tube diameter, as well as the
level of turbulence intensity. The correction is significant
when the turbulence intensity is larger than 1%. The correc
tion increases significantly and nonlinearly for a turbulence
intensity above 1%. For square-nosed probes and at a turbu
lence intensity of 1096, the correction can be anywhere from
1 to 8%, depending on the ratio of pitot-static tube outside
diameter to impact hole diameter. It has been suggested (21)
that use of pitot-static tubes be avoided in turbulent flows
whenever possible because of the unknown effects of turbu
lence on the static pressure reading. In this study theturbu
lence intensity (i = V./V) was measured where V is the mean
free stream velocity and V. is the rms value of the fluctuating
component in the direction of flow. A turbulence correction
factor developed by the authors in ref. 18 was applied to
Equation 6 as shown by the following relation:

C = C (Ms) 1/2 9..P. As (l + "i2)-1/2 (7)
pp Ps /iP

p
Q, Ap

Ower and Pankhurst (20) suggested the introduction of pa
rameter" to account for the scale of turbulence (i.e., the size
of component eddies) where" varies between 1 (for turbulence
of small scale) and 5 (for turbulence of large scale).

In both the flow tube and the wind tunnel the turbulence
intensity was less than 1%, which yielded a negligible correc
tion factor to the data of this study. This result is in agreement
with ref. 22, which suggests that turbulence effects do not
become important until the turbulence intensity is greater
than 1%.

Presentation of Results. Table I is a tabulation of the
calibrated probe coefficients of this study. The probe coeffi
cients listed were calculated according to Equation 7. The
average probe coefficients vary from 0.744 to 0.784, depending
upon the individual probe. Figures &-10 are plots of the probe
coefficients as a function of velocity and Reynolds number.
These plots were made for each type of probe calibrated and
contain the data obtained in both the wind tunnel and flow
tube. The dashed lines on the plots are an indication of the
average of the coefficients obtained in the two different fa
cilities. The same probe coefficient values were obtained in
two different facilities only after application of the different
correction factors previously discussed. This fact places em
phasis on the validity and the necessity of making these cor
rections.

Probe coefficients in the order of O. 76 as obtained from this
study demonstrate the significant effect that the previously

- CPA + CPS
Probe coefl

Probe Facility T, OF (OC) P,ln. Hg CPA CpS CP =--2-- uncertainty

MISCO 5 fta WTb 80 (27) 29.13 a 0.756 0.772 0.764 ±0.013
MISCO 5ft FTc 85 (29) 29.13 0.740 0.750 0.745 ±0.019
MISCO 11 ftd WT 76 (24) 29.30 0.764 0.758 0.761 ±0.013
MISCO 11 ft FT 82 (28) 29.13 0.767 0.758 0.762 ±0.020
ISU3ft WT 80 (27) 29.25 0.747 0.742 0.744 ±0.013
ISU3 ft FT 86 (30) 29.21 0.771 0.747 0.759 ±0.020
ISU 4 fta WT 80 (27) 29.23 0.762 0.750 0.756 ±0.013
ISU4ft FT 84 (29) 29.21 0.764 0.764 0.764 ±0.020
ISU 5 ft WT 78(26) 29.40 0.761 0.727 0.744 ±0.013
ISU5 ft FT 87 (31) 29.20 0.748 0.751 0.749 ±0.019
RAC3ft' WT 80 (27) 29.32 0.786 0.782 0.784 ±0.013
RAC3ft FT 80 (27) 29.20 0.781 0.775 0.778 ±0.020

"Ft (0.3048) = m; in. (2.54) = em. b FT refers to flow tube. C WT refers to wind tunnel. d Data obtained with this probe Bre plotted in Figure 10. e Data obtained
with this probe are plotted in Figure 9. ' Data obtained with this probe are plotted in Figure 8.
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Figure 8. Typical probe coefficients for RAG probes Figure 10. Typical probe coefficients for MISGO probes

Figure 9. Typical probe coefficients for ISU probes

1. 0r------------,

0.'
the uncertainty in the computed result due to uncertainties
in the measured entities can be estimated from the relation
(23)

W; = f: (~)2 W~i (8)
i~l oXi

In this case, the uncertainty interval W is taken to be the
maximum error (equivalent to three standard deviations from
the mean) or approximately 99% confidence level. The
uncertainties Wx in the measured variables Xi are estimated
by the experimenter. In this regard the Wx; terms represent
the best estimates of the uncertainty based on use of the
measuring instrument and experimenter experience.

All pressures measured in this study were accomplished by
means of micromanometers capable of resolving to the nearest
0.001 in. (0.00254 cm) of water column equivalent pressure.
The maximum uncertainties in the micromanometer readings
were less than 1% during the wind tunnel operation and less
than 2% during the flow tube operation.

This analysis yielded maximum uncertainties for the probe
coefficient of ±2.6% in the flow tube and ±1.7% in the wind
tunnel. These uncertainties resulted in probe coefficients of
typically 0.76 ± 0,01 in the wind tunnel and 0.76 ± 0.02 in the
flow tube. The probe coefficient Cps for the standard pitot
static tube was determined to be 0.962 ± 0.007. A summary
of the uncertainties determined for this study is presented in
Table II.

Conclusions and Recommendations

Conclusions. Probe coefficients can typically be obtained
in the laboratory with approximately 2-3% uncertainty in
their values. Such effects as turbulence. blockage, aerody
namic interference, misalignment, Reynolds number, and
calibration facility idiosyncrasies can each contribute to the
error in the calibration of the probe coefficient. Corrections
for these effects must be incorporated into a consistent cali
bration procedure. The guidelines (I. 2) given by the Envi
ronmental Protection Agency for the calibration of the S-type
pitot-static tube when used as part of a sampling probe as
sembly need revision to include more of these effects.

The probes used in this study did not have significant
variation of the probe coefficient with Reynolds number or
velocity as shown in Figures 8-10. Thus, a Reynolds number
correction was not applied to the data of this study. However,
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discussed items have on the S-type pitot tube. Thus, the value
of 0.85 as suggested in the Federal Register (J) is only valid
when all of these effects such as blockage, aerodynamic in
terference, misalignment, Reynolds number, and turbulence
are negligible. Calibration as suggested by the most recent
Federal Register (2) indicates the probe coefficient can be
determined within ±3% over a velocity range from 1000 to
5000 fpm. This reference also suggested a blockage correction
and proper alignment of the sampling probe. However, the
Reynolds number effect, the flow facility effect, and the tur
bulence effect should also be considered.

Uncertainty of Results

An uncertainty analysis was performed to determine how
uncertainties in the measured quantities would affect the
uncertainty in the probe coefficient. For this purpose, a
propagation of uncertainty equation suggested by Kline and
McClintock (23) was used. If y is calculated from X I, X 2, ..

X n measured variables by the function y = f(X I, X 2, ... , X n),
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1.7 (Wind tunnel operation)

1.4

1.6
2.6 (Flow tube operation)

Max uncertainty. %

1.0 (Wind tunnel operation)

2.0 (Flow tube operation)

1.0
1.0

0.5
1.0

0.7

Table II. Uncertainties of Measured and Calculated
Quantities

Measd· or
calcd variable

• Pitot-static tube pressure

• Pitot-static tube pressure

• Barometric pressure

• Temperature

• Length
Area
Standard pitot-static
tube coefficient

Velocity
Flow rate

Probe pitot-static tube
coefficient

Probe pitot-static tube
coefficient

__S_t_a_nd_a_r_d.:.p_it_o_t-_st_a_ti_c_tu_b_e 0_._7...:(C_al.ibration faci_lit_y_)__

this effect does warrant further study. For this reason, it ap
pears that the best calibration technique is to use the exhaust
stack, or the facility in which the sampling is to take place, to
accomplish the calibration. In this way, all of the flow pa
rameters are exactly simulated. However, the number and
type of corrections necessary, as demonstrated by this work,
preclude the use of the exhaust stack on the basis of practi
cality. Instead the simplicity of using the laboratory remains
the more attractive choice.

Recommended Calibration Procedures. In the event one
must calibrate a pitobe assembly in the laboratory, the fol
lowing recommended calibration technique is suggested. To
calibrate an S-type pitot-static tube attached to a sampling
probe (pitobe assembly), the velocity head at some point in
a flow field must be measured both with a pitobe assembly
having the same configuration as that in which it will be used
and a standard pitot-static tube. If the probe coefficient of the
standard pitot-static tube is not known, it must also be cali
brated to ascertain the correct value of its probe coefficient.
When inserting the pitobe assemblies into the calibration
facility, particular attention should be made to ascertain the
zero pitch and yaw angles of the pitobe and standard pitot
static tube. This is to alleviate possible errors in the calculated
probe coefficients. Calculate the S-type pitot-static tube probe
coefficient, attached to the sampling probe, using the following
relationship

C = C (t!>Ps ) 1/2 As~ (I + '2)-1/2 (9)
"I' Ps tiP" ApQs at

In Equation 9 AJA" is the blockage correction, Q"IQs is the
flow rate correction, and (I + ai 2)-1/2 is the turbulence cor
rection. These corrections are applied to the basic equation
recommended for calibration by the Federal Register (J, 2).
The resulting C", as demonstrated by this study, can be ob-

700 Environmental Science & Technology

tained to within 2-3%, depending mainly on the amount of
uncertainty in the :::"P measurements.

Literature Cited

(I) Fed. He!!ist., 36 (247), Pt.1I (Dec. 23,1971).
(2) Fed. He!!is/., 41 (III), Pt. II (June 8, 1976).
(:3) Cooper, H.B.H., .Jr., Rossano, A. T., Jr., "Source Testing for Air

Pollution Control", Chap. 4, Environment.al Science Services Div.,
Wilton, Conn., 1971.

(4) Smith, F., Wagoner, D. Eo, Nelson, A. C., Jr., "Guidelines for
Development of a Quality Assurance Program", Vol. I, EPA, Publ.
EPA-650/4-74-0005-a, Washington, D.C., Feb. 1974.

(5) Martin, R. M., "Construction Details of Isokinetic Source-Sam
pling Equipment", EPA, Publ. APTO-058I, Apr. 1971.

(6) Smith, W. S., Todd, W. F., Shigehara, R. T., "Significance of
Errors in Stack Sampling Measurements", presented at the 63rd
Annual Meeting of the American Pollution Control Assoc., St.
Louis, Mo., June 14-19, 1970.

(7) Shigehara, R. T., Todd, W. F., Smith, W. S., "Stack Sampling
News", PI' 6-18, Technomic Publ., Westport, Conn., Sept. 1973.

(8) -Smith, W. S., ibid., Oct. 1973.
(9) Smith, M. L., "Velocity Calibration of EPA Type Source Sam

pling Probe", presented at the 68th Annual Meeting of the Air
Pollution Control Assoc., Boston, Mass., June 15-20, 1975.

(10) Grove, D. J., Smith, W. S., "Stack Sampling News", PI' 7-11,
Technomic Publ., Westport, Conn., Nov. 1973.

(II) Grayp, A. W., St. Pierre. C. C., Smith, D. S., Mozzon, D., Steiner,
J., "An Experimental Investigation of the Effect of Pitot Tube
Sampling Prohe Configurations on the Magnitude of the S-Type
Pitot Tube Coefficient for Commercially Available Source Sam
pling Probes", prepared for the Ministry of the Environment, To
ronlo, Canada, University of Windsor, Feb. 1975.

(12) Vollaro, R. F., "Guidelines for Type-S Pitot Tube Calibration",
presented at tbe 1st Annual Meeting of Source Evaluation Society,
Dayton, Ohio, Sept. 19, 1975.

(13) Vollaro, R. F., "Tbe Effect of Aerodynamic [nterference Between
a Type-S Pilot Tube and Sampling Nozzle on the Value oftbe Pilot
Tube Coefficient", EPA, Durbam, N.C., Feb. 1975.

(14) Vollaro, R. F., "Tbe Effects oftbe Presence of a Sampling Nozzle,
Thermocouple and Prohe Sheath on Type-S Pilot Tube Accuracy",
ibid., June 15.

(15) Vollaro, R. F., "The Effects of tbe Presence of a Probe Sheath
on Type-S Pitot Tube Accuracy", ibid., Aug. 1975.

(16) American Society of Mechanical Engineers, Performance Test
Code 19.5-1972, Application Part II of Fluid Meters, 6th ed., In
terim Supplement on Instruments and Apparatus, ASM E, New
York, N.Y., 1971.

(17) Hanna, G. M., Air En!!., 9 (12), 18 (Dec. 1967).
(18) Leland, B., Hall, J., Joensen, A., Carroll, J., "Correction of S

Type Pitot-Static Tube Coefficients When Used for Isokinetic
Sampling from Stationary Sources", Iowa State University, ERI
Rep. 76349, Ames, Iowa, June 1976.

(19) Conte, S. D., de Boor, C., "Elementary Numerical Analysis: An
Algoritbmic Approach", Chap. 5, McGraw-Hili, New York, N.Y.,
1972.

(20) Ower, Eo, Pankburst, R. C., "The Measurement of Air Flow",
4tb ed., PI' 45-46, Pergamon, New York, N.Y., 1966.

(21) Goldstein, S., "A Note on the Measurement of Total Head and
Static Pressure in a Turbulent Stream", Proceedings, Royal Society
of London, Vol AI55, I' 570.1936.

(22) Becker, H. A., Brown, A.P.G., J. Fluid Mechan .. 62 (85),85
(1974).

(23) Kline, S., McClintock, F., Meehan. En!!.. 75,3 (195:J).

Heceived for review June /7, /976. Accepted February 2J, /977. Study
supported by the Iowa Department. of Environmental ({uality and
the Engineering Research Institute, the EIUJA Ame." Laboratory,
and the Mechaf1l:cal EnJjineering Department at Iowa Stale Uni
versity.



Sorption and Diffusion Interactions with Fly Ash of
S02 in Air, SOa in Air, H20 in Air, S02+H20 in Air, SOa+H20 in Air

Pavel Ditl1 and Robert W. Coughlin*2

Department of Chemical Engineering, Lehigh University, Bethlehem, Pa. 18015

Theory

The equilibrium relationship at a constant temperature T
between amount of sorbate q sorbed per unit mass of sorbent
and the sorbate concentration cg of the fluid surrounding the
solid sorbent can frequently be represented by one. bf the
following expressions:

(1)

(2)

(3)

(4)

Linear isotherm: q =°.cq

Freundlich isotherm: q = OF· c~

Langmuir isotherm: q =~
1 + hCg

where the constants 0, OF, m, 0L, and bL are determined ex
perimentally.

Evaluation of Diffusion Coefficients from Experi
ments. Neglecting the smaIl effects of the cylindrical sample
holder mass transfer into the fly ash sample can be viewed as
transport by diffusion into an infinite slab of effective diffu
sivity D. According to this model, as theoretically formulated
and solved by Crank (5), the rate of mass transfer in a plane
sheet having a pore structure independent of position x is
governed by the differential equation

DP i'lzc = P i'lc + i'lq
i'lx 2 i'lt Pp i'lt

• Sorption isotherms with fly ash as sorbent are determined
with a quartz spring microbalance and a gas-flow apparatus
for the following flowing gaseous sorbates: S02 in dry air, S03
in dry air, H20 in air, S02+H20 in air, SO:;+H20 in air. Dif
fusion coefficients for mass transfer of sorbate molecules into
a sample of fly ash particles are deduced from the time be
havior of the sorption measurements, and equilibrium sorp
tion isotherms are determined from the steady-state data.
These measurements are conducted at 20, 90 and 150°C.
Static sorption measurements with Ar at 22°C are also per
formed to measure the BET surface area and the porous
structure of the ash. The data obtained offer an elucidation
of the mechanism of electrical conductivity in layers of fly
ash-especially from the standpoint of the influence of the
gaseous environment on the electrical resistivity of the ash.
This type of behavior is of vital importance in the practice of
electrostatiC-precipitation, during which SO:;, H2S04, and H20
are frequently added to flue gas to improve the efficiency of
removal of fly ash. In particular, the results are discussed from
the standpoint of a model (published elsewhere) which ac
counts for the effect on the electrical resistivity of fly ash of
capillary condensation at the contact points of the parti
cles.

(6)

(8)

(7)

(5a)

(5b)

DP

b =2n+l".
n 2

with the boundary conditions:

C = Co at t =0 0 <x < l

i'lc =0 for x = l t ~ 0
i'lx

i'lc = i'lcg for x = 0 at t ~ 0 (5c)

The third boundary condition implies that mass transfer re
sistance (or concentration gradient) within the gaseous phase
is negligible.

If we assume a linear adsorption isotherm q = o,cg (Equa
tion 1) as expressing the dependence of adsorbed amount on
the adsorbate concentration in the gas, we can obtain the
well-known solution in the final form:

q - q w e-bnZ,
r=~= 1-2 L --2-

qw - q" n=O bn

where

and

T = t
l2(p + ppal

Numerical values of r = f (T) (obtained with a digital
computer) are plotted in Figures 4 and 5. For a given value of
r, and reading the corresponding values of T from Figures 4
and 5, the value of the diffusion coefficient was calculated
from Equation 8. An average value of D over experimental
time was taken as representative.

Regarding the assumptions of uniform diffusivity and pore
structure implicit in Equation 4, it should be noticed that al
though the pore structure of an individual ash particle may

The efficiency of electrostatic precipitation is strongly in
fluenced by the electrical conductivity of the fly ash which in
turn depends upon ash composition and particle size as well
as upon the composition of the flue gas, especially the content
of H20 and SO:; (J, 2). In fact, it has become customary (3) to
add SO:; to the flue gas to "condition" the fly ash (thereby
lowering its electrical resistivity). Experiments and correlation
of data sugge·st· (J, 2, 4) that the transport of alkali metal ions
contributes significantly to the electrical conductivity of fly
ash, but that Fe also influences conductivity in a more com
plex way. In the presence of moisture and a conditioning agent
such as SO:;, the electrical resistivity of fly ash can be lowered
by several orders of magnitude as compared to the dry ash.
The effect of S03 appears to be very small without the si
multaneous presence of water. Since it appears that the in
fluence of flue gas composition on the electrical properties of
the ash may be ascribed to sorption phenomena, the present
work was undertaken with the aim of providing more infor
mation and better understanding regarding such phenome
na.

In the investigation reported here, transient gravimetric
sorption measurements were carried out in steadily flowing
gas streams of known and adjustable composition. Such
measurements have permitted estimation of the diffusion
coefficient for transport of sorbate into a layer of ash particles,
provided steady-state data from which equilibrium isotherms
could be constructed, and yielded indirect evidence of the
absence of chemical reaction between SO:1 and ash. Moreover,
static volumetric measurements of sorption have also provided
information as to BET surface area of the fly ash as well as
evidence of capillary condensation within a sample of ash.

I Present address, Prague Technical University, CVUT, Suchba
tarova 4, Prague 6, Czechoslovakia.

2 Present address, Department of Chemical Engineering, University
of Connecticut, Box U-139, Storrs, Conn. 06268.
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be nonuniform, nevertheless, a fly ash layer from the lJla
crostructural point of view satisfies the assumption of struc
ture independence required by Equation 4. This has been
generally confirmed by examination of ash samples under the
electron microscope. Consequently, the values of D obtained
according to the present analysis refer to the fly ash layer and
not to the diffusion into a single particle.

Experimental Apparatus and Procedure

The flow apparatus for gravimetric sorption measurement
incorporated a quartz spring balance supplied by Worden
Quartz Products and is shown schematically in Figure 1. It
consists of a Pyrex chamber with HUS-type joints and two
stopcocks for control of gas flow or for evacuation. The
chamber has a double-wall, thermally insulated section with
thermometer well and connections for temperature control
by circulation of oil from a constant temperature bath. Ad
ditional heat could be supplied to the lower part of the
chamber by heating tapes connected to a transformer. This
configuration provided accurate adjustment of gas tempera
ture along the entire chamber. The temperature inside the
chamber could be controlled within ±0.2 °C accuracy. The fly
ash sample was held in a cylindrical fused quartz pan 15 mm
in diameter hung on the lower hook of the spring in the center
of the chamber. An upward flow of gas containing the adsor
bate was established in the chamber and at a rate sufficiently
large to eliminate the irifluence of external mass transfer re
sistance. The flow was also sufficiently large that the effect
of adsorption on gas concentration was negligible. Extension
of the spring due to adsorption was measured with a micro
scope equipped with lOx ocular with an 8-turn (lOO dial di
visions per turn) micrometer screw and a 50-mm objective.
Sensitivity of all measurements was about ± 10-5 gig fly ash.
The ash depth within the sample pan was varied, and this
dimension was accounted for in fitting the data to the trans-

o
ao

lOa

port model of Equations 4-8. The sorption apparatus was
calibrated with weights and pretested with H20 and dry Cu
S04, a known system.

The sorption gases were S03, S02, and H20 in air prepared
by mixing as shown in the diagram. Volumetric flow rates of
S02 and dry air were controlled by sensitive flow meters and
adjusted to the required values by precision, capillary valves.
Concentration of H20 and S03 was regulated by saturating
the flowing air with the respective liquid held at a controlled
temperature. Dried air flowed through a Gilmont rotameter
and then passed through a frit inserted in ,a flask containing
distilled water or oleum in the case of S03 addition. H20 or
oleum was maintained at a regulated constant temperature.
The concentration of H20 in the gas entering the apparatus
was calculated from mass balance assuming that saturation
concentration was reached in the thermostated moisturizing
beaker 11 of Figure 1. Concentration of S03 was measured by
chemical analysis of liquid in an impinger bubbler placed on
the outlet of the apparatus. The amount of S03 was taken as
that titrated according to the EPA method and discussed in
ref. 6. Concentration of S02 was calculated from the mass
balance and in some cases checked by the EPA analytical
method, whereby S02 from gas is absorbed in an impinging
bubbler containing distilled water and hydrogen peroxide.
Good agreement was found between calculated and measured
concentrations.

The gas mixtures were also passed through a heated tube
to adjust the temperature of the gas fed into the sorption ap
paratus. The total flow rate of gas was in the range 500-3000
mL/min. With these flow rates aerodynamic forces influencing
the sample pan are not negligible, but by maintaining a con
stant value of flow rate using precision valves, the effect of flow
on spring vibration could be minimized and held within the
error in readability. Another important fact was that the ap
paratus had to be thermally equilibrated to eliminate changes
in volumetric flow rates due to temperature changes.

14

Figure 1. Schematic diagram of apparatus

1: Mass sorption spring balance. 2: fused quartz spring (extension 450 nm/4.5 g), 3: cylindrical fused quartz sample pan, 4: microscope, 5: thermoinsulator, 6a,b:
electric heating tapes, 7: transformers. 8: circulator. 9: air-dryer. lOa,b,c: flow meters. 11: moisturizing beaker, 12: thermostatic bath. 13: heated tubing, 14: ab
sorber
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Results

The adsorption-desorption hysteresis curve measured with
argon as the adsorbate is depicted in Figure 2 where the
hysteresis loop itself is evidence of capillary condensation, and
the shape of the loop suggests that the size distribution of the
capillary pores is rather wide but the number of pores is rather
small. In any case, the data clearly indicate the existence of
capillary condensation and, therefore, significant capillary
phenomena in the ash samples even in the range of low relative
vapor pressures.

Sorption properties of the system S02-dry air were studied
in the range of adsorbate concentrations 0-0.08 kg S02/m'1,
and the measurements were conducted at temperatures of22,
90, and 150°C. The constants of the Langmuir (Equation 3)
and Freundlich (Equation 2) isotherms were statistically
evaluated from the experimental data, and these values are
given in Table II. Equilibrium data can be represented by the
linear isotherm (Equation 1) in the low range of adsorbate
concentrations, and the values of the corresponding parameter
a are also given in Table II.

Graphical representation according to Equations 2 and 3
and experimentally obtained data are shown in Figure 3. From
this figure, a better fit of the Langmuir adsorption isotherm
is obtained at the temperature of 90°C, whereas a better fit
of the Freundlich isotherm is obtained at 22 °C. The adsorbed
amount at 150°C is so small that the relative error of these
measurements is about ±50%. An important observation is

oL-~-'-_.L.---'-~_~~~~--'--J

o 02 0.4 Of> Q8
P/p.ll]

Figure 2. Adsorption-<Jesorption hysteresis curve obtained for Portland
ash, with argon as adsorbate

All fly ash used was pretreated by heating 12 h in air at 800
°C to burn off any carbonaceous contaminants whereupon it
was stored in a closed flask. Immediately before the sorption
experiments the ash specimens were again heated in dry air
for 12 h at 400° and then brought to a steady state in the ap
paratus at the desired temperature with a constant flow of dry
air. (The weight loss resulting from heating from room tem
perature to 400°C was consistent with the sorbed amounts
of H20 indicated by the H20 adsorption isotherms experi
mentally determined as described below.) The extension of
the spring was measured vs. time beginning before the time
of injection of an adsorbate into a flowing carrier gas. Ad
sorbed amounts as a function of time were calculated from the
spring extension. After sorption equilibrium was reached, the
sorbate concentration was changed, and a new experiment
started from an initial nonzero adsorbate concentration. Only
equilibrium measurements were made in this way. Diffusion
coefficients for transport of adsorbate into the fly ash layer
were evaluated using Equation 6, but only from the data in the
low concentration range of experiments which were started
from zero initial sorbed amount; for such low concentrations
the adsorption isotherms are essentially linear, as required
by Equation 6. Plotting adsorbed equilibrium amount vs.
adsorbate concentration also gave adsorption equilibrium
isotherms.

Physical Properties of Fly Ash

Fly ash obtained from the Portland Pennsylvania plant of
the Pennsylvania Electric Co. was used in all sorption exper
iments. Results of chemical analysis of the ash and its char
acteristic physical properties are given in Table I. That the
components analyzed add to only 92% suggests the ash con
tained other materials-perhaps several percent of carbon
which was removed by heating to 800 °C in air as mentioned
above. Fly ash was not screened so that polydisperse samples
were measured. Mean particle diameter was in the range If>-25
I'm as determined by sieving analysis. By use of argon as the
adsorbate, the adsorption-desorption curves and the BET
surface area of the ash were also measured. These experiments
were carried out separately at T = 21.9 and 150°C with a
nonflow sorption apparatus for measurements of pressure
difference changes during the adsorption. For these mea
surements the fly ash was preactivated by heating 18 h in high
vacuum at 150°C. BET surface areas and pore size distribu
tions were evaluated with the data obtained. In industrial
practice, temperature is usually above 110°C, and concen
trations of S02 can range up to about 3000 ppm (about 0.006
kg/m3 at 150°C).

K20
1.57

2350
1099

810-990

Na20
0.50

P20 S

0.09
S03
0.77

MgO

0.63
CaO
1.01

AI20 3

22.54

Table I. Physical Properties of Fly Ash Obtained from Portland Pennsylvania Power Station of Pennsylvania
Electric Co.
Chemical Si02 Fe203
Compn, wt %' 38.76 26.13

Pycnometer helium density, • kg1m3 of solid phase
Particle density,' kg/m3of particles
Bulk density, b kg/m3of bulk sample

1.62
1.88

66-58
53

Total porosity, p. b.c %

Particle porosity, '.d %

Surface area. b m2/g, based on 13.8 A02 for argon molecule
Surface area, b m2/g, based on 16.0 A02 for argon molecule (measured by BET method)

aDetermined before ignition. b Determined after ignition. C Total porosity: fraction of total sample volume-internal pores plus interparti,cle space. d Particle
porosity: fraction of particle volume-internal pores.
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Figure 3. Adsorption isotherms lor system S02-dry air-Portland fly
ash
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represent the range of practical importance, as do many of the
802 data in Figure 3. The relative vapor pressures pip· of
practical importance for 802 are much lower than the corre·
sponding relative pressures for H 20; it is clear, therefore, that
capillary condensation is much more likely in a system that
contains the water vapor content of practical importance than
a system that contains only 802 contents of practical impor
tance but in air that is dry.

The diffusion coefficients for transport of water vapor into
the fly ash layer were calculated from kinetic data obtained
in the range of adsorbate concentrations where the adsorption
isotherm can be supposed linear. These values of the diffusion
coefficients are given in Table III, and Figure 6 shows a com·
parison of the experimental data at T = 20·e with the theo-

Figure 4. Results 01 kinetic experiments lor system S02-dry air
Portland Ily ash at T = 20 ·C
Solid line represents Equation 6 with a mean value of 0

,
tl1e common fact that the adsorbed amount decreases with
temperature (under the same adsorbate concentration). This
trend suggests that chemical reaction of802 with fly ash does
riot iJ.lay a dominant role for this' range of temperatures, al
though 802 can react with many solids (e.g., limestone) at
higher temperatures (7).

Diffusion coefficients for transport of adsorbate into the
fly ash layer were evaluated as described above. The results
of the experiments at 20 ·e are plotted in Figure 4 as dimen
sionless adsorbed amount r vs. dimensionless time. The solid
curve of Figure 4 was computed by Equation 6 with a mean
value of D. Mean values of D obtained from experiments at
20,90, and 150 ·e are listed in Table II. These values of Dare
lower than comparable values of molecular diffusivity for 802
in air (for example, the Gilliland equation predicts Dso,-a;,
= 10.9 X 10-6 m2/s at 22 ·e). 8imilar enhanced values of
DH,o-ai' within the pores of alumina (e.g., 3.6 X 10-6 m2/s at
20·e) were observed by Marcassen (8). An increase of diffu
sivity with decreasing temperature is apparent in the present
work as well as in the experiments cited above (8) for transport
in porous alumina.

Simultaneous sorption of H20 and 802 was investigated in
eXiJ~riments carried out at 150 ·e and at volumetric concen
trations of water cV = 3 and 9%. The presence of 802 had no
material effect on the sorbed amount observed-that is, the
totill amount of measured sorption corresponded approxi
mateIy to that measured for the sorption of H20 alone.

Adsorption isotherms for the system water uapor-air-fly
ash were measured at temperatures 20, 90, and 150 ·e. Ad
sorption equilibrium curves are depicted in Figure 5. Adsorbed
amount decreases with increasing temperature as expected
and in the adsorbate concentration range investigated, the
adsorbed amount at T = 150 ·e is very small. Because the
occurrence of capillary condensation plays a major role in this
system at T = 20 ·e, the data cannot be satisfactorily repre
sented by Freundlich or Langmuir isotherms for the entire
range of relative pressure 0 :$ plpo :$ 1. The data at 20 ·e
indicate by hysteresis the capillary condensation of water and,
of course, ordinary condensation as the saturation concen
tration are approached; they are included for this purpose.
There is no reason, however, not to expect such capillary
condensation of H20 at the higher temperatures of 90 and 150
·e, although the data presented for such temperatures do not
represent sufficiently high relative pressures to show such
phenomena. The tremendously large water vapor content
required at 90 ·e and above to even approach saturation
precluded such experiments. The practical ranges of tem
perature and water vapor contents lie above about 90 ·e and
0.05 kg/m3, but it has already been shown (9) that a capillary
condensation model can explain the combined effects of water
vapor content and temperature on fly ash resistivity under
these conditions, i.e., such a model explains the significant
decrease in ash resistivity caused by the introduction to dry
air of a few percent of water vapor at 150 ·e.

Note that the 90 and 150 ·e data points on Figure 5 do

Linear 18., Eq. 1
a. m3/kg fly ash

Langmuir la., Eq. 3
8b m3/kg fly ash

bL, m3/kg 502

Tabl~ II. Constants of Adsorption Isotherms and Values of Effective Diffusion Coefficients for Transport Into Fly
Ash Layer for System S02-Dry Air-Fly Ash

T,
°e

22

90

150

2.0,10-3

0.38
0.44.10-3

0.30
0.077,10-3

0.22

0.122 0.069 1.35
164 lor Co < 0.05 kg S02/m3

0.058 0.024 1.3
326 lor Co < 0.04 kg S02/m3

0.03 0.011 1.15
994 lor Co < 0.002 kg S02/m3

704 Environmental Science & Technology



retical prediction of Equation 6. From Table III, the diffusion
coefficient decreases with increase in temperature. Two dif
ferent experiments (designated as 0 and A in Figure 6) were
carried out at 20°C in the usual way: desorption was measured
by progressively lowering the gas-phase concentration. Several
points of the hysteresis curve obtained in this way are depicted
in Figure 5-when desorption occurs in a gas of zero moisture
content (a dried gas fed to the flow sorption system), a residual
moisture content remains irreversibly bound to the fly ash.
This amount, however, can be removed by heating to about
250°C. Such behavior may be due at least in part to hydrolysis
of the water on the oxide surface with the formation of surface
hydroxyl groups as discussed by Zettlemoyer and McCafferty
(10). These types of phenomena could be of further impor-

,---- ,-------- - 1 - --~--,

o adsorpl,on T. 20t

• d~so"pt,on T' 20t
o iid..-orpl,on T • 90t
~ OIdsorpt,on T _150'c

SiUur"tad concan'r"l,on
at T- 20'C

0.02 0.0,) 0.04 o.OS 0.06
adsorbate concentr.,l,on, C. [k9 f'tO/rr?}

Figure 5. Equilibrium curves of system H20-air-Portland fly ash at T
= 20, 90, and 150°C

Table III. Values of Effective Diffusion Coefficients for
Transport of Water Vapor into Fly Ash Layer

Exp. Free gas
It, m3/kg Conen range B X dlffuslvlty dlffu8lvlty b

T.oC adsorbate eg' kg H20/m3 OX 10', m2/. OX 108, m2/.

20 0.21 <0.007 2.15 24.4
90 0.022 <0.015 1.5 33.7

8 These concentrations were in the linear isotherm range as can be seen from
Figure 5. b Diffusivity taken from ref. 15.

Figure 6. Results of kinetic experiment for system H20-air-Portland
fly ash at T = 20°C

tance for fly ash conductivity especially in view of the possi
bility that polarization could strongly influence conduction
by ionic transport through the fly ash layer. Interaction of
water with fly ash is discussed in ref. 1, and treatises on glass
(11, 12) review the surface chemistry of that material which
is similar to fly ashes (primarily glassy).

Adsorption of S03 from concentrations of about 100 ppm
in dry air onto the fly ash was measured at 150°C. Under such
dry conditions the adsorbed amount of SO~ on the fly ash
surface was very small (q < 3 X 10-5 kg SO:Jkg fly ash) within
limitations of the sensitivity of apparatus. These measure
ments suggest that there is no chemical reaction at 150°C
between fly ash and the SO~ in the dry air.

Sorption in the system S03-H20-air-fly ash was measured
at two different water concentrations Cv and 5 and 9% and for
selected values of relative S03 vapor pressure in the range 0
~ (plpo) ~ 1. Values of the dew point partial pressure of SO:1,
Po were also determined experimentally and compared with
the theoretical prediction by Miiller (13). The dew point
partial pressure of S03, Po depends strongly on the H20
concentration because it represents the concentration of S03
at which condensation (of HzS04 when H20 is present because
S03 reacts very rapidly with H20 to form the acid in very high
equilibrium yield) occurs. Experimental determination of Po
was achieved by observing the onset of condensation on a
small mirror in the apparatus; since S03 was introduced into
dry air flowing to the apparatus from liquid S03 held at a
constant temperature, the value of Po could be computed from
vapor pressure of the liquid SOa (with which the dry air stream
was equilibrated), the H20 content of the moist air mixed
therewith in the apparatus, and the relative amounts of such
moist air and S03-saturated dry air fed to the apparatus, as
shown in Figure 1. At S03 partial pressure higher than Po,
significant increase in sorption of the fly ash was also observed
by measurement of spring extension.

Agreement between the measured values and theoretical
(Miiller) predictions was within about 10%. Experimental
results are graphically depicted in Figure 7, and they are
correlated by the same equilibrium curve q = f(plpo)' A very
large increase of adsorbed amount was observed as relative
vapor pressure was increased within the range 0 < (plpo) <
0.2 and in the range 0.7 < (plpo) < 0.8. The shape of the
equilibrium curve for relative pressure plpo > 0.35 appears
to be determined by the occurrence of capillary condensation
as deduced from adsorption-desorption measurements with
argon as adsorbate, in which hysteresis loops were found even
for relative vapor pressure less than 0.3. An additional im
portant observation is that, based on BET surface area, a
monolayer of water on the fly ash (assuming that the H20
molecule occupies 7.1 square A) corresponds to about 0.7 X
10-3 kg H20/kg ash. According to Figure 7 the adsorbed mass
of H2SO.+ H20 at which capillary condensation begins is
significantly less than the mass of a monolayer of H20.

Based on findings as to particle structure obtained with an
electron microscope (14), we concluded that sorption (fol
lowed probably by capillary condensation in the few intra
particle pores and surface pits) starts within the minute
crevices formed between particles at their points of contact.
A physical model has recently been published (9) which pro
vides a quantitative prediction of the effect of water vapor on
the electrical conductivity of fly ash based on capillary con
densation of water at the points of particle contact as pre
dicted by the Kelvin equation. Moreover, surface roughness
would also appear to favor enhanced sorption at points of
contact between particles as compared to locations on the
open particle surface.

A significant increase of sorption at very low values of plpo
can be explained in terms of condensation within tiny intra
particle pores as well as in terms of formation of hydroxyl
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Figure 7. Adsorption and desorption curve for system S03-H20-air
Portland fly ash at T =150°C (CV =5 and 9% H20)

Nomenclature

a = constant in linear adsorption isotherm, m'l gas/kg ad
sorbent

a F = constant in Freundlich isotherm, kg adsorbate/kg ad-
sorbent.(kg adsorbate/m:! gas)-m

a L = constant in Langmuir isotherm, m'l gas/kg adsorbent
bI. = constant in Langmuir isotherm, m:! gas/m:! adsorbate
bn = parameter defined by Equation 7
c = adsorbate concentration of gas phase within interstices

of a layer of fly ash particles, kg adsorbate/m:! gas
cg = average adsorbate concentration in flowing gas, kg ad

sorbate/m:! gas
CV = volumetric concentration, %
D = effective diffusion coefficient for transport of adsorbate

within a layer of fly ash, m2/s
I = thickness of fly ash layer, m
m = exponent of Freundlich isotherm, L
P = porosity of fly ash layer m:! pore volume/m3 fly ash

layer
p = partial vapor pressure, N/m2, mm Hg
pO = saturated vapor pressure at temperature, T, N/m2, mm

Hg
p" = dew point partial pressure of SO:!
q = adsorbate concentration on solid at position x within

layer of ash, kg adsorbate/kg adsorbent
q = average of q over layer volume, kg adsorbate/kg adsor-

bent
q" = value of q at time t = 0, kg adsorbate/kg adsorbent
q w = value of q at equilibrium, kg adsorbate/kg adsorbent
t = time, s
T = temperature, °C
v. = adsorbed amount of argon under standard conditions

(mhp/kg fly ash)
x = length parameter, m

Greek Letters

r = dimensionless adsorbed amount defined in Equation
6

Pp = bulk density of fly ash layer kg/m3 fly ash layer
T = dimensionless time defined in Equation 8
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groups on the surfaces of the ash as discussed in ref. 10 for
metal oxides. Glassy ash particles formed at high temperatures
might be expected to have unsatisfied oxygen valences at their
surfaces which can react with H20 to form surface hydroxyls
as the temperature is lowered. Beyond this, H20 and H2S04
would be expected to ahstract cations from the glassy ash. The
surface hydroxyls might be expected to act as nucleation sites
for the sorption of H20 and H2S04, whereas the abstracted
cations could be expected to contribute the electrical con
ductivity of the sorbed aqueous phase. Electron microprobe
studies (14) of sectioned particles of H~04-conditionedfly
ash reveal that the sulfur does not migrate to the interior of
the particles in any significant quantitieS, even over the course
of days. In any event, the liquid mixture ofH~04+H20 which
condenses on the particles may be expected to be enriched in
H2S04, the higher boiling component, as compared to the
composition in the gas phase; this is well-known behavior
during condensation of mixtures. Because such condensed
liquid may have a higher fugacity of H2S04 as compared to
the gas phase, desorption or evaporation of this liquid may
proceed by a pathway entirely different from that of the
condensation, thereby introducing obvious irreversibility
which may partially account for the significant hysteresis
evident in Figure 7 for the sorption-desorption cycle.

The expected influence of the condensed sulfuric acid on
electrical conductivity of the fly ash is obvious in that the
electrical conductivity of aqueous solutions is significantly
enhanced by the presence of mobile charge carriers such as
would be formed by addition of H2S04 to H20. In another
report (9) we present a simple model for such "conditioning"
of fly ash based on an idealized structure of the packed ash
particles and the contribution to electrical conductivity from
the liquid condensed within the crevices formed at the points
of contact between the particles. In particular, such a model
can explain the complex behavior of electrical resistivity of
packed fly ash as a function of temperature in the system fly
ash-air-S0:I-H20.
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Size Distributions of Flocculated Particles: Application of Electronic
Particle Counters

Gordon P. Treweekh and James J. Morgan

Division of Engineering and Applied Science, California Institute of Technology, Pasadena, Calif. 91103

• A review of currently used particle size analyzers for liquid
suspensions reveals that only the electronic resistance devices
measure the particle volume directly. Although the electronic
analyzer's ability to measure singlet particles is well docu
mented, two major difficulties occur in measuring aggregate
size distributions in flocculating systems. Since electronic
counters measure only the particulate matter within a floc,
the equivalent spherical diameters so recorded do not coincide
with the microscopically observed diameters. Also, evidence
exists that electronic counters only partially measure the total
particulate matter within an aggregate because of the physical
separation which exists between the component singlets. In
this research the recorded electronic response is correlated
with the aggregate porosity, and equations are derived to
enable the investigator to correct for porosity effects. The new
relationships between aggregate size and counter response are
based on a modification to the existing equations for the
passage of a singlet particle through the measuring aperture.
The validity of the new equations is established in a floccu
lating E. coli- polyethyleneimine suspension in which the
complete particle size distribution is recorded. Since a con
servation of volume condition must exist between the un
flocculated and flocculated state, this condition is used to
determine the limiting porosity value in well-flocculated
suspensions.

Within the past 10 years, several new experimental methods
have been developed to measure the extent of aggregation
produced in coagulation/flocculation treatment processes.
These methods enable the researcher to quantitatively record
the effectiveness of varying the flocculent type and dose, the
velocity gradient and time of mixing, the number of mixing
chambers and type of stators, and other factors known to in
fluence the coagulation/flocculation treatment process. In the
past, many experimental methods were either qualitative in
degree or measured only the phase separation aspect of the
flocculation process, which often led to errors when laboratory
bench tests were scaled up to full-size facilities. To some ex
tent, the emphasis on measurement of phase separation al?ne
biased the investigator toward Improvement of the phYSICal
parameters of the system, at the expense of possible chemical
alterations which would enhance the destabilization phase of
coagulation. The new aggregate measurement techniques
enable the researcher to investigate thoroughly and accurately
the destabilization of suspended colloidal matter as it occurs,
in lieu of measuring just the end result: phase separation.

Table I summarizes the experimental techniques which are
currently available to record the extent of aggregation of
particulate matter in liquid suspensions. Each technique is
characterized by some disadvantages, which are often more
pronounced in the measurement of aggregate size distribu
tions than in the measurement of singlet size distributions.
Some techniques offer significant advantages in particular
applications, such as the ability of the light interruption
technique to operate in the continuous flow, real-time mode
(1) or of the membrane refiltration technique to rapidly

'Present address, James M. Montgomery, Consulting Engineers,
Inc., 555 E. Walnut Street, Pasadena, Calif. 91101.

evaluate changes in the specific surface area of aggregates
utilizing simple, inexpensive equipment (2-4). With the ex
ception of the electrical resistance method which measures
aggregate volume, all the techniques measure either the ag
gregate cross-sectional area, or a parameter such as sedi
mentation velocity, which depends directly on the aggregate
cross-sectional area. Because of its unique ability to measure
aggregate volume, the electronic counting and sizing technique
was selected for further study.

The electronic particle counting and sizing technique ap
pears ideally suited to evaluating changes in the number
distribution of suspended particulate matter brought about
by the addition of coagulants in a water or wastewater system.
Since the aggregate volume is measured directly, a differential
volume distribution can be readily determined, thereby pro
viding an indication of the equilibrium aggregate volume at
tainable under selected flocculation conditions. The detect
able size range for the method (0.5-900 I'm) enables the in
vestigator to evaluate the extent of orthokinetic flocculation,
which primarily affects particles greater than 1I'm in diameter
(5). Because of the difficult experimental procedures involved
in recording a complete size distribution by this method, and
because of the cost of the data acquisition and data reduction
equipment, electronic particle sizing is limited to laboratory
experiments. However, particle size distributions evaluated
by this technique have been correlated with turbidity and
refiltration rate measurements, both of which are currently
used in treatment practice (4).

The electronic particle counting and sizing technique has
been successfully employed with suspensions of singlet par
ticles for 20 years. Results have been verified with respect to
count via hemacytometers and with respect to size via cali
brated oculars, grids, or known particles (6-9). However, no
effort has been made to verify whether the electronic sizing
technique can be successfully used to count and size unco
alesced floes of primary particles. Consequently, research was
undertaken to determine if the principles of operation of the
electronic particle counter could be extended to flocculated
particles similar to those found in water and wastewater
treatment operations.

Priur Applications uf Electronic Particle Counting

In 1956 W. H. Coulter announced the development of a
precise counter for discrete microscopic particles (10). This
counter found immediate application in many medical and
industrial situations. Mattern et al. (6) used a l00-l'm aperture
to measure the number and size of red blood cells; they found
the instrument counts to be more accurate than those ob
tained via the hemacytometer and deduced a linear rela
tionship between pulse height and particle volume. Kub
itschek (7,8) extended the instrumental technique to bacteria
with the use of a lO-lLm aperture, and also found a strictly
linear performance of the counter in response to particle
volume, as long as the particle diameter was greater than 10%
and less than 40% of the aperture diameter: Further experi
mental improvements, coincidence counts, background re
duction, and size distributions for discrete particles, are dis
cussed in the work of Wachtel and LaMer (9).

Higuchi et al. (I1) were among the first to study the
aggregation of particles (in this case, an oil-in-water emulsion)
with a Coulter counter. They prepared a relatively monodis-
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pI' "I'd e·mulsion. with droplet;; of ahout IlJm diameter. hy an
!'Ie('triml dispersion te('hnique and then measured the
aggrpJ,Ult.i()Il/denggreg8ti(m of thi~ f>mu!l:,i(H) wit.h varying
....n('entrations of diodyl sndilfm sulfosuccinate (AO'n.
Fortunately. their emulsion particles coales('ed upon ('ont.act;
IIll'refon'. dl'te('t.ion of aggregated part ides was no different
from defedion of singlets.

Furl her improvemenLs in measuring the particle size dis
t rihul ion of aggregat.ing systems included the introduction
of t he multiaperture analysis procedure (12, 13) and t.he ap
pli('at.ion ofa pulse height analyzer (PHAl with multichannel
storage (MfAl (11. IS).

'I'll(' a('('ura('y of t.he elect.ronic count.er in enumerating and
sizing singlets within the size range 10-40% of apert.ure di
ameter has heen verified with hoth the opt.ical and electron
mi('roscope. In t.he case of part.icle aggregates, only qualitative
('hecks have heen made on aggregate sizes recorded hy the
counler. The first indication that t.he electronic counter may

not. accurately record the aggregate size was noted by Camp
(16) in his analysis of a series of experiments by Hannah et al.
(17) who evaluated the floc strength of a kaolin-alum floc in
a modified Couette mixing apparatus which contained a
70-lJm aperture capable of recording six size ranges from 1.3
to greater than 9.0 IJm. Using their data, Camp estimated the
volume fractions f'lr mixing times of I, fl, and 10 min to be 4.7,
:1.0, and 2.2 ppm, respectively. The initial volume of clay and
AltO" was estimated at 4.:1 ppm, and the velocity gradient was
set at 50 S-I to promote rapid floc formation without settling.
Camp attributed the recorded loss of volume during floccu
lation to the dissolution of kaolin within the system.

Camp (18) attempted a similar volumetric analysis of the
data of Ham and Christman (14), in which the formation of
silica floc with alum was studied with a 240-lJm aperture.
Camp determined that the volume concentration increased
from 1.6 to 3.6 ppm as the flocculation proceeded from 10 to
36 min. This result is expected since the 240-lJm orifice re-

Table I. Experimental Techniques to Determine Extent of Aggregation
Property Size range,

Technique measured ~m Description of process

Optical
Microscope Length/width 0.2-400 Visual observation and comparison

of aggregates with calibrated slide
or lens

Microscope Length/width 0.5 and up Microscope slide or photograph
automated electronically scanned to record

aggregate images

light scattering Light intensity 2-500 Intensity of light energy scattered
(also laser scattering) from particle in direction of sensor

Visual Length/width 20 and up

Sedimentation/filtration
Gravity Velocity 0.1-100

sedimentation

Centrifugal Velocity 0.02-10
sedimentation

Light blockage 2-9000 Reduction of light intensity on sensor
as aggregate passes by detector

Light intensity 0.002 and up Observation of reduction in light
intensity upon passing through
suspension of aggregates
(turbidity)

Disadvantage.

Time consuming and laborious;
judgment errors in estimating
size

Time consuming; expensive
peripheral equipment

Filtration time a function of both
filter cake porosity and specific
surface area of aggregates

Density and shape factors of
aggregate unknown; time
consuming and laborious

Density and shape factors of
aggregate unknown; shearing
and distortion of aggregates

Varying refractive indices of
heterogeneous particles;
multiple scattering effects in
aggregates; criticality of sensing
angle

Opacity of fluid medium; identical
refractive indices of particle and
fluid

Complicated relationship between
turbidity and size, i.e., T =
~ini1r"i2Kio where nj = number
of particles of radius f;. K; =
extinction coefficient which is
function of relative refractive
index, wavelength. and radius

Time consuming and laborious;
judgment errors in estimating
size

Observation of appearance and size
of aggregates

Observation of steady-state
aggregate velocity through
suspending media

Observation of steady-state
aggregate velocity as centrifugat
force drives aggregate through
suspending media

Formation of filter cake on 0.45-lJm
filter by filtering suspension,
followed by refiltration of filtrate
through filter cake

0.45 and upFilterability

Spectrophotometric

Light interruption

Membrane
refiltration

Electronic
Electrophoretic

mobility

Electrical
resistance

Velocity

Resis-~ivity

0.1-100

0.5-900

Observation of steady-state
aggregate velocity as potential
difference draws aggregate
through suspending media

Aggregate passes through aperture
causing resistance change in
electrolyte between fwo
electrodes. Resulting voltage pulse
is proportional to aggregate
volume

Density and shape factor of
aggregate unknown; velocity a
function of both unbalanced
charge density and aggregate
diameter

Blocking of aperture; expensive
peripheral equipment
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solves only the upper end of the total particle size distribution,
i.e., due to background noise, small agglomerates and indi
vidual silica particles are not detected in the initial size dis
tribution measurement. With tbe 240-l'm aperture, large ag
gregates are detected, but the loss of small particles within the
total size distribution goes unnoticed. Using the data of Ham
and Christman, Camp calculated the water content of the
silica-alum floc to range from 74 to 99.9%.

Ham (19) recognized that the aggregate sizes recorded by
the electronic counter for a coagulated silica suspension did
not correspond to the sizes measured optically. The discrep
ancy between the two methods was attributed to either ag
gregate distortion upon passing through the orifice of the
counter or to the large porosity of the aggregate, which re
sulted in a larger visual size than justified by the particulate
content. Ham alleviated the first problem by using a large (240
I'm) aperture, and recognized that the aggregate porosity
prevents a direct comparison between sizes determined by the
counter (which measures only the particulate content) and
microscopic observation (which measures total floc size in
cluding entrapped electrolyte).

Recently, Neis et al. (20) recorded a decrease in the specific
resistance of polystyrene latex agglomerates during electronic
counting experiments. This decrease was attributed t.o the
higher electrolyte content of the aggregates and resulted in
counter responses to the aggregate size which were smaller
t.han the act.ual aggregat.e size. Neis et al. (20) presented
similar results for the particle size distribution of a suspension
of Bacillus Cereus in 0.25 M NaCI.

Measuring aggregate size distribution with an electronic
particle counter appears to have two distinct liabilities, bot.h
of which are related to the aggregate porosity. First, t.he
elect.ronic count.er measures only the particulate matter
(treated as a coalesced solid sphere) within a floc, whereas
microscopic observation measures floc size including the en
closed electrolyte. The size of the coalesced particulate matter
is obviously not comparable with the total visual floc size.
Second, the calibrat.ion of the counter with monodisperse,
impermeable singlets does not permit the direct measurement
of aggregate volume distributions, since the aggregate porosity
causes a counter response to the aggregate particulate matter
which is smaller than justified by the actual particulate con
tent. Thus, while the traditional view has been that tbe par
ticulate matter can be treated as equal in size to a coalesced
singlet of the same volume, the distribution of particulate
matter throughout the aggregate causes a reduced counter
response.

In spite of these difficulties, the electronic counter-multi
channel analyzer technique offers the potential for precise
quantitative measurement of the flocculation of colloidal
particles, provided that compensations for aggregate porosity
are made. The following paragraphs present suggested im
provements to the normal operation of the electronic coun
ter-PHA-MCA in the measurement of aggregate size distri
butions.

Theory of Electronic Particle Countil1l!

The operation of the Coulter counter-PHA-MCA in
counting and sizing singlets has been thoroughly developed
(6,9,12-1.5). The resistance change caused by the passage of
a cylindrical particle through the measuring aperture is ex
pressed:

d:l
dR = (4 p,/TrD4) (1)

[1.5/(1 - p,jp)] - (d2/aD2)

where p" =resistivity of electrolyte, p =resistivity of particle,
D =aperture diameter, d =diameter of equivalent spherical
particle, and a = shape coefficient..

The response to a singlet is directly proportional to the
part.icle volume, except as modified by t.he second t.erm in the
denominator. Both Kubitschek (7,8) and Wachtel and LaMer
(9) found tbat dID should not exceed 0.4 to minimize apert.ure
blockage and preserve linearity of response.

For singlets, the relationship between the particle diameters
(d i and d j ) and the corresponding storage channels in the
MCA (C; and C} is

(2)

where y = logbase used in the storage of voltage pulses pro
duced hy particle passage.

Ifd i , Ci , Cj are known from zeroing experiments, then dj is
readily comput.ed, provided that the particle is not an aggre
gate.

In the case of aggregates, however, these equations cannot
be utilized because of the porosity of the aggregate itself.
When a large aggregate of tightly bound singlets (1 I'm in di
ameter) passes through a small (11 I'm) or medium (30 I'm)
aperture, the aggregate tends to feather itself along the
streamlines of the rapidly flowing sample volume. This elon
gation of the aggregate as it passes through the aperture re
sult.s in a pulse having both height and width. Although the
pulse height can be calibrated with monodisperse polystyrene
lat.ex particles, the pulse width goes uncalibrated. A similar
result was noted by Mattern et al. (6) in their analysis of co
incidence passage by singlet particles. Figure lA depicts the
critical volume in which the particle size is measured. Figures
18 and C show that the separation distance of two particles
during coincident transit. of the critical volume determines the
relative pulse height and width. For small tightly bound ag
gregates, the pulse height should be directly proportional to
the number of singlets in the aggregate. However, as the po
rosity increases and the aggregates elongate within the critical
volume, the pulse width increases at the expense of pulse
height.

A second problem occurs when a large aggregate passes
through a medium (30 I'm) or large (70 I'm) aperture. If the
porosity of the aggregate is large, then the aggregate sizing
system (aperture, current, and amplification) is required to
size and sum the many smaller pulses created by the primary
particles which comprise the total aggregate. However, only
the small II-I'm aperture is able to precisely detect and size
singlets (1 I'm in diameter); the larger 30- and 70-l'm apertures
only detect tightly aggregated singlet cells, and thus the sys
tem response is only a partial response to the total particulate
volume within the aggregate. Neis et al. (20) recorded these
effects as increases in the calibration factor during the course
of coagulation, the calibration factor being the ratio of actual
particulate volume to Coulter counter measured volume.

Proposed Modification to Theory for Al!firel!ate Passape

To compensate for the effect of aggregate porosity upon the
measured volume following flocculation, determinations of

B

o
o
01
CDI

Figure 1. A: schematic representation of aperture. current density lines.
and critical volume. S: particle separation distances within critical
volume. C: resulting voltage pulses. Adapted from Mattern et al. (6)
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aggregate porosity, as a function of the number of primary
particles within an '1ggregate, were made either from calcu
lations or from literature survey. These porosity values are
summarized in Table II.

Some authors have attributed high porosity values to
electrostatic repulsion between primary particles, a condition
ameliorated by the adsorption of cationic coagulant to the
negative colloidal surface and by the continuous agitation of
the suspension during flocculation. Nevertheless, colloid
coagulant systems do produce open porous floes, as observed
via electron microscopy.

Figure 2 depicts. a smooth curve of porosity vs. number of
singlets. per aggregate, drawn from the data of Table II so that
two conditions are satisfied: For aggregates with less than
eight singlets., the curve passes through the calculated porosity
values; for larger aggregates, the curve is asymptotic to the
porosity value between 0.50 and 0.95 which enables a con
servation of volume condition to be met between unflocculated
and flocculated state.

The shape of the curve relating the calculated porosity f to
the number of cells per aggregate n suggests. an exponential
relationship of the form

Since n =1 at f =0, a =1. Further calculation provides a best
fit when b = 100, yielding

n = 100f

F = Pf/Po = f-m (5)

where m = 2.0 for clean sands, and slightly less than 2.0 for all
other materials, i.e., m '" 1.9.

Letting m = 1.9 for the aggregates and substituting Equa
tion 4 into Equation 5 yields

During subsequent experiments. an asymptotic porosity value
of 0.69 was found to provide conservation of volume of the
total suspended particulate matter between the unflocculated
and flocculated state.

The formation factor F is defined as the ratio of the resis
tivity of the porous material, Pf, saturated with an electrolyte
to the bulk resistivity of the same electrolyte, Po:

F = Pf/Po

Archie (26) has determined an empirical relationship between
porosity and formation factor which applies to most porous
materials:

(4)f = 0.5 log n

(3)n=abf

fif = p,,(0.510g n)-1.9 (6)

and

f = 1.5 log (d/d,,) = 0

!lR = 4 Pod:![1 - 1.5 log (d/do)) 1.9)/1.5 1rD4 (9)

Theoretically, for d 5 d"

(8)

(10)

n = (1rd: I/6)/(1rd,,:l/6)

where d" = singlet diameter.
Therefore

In this case the electronic counter response is directly pro
portional to the particle diameter d.

For d" < d < 2.9 d" (1 < n < 24)

f = 1.5 log (did,,) = 0.69

11 - [1.5 log (dld,,)JI.91= 0.50

As the aggregate size increases, larger apertures must be used
to maintain diD less than 0.4, and d 2/aD2 insignificant.
Substituting Equation 6 into Equation 1 yields:

tlR = 4 Pod 3 [1 - (0.5 log n)1.9]11.51rD4 (7)

In Equation 7 the response !lR of the Coulter counter to the
aggregat.e passage is a function of two unknowns: d, the
equivalent spherical diameter of the aggregate, and n, the
number of singlets per aggregate. However,

Table II. Typical Value of Aggregate Porosity as
Function of Number of Singlets per Aggregate and
Singlet Diameter

Single'l/aggregate Configuration Poroilly Ref

2 Linear 0.20
3 Linear-triangular 0.25-0.26
4 Linear-tetrahedral 0.27-0.29
8 Cubic-rhombohedral 0.26-0.48 (21)

Coarse sand 0.39-0.41 (22)

Medium sand 0.41-0.48 (22)

Fine sand 0.44-0.49 (22)

Fine sandy loam 0.50-0.54 (22)

d520l'm 0.50 (23)

d521'm 0.95 (23)

Silica powder d5 21 I'm 0.38 (24)

Silica powder 45161'm 0.43 (24)

Silica powder d561'm 0.38 (24)

Silica powder d5161'm 0.43 (24)

Silica powder d561'm 0.75 (24)

Silica powder d52.31'm 0.89 (24)

Silica powder d551'm 0.71 (25)

Clay and alum d 5 15 I'm 0.74-0.99 ( 18)

0------0 fAIlLE 2

Q------O n. 100'

and

~R = 2 II"d"/1.5 1rD4

Finally, for d > 2.9 d" (n > 24)

f = 1.5 log (d/d,,) =0.69

11 - [1.5 log (dld,,)JI.91 = 0.50

and

.:>R = 2 p"d:I/1.5 1rD4

(11)

(12)

NUMBER OF SINGLETS .. PER AGGREGATE

Figure 2. Aggregate porosity as function of number of singlets per
aggregate

Consequently, in the intermediate size range the response
of the electronic counter to aggregate particulate matter does
not increase linearly with the increase in aggregate particulate
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.:>R j = 4 p"d/ll - [1.5 log (d/d,,)] 1.91/1.5 rrD4 (3)

:lR j = ':'Rd,y(('j-C""l = 4 p"(d,,)"y(('j-Cd,,J/1.5 rrD4 (4)

Therefore:

d/ll - [1.5 log (d/do)]L91 = (d.,3)yICj- Cd o) (15)

In Equation 15, d,,, y, Cj , and Cd" are known; therefore, dj can
be calculated via an iterative technique using an initial esti
mate that:

matter. After the limiting porosity value (f = 0.69) is reached,
the response again increases linearly with the aggregate
size.

When an aggregate of diameter d j passes through the ap
erture, the normal counter response, given by Equation 10,
must be modified to compensate for the aggregate porosity
so that:

Table III. Summary of Calibration Data for Coulter
Counter

Counter sellings
Aperture Particle Peak
dlam, ,/.1m dlam, ,/.1m Amp Current channel Logbase

11 1.3 0.5 8 38 1.024
2.0 0.5 8 94

30 20 2.0 4 24 1.045
5.7 2.0 4 95

70 5.7 8.0 4 20 1.032
9.5 8.0 4 70

diameters 01, 30, and 70 I'm) by passing suspensions of
monodisperse polystyrene latex in 0.06 M NaCI through the
aperture. The settings, summarized in Table III, provide
strong signal-to-noise ratios and maintain the ratio of particle
diameter d to aperture diameter D greater than 0.07 and less
than 0.20.

A voltage pulse generator was used with the Nuclear Data
Model 555 pulse height analyzer (PHA) and multichannel
analyzer (MCA) to determine the coarse and fine gain settings
so that the logbase of input signals remained constant over the
full range of channels, i.e., from channell to 128. Varying the
frequency of the voltage pulse within the recovery time of the
electronic circuitry did not shift the channel of record.

A detailed particle size distribution could be obtained by
using 80 channels of data from the II-I'm aperture, 80 chan
nels of data from the 30-I'm aperture, and 100 channels of data
from the 70-I'm aperture. All 128 channels could not be uti
lized because of overlap between the 11- and 30-I'm apertures,
and between the 30- and 70-I'm apertures. Bacteria of equiv
alent spherical diameter less than 1.13 I'm could not be de
tected by the 11-I'm aperture because of background elec
tronic noise at this low signalleve!.

Prior to seeding the culture, the growth medium was filtered
through 0,45-I'm Millipore filters to remove any large par
ticulate matter. After culture growth, plate counts and he
macytometer counts were made to verify the accuracy of the
Coulter counter measurements. As was previously noted by
Mattern et a!. (6), the counts from the Coulter counter had
better reproducibility than either of the other techniques.

Samples of the flocculating E. coli suspension were with
drawn from the stirrer-reactor with a 2-mm bore pipet to
prevent aggregate breakup, and then diluted with 0.06 M fil
tered NaC!. The dilution ratio depended upon the numher of
aggregates per unit volume, i.e., the reactor suspension was
diluted only to the degree necessary to ensure significance of
count and adequate relaxation time of the electronic circuitry.
Since little difference exists in densities between the E. coli
cells and the suspending electrolyte, sedimentation of the
particle aggregates during the time required to make a count
and size distribution was negligible. The aggregates did not
appear to fragment as they passed through the aperture, in
spite of the high shear forces encountered there (17).

The smaller apertures (11 and 30 I'm) were prone to
blocking by the aggregated bacterial cells. Generally, bloc
kages could be cleared with a small paint brush; the more
difficult cases were cleared by briefly immersing 0 s) the
entire aperture tube into the bath of an ultrasonic vibrator.
Occasionally, single cells would adhere to the sides of the ap
erture, resulting in an effective reduction in the aperture size,
and therefore increased pulse heights. By using a stopwatch
to record the sampling time, such minor blockages were im
mediately detected, and the aperture could be cleared with
the ultrasonic vibrator.

Using the calibration techniques discussed earlier, aggregate
size distributions were prepared from the Coulter counter data

(16)

giL
1.20
1.00
1.00
0.10

50 mIlL
2 ml/L
1 mIlL

Ingredient

Casamino acid (acid hydrolyzed casein)
Glucose
NR1CI
KH2PO.
Collidine-HCI buffer, pH 7.0
MgSO.,l M
FeC1:<, 10-" M

The porosity factor 11 - [1.5 log (d/do)JI.91decreases until it
reaches 0.5, which corresponds to the asymptotic value of the
porosity for large aggregates, f = 0.69. The overall effect at a
porosity of 0.69 is to increase the aggregate diameter 25%
above that recorded by the Coulter counter.

Experimental Materials and Methods

A series of polyethyleneimine (PEl) polymers was selected
as coagulants because of the range of molecular weights
available from 600 to 60 000, corresponding to 14-1400 mo
nomer (C2NH5) units. PEl in solution functions as a cationic
polyelectrolyte strongly attracted to negatively charged col
loids (27). The colloid was E. coli strain CR 63, grown in batch
culture to a cell concentration of 2.5 (+0.5) X 107 cells/mL in
the following medium:

At the end of log phase growth, the relatively monodisperse
coliform has a cylindrical shape: 0.8 I'm in diameter, 2-3 I'm
in length, with a mean equivalent spherical diameter of 1.3
I'm.

Two serial dilutions of 10:1 of the initial cell concentration
resulted in 2.5 X 10" cells/mL or 1.25 X 10' cells/50 I'L. At this
concentration the II-I'm aperture will give a true count of cell
concentration without requiring coincidence corrections (6).
The ionic strength of the growth medium and the dilutant was
0.06 M NaCI, the temperature 25°C, and the pH 7.0
(±O.J).

Following removal from the chemostat, the E. coli sus
pension (900 mL of2.5 X 107 cells/mL) was rapidly mixed in
a stirrer-reactor assembly (4) at a mean temporal velocity
gradient G ,;, 190 S-I for 2 min while simultaneously adding
100 mL of PEl solution. Following rapid mix the flocculating
suspension was stirred at a velocity gradient of 20 S-l for 4 h.
Particle size distributions were recorded every 60 min during
the 4-h flocculation period, primarily to determine if the ag
gregate would reach an equilibrium size determined by the
imposed velocity gradient and the PEl molecular weight, but
also to verify the proposed modifications to normal electronic
counter operation over a wide range of aggregate sizes.

The current and amplification settings of the Model B
Coulter counter were determined for three different aperture
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taken each hour after addition of the PEL The aggregate count
in each channel Ci was converted to aggregate count at di
ameter di via a computer program utilizing Equations 15 and
16. This aggregate count, divided by the diameter change
corresponding to the size range stored in each channel, yielded
the differential number distribution. Similarly, a differential
volume distribution was prepared by dividing the aggregate
volume by the log of the diameter change corresponding to the
size range stored in each channel.

Experimental Results

Figure 3A reflects the change in the differential number
distribution over a 4-h period of stirring at G = 20 S-1 when
no polymer has been added. The peak in the particle number
distribution occurs at the mean cell diameter 1.3 11m. Cell
aggregates are present, though in small concentrations. These
aggregates are caused by bioflocculation, which increases with
time because of the continuous release of extracellular bio
polymers, and to coagulation by the 0.06 M NaCI dilutant.
Figure 38 is the corresponding differential volume distribu
tion when no polymer has been added.

Figure 4A is the differential number distribution for E. coli
cells flocculated with the optimum dose (5.0 mg/L) of the
low-molecular-weight PEl 6 (MW = 600). The extent of
flocculation increases continually with agitation at G = 20 S-I.

At this molecular weight and velocity gradient, most aggre
gates are concentrated in the range 1-4 11m, with the number

of the latter increasing with time as the number of the former
decreases. Figure 48 indicates the shift in the volume distri
bution caused by the addition of cationic polymer PEl 6.

Figure 5A is the differential number distribution for E. coli
cells flocculated with the optimum dose (5.0 mglL) of PEl 18
(MW = 1800). Continuous growth of larger aggregates in the
8-12-llm range occurs at the expense of the smaller 1-4-llm
aggregates. The presence of these larger aggregates indicates
an increasing shear resi tance with the higher-molecular
weight polymer species, since no aggregates in this size range
occurred with PEl 6 or PEl 12. Figure 58, the corresponding
differential volume distribution, illustrates the shift in volume
distribution from the initial distribution (singlet particles with
diameters in the range I-211m) to the distribution after 60 min
of flocculation (aggregates with diameters in the range 8-12
11m, or 230-790 singlets/aggregate).

Finally, the effect of the cationic polymer PEl 600 (MW =
60000) upon the dispersed E. coli cells is shown in Figure 6A
at the optimum polymer dose (0.5 mglL). A dramatic decrease
in the number of singlet cells (from 108 to 106 cells cm-3/llm)
and a dramatic increase in the size of the largest aggregate
(greater than 12 11m) are observed. The growth of very large
aggregates occurs at the expense of small (1-4 11m) and me
dium (4-8 11m) sized aggregates, both of which are an order of
magnitude less in number than when flocculated with PEl 12
or PEl 18. The shift in the differential volume distribution to
aggregates in the 1O-20-llm range (1540-3640 singlets/ag
gregate) is given in Figure 68.
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Figure 3A. Differential number distribution of E. coli aggregates with
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Discussion

When the E. coli suspension was continuously stirred
without polymer addition, the total particulate volume as
measured by the Coulter counter-PHA-MCA remained
constant within the experimental limitations (±5%) of the
sampling and measuring technique. However, as aggregates
were formed because of the addition of cationic polymer, the
measured total particulate volume decreased in spite of the
agitation (G = 20 S-I) which prevented aggregate sedimen
tation. Losses to the sides of the stirrer-reactor did not occur
because of the very smooth polyethylene and Teflon surfaces
and the continuous stirring. The recorded decrease in the
volume of suspended matter is attributed to the inability of
the electronic circuitry to record the width of the pulse pro
duced as the aggregate passes through the aperture, and to the
inability of the larger aperture combinations to precisely size
and sum the many singlet particles which comprise the total
aggregate volume. Both of these phenomena can be related
to the amount of electrolyte contained within the floc particle,
and thus to the porosity of the aggregate. The application of
the theoretically derived porosity correction to the basic
Coulter counter-PHA-MCA data resulted in conservation of
volume between the untlocculated and flocculated state of the
suspended matter. This porosity correction does not measure
the actual porosity of large aggregates, but rather enables the
researcher to evaluate the effect of this al{gregate porosity
upon the response of the electronic counter. The porosity
correction, as expressed in Equations 13, IS, and L6, was ex
perimentally verified in flocculation conditions extending

from monodisperse size distributions (n = 1) to large aggre
gates (n :$ 4000).

Summary

To measure a constant volume of suspended particulate
matter in a coagulating suspension, modification of the normal
operating procedure for electronic particle sizing is required.
This modification results in considering the effects of aggre
gate porosity upon the electronic response to aggregate pas
sage through the aperture. The equation for the electronic
response to singlet passage was modified to account for ag
gregate porosity with the porosity increasing with aggregate
size up to an asymptotic value. This theoretical correction was
then verified experimentally using E. coli cells as the sus
pended colloid and the cationic poiymer, polyethyleneimine,
as the coagulant.

The electronic counter responds only to the particulate
matter within a floc; consequently, the equivalent spherical
diameter so determined represents that of a coalesced sphere.
For this reason the floc size recorded via electronic particle
counting cannot be directly correlated with the floc size re
corded microscopically.

By recording the complete size distribution from singlet
particle to the largest aggregate, the conservation of volume
condition can be utilized to determine the effect of aggregate
porosity on counter response. Once this correction is made,
the Coulter counter-PHA-MCA can be effectively utilized
to evaluate the flocculation process as it occurs in the reactor
basin.
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Trimmed Spearman-Karber Method for Estimating Median Lethal Concentrations
in Toxicity Bioassays

Martin A. Hamilton\ Rosemarie C. Russo, and Robert V. Thurston"

Fisheries Bioassay Laboratory, Montana Stale University, Bozeman, Mont. 59715

• Several methods for treatment of data from toxicity tests
to determine the median lethal concentration (LC50) are
discussed. The probit and logit models widely used for these
calculations have deficiencies; therefore, a calculational
method, named the "trimmed Spearman-Karber method",
is developed. Examples of actual and hypothetical bioassay
test data are given, and comparisons are made of the abilities
of these three methods to treat these data. The trimmed
Spearman-Karber method is not subject to the problems of
the probit and logit models, has good statistical properties,
is easy to use, and is recommended for accurate and precise
calculation of LC50 values and their 95% confidence interval
end points.

The most widely used methods for estimating the median
lethal concentration (LC50) for a toxicant are based on either
the integrated normal (probit) or logistic (logit) models. These
models often describe the relationship between mean mor
tality and concentration of toxicant. Estimates of LC50 based
on the probit or logit models have some deficiencies which
have not previously been described to biologists. These defi·
ciencies are sufficiently iml'ortant that methods based on the
probit and logit models should probably not be used for rou
tine analyses of an extended series of bioassay experiments.

Where many sets of bioassay data are analyzed on a routine
basis, it is important that all analyses be based on a single
statistical method. The appropriate statistical method must
have three characteristics: be reasonably accurate and precise;
be programmable so that all c~lculations can be done on a
digital computer; and be robust enough that it will not fail
when the data are somewhat unusual. When a large num bel'
of bioassays are run, some anomalies are bound to occur, and
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the statistical method must be able to produce reasonable
LC50 estimates from such anomalous data.

The following is a critical discussion of methods based on
the probit and logit models and a description of a recom
mended alternative, named the "trimmed Spearman-Karber
method".

Discussion of Probit and Logit Models and Methods
for Estimating LC50

Preliminaries. Let an acute toxicity bioassay yield the
following information: x I, X2• ... , Xk, which are the natural
logarithms of the k concentrations of toxicant used and which
are arranged in order of increasing concentration so that x I

< X2 < ... < Xh; n1, n2, . ..• nt"~ which are the numbers of fish
exposed to the k concentrations, respectively; 1'1. 1'2, ... ,rh,

which are the numbers of fish that die within a fixed time of
exposure to the k concentrations, respectively.

It is not unusual in a toxicity bioassay experiment to have
more than one of the low concentration tanks yield no mor
talities and!or to have more than one of the high concentration
tanks yield 100% mortalities. For such an experiment,let x 1

be the highest log,,-concentration producing no mortality
where all tanks of lower concentration also produce no mor
tality. Let Xh be the lowest log,.-concentration producing 100%
mortality where all tanks of higher concentration also produce
100% morl.,lity. In essence, all tanks below loge-concentration
x 1 and above log,.-concentration Xh are not used in the anal
yses.

Because the fish used in the experiment were drawn at
random from some large population of fish, one can talk about
the population proportion of mortality at each of the k con·
centrations. Let P(x) be the true. unknown proportion of the
underlying population which would die within the fixed du
ration time if exposed to a loge-concentration of x. Then the
observed proportion mortality Pi = rJni is an estimate of



(1)

Conen,
mg/l 15.54 20.47 27.92 35.98 55.52 Control

No. of
test fish 20 20 20 '9 20 20

Data set
1A a a a 5.26 100 a
18 a 5 a 5.26 100 a
lC a 5 a 15.79 100 a
10 a 5 5 94.74 100 a
lE a 5 5 100.00 100 a
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unstable if the data do not conform to the assumed model.
Two common types of instability are that the iterations may
not converge, and that the iterations may converge to different
values depending on the initial guesses used to start the pro
gram. This means that if all LC50's are to be estimated by the
maximum likelihood method, then some sets of potentially
useful data cannot be analyzed.

Another criticism pertains to comparisons of results from
duplicate experiments. Suppose that an acute toxicity
bioassay is performed twice using the same toxicant concen
trations and numbers of fish in each bioassay. Let the k pro
portional mortalities for bioassay A be PI', P:, ... ,P: and let
those for bioassay B be pr, P~, ... ,p~. Suppose that P~ ~ pp,
for every i = I, ... , k, with P~ < pP for at least one concen
tration. Then because the mortalit.y in bioassay B is greater
than the mortality in bioassay A, one would want the LC50
estimate for B to be no larger than the LC50 estimate for A.
Using either maximum likelihood or minimum transform
chi-square methods, for either the probit or logit models, it
can happen that the bioassay with the greater mortality yields
the higher LC50 estimate.

Tables I and II show examples of these deficiencies. Table
I gives five sets of actually observed experimental percentage
mortality data for a control tank and five test tanks of in
creasing toxicant concentration. Table II gives some estimates
of LC50 for the experimental data. Maximum likelihood es
timates do not exist for data sets IA and 18. The Daum (5)
program did not converge for data sets lA and 18. Surpris
ingly, the BMD (4) program did converge for these same two
data sets when a good initial guess of I' was entered. The
Litchfield and Wilcoxon (6) method failed on data sets 10 and
IE. The proportions of mortality for data sets IB and IC are
greater than for data set LA, but the estimated LC50's for LB
and IC, calculated by the BMD program and the logit pro
gram, are larger tban that for LA; tbey are identical to that for
IA when calculated by the Litchfield and Wilcoxon meth
od.

These examples of deficiencies are very disconcerting. It
is true that the data of LB-LE did not fit the probitand logit
models. This is principally because of the unusual death of a
single fish in tank 2. Even if the population tolerance distri
but.ion does correspond to the probit or logit models, it is
certainly possible that an especially sensitive fish could be
randomly assigned to a low concentrat.ion tank; that fish would
die although no fish die in the tank of next highest concen
tration. The stat.istical methodology should not be so delicate
that it is seriously affected by such a mortality.

Trimmed Speorman-Karber Method for Estimating LC50

Description of Calculations. Both the conventional and
trimmed Spearman-Karber methods are model-free, requiring
only the symmetry of P(x). The conventional Spearman
Karber method is described in Finney (2). The trimming is
employed in much the same way as in calculating the trimmed

P(x;l. Call P(x) the true response curve; it is typically S
shaped.

One can also assume that each fish in the underlying pop
ulation has a unique upper limit of tolerance to some con
centration of the toxicant, which is that concentration just
sufficient to kill the fish within a fixed exposure time; at any
concentration less than this, a fish would live longer than the
fixed exposure time. The frequency distribution of log toler
ance concentrations for all fish in the population is called the
tolerance distribution. Denote the mean of this population
tolerance distribution by 1"- All of the statistical methods
discussed in this paper require that the population tolerance
distribution is symmetric around 1'. This means that I' is also
the median of the tolerance distribution. Because the true
response curve, P(x), is the cumulative relative frequency
curve for the tolerance distribution, P(I') = '12. The symmetry
of the distribution forces P(x) to be symmetric in the sense
that P(I' - 0) = I - P(I' +0), for every 0> O. Experience shows
the true response curve to be nearly symmetric for acute
toxicity data when x is log concentration of toxicant. The
parameter of interest, LC50, is the antilog of 1'. All methods
described here estimate the LC50 by taking the antilog of an
estimate of 1'.

Probit and Logit Models. The probit model for P(x) is

f IX-"I/. I ,
P(x) = --e-w'/2dw

_00 ~

where (J is the standard deviation of the tolerance distribution
(1).

The logit model for P(x) is

P(x) = [I + e-1x-")/IiI-1 (2)

where f3 is a constant [0.551331 times the standard deviation
of the tolerance distribution (I).

Equations 1 and 2 are presented to show how specific the
probit and logit models are. The probit model is appropriate
only if P(x) is closely approximated by Equation 1; similarly,
the logit model is appropriate only if P(x) is closely approxi
mated by Equation 2.

It is difficult to choose between the logit and probit models.
If the true response curve is closely approximated by one
model, it probably is closely approximated by the other (2,
3).

After one has decided that either the probit or logit model
is appropriate, there are a number of statistical methods
available for estimating 1'. The most often-used method is the
maximum likelihood procedure. An iterative technique is
required (I). Computer programs are available to perform the
calculations (4, 5).

The Litchfield and Wilcoxon (6) method, which is popular
in the field of acute toxicity bioassays, is a rapid graphical
method for finding the maximum likelihood estimate of I' for
the probit model. The Litchfield and Wilcoxon method usu
ally will not produce the exact maximum likelihood estimate
and is not totally programmable because it requires drawing
lines after visual inspection of plotted data.

The next most popular procedure for estimating I' under
either the probit or logit models is the minimum transform
chi-square method. The simplest version of this method
amounts to fitting a single weighted least-squares linear re
gression line, where transformed-p is the dependent variable
and x is the independent variable (1,3).

Two response curve models and two methods of estimation
for each model have been discussed. One should not speak of
"the probit method" but should specify the method more
precisely by saying, e.g., "the maximum likelihood estimate
based on the probit model".

Criticism of Methods Based on Probit and Logit Mod
els. The maximum likelihood iterative procedure can be very

Table I. Sets of Experimental Bioassay Data
Percentage Mortality
Tank c



Table II. Some Estimates of LC50, with Lower and Upper 95% Confidence Interval Endpoints, for Data of Table I
Probit Loglt d Spearman-Karber, e %

Data set Daum 8 BMOb L_Wc 10 20

1A LC50 MF' 39.67 40.0 42.47 43.89 44.16 44.16 44.16
Lower NCg NC 37.4 37.37 41.73 41.75 35.98 35.98
Upper NC NC 42.7 48.26 46.17 46.71 55.52 55.52

18 LC50 MF 41.98 40.0 46.91 43.27 44.16 44.16 44.16
Lower NC NC 37.4 31.22 41.35 42.09 35.98 35.98
Upper NC NC 42.7 70.48 4527 46.32 55.52 55.52

1C LC50 40.48 40.48 40.0 44.94 41.73 42.53 42.79 42.91
Lower NC NC 37.5 33.04 39.14 39.30 39.20 35.98
Upper NC NC 42.7 61.14 44.49 46.02 46.70 55.52

10 LC50 30.98 30.98 MF 30.77 31.36 31.71 31.71 31.71
Lower NC NC NC 27.00 29.74 30.65 30.70 30.70
Upper NC NC NC 35.07 33.07 32.80 3275 32.75

1E LC50 30.44 30.44 MF 32.37 30.80 31.48 31.48 31.48
Lower NC NC NC 25.08 29.37 27.92 27.92 27.92
Upper NC NC NC 41.77 32.30 35.98 35.98 3598

a Maximum likelihood estimate based on the probit model (5); confidence interval using the Fieller procedure ( 1). b Maximum likelihood estimate based on the
probit model (4); confidence interval end points from I0ge(LC50) ± 2 X SE Iloge(LC50) I ( 1). C Litchfield and Wilcoxon (6) method. The method was said to fail if
10 attempted graphs drawn did not give an acceptable line. d The minimum transform chi-square estimate based on the logit model. The logit transform suggested
by Anscombe ( 11) was used. 8 (¥ %-Trimmed Spearman-Karber estimates; Q' = 0, 5, 10, 20. 'MF indicates that the method failed. 9 NC indicates 95 % confidence
interval end points are not calculable.

Table III. Example of Trimmed Spearman-Karber Calculations. Data Set 1C from Table I

Tank (I) 1 2 3 4 5
Concn mg/L 15.54 20.47 27.92 35.98 55.52
Loge concn x, 2.7434 3.0190 3.3293 35830 4.0167
No. of fish n, 20 20 20 19 20
No. of mortalities r, 0 1 0 3 20
Mortality proportion Pi 0.0 0.05 0.0 0.158 1.00
Adjusted mortality proportion Pi 0.0 0.025 0.025 0.158 1.00

Table IV. Examples of Calculation of 0- and 10%-Trimmed Spearman-Karber Estimates of J.L for Data of Table III

10%

(1) Loge of conen interval: (Xj_l, Xj) (3.4724,3.5830)
(2) Relative frequency: lOPj - lOPj- I 0.0725
(3) Midpoint of interval: (Xj_' + xj)/2 3.5277

(2) X (3) 0.25576
The estimate of /1 is 3.7562. and the estimate of LC50 is thus e3 .'S62 = 42.79 mg/L.

(3.5830,3.9652)
0.9275
3.7741
3.50048

Total
1.000

37562

0%

(1) Loge of concn interval: (Xj_l, Xi) (2.7434,3.0190) (3.0190,3.3293)
(2) Relative frequency: Pi - Pj_1 0.025 0.0
(3) Midpoint of interval: (xi-' + x,)/2 2.8812 3.1742

(2) X (3) 0.07203 0.0
The estimate of /1 is 3.7312. and the estimate of LC50 is thus e3.'3.2 = 41.73 mg/L.

3.3293, 3.5830)
0.133
3.4562
0.45967

(3.5830.4.0167)
0.842
3.7999
319952

Total
1.000

3.7312

mean (7). The experimenter must choose a constant a, where
o :$ a :$ 50, which is the percent of extreme values to be
trimmed from each tail of the tolerance distribution before
calculating the estimate of /1. The choice of a = 0 produces the
conventional Spearman-Karber estimate. The estimation
procedure will now be described in detail using data set lC of
Table I.

The first step is to adjust Pi, ... , Ph if these mortality
proportions do not satisfy PI :$ P1 :$ ... :$ Ph. This adjust
ment is necessary because it is known that Pix J! :$ P(x~) :$

. . :$ P(XIJ. and we require the Pi'S to have this same mono
tone nondecreasing order. Thus, we will define new mortality
proportions P 1, P2.· .. Ph by combining the mortalities (r; 's)
and the numbers of fish (ni's) of any adjacent PI'S which are
not in the proper monotone order to give a new averaged es
timate of mortality proportion, P, at the two adjacent doses.
Consider Table III. Because P" = 0.0 is less than P1 = 0.05,
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adjustment is necessary. Both P1 and P" are set equal to (r1
+ r,,)/(n1 + n,,) = 1/40 = 0.025. This process is continued until
the Pi'S are in a monotone nondecreasing sequence. [f mono
tonicity is violated for more than pairs, the order in which
averaging is performed is unimportant since the final P; 's will
always be the same (8).

The second step is to plot the (Xi, Pi) points and connect
them with straight lines as shown in Figure la. The polygonal
figure formed is an estimate of Pix), the cumulative relative
frequency curve for the tolerance distribution .

The third step is to trim off the upper a percent and lower
" percent of the polygon. Change the ordinate scale by re
placing P with "P = (p - a/100)/(1 - 2 a/IOO). Ignore those
"pvalues which are less than zero or greater than one. The
resulting polygon is an estimate of the cumulative relative
frequency curve for the central (100 - 2 a) percent of the
tolerance distribution. [f the experimenter does not want to



Figure 1a. Estimated cumulative relative frequency polygon for adjusted
data from Table III .

Figure 1b. Estimated cumulative relative frequency polygon of Figure
1a after trimming 10% from each tail

approximately 95% mortality or more, we recommend a choice
of a = 10.

Table V. Hypothetical Sets of Data and Acceptable
Results ( 10)-Percentage Mortality
Tank C

Conen,
)Lg/l 7.8 13 22 36 80 100 Controt

No. of
test fish 10 10 10 10 10 10 10

Data set
4A 0 0 10 100 100 100 0

48 0 0 70 100 100 100 0

4C 0 0 10 40 100 100 0

40 0 0 20 70 100 100 0

4E 0 0 20 30 100 100 0

0.75

~IE9 .0.50

"l

• 0.25
''l

2

lOO

1.00

0.90 - - - - - - - - - - - 3.9652, 0.90)

0.15

0.2.

0.10

°2':-.'--~5.0:==-~:---l.,,::.o-_....J•.•

P 0.50

Performance of Estimators on Test Data

The Committee on Methods for Toxicity Tests with
Aquatic Organisms (10) has published hypothetical test data
and "acceptable ranges" for the associated LC50 estimates
and their 95% confidence limits (Table V) to help scientists
evaluate estimation procedures. Their report does not contain
the criteria by which the "acceptable ranges" were deter
mined. These data have been analyzed by some of the methods
mentioned in this paper, and results are shown in Table VI.
The Oaum (5) probit program did not converge for data sets
4A and 4B; the fact that the estimates produced are acceptable
is fortuitous. The BMO (4) probit program did converge but
gave negative variance estimates for data sets 4A and 48. For
data set 4A the estimate based on the probit model is not in
the acceptable range. For data sets 4C and 4E the estimate
based on the probit model equals the lowest acceptable value.
For data set 40 the estimate based on the logit model equals
the lowest acceptable value. For data set 4C the 10- and
20%-trimmed Spearman-Karber estimates are larger than the
highest acceptable value. We believe that for data set 4C, an
estimate as large as 42.4, which is the value found by linear
extrapolation from the responses in tanks 3 and 4, is more
reasonable than an estimate smaller than 36.0, where the re
sponse was 40% mortality. Notice that som~ of the 95% con
fidence intervals of all three methods (probit, logit, and
Spearman-Karber) are wider than deemed acceptable. In our

trim, then a = 0, and this third step does not alter the polygon
formed in step 2.

The trimming procedure for the example is shown in Fig
ures la and Ib for a = 10. By linear interpolation one finds
that in Figure la, P = 0.10 (or equivalently, lOP = 0.0) corre
sponds to x =3.4724 and P=0.90 (or equivalently, lOP =1.0)
corresponds to x = 3.9652. Figure Ib is an estimate of the
cumulative relative frequency. curve for the central 80% of the
population tolerance distribution; it is the end product of the
trimming procedure.

The fourth and final step is to calculate the mean associated
with the cumulative relative frequency polygon formed in step
3. This mean is the a%-trimmed Spearman-Karber estimate
of 1'. The procedure for calculating this mean for a = 10 is
illustrated in Table IV for the polynomial of Figure lb. The
loge-concentrations x I •... ,Xh form k - 1 adjacent intervals
(x I. X2), (X2. X3), ... , (Xh-I, Xh). The estimated proportion of
population tolerance loge-concentrations which are in the
interval (Xj_l, xj).is IOPj - IOPj-I, wherej = 2,3, ... ,k, and
where IOPj is the proportion on the polygon corresponding to
Xj. Each product of the proportion IOPj - IOPj-l times the
interval midpoint (Xj_1 + xj)/2 is found, and the sum of these
products is the mean associated with the polygon. This mean
is the 100-trimmed Spearman-Karber estimate of I' for the
data of Table III; the LC50 estimate is then the antilog of the
estimate of 1'.

Consider the data of Table III and Figure la; let a = O. Then
the frequency distribution and sample mean which one would
associate with the polygon are calculated as shown in Table
IV. Notice that neither the O%-trimmed (the conventional
Spearman-Karber estimate) nor the 100-trimmed Spear
man-Karber estimates are greatly affected by the anomalous
response in tank 2.

The above description is appropriate if no mortalities oc
curred in the control tank. If mortalities did occur in the
control tank, one should adjust the pis by Abbott's formula
(J) before starting the calculations.

Properties of Trimmed Spearman-Karber Estimator.
The trimmed Spearman-Karber estimator does have the
necessary three characteristics previously stated. The calcu
lations described can be programmed for a computer and/or
can be done on a desk calculator. Ifa ~ 100 PI and a ~ 100(1
- Ph), the method never fails, no matter which unusual
mortality pattern is observed. (One can revise the method to
calculate the a*%-trimmed Spearman-Karber estimate, where
",* is the maximum of the three values: a,loo PI, 100(1- Ph.)
This revised method always provides an estimate of I' ifPI ~
0.5 ~ Ph.) In duplicate experiments, if experiment B has
greater mortality proportions than experiment A, then the
trimmed Spearman-Karber estimate of IJ. for B will never be
greater than the estimate for A as long as a ~ 100 PI and a ~

100(1 - Pk) in both bioassays.
Regarding the accuracy and precision of the estimator, the

good statistical properties of the conventional Spearman
Karber estimator are well known (2,8.9). The trimmed ver
sion of the Spearman-Karber estimator has equally good
properties, but is not as sensitive to anomalous responses as
is the conventional version. Equations for calculating an ap
proximate standard error to attach to the trimmed Spear
man-Karber estimator are given in the Appendix.

Because the a%-trimmed Spearman-Karber estimation
procedure does not fail when a ~ 100 PI and a ~ 100(1- Ph)
and because the sensitivity of the procedure to anomalous
responses decreases as a is increased, it appears that one
should choose a as large as feasible. However, the standard
error of the estimate increases as '" increases. The choice of
a then is a matter of judgment. For a group of experiments
where the lowest concentrations cause approximately 5%
mortality or less, and/or the highest concentrations cause
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Table VI. Results Calculated by Different Methods for Data of Table V

Data Acceptable Probll Logit C Spearman-Karber, d %

.el values Oaum B BMOb 10 20

4A LC50 25.5-27.5 26.4 e 24.1 ' 26.2 26.7 27.2 27.4 27.4
Lower' 21.1-24.0 NCh NC 20.3 22.6 22.5 22.0 22.0
Upper' 28.6-30.8 NC NC 33.6 31.7 32.8 36.0 36.0

48 LC50 19.0-21.5 20.0· 21.0 20.0 19.7 19.5 19.4 19.1
Lower 14.7-19.4 NC NC 16.6 15.2 14.7 14.3 13.8
Upper 22.9-24.5 NC NC 24.1 25.5 25.9 26.2 26.4

4C LC50 35.5-37.2 35.5 35.5 36.4 36.1 37.0 37.5' 38.2'
Lower 26.1-30.7 28.8 26.1 27.7 28.7 29.0 29.3 28.1
Upper 43.4-45.3 44.1 48.4 47.8 45.5 47.2 48.0 51.8

40 LC50 29.4-30.0 29.5 29.5 29.4 29.5 29.7 29.8 29.7
Lower 23.5-23.9 23.8 24.3 23.8 23.2 22.8 22.7 23.3
Upper 36.3-37.4 36.6 35.8 36.5 37.7 38.6 39.1 38.0

4E LC50 35.4-40.5 35.4 35.4 37.5 36.1 37.1 38.1 40.2
Lower 28.1-30.8 28.2 26.2 26.5 28.3 28.4 28.7 29.6
Upper 44.5-46.0 44.5 47.7 52.9 46.1 48.3 50.5 54.7

a Maximum likelihood estimate based on the probit model (5); confidence interval using the FieBer procedure ( 1). b Maximum likelihood estimate based on the
probit model (4); confidence interval end points from log,,(LCSO) ± 2 X SElloge(LCSO}] (1). C The minimum transform chi-square estimate based on the logit model.
The legit transform suggested by Anscombe ( 11) was used. d a%-Trimmed Spearman-Karber estimates; a = O. 5. 10, 20. e Probit method did not converge. f Indicates
point estimates of LeSO which are not in the range of acceptable values. 9 Lower and upper 95 %confidence interval end points. 11 NC indicates 95 % confidence
interval end points are not calculable.

opinion, however, the intervals are narrow enough to be of
practical value.

Conclusions

The a%-trimmed Spearman-Karber calculations have been
programmed in FORTRAN and are performed routinely in
our laboratory by use of the Montana State University XDS
Sigma 7 computer. The program is integrated with a plotting
routine for obtaining plots of toxicity curves, LC50 vs. time.
We have analyzed hundreds of bioassay data sets using the
a%-trirnmed Spearman-Karber method, the maximum like
lihood method for the probit model, and the minimum
transform chi-square method for the logit model. The a%
trimmed Spearman-Karber method always provided useful
results, but the methods based on the logit and probit models
exhibited all of the deficiencies previously described.

Based on our experience with real and hypothetical data
and taking into account accuracy, precision, c'lmputability,
and robustness, we conclude that the a%-trimmed Spear
man-Karber procedure is overall a better method than the
methods based on the probit and logit models.

Appendix

Variance Formulas. Let x I, ... , Xk and nl, ... , nk be as
defined in the Preliminaries section. Let Pi, ... ,PI, be as de
fined in the description of the first step in calculating the
a%-trimmed Spearman-Karber estimate. Let A = a/lOO; L
=maxli: Pi ~ AI; and U = minli: Pi ~ 1 - AI. Then XL is the
largest loge-concentration for which the adjusted proportion
response is less than or equal to A, and Xu is the smallest
loge-concentration for which the adjusted proportion response
is greater than or equal to 1 - A.

Define:

VI = [(XI-+I - Xd(PL+1 - A)2/{jjUI - p/Yj2
X pd1 - pd/nL

V2 = [(XL - X/,+2) + (XL+I - xd(A - fJt)2/(PI-+I - pd2j2
X PL+I (J - PUtl/n/,+I

U-2
V3 = L: (Xi-I - Xi+tl 2Pi(l - Pi)/ni

i=/.. +2

V4 = I(XU-2 - Xu) + (Xu - XU-I)(PU - 1 + Aj2/

{jju - PU_I)2j2pU_I(l - pu-tl/nu-I

718 Environmental Science & Technology

V" = [(xu - xU-I)(1 - A - Pu_tl2/(PU - PU_I)2j2

X Pu(l - pu)/nu

Vr, = I[(xu - X1-+ 1)(1 - A - PU)2/(pU - PL+I)2]

- [(X/,+I - xiJ(A - piJ2/(PL+1 - pd2]

+ (XL - xU)I2PL+I(l - PL+tl/nL+1

Let ji denote the a%-trimmecl Spearman-Karber estimate and
Var(fi) denote the estimated variance of ji. We are at present
using these formulas, which are first order approximations,
for Var(ji):

For U - L ~ 4,

Var(ji) = (VI + V2 + V3 + V4 + Vs)/(2 - 4 Aj2

For U - L = 3,

Viir(fi) = (\/1 + V2 + V4 + Vs)/(2 - 4 A)2

For U - L = 2,

Var(ji) = (VI + Vs + V6)/(2 - 4 A)2

For U - L = 1,

Var(ji) = (xu - x/YII(0.5 - PU )2/{jjU - ptJ4]pd1
- p)t!nL + [(0.5 - pd2/(pu - ptJ4]Pu(l - pu)/nul

We are calculating approximate 95% confidence interval
end points for I' using

ji ± 2.0 IVar(ji)]1/2

We have calculated Var(ji) for more than 32000 simulated
data sets. These calculations indicate that if U - L is greater
than 1, Var(ji) is a conservative estimate of the variance.
Consequently, the confidence intervals are wider than nec
essary to provide 95% confidence.
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Determinative Method for Analysis of Aqueous Sample Extracts for
bis(2-Chloro)ethers and Dichlorobenzenes

Ronald C. Dressman', Jerry Fair, and Earl F. McFarren

Municipal and Environmental Research Laboratory, Water Supply Research Division, U.S. Environmental Protection Agency, 26
W. St. Clair Street, Cincinnati, Ohio 45268

Column packing

Table I. Retention Times for bis(2-Chloro)ethers and
DCB's

4% SE-30 + 6% OV·210 3% SP-1000
on Gas Chrom 0 80/100 on Supelcoport 100/120

Column temp, °c

90 mL/mln 90 ml/mln

Compound R" min RR,a R" min RRt a

mOCB 2.7 0.96 1.8 0.59

BCEE 2.8 1.00 3.1 1.00

pOCB 2.8 0.99 2.1 0.67

oOCB 3.1 1.15 2.5 0.81
BCIE 4.0 1.42 2.3 0.74

a Relative to BCEE.

100

N2 carrier flow

100

The NOMS is being conducted in a four-part seasonal effort
and should be completed by the summer of 1977.

Experimental

Sample Preparation, Samples for the NOMS were col
lected in I-gal glass containers and extracted with 15% ethyl
ether/hexane using three 60-mL portions of solvent; the ex
tracts were dried by passage through anhydrous crystalline
sodium sulfate and concentrated using the Kuderna Danish
apparatus and nitrogen blowdown, all as reported in pre
viously published work (5). Although expensive and less
convenient to use, a two-chamber micro-Snyder column
substituted for the nitrogen blowdown will diminish losses by
10-12% in the final concentration step.

Gas Chromatography. One of the two columns used is a
relatively nonpolar pesticide type. The NOMS data (Table
Il) was obtained using 4% SE-30 + 6% OV-210 on Gas Chrom
Q. 80/100, although similar columns have been used success
fully (4, 5). The second is the highly polar 3% SP-I000 on
Supelcoport, 100/120. Both materials are packed in 180 em
X 4 mm i.d. glass columns, and both columns are operated at
100°C.

Two detectors are suitable for the analysis, the microcou
lometric titration (MCT) system previously described (5), and
the Model 310, Hall (the mention of commercial names does
not imply endorsement by the Environmental Protection
Agency) electrolytic conductivity detector (used in the
NOMS) from Tracor Instruments. Both are element selective
and are used in a chlorine-specific mode. When using the

• A method for the identification and measurement of
bis(2-chloroethyl)ether, bis(2-chloroisopropyl)ether, and the
dichlorobenzenes extracted from aqueous samples at the
submicrogram per liter level is presented. The method em
ploys two gas chromatographic (GC) columns, the first a rel
atively nonpolar pesticide type such as 4% SE-30 + 6% OV-210
on Gas Chrom Q, and the second the highly polar 3% SP-l000
on Supelcoport; and a Florisil column to separate the bis(2
chloro)ethers from the dichlorobenzenes (DCB's) for subse
quent GC analyses. By use of the Florisil column. the DCB's
are first collected in a 200-mL hexane eluate, after which the
bis(2-chloro)ethers are collected in a 200-mL 5% ethyl ether
in hexane eluate. Results of the analysis of extracts of finished
waters sampled in a 113-city survey for the bis(2-chloro)ethers
and the dichlorobenzenes are included to demonstrate the
effectiveness of the determinative method presented.

Because they are potential carcinogens, bis(2-chlo
roethyl)ether (BCEE) and bis(2-chloroisopropyl)ether (BCIE)
became the object of a year-long study when they were found
in Illinois and Indiana drinking water supplies (J). Likewise,
enforcement action was undertaken against another manu
facturer when, during the course of the National Organics
Reconnaissance Survey (NORS) (2), BCEE was found in the
Philadelphia drinking water supply (3). However, during the
latter study it was determined through the use of gas chro
matography-mass spectrometry (GC-MS) that dichloro
benzenes (DCB's) can interfere with the identification and
measurement of the bis(2-chloro)ethers by gas chromatog
raphy when using the relatively nonpolar pesticide columns
recommended in previously published work (4, 5). Confir
matory test procedures developed to overcome these inter
ferences resulted in a method of accurately identifying and
measuring BCEE, BCIE, and DCB's in the same solution. The
method consists of using a highly polar second GC column
composed of 3% SP-I000 on Supelcoport, 100/120, and a
Florisil column separation technique. This determinative
method is considered necessary when GS-MS capability is not
accessible, or concentration levels do not meet the sensitivity
requirements of the latter technique, and is greatly enhanced
by the use of a halogen specific detector.

The method as presented here was subsequently applied
to the analysis of extracts of finished water samples taken
during the 113-city, National Organics Monitoring Survey
(NOMS), being conducted as a followup to the NORS and
designed to gather data on a number of specific contaminants.
Among those investigated were BCEE, BCIE, and the DCB's.
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MCT detector, nitrogen carrier flow for each column is 90
mLimin. When using the Hall detector, carrier flow is 75
inLimin. For maximum sensitivity 50 /LL are injected from a
sample extract that has been concentrated to 1 mL.

Column Adsorption Chromatography (CAC). A Florisil
column procedure is used to completely separate the DCB's
from the bis(2-chlorolethers. The Florisil is the same as that
used for pesticide analysis and described in EPA methods (6).
It is activated at 130 DC in an open dish overnight and is stored
in aclbsed container at that temperature. The amount used
is determined by the standardization procedure based on the
adsorption of lauric acid.

The sample is transferred to a Florisil column that is pre
washed at room temperature with about 70 mL of hexane. The
column is then eluted with 200 mL of hexane which quanti
tatively recovers the DCB's. The second elution is done with
200 mL of a solution of 5% ethyl ether in hexane. Both bis(2
chloro)ethers are quantitatively recovered in this eluate. Each
eluate is collected in a Kuderna-Danish flask and ampul for
concentration to 1 mL and subsequent GC analysis.

The efficiency of the separation procedure was determined
by introducing 1 mL of hexane containing l/Lg of each of the
five coinpounds onto a Florisil column and analyzing at a
maximum sensitivity of 0.OO5/LglL for DCB's and a 0.OO5/LglL
for BCEE and BCIE, the three consecutively collected eluates,
namely, 200 mL of hexane followed by 200 mL of 5% ether in
hexane, followed by 200 mL of 50% ethyl ether in hexane.

Results and Discussion

Determinative Method. On the relatively nonpolar type
column, 4% SE-30 + 6% OV-210 (Table I), BCEE elutes in 2.8
min, BCIE elutes in 4.0 min, and the meta (m) and para (p)
isomers of DCB elute in approximately the same time as
BCEE (Figure 1). More information than can be obtained with
this column alone is therefore necessary to identify the three
c(lmpounds. Only ortho (0) DCB (3.1 min) and BCIE are
clearly identifiable and quantifiable using this column.

On the highly polar column, SP1000 (Table I), the order of
elution is reversed for ethers (itself a very useful piece of
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Figure 1. Chromatogram of mixture of BCEE, BCIE, and DCB's, using
4% SE-30 +6% OV-210 on Gas Chrom Q 80/100, Col T = 100 DC.
N2 carrier flow = 90 mL/min
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Figure 2. Chromatogram of mixture of BCEE, BCIE, and DCB's, using
3% SP-l000 on Supelcoport 100/120, Col T = 100 DC. N2 carrier flow
= 90 mUmin

Table II. Summary of Confirmed Findings (#g/L)
Reported in NOMS

Compound 8

City BCEE BCIE oDCS pDCB

17 0.19

18 0.04 0.03

23 0.06

25 0.01
28 0.03

32 0.02

38 0.02
40 0.03 0.01

43 0.06
49 1.54

53 0.01

56 0.01

60 0.12
61 0.17 0.17
65 0.03 0.03
67 0.41 0.05

70 0.03
75 0.01

77 0.30 0.17 0.01

80 0.06 0.09 0.04

88 0.06 0.09

102 0.36 0.55 0.06
104 0.41

109 0.02

118 0.01 0.01
121 0.02

122 0.01 0.01
50 0.01

Totals 13 8 20

a No confirmed findings for mDCB.



Table III. Sequence of Information Acquired in Process of Finished Water Extract Analyses (NOMS)

A,
analytical B,

Column Information analytical C, 0, E, F, G,
line acquired mode BCEE BCIE oDCB mDCB pDCB

1 Negative results GC (SP-1000) 69 97 111 112 51
2 Tentative identification GC (SP-1000) 44 16 2 1 62
3 Disproved GC (SE-30/0V-210) 22 7 1 1 40
4 Qualitative and quantitative confirmation GC (SE-30/0V-210) 5 3 0 0 2
5 Qual confirmation, quant corrected GC (SE-30/0V-210) 0 0 0 0 4
6 Inconclusive GC (both columns) 17 6 1 0 16
7 Disproved GC after CAC (Florisil) 9 1 0 0 2
8 Qual and quant confirmation GC after CAC (Florisil) 7 5 1 0 7
9 Qual confirmation, quant corrected GC after CAC (Florisil) 1 0 0 0 7

confirmatory evidence), and BCEE (3.1 min) is clearly re
solved for identification and measurement. However, BCIE
(2.3 min) is not clearly resolved from p and 0 DCB (Figure 2),
and accurate quantification using this column is not possible
for these three compounds in the same solution. It is useful
to note, however, that all of the DCB's are sufficiently resolved
on this column for identification and measurement when the
bis(2-chloroisopropyl)ether is absent.

To summarize, when DCB's are present in the sample,
BCIE is clearly identifiable and quantifiable using the rela
tively nonpolar column, and BCEE is clearly identifiable and
quantifiable using the SPl000 column. This fact is very useful
in confirming results because the absence of DCB's is clearly
indicated when the quantification of BCEE and BCIE, ac
curately obtainable for each on one column, is essentially
duplicated on the other column.

If the presence of DCB's as well as the bis(2-chloro)ethers
is indicated, results must be checked by employing the Florisil
column procedure to separate the two classes of compounds.
Identification and quantification can then be confirmed or
corrected by analyzing the 5% ethyl ether in hexane eluate
using the relatively nonpolar column for BCEE and the SP
1000 column for BCIE and by using the hexane eluate and
both columns for the analysis of the DCB's.

Studies have shown that the separation of the two classes
of compounds is complete using the Florisil column. BCEE
and BCIE were detectable only in the 5% ethyl ether/hexane
eluate, and DCB's were detectable only in the hexane eluate
when analyzing the fortified extracts at a maximum sensitivity
of 0.005 I'g/L.

Eluting the original extract from the Florisil column with
200 mL of hexane has also removed some unidentified, rela
tively nonpolar compounds which have interfered with at
tempts to obtain GC-MS confirmation of BCEE. These
compounds are generally nonhalogenated and do not interfere
with the analysis of the original extract using the halogen
specific detectors. In other cases a cleanup has been effected
by having some halogenated interfering materials retained on
the Florisil column.

National Organics Monitoring Survey (NOMS). The
NOMS has provided an excellent test of the capability of the
method to identify and measure the low-level concentration
(0.005 I'g/L lower limit of detectability using an electrolytic
conductivity detector) of BCEE, BCIE, and DCB's, either
alone or in mixture, in the extract of an aqueous sample. Out
of the 113 cities monitored for these compounds, positive
findings obtained on 28 cities were confirmed. These results
are listed in Table II.

Table III presents the sequence of analytical information
acquired by the analyst in the course of obtaining these con
firmations. For a clearer understanding of how the method

is applied and the effectiveness with which it operates, study
the sequence of events in the analysis for pDCB. pDCB (Table
III) was tentatively identified in 62 (Column G,line 2) of the
113 samples when using a single GC column (SPl000). By use
of the second GC column (SE30/0V210), 40 of these identi
fications were disproved (line 3); two others were proved to
be properly identified (line 4) and free of interference, while
in four other cases the compound of interest was isolated from
an interference (line 5) that had given a misleadingly high
result on the first column; 16 of the tentative identifications
were still inconclusive (line 6) and therefore were treated by
column adsorption chromatography using Florisi!.

Two of these remaining 16 tentative identifications were
finally disproved (line 7) by the "Florisil" procedure, and in
seven cases pDCB was isolated for identification and mea
surement (line 8) on both GC columns. For seven others a
corrected measurement was obtained (line 9) because an in
terference had been eliminated. Thus, a total of 14 of the 16
treated by the Florisil procedure was finally confirmed as
containing pDCB, bringing to 20 the number of verified results
out of the 62 originally reported as tentative.

In nearly every case, concentrations were too low to have
been verified by GC-MS even had it been available, but the
rigorous determinative procedure-the use of highly dissim
ilar GC columns in conjunction with a column-adsorption
separation and cleanup procedure, and a halogen specific
detector-has provided identifications and measurements
that possess a very high degree of validity.

Conclusions

The determinative method presented provides for the ac
curate identification and measurement of BCEE, BCIE, and
0, m, and p DCB in extracts of aqueous samples, alone or in
mixture. The method produces exceptionally reliable data and
is an especially valuable tool in circumstances where GC-MS
cannot be applied or is unavailable.
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INDUSTRY TRENDSWe've Got
25 Years of
Know-How

Built Into Our
Dust Collectors
REPUTATION AND EXPERIENCE. You
don't build a reputation for superior per
formance in the dust collection field over·
night. Griffin Environmental. and its affili·
ate Dusty Dustless, have been recognized
as leaders in the development of dust con
tral systems for a qU311er of a century. We
have over 20.000 baghouses in operation.
world wide. meeting the most demanding
requirements.

QUALITY AND VERSfirILlTY. Our dust
collectors are designed by our own engi
neers. fabricated and assembled in our own
Baldvvinsville plant under the most rigid
quality controls. Our morlular designs per·
mit an almost endless variety of arrange·
ments and sizes. Intermittent or continuous
duty. Shaker. reverse air or pulse jet. With
capacities from a few hundred to several
hundred thousand CFM for the smallest or
largest applications.

INNOVATIVE DESIGN. Our business is based
on innovative design and application know
how. Chances are we have a standard unit
to meet your needs. If not. well build one
thai vvill.

Two JA-120S Jet·Aire dust collectors remov
ing PVC dust ot a vinyl manufacturing plant.

EFFICIENCY AND ECONOMY. If you have
an air pollution problem. we can solve it
more efficiently and economically than any
one else in the industry. Our environmental
engineers will anajYl.e your requirements.
give you recommendations and alternatives.
and provide firm quotes and dejj"ery dates
...at no obligation. Our modular units are
shipped fully assembled. wired. bagged and
pre-tested. We guarantee minimum installa
tion time. maximum efficiency. low main·
lenance...and that our collectors will meet
all existing local. sti.'te and federal regula
tions.

FOR A FAST A SWER to your dust prob·
lem. call us at :W; 6:\5·9%7. Or write for
complele infonnation to

G Griffin
~ Environmental, Inc.Iiii One Ecology Park. p.o. Box 86

R~lrllAlinc;ville. New York 13027
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Waste Resources Corp. (Philadelphia,
Pa.) said that there is a shareholder suit
against it to try to prevent its merger into
a subsidiary of Warner Co., that had been
previously announced.

The Dow Chemical Co. (Midland, Mich.)
requested that the EPA restrict registration
of pentachlorophenol (PCP) to purified
grades only, and said that purified PCP
presents far less a hazard than does
technical-grade PCP.

The Kavag Division, Universal Oil Prod
ucts G.m.b.H. (W. Germany) has an order
for what may be the world's largest ther
mal incinerators-four units, each 55
metric t-for large industrial complexes
to be constructed in the U.S.S.R.

The Gas Research Institute (Chicago, III.)
has applied to the Federal Power Com
mission to allow pipeline company
members to recover payments to the in
stitute from adjustments of rates charged
to customers as a "reasonable and
proper" operating cost.

Hillman Corp. (Columbia, Md.) is devel
oping a Preventive Maintenance System
for the pneumatic trash collection system
of Jersey City, N. J. The system should
alleviate many operational problems.

Envirotech/Chemico Air Pollution Con
trol has been selected to furnish a coke
pushing emission control system for
Bethlehem Steel Corp.'s NO.5 coke oven
battery at Bethlehem, Pa.

Trans Union Corp. (Lincolnshire. 111.) has
reached agreement on an exchange ratio
for acquisition of the remaining 15 % of
Ecodyne Corp. shares still outstanding.
One share of Ecodyne would bring 0,45
share of Trans Union, subject to various
approvals needed.

American Air Filler Co., Inc., announced
that the last of six AAF-Elex electrostatic
precipitators has been placed on line to
control particulate emissions from coal
fired boilers at TVA's Johnsonville (Tenn.)
Steam Plant.

Allen Corp. (Mountain View, Cali!.) is
supplying an automatically controlled
solar heating/cooling system-believed
to be the first for a privately financed
commercial building-for Central Cali
fornia Savings & Loan, Auburn, Cali!.

Alyeska Pipeline Service Co. (Anchor
age, Alaska) has awarded a one-year
maintenance contract for the southern
district and the marine terminal at Valdez,
to ACV Corp. (Anchorage).

An FMC Corp. engineer has reported that
hydrogen perOXide is "highly effective"
in controlling sulfides in oil refinery wastes
while sour water strippers are shut
down.

The Environmental Sciences Division of
Brown and Caldwell is working on a
major wastewater monitoring program for
a new 0.34-mgd Anheuser-Busch brew
ery.

Utilities have been invited by ERDA to
host a 4.8-MW fuel cell power plant. The
fuel cell module will be built by United
Technologies, Corp. Fuel cell delivery is
expected in July 1978.

Nalco Environmental Sciences (North
brook, III.) has been requested to measure
and document ocean wave activity for
Oceanic Contractors, Inc., to help India
develop its first offshore oil field.

Neptune International Corp. will acquire
Air Pollution Industries. According to the
agreement, each AirPol shareholder will
receive $1.50/share, for a total cash
consideration of $870 000.

Arthur G. McKee & Co. was selected by
ERDA to furnish technical assistance
services in monitoring ERDA's $80 million
coal fluidized-bed combustion demon
stration program.

C-E Power Systems and ERDA have
signed a $7.7 million contract for devel
opment, fabrication, and testing of a
coal-fired industrial fluidized-bed boiler.

Fuller Co. (Catasaqua, Pa.) has a $1.6
million contract from St. Joe Minerals
Corp.·s Zinc Smelting Division to recover
lead dust generated through zinc smelting.
Fuller will install recovery units capable
of handling 532 000 acfm.

Reynolds Aluminum Recycling Co. col
lected a record 112 million Ib of aluminum
during 1976, and paid the public almost
$17 million. Reynolds now pays 17¢/lb for
aluminum.

The Carborundum Co. (Niagara Falls,
N.Y.) has recently signed a $38 193
contract with Hittman Associates, Inc. for
analysis of toxic pollutants in wastes from
steam generating plants located
throughout the U.S.

lonics, Inc. (Watertown, Mass.) has a
$600 000 contract to design and construct
a 100 OOO-gpd seawater desalting plant,
using electrodialysis technology for the
U.S. Department of the Interior's Office of
Water research and technology.



NEW PRODUCTS

Vapor condensers
Vent condenser-liquid coolant system
prevents less of condensable vapors from
chemical storage tanks. Preassembled
chillers are up to 20 hp. Condensed and
recovered liquid is returned to the tank.
Scientific Systems Corp. 108

Sterilizing filler cartridge
New membrane filter cartridge was de
veloped to withstand sterilization by steam
or autoclaving. Consists of 0.2-1' pleated
filter in polysulfone/polypropylene
supported cartridge. Gelman Instrument
Co. 109

Filter bag
Membrane filter bags reduce pressure
drop in baghouses. Allows for higher air
flows, lower pressure drops, higher
product throughput, and longer times be
tween bag changes. W. L. Gore & Asso
ciates, Inc. 110

Solvent recovery
System can return up to 95 % of solvent
that normally evaporates at emission
points in the plant to the production line.
It can be custom engineered to 100 000
cfm. Works by activated carbon adsorp
tion. Hoyt Industrial Division 118

Solar celt
A 5 cm X 5 cm rectangular solar cell can
have efficiencies of up to 15 % for con
verting sunlight into electricity. In panels,
it can give a peak power density of up to
120 W/m2, about twice the power density
of panels being made for the national
photovoltaic program. Solarex Corp.

119

Fluidized bath
New fluidized bath, Model SP-54, is a bed
of aluminum oxide particles fluidized by
low-pressure air. Maximum operating
temperature is 600 aC. Has application in
uniform heating of coal slurries for lique
faction with no clogging of tubes. Excel
lent heat-transfer medium. System is 24
in. in diameter and 36 in. deep, and has
other industrial uses. Techne 120

Liquid control
Complete line of specialty values is
available for the regulation and control of
liquids, including check valves, pressure
relief valves, and others. Rain Bird
Sprinkler Mfg. Corp. 123

Chemical feed system
Proportional chemical feed system uses
principle of proportional feeding by direct
injection into main stream, with feeding
metering by pulse generator and flow
meter installed in main line. System can
handle solutions and slurries. The Dymax
Group 124

Flocculant, coagulant
New liquid cationic polyelectrolyte acts as
a primary coagulant, coagulant aid, and
sludge conditioner. Polymer is highly ef
fective in centrifugation and vacuum fil
tration; it increases efficiency of clarifiers,
thickeners, and sludge drying beds. Ef
fective over wide pH range for many mu
nicipal and industrial sludges. Dearborn
Chemical (U.S.) 125

Drip watering kits
These distribute water slowly and pre
cisely to an individual plant at 20-40 gph.
This maintains soil oxygen, reduces water
use by more than 50 %, reduces plant
stress, cuts weed growth, and increases
yields. Flow-control valves and anti-siphon
devices are included. GRO-MOR 126

Control valves
Complete line of compact, bellows-sealed
regulating and shut-off valves can contain
hazardous, toxic, or expensive fluids in
applications such as high-purity systems,
high or low temperature systems, and high
vacuum. NUPRO 127

Clamps, hooks
Clamp5-, hooks, snap hooks, toggles, and
the like, are made of stainless steel for
use in pollution treatment equipment,
aerators, and maintenance. They with
stand severe and corrosive environments.
Transmar 128

Portable flowmeter
Compact flowmeter measures industrial
effluent; handles discharge rates as high
as 34 mgd. Reads in U.S., Imperial, or
metric units, and reads true flow even
when effluent channel width is non-stan
dard. No electrical contact with effluent;
no moving parts. Quantum Science 129

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 01
this issue and mail in the card. No
stamp is necessary.

Solar collection
A complete line of application-tailored
all-metal solar collection panels is avail
able for commercial/industrial applica
tions. They feature Y2-in. inner diameter
copper water passageways and extruded
aluminum frames and absorbers. Many
uses in space and water heating, pool
heating, and cooling. Alten Corp. 121

Particle analyzer
Analyzer for airborne particles counts
particles of 0.5 I' in size, or greater (0.3
I' optional). It has a precisely regulated
0.25-cfm rate of flow; low-noise elec
tronics; digital data presentation; and
alarming. Applications range from aerosol
research to general monitoring. The an
alyzer counts and sizes 107 particles/fl3,

or, with a special accessory, up to 109

particles/ft3. Climetlnstruments 122

Sound level indicator
Sound level indicator more than meets
ANSI specifications, even after prolonged
field use. Castle Associates 101

Sludge applicator
Vehicle has 3600-gal capacity steel tank,
and can deposit sludge on land surface or
sub-surface. Run-off and odor problems
are eliminated. Ground compaction is
minimized. Machine itself always travels
on unapplied ground. Ag-Chem Equipment
CQ,~ 1~

Gas emission monitor
Monitor is unique multichannel optical
infrared analyzer for stationary-source gas
monitoring. It measures S02' NO, CO,
CO2, and stack temperature. Does not
have problems found with extractive
analysis devices, and is insensitive to
misalignment, vibration, and thermal
factors, since it is not staCk-mounted.
Contraves Goerz Corp. 103

Boiler cleaning
New water treatment programs permit
on-line cleaning of internal surfaces of
boilers, thereby reducing fuel costs
through improved heat transfer. Programs
feature use of organic sequestrant-based
water additives applied at determined
dosage rates. The Mogul Corp. 104

Nuclear wire/cable
A family of wire and cable is available that
can withstand the adverse environment
associated with nuclear power reactors.
Haveg Industries, Inc. 105
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EAo\ -Appr\:>Jea and HAC:H ~hods

Here is everytiling you'll need for

primary (regulatory). secondary and

control testing. More than 40 different
procedures in one reference manual

Both EPA and Hach methods. many

side-by-side. Easy to read step-by-step

instructions help you through each

test. We've also included important

information on monitoring require

ments and significance of each test.

Everything is simplified including

recommended lists of chemicals and

apparatus. Here is the ideal bench man

ual for chemists. water plant operators.

All procedures are illustrated with

equipment and chemicals called-out.

itemized. Prices included. More than

175 pages of useful information.

Write and order the FREE
Side-by-side manual today

S ~i~~i~~~~~A~a~y~~ANY
P.O. Box 907 • Ames. Iowa 50010 U.S.A
Call TOLL FREE 800/247-3986
(Iowa Residenls Call Collect 515/232-2533)
TWX: 910-520-1158
And: Hach Europe· Namur Belgium
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The Hach Model 2100A Laboratory

Turbidimeter and the nephelometric

method of turbidity measurement are

described in both the 14th edition of
APHA Standard Methods and the

EPA's Methods lor Chemical Analysis
01 Water and Wastes. Check them out l

The 21 OOA measures water clarity

precisely. You can get turbidity read

ings as low as 0.04 NTUs. Direct

meter readings can be made in five

ranges: 0-02, 0-1 .0, 0-10, 0-100 and

0-1000 NTUs. Tests take less than a

minute. Four permanent turbidity

standards and all necessary acces

sories are included. For complete

specifications, write today.

Mention of [(fide namesar comlllercial producls does not
constitute enl10rsemcnt by the Water Quality Othceollhe
Enwonmrn1i.l1 Protection Agency.

~ CHEMICAL COMPANY
~ First in Water Analysis

P.O. Box 907· Ames. Iowa 50010 U.S.A.
Call TOLL-FREE 800/247-3986
(Iowa residents call collecI515/232-2533.)
TWX: 910-520-1158
And: Hach Europe· Namur Belgium
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Oil spill containment
A line of booms are designed to contain
spills of oil and certain chemicals, and
serve as oil slick barriers on either a
temporary or permanent basis. Can work
in currents up to 5 knots, and winds up to
20 knots. Environetics, Inc. 106

=
Colorimeter
New heavy-duty, economically priced
colorimeter has uses in quality control,
test k·its, petroleum analysis, water and
pollution control, clinical laboratories, and
classrooms for analytical work. Devon
Products Corp. 107

Corrosion/slime control
Chemical feeder for air conditioning and
humidity control units controls corrosion
and slime, as well as obnoxious odors.
Promotes efficient, trouble-free operation.
4 Share 130

Air pollution control
New automatic self-cleaning system for
air pollution control system removes
collected contaminants without resulting
water pollution, even when contaminants
are mixed with liquid and solid particles.
System works even while air pollution
control unit is in operation. United Air
Specialists 131

COD digestion system
The system is semi-automated for di
gestion of chemical oxygen demand and
uses standard method procedures. The
system's heart is a specially sealed 10-ml
glass ampule that contains completely
pre-mixed COD digestion reagents. This
ampule has two breakpoints; the second
breakpoint may be analyzed by spectro
photometry or titration. Oceanography
International 132

HCN analyzer
The infrared analyzer determines, on a
continuous basis, hydrogen cyanide in
ambient air. Changes of less than 0.5 ppm
can be measured without interference
from other materials present. Wilks Sci
entific 133

Trash compactor
The stainless steel front of the compactor
permits the unit to handle all waste and
refuse. The unit bags light-mixed waste in
plastic bags, but boxes wet or soggy
wastes in polywax-lined cartons. Tony
Team 136



NEW LITERATURE
Liquid level gauging. Application Guide
AG-2 presents information about unique
level-gauging products and their effective
application. Metritape. Inc. 153

Corrosion protection. Bulletin T676 tells
how to achieve longer boiler life. higher
operating efficiency. and lower mainte
nance costs by eliminating corrosion and
pitting during down-time. Metropolitan
Refining Co.. Inc. 154

Analytical aids. Pub. No. 43-5952-5747
describes supports. phases. packings.
test mixes. and other items for gas and
liquid chromatographs. Hewlett-Packard

155

Filter cartridges. "The HDC Filter Guide"
fully describes pleated all-polypropylene
filter cartridges. Applications are elec
troplating solutions. makeup and rinse
water, and many others. Pall Corp. 156

Oil recovery. Bulletin PC-1 tells how
treatment of oily wastewater and waste
water emulsions improve oil-water sep
aration. recover oil. minimize sludge

volume. and improve effluent quality.
Nalco Chemical Co. 157

Carcinogenesis. NIOSH Occupational
Carcinogenesis Program. First Year Re
port. HEW Publication No. (NIOSH) 77
111. Single copies. Publications Dis
semination. NIOSH. 4676 Columbia
Parkway. Cincinnati. Ohio 45226 (write
direct).

Soil conservation. "More Than A Green
Thumb." Discusses soil and water con
servation. Kansas Association of Con
servation Districts. 1101 Orleans. Topeka,
Kans. 66604 (write direct).

Resource issues. Booklet. "What Mining
Means to Americans." explains how the
U.S. is becoming dangerously dependent
upon foreign sources for resource
supplies. American Mining Congress. Ring
Building. Washington. D.C. 20036 (write
direct).

Waste management. Report. "Waste
Management in OECD Countries" OECD
News Division. 2, rue Andre Pascal.
75775 Paris Cedex 16. France (write di
rect).

Solar energy. Feature article has title,
"Israel Moves Toward a New Solar Soci
ety." Consulate General of Israel. 800
Second Ave.. New York, N.Y. 10017
(write direct).

Food supply protection. Report CED
77-30. "To Protect Tomorrow's Food
Supply. Soil Conservation Needs Priority
Attention." Report to the Congress.
Comptroller General of the United States,
Washington. D.C. 20548 (write direct).

Land disposal pollution. Technical Report
No. 89 is entitled. "Nitrogen and Metal
Contamination of Natural Waters from
Sewage Sludge Disposal on Land." Water
Resources Research Center. PU"due
University. West Lafayette. Ind. 47907
(write direct).

Need more information about any
items? If so. iust 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.

IF YOU'RE ANALYZING.

Then you need ECOCALTM permeation
devices and systems for calibration.

..--...
..

0.01-3.5 /-lm
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FOR OSHA
SURVEYS

• Direct digital readout (0.01-10 mg/m3).

• Portable. Rechargable battery.
• Easy operation.

.. Non-radioactive patented
PIEZOBALANCE technique for high

accuracy. ± 10%.
• Includes 3.5 /-lm Impactor.

• Fast 24-sec. measurements in factory.
office or outdoors. Only $2950.00 FOB St. Paul.

Write for information about Mode/3500 now:
Thermo-Systems Inc. c:11'~SII) P.O. Box 3394. 51. Paul.
Phone: 6121483·0900 MN 55165 Telex: 297-482

Measure respirable
DUST

Chromatograph

Flame Photometric
Instrument

Chemiluminescence
Monitor

Electrochemical
Monitor

USING:

Ecology Board, Inc.
9257 Independence Ave.
Chatsworth. Calif. 91311
(213) 882-6795
READER SERVICE CARDCIRCLE 15 ON

and others

FOR:

S02

H2S

Mercaptans

Sulfides

• Low sensitivity change in permeation rates «3%/OC vs.
15%/oC of conventional tubes). Eliminates need for tem·
perature baths· Wide choice of permeation substances and
rates • Long life and stability (1 year guarantee). means
tremendous savings.



BOOKS
Energy from the Wind/Supplement I.
Barbara L. Burke and Robert N. Meroney.
Colorado State University, Engineering
Research Genter, Foothills Campus, Fort
Collins, Colo. 80523. 1977. $10, loose
leaf.

Prepared in the same format as the
basic volume, the supplement contains
over 1100 new references to books,
conference proceedings, articles, and
technical reports on wind power; most of
these new references were pUblished
between 1973-77. A cumulative author
and subject index is included.

Proceedings 01 the IOl's Forum on Ozone
Dlslnfectlon. International Ozone Institute,
Merril Lane-Sky1op Complex, Syracuse,
N.Y. 13210. 1977. $30, hard cover.

This collection of papers from the June
1976 meeting held in Chicago, III., covers
such topics as wastewater disinfection
and ozone/UV oxidation of chlorinated
compounds in water. The volume will be
useful to engineers, managers, chemists
and health effects personnel.

Deep Well Injection of Industrial Wastes:
Government Controls and Legal Con
straints. William R. Walker and William E.

Cox. 176 pages. Virginia Water Re
sources Research Genter, 225 Norris Hall,
VPI & SU, Blacksburg, Va. 24061.1977.
$8, paper.

With more stringent water quality re
quirements, the disposal of liquid wastes
is becoming more troublesome. Deep
well injection as a disposal method is
economically and technically feasible, but
environmental and legal and institutional
problems have been cited. The book dis
cusses the ramifications of these various
problems.

Basic Industrial Hygiene. Richard S. Brief.
245 pages. American Industrial Hygiene
Association, 66 S. Miller Rd., Akron, Ohio
44313.1977. $10.75, paper.

This is a basic training manual on the
principles and procedures of industrial
hygiene. It is suited for plant managers
and engineering personnel who are not
professional industrial hygienists.

Proceedings of the Symposium on
Sources, Effects and Sinks of Hydro
carbons in the Aquatic Environment. 582
pages. American Institute of Biological
Sciences, 1401 Wilson Blvd., Arlington,
Va. 22209. $5,paper.

The Proceedings, in effect, is a review
of current knowledge on the cycling of
hydrocarbons in aquatic environments.
Especially covered are the behavioral,
physiological and morphological effects
of these compounds on aquatic
species.

Air Pollution from Pesticides and Agrl
cunural Processes. Robert E. Lee, Jr., Ed.
265 pages. CRC Press, Inc., 18901
Cranwood Parkway, Cleveland, Ohio
44128. 1977. $49.95, hard cover.

To assess the environmental impact of
man's agricultural activities, this mono
graph speaks to the chemical and physi
cal ramifications of pesticide sources,
concentration, transport, atmospheric
transformations, and toxicity. Analy1ical
procedures and techniques are docu
mented, and available legislative controls
are assessed.

Toxic Substances Law and Regulations
1977. 208 pages. Government Institutes,
Inc., 4733 Bethesda Ave., N.W., Wash
ington, D.C. 20014. 1977. $25, paper.

This volume is the result of a seminar
held in December 1976. The papers cover
the scientific basis for current concern,
and examine the current regulations,
especially the Toxic Substances Control
Act. The legal ramifications of the various
laws are also discussed.

announcing the fastest total carbon
analyzer ever: inject your sample and

jump back!

I I
This thing will pop numbers at you so - Initial cost is $1200 under that of a

fast, you may feel like you want to get
~

comparable competitive system, and

out of its way. the high sample processing rate means

Do it. Let somebody else feed it truly significant savings in man hours.

samples, and put your time into some
01

The instmment's new high speed is
less routine task. a result of a newly developed, EPA-

Have confidence. Our simple, reli- approved, catalyst free sample conver-

able instrument makes a conversion di- sion method and boy, have we ever

rectly from carbon to carbon dioxide '{)l applied for a patent on it!

without any complicated intermediate
V;fI

,., Write for a detailed brochure and a
steps. It typically processes at the rate • 4-page technical bulletin, and if you're
of one sample each minute (or better) really in a hurry give us a call:
- and it does so with consistently high . ~ .--... -~

precision. Want ultra-precision? It can :0 0.0 -0. 713-693-1711do that too.

OCEANOGRAPHY INTERNATIONAL CORPORATION
P.O. Box 2980. College Station, Texas 77840
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SMOKE, DUST AND HAZE
Fundamentals of Aerosol Behavior
S.K. Friedlander
How are aerosols formed at pollution sources? How can we
remove particles from gaseous emissions to prevent them
from becoming an air pollution problem? To understand these
and related problems, this volume, designed for graduate
courses, examines fundamentals of aerosol behavior - from
an explanation of transport and optical properties to a study of
the dynamics of the size distribution function.
(047101468-0) 1977 317 pp. $16.95

ECOSYSTEM MODELING IN
THEORY AND PRACTICE
An Introduction with Case Histories
Edited by Charles A.S. Hall & John W. Day, Jr.
Introducing two important new tools, systems ecology and
modeling, this book reveals how these methods provide the
answers to such complex questions as: Should we suppress a
wilderness forest fire? Will the continued burning of industrial
fuel change the world's agricultural production? Are swamps
of value to society? Should a region with valuable fisheries
encourage commercial development? What is the optimum
population of the United States?
(047234165-7) 1977 approx. 720 pp. $29.95

THE CHEMISTRY OF OUR
ENVIRONMENT
Ralph A. Horne
The exosphere, atmosphere, hydrosphere, lithosphere, and
biosphere: precisely what are they and how are they chemi
cally related? This text answers these basic questions and
scrutinizes not only how we've chemically altered and polluted
the world around us, but also how we've created "internal
pollution" with drugs and food additives.
(0471 40944-8) 1977 approx. 832 pp. $27.50

ENERG~ ENVIRONMENT,
POPULATIONS, AND FOOD
Our Four Interdependent Crises
George L. Tuve
This book presents a concise source of current facts on the
four major problems to be faced in a world with shrinking
resources. The limitations imposed by environment, re
sources, and manpower, and the future prospects in each of
the four areas are fully explored.
(0471 02091-5) 1976 264 pp. $1495 cloth
(0471 02090-7) $ 8.95 paper

HANDBOOK FOR
ENVIRONMENTAL PLANNING
The Social Consequences of
Environmental Change
Edited by the late James McEvoy III
For all who are interested in how the social consequences of
environmental change are assessed, this book is the ideal
information source. It gives you an overview of practical social
impact strategies and methods, including guidelines and
techniques for preparing and reviewing reports on the social
aspects of environmental change.
(0471 58389-8) 1977 approx. 336 pp. $21.95

MERCURY CONTAMINATION
A Human Tragedy
Patricia A. D'itri & Frank M. D'itri
Poverty-stricken Japanese fishermen, iraqui farmers, Cana
dian Indians share a common tragedy - all suffer from
mercury contamination! The reasons why this situation exists
and the effects of toxic mercury compounds are examined by
two authors who bring an uncustomary blend of scientific and
humanistic perspectives to their exciting work. Environmental
Science and Technology Series.
(0471 02654-9) 1977 311 pp. $17.95

BIOCHEMICAL INSECT
CONTROL
Its Impact on Economy, Environment,
and Natural Selection
M. Sayeed Quraishi
Here's a comprehensive summary of the current status of
insecticides and alternative chemicals that have either been
proven effective or are under consideration as means for
insect control. The book is valuable as a general reference
work for the professional or as a text in insect toxicology.
(0471 70275-7) 1977 280 pp. $19.95

@~~~~!t·~~n~~e~~~~s~~CE,'+; 605 Third Avenue
,~, New York, N.Y.10016

In Canada: 22 Worcester Road, Rexdale, Ontario-------------------Please send the books indicated for
1D-DAY FREE EXAMINATION.
(Restricted to the continental U.S. and Canada.)

Mail to: WILEY·INTERSCIENCE
PO. Box 092
Somerset, N.J, 08873

o Payment enclosed, plus sales tax, Wiley pays postage/
handling. We normally ship within 10 days. If shipment cannot
be made within 90 days, payment wili be refunded.
o Bill me. 0 Bill firm or institution

o Friedlander (0 47101468·0) 0 Tuve (0 47102090-7) paper
o Hall/Day, Jr, (0471 34165-7) 0 McEvoy III (0471 58389-8)
o Horne (0 47140944-8) 0 D'l\rilD'llri (0 47102654-9)
o Tuve (0 47102091-5) cloth 0 Ouraishi (047170275-7)

NAME _

AFFllIATION _

ADDRESS _

CITY STATE/ZIP __' _
Prices subject to change without notice. 092 A 8084-57

-------------------~
CIRCLE 12 ON READER SERVICE CARD
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MEETING GUIDE
July 17-22 Henniker, N.H.
An Assessment ot Environmental Reg
ulation. Engineering Foundation

Write: Engineering Foundation, 345 E. 47th
St., New York, N.Y. 10017

July 17-22 Rindge, N.H.
Critique of the OSHA Program. Engi
neering Foundation

Write: Engineering Foundation, 345 E. 47th
St., New York, N.Y. 10017

July 24-27 Seattle, Wash.
Nuclear Power Financial Considerations.
Atomic Industrial Forum, Inc.

Write: Atomic Industrial Forum, Inc., Con
ference Office, 7101 Wisconsin Ave., N.W.,
Washington, D.C. 20014

July 24-29 Geneva, N.Y.
1977 Symposium for Innovation in
Measurement Science. Instrument So
ciety of America

Environmental topics will be discussed.
Write: Peter Vestal, Instrument Society of
America. 400 Stanwix St., Pittsburgh, Pa.
15222

July 31-August 1 Rindge, N.H.
Clean Combustion of Coal. Engineering
Foundation

Write: Engineering Foundation, 345 E. 47th
St., New York, N.Y. 10017

August1-5 Schenectady, N.Y.
Fourth National Conference on the Ef
fects of Energy Constraints on Trans
portation Systems. Union College and the
Energy Research and Development Ad
ministration

Write: Office of Graduate Studies and
Continuing Education, Wells House, 1 Union
Ave., Union College, Schenectady, N.Y.
12308

August 1-6 Boulder, Colo.
Conference on Air Qualily Meteorology
and Atmospheric Ozone. American So
ciety for Testing and Materials/Committee
D-22 on Methods of Sampling and Anal
ysis of Atmospheres

Write: Alvin L. Morris, president, Ambient
Analysis, Inc., P.O. Box 4056, Boulder, Colo.
80306

August 3-5 Denver, Colo.
26th Annual Conference on Applications
of X-Ray Analysis. University of Denver
and Denver Research Institute

Write: Mrs. Mildred Cain, Denver Research
Institute, University of Denver, Denver, Colo.
80208

August 8-9 Lewisburg, Pa.
Ninth Mid-Atlantic Industrial Waste
Conference. Bucknell University, Uni
versity of Delaware, Drexel University,

Johns Hopkins University and Pennsyl
vania State University

Write: Dr. Michael D. LaGrega, Civil Engi
neering Department, Bucknell University
Lewisburg, Pa. 17837 '

August 10-12 College Station, Tex.
Coastal and Ocean Engineering; Envi
ronmental Engineering In the Coastal
Zone. Texas A&M University and Ameri
can Society of Civil Engineers/Brazos
County Branch

Write: American Society of Civil Engineers,
345 E. 47th St., New York, N.Y. 100.17

August 14-19 Henniker, N.H.
Considerations for an Expanded Coal
Industry. Engineering Foundation

Write: Engineering Foundation, 345 E. 47th
St., New York, N.Y. 10017

August 15-19 New Hampton, N.H.
Environmental Sciences: Air. Gordon
Research Conferences

Write: Alexander M. Cruickshank, director,
Gordon Research Conferences, Pastore
Chemical Laboratory, University of Rhode
Island, Kingston, R.1. 02881

August 18-19 Washington, D.C.
Energy Conservation In Industrial Plants.
New York University of Continuing Edu
cation

Write: Ms. Heidi E. Kaplan, Information
Services Manager, New York Management
Center, Dept. 14NR, 360 Lexington Ave., New
York, N.Y. 10017

August 21 East Lansing, Mich.
Environmental Aspects of Industrial
Fermentation Processes. Society for In
dustrial Microbiology

Write: Ms. Ann Kulback, Society for Indus
trial Microbiology, c/o American Institute of
Biological Sciences, 1401 Wilson Boulevard,
Arlington, Va. 22209

August 21-26 East Lansing, Mich.
Annual Meeting of the American Institute
of Biological Sciences. American Institute
of Biological Science

Topics will include the ecological effects of
power production, and biological control of
pest organisms. Write: Ms. Carol H. Chisolm,
coordinator of meetings, American Institute of
Biological Sciences, 1401 Wilson Blvd Ar-
lington, Va. 22209 .,

August 22-23 Washington, D.C.
The Solar Energy Business: Opportuni
ties and Outlook. The Energy Bureau

Write: Robert W. Nash, Executive Director,
The Energy Bureau, 101 Park Ave., New York,
N.Y. 10017

August 22-24 Durham, NIH.
International Biannual Workshop on Ni
trosamines. University of New Hamp
shire

Write: Dr. Robert E. Lyle, Dept. of Chemis
try, North Texas State University, Denton, Tex.
76203

August 27-31 Boston, Mass.
Second Conference on Light Rail Transit.
Transportation Research Board

Write: W. Campbell Graeub, Engineer of
Public Transportation, Transportation Re
search Board, 2010 Constitution Ave.. N.W.,
Washington, D.C. 20418

(continued on page 732)



professional consulting services directory

Engineering and
Laboratory Services
including:
o Water & Wastewater Analyses
o Characterization & Treatability
o Pilot Plant Studies
o Environmental Assessments
o Water Quality Surveys

G O'BRIEN&GERE

f
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

RADIATION MANAGEMENT CORPORATION
UNIVERSITY CITY SCIENCE CENTER

3508 MARKET STREET, PHILADelPHIA, PA. 19104
Phone (215) 243-2950

HENNINGSON DURHAM & RICHARDSON
ENGINEERl NG 0 Pl ANNING oS YS TEMS-ECOSC/ENCES

8404 INDIAN HILLS DRIve
Omaha. Nebraska 68114 [4021 399·1000

,.•"". ~.~\. COMPLETE ENVIRONMENTAL SERVICES:
J.....-......."., ~ . Environmental impact assessments ... Pollutant emis·

Slearns-Ro 0 sian, air quality & water quality monitoring ... Dis
persion estimates ... Ecological consulting ...

Meteorological field studies & consulting services. Contact

1304 Buckley Road. Syracuse. N. Y. , 3201
13151451 -4700

ENVIRONMENTAL SCIENCES DIVISION
(303) 758-1122

P. O. Box 5888
Denver, Colorado 80217

~~
CAMP DRESSER & McKEE INC.

ONE CENTER PLAZA, BOSTON, MA 02108

ENVIRONMENTAL ENGINEERING &
SCIENTIFIC CONSULTANTS

BLACK & VEATCH / CONSULTING ENGINEERS
COMPLETE ENGINEERING SERVICES FOR POLLUTION CONTROL

AIR • WATER • WASTEWATER • INDUSTRIAL WASTES
SOLID WASTES • ENVIRONMENTAL PLANNING

1500 MEADOW LAKE PARKWAY, KANSAS CITY. MISSOURI 64114
DALLAS' DENVER· ORLANDO' NEW VORK • SAN FRANCISCO' WASHINGTON D.C.

~IMPACT?
...... STUDY.

NEW YORK' WASHINGTON' DENVER' PASADENA
FT LAUDERDALE' ORLANDO' ATLANTA' AUSTIN

WALNUT CREEK, CA' SPRINGFIELD VA
MILWAUKEE' NEW ORLEANS

For heads-up help on ecoslalislics
call J.S. Warner. consulting biologist.

750Norlh 50Wesl
Logon. UT 84321
(801) 753- 3549 References

ENVIRONMENTAL
SCIENCE &

ENGINEERING
CONSULTANTS

Lawler,
Matusky

& Skelly
Engineers

TREATMENT PLANT DESIGN
ANALYTICAl LABORATORY

COMPUTER SERVICES
(914) 359-2100 .

415 Roule 303. Tappan. New York 10983

Environmental assessment reports
Waler body modeling
Water resources development
Municipal and industrial wastes disposal
Aquatic and marine biology
Plant siting
Air and water pollution control

AIR & WATER

STACK & EXHAUST TESTS
CONSULTING. LABORATORY

Particulates. Aerosols. Odor. Smoke
Or&~Ci.cCh:~k:r A:acl::e~/g~s~~,~}:.S·

"TEST IT FIRST SO YOU REALLY
KNOW WHAT THE PROBLf.M IS"

ROSSNAGEL & ASSOC.
L

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. 4249

Envlronmenfal Systems DIVISion
Headquarters San FrancIsco. CA

• Other offIces In. Denver. CO
Anchorage. AK • San Diego. CA

• Site Selection Studies
• Impact Assessment

Evaluation
• Decision and Risk Analyses
• Environmental Field and

Laboratory Studies

Environmental Studies, Design

and Construction Management

, Woodward·Clyde~-..,
Consultants ~Consultant..,. En~H)eers.Constructors

[nvlronrnental Systems DIvISIon
CPnlre Square West. 1500 Markel $lleel
Phllilclelphld, Po .19102, 215-864 8000
Charlotte. N C 28209. 704-5258220

CATALYTIC
INC.

Laboratory and Process Development
Industrial Waste W("lter Control
lIquid and Solid InCineration

Air Pollution Conlrol
In plilrlt Conlrol and Process Moclilicaiions

Desalination

,..
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professional consulting services di rectory

WRITE FOR CATALOG

TRUESOAIL LABORATORIES, 'INC,
rH[Vhh • MICROBIOlOGISTS' [NGINffRS

HAZARD ASSESSMENTS
Toxic Substances • Occupational Hazards

I Environmental Contaminants

•

•

•

•

•

•

Six Twelve
UNIT Issues Issues

I" X] col. $ 33 $ 31
]" x 2 col. 65 61
I" x 3 col. 96 86
2" X] col. 65 61
2" x 2 col. 123 III
4" x 1 col. 123 III

K'i\ IHO:\:\I E'iTA L

SUE\,CE

.'{ TEClI'iOLOGY

Diane C. McGrath

25 Sylvan Rd. South

\\'eslporl, CT. 06880

or call her at 203-226-7131.

RATES PER ISSUE

Your I'~rd IIln~' llJJJJl'ar ill
('\','l'\" issllt, for orll' ,"('aI', l'Yl'!'Y

issut: for :-ii, 1I1011t!IS (('UIlStTU'

li"t, i,,,,,,,). or CVt'l'\' othcr
is",,' for o Ill' Y('~I' (a'ltcrlln\('
issut's). SClld YOllr ('oP~' to.

USE THE
CONSULTANTS'

DIRECTORY

AIR & WATER ANALYSIS
TOTAL SOURCE TESTING & DATA ANALYSIS
FEATURING: IN-SITU PARTICLE SIZING

& RESISTIVITY MEASUREMENTS

EnVIROnmEnTAL
TESTInG SERVICES NK.

1141 PATTERSON AVE, ROANOKE, VA,,· (703)341-3171

I,6,~J J.E.SIRRlflIE COMPANY

~~~t&.$l
LABORATORIES INC.

545 Commerce St Fr,llInkl,n L"kes, N J 07417
201·337.4774 201-891·8787

• Atomic AbsorpUon • Oplleal Eminlon
• Chemical • X.rlY Spectrometry

Complete An"lytlc,,1 S"r.... lces for
En.... lronment,,1 Studies & Pollution Control

Engineers Since 1902 An Employ.. Own.ct Company

Complete Design of
Environmental Facilities

USA' GreenVille, SC, 29606 Houston, TEX, 77027
Raleigh. NC 27607 0 Riyadh. Saudi Arabia

MANCHESTER LABORATORIES, INC.
ENVIRONMENTAL CONSULTANTS

AIR AND WATER POLLUTION CONTROL
ENVIRONMENTAL IMPACT STATEMENTS

CHEMICAL ANAL Y$I$
PROCESS ENGINEERING

M,lnchester, Macomb.
Iowa Illinois

ff
Engineering Solutions 10 ••",,,.._,,,-'"'tIm .._-Trealability & Pilot Plant Studies Emer"', N J.

ClaSSIcal & Modern Methods 01 07630
Laboralory AnalySIS including 201-261·3300

• Computerized GC/M$ CalilornlCl

• GC.lC. UV. IR AA i:~~:ssee

~"'
Balon Rouge. LA/Cleveland. OH/Concord. NH

Decatur, GA/Houslon, IX/Los Angeles. CA
Metairie, LA/Nashville. TN/Oklahoma City. OK

I Richmond, VA/New York City. N: /Silver Spring, MD
West Chester, PA/WIlmelle, IL

Environmentalimpaci Analysis

Water and Wastewater Engineering

Solid Wastes Management

Air Pollution Control • Power Engineering

Gibbs E:. Hill. Inc.
ENGINEERS DESIGNERS CONSTAuCTORS

393 St-Vt,nm Avenue New York NY 10001
A Sum.'Oldry ot ()rilvO CO/pOrat,On

g Environmentill Quarlty
liiboratory. Inc.

... 0 ........ 0.... ,s.......•..v

-CHEMICAL & BACTERIOLOGICAL ANALYSIS
-ECOLOGICAL RESEARCH
-LAND USE & WATER RESOURSE STUDIES
- ENVIRONMENTAL IMPACT ASSESSMENT

590~O NW Oleo", Blvd, PorI CMrlone, FI 33952 \8IJ)625-3IJ7

GREELEY AND HANSEN
rNl,IN(tRS

STUU,fS, UESI[;NS ANO

l.llNSlf-lUC"1l0N SERVILLS FOI"! WATI R

WASlf WI\TI::;R I\ND SOLID WASTeS

222 5 R'V\,r51rit> P:,j/d . Ch'CdgO IL 60606 . 13121-6aS·1155
Nf'w YOI~ 10007 Ph':<.ldeloh',l 19103
I':l'r:hmllllf! 23230 rilllll).] 33607

• HAVENS AND

EMERSON LTD.

Erwironmental Engineers
100 flo",a Ct Bldg ]99 Markel Slrtel I~O lectlnology Parl

Cltyl'lan(\ OH S.ddle Broo~ NJ AUanla. CA

ESTABLISHED 1931

POLLUTION TESTING SERVICES
AIR· WATER· NOISE

4101 N. Figueroa SI .. los Angeles 90065
(1131115,1564

184 S. Hotel $1 .. Honolulu. HA 96813

LITERATURE REVIEWS AND EVALUATIONS
DESIGN AND DEVELOP~lENT TEST PROGRAMS

ENVIRONMENTAL FATE AND
TOXICITY REVIEWS

Conlacl Dr. Philip H Howald
Center for Chemical Hazard Assessment
(315) 425-5134

Syracuse Research Corp .. Merrill Lane. Syracuse, N Y 13210

4 Research Place
Rockville, Md, 20850
301/948-7010
TWX: 710-828-0540

~NUS
'--._ CORPORATION

Environmental services,
air and water pollution
control engineering
and consulting

CHARLES R VELZY
ASSOCIATES, INC.

CONSULTING ENGINEERS
WATER POLLUTION COIHROL • SOLID
WASTE DISPOSAL. AIR POLLUTION
CONTROL. INDUSTRIAL WASTES.

DRAINAGE. WATER SUPPLY
355 Ma in Street
Armonk, N.Y. 10504

Mineola New York Babvlon, New York

®
"

ribf1fTii] CHEMICAL HAZARD ASSESSMENT
0lJ.J\.l![J for Government and Industry
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CLASSIFIED SECTION • POSITIONS OPEN

11111111111111111111111111111111111I1111111111111111111111111111111111111111I1111

MANAGER OF
ENVIRONMENTAL

STUDIES
Harza Engineerin~Company has an opening
for a professional experienced in environmental
st.udies preferably with engineering back
ground to lead an expanding group of profes
sionals in environmental irnpad, studies related
to wat.er and energy development in the U.S.
and foreign countries. Prior experience in en
vironmental sciences with regulatory agencies,
utilities of other regulated inst.itutions is de
sirable. Should also be capable 01" participating
in related business development..

In addition to an attractive salary. we offer a
complete benefits package. To apply I"or this
opportunity. send a detailed resume in strict
confidence to:

Mr. Saletta

ENGINEERING CO.
1)05. W,ll..:kL'r Dr.

Chil.lgO, Ill. fiOG06

An EC/ual Opportunity 1~'mfJloyerM/F/H

111111111111111111111111111111111111111111I111111111111111111111111111111111I1111

DEVELopmEnT EnlilnEERS
Wastewater Treatment

Dorr·Ollver-NYSEllsted and Internationally prominent In the field of liquid·solid sep
aration process equipment and technology-can give you the full·scope challenge you
seek.

Immediate openings are available for professionals who can handle technical design
and development of high rate biological treatment systems Complete project involvem
ent from process deSign and pilot plant operations through construction and starf·up.

All POSitions require Chemical or Sanitary Engineering degree plus solid, responsible
expellence In Industllal or mllnlclpal wastewater treatment. Background should include
work III biological process deSign. plant deSign or pilot plants. Profect Managemenf a
defrnlte plus

Positions In our Stamford World Headquarters offer excellent salaries and major ben
efits. Liberal relocation assistance. Send resume With salary history, III confidence, di
rectly to:

Sue Norton. Manager. Employment

DORR-OLIVERr~~
77 Havemeyer Lane. Stamford. Connecticut 06904
AIII'qu.d llpportul)lly employer M/F

u.s. Cilizensnip ReQuired-An EQual Opportunily Employer

EXPERIENCED MS - PhD

ENVIRONMENTAL SCIENTISTS/ENGINEERS
ENVIRONMENTAL MANAGERS

The Office of Waste Isolation has been assigned by the Energy Research and Development Ad
ministration the responsibility for program management of the national effort to provide terminal
storage facilities in geologic formations for radioactive wastes from commercial nuclear opera
tions.

The RegUlatory Affairs Department of OWl has a limited number of positions of high professional
challenge and interest for individuals who have M.S. or Ph.D. degrees in the physical or natural
sciences or engineering and three or more years' experience in the environmental or safety aspects
of nuclear related work.

Primary responsibilities will be to plan. coordinate. and supervise programs and contractors related
to environmental and safely analysis studies and report preparation leading to the licensing of all
federal waste repositories that are a part of the National Waste Terminal Storage Program.

Send resume including salary history in confidence to:

Central Employment Office

•

Technical Personnel
I Union Carbide Corporation

. .: I Nuclear Division
Post Office Box M
Oak Ridge, Tennessee 37B30

DIRECTOR,
NEW MEXICO WATER

RESOURCES RESEARCH INSTITUTE
Nominations and applications invited for Di

rector. New Mexico Water Resources Research
Institute located at New Mexico State University.
Las Cruces. New Mexico.

Director is responsible for successful main
tenance and enhancement of ongoing programs
of Institute and is responsible for administration
of all state and federal funds. Director is ex
pected to provide leadership in stimulating water
related research and educational programs, and
should act as coordinator for such activities.
Qualifications include earned doctorate or
equivalent experience, and established interest
in water research. Administrative experience in
water resources research preferred.

Closing date for applications: October 1.
1977.

Nominations and applications to:

Samual P. Maggard
Chairman, Search Committee

Box 3CE
New Mexico State University

Las Cruces, New Mexico 88003
Telephone: (505) 646-3801

AN EQUAL EMPLOYMENT OPPORTUNiTY
AFFIRMATiVE ACTION EMPLOYER

IMPORTANT NOTICE
Vdr,ou~ ... 1,lle 1,1-1;'" ,lg;t,n!>1 (1,<,cr,rtl,tl,ll'Orl dJ1d Itll"
fNle'.11 C",,,I R'gtllS ACI o! 1964 P'Oll,t),t (1''''<'',nl'Il,1
t.o" In Pnlploym('nt becihl~e o! 'acI' Lola, ,('log Ion
n,lt,on<11 0' .gln ,lge ill1(1 o;e~ I "nlp<;5 IJ,l<;erl on .1 bOr1<1
1,(It' OCC\lP,lI'Orl;'l1 QU.11,t,c""t,on, Ht'ip w.ltlled ,tnd
... 'hlott'ono; w,lnlpd ad",erl'Sem('nts on 11"' ... (' paqt'S
,I'" !O. '(>,1(1 .. ,,, conven,ence .Ind ,l't! nOI lo be con
-:.1'(1('(1,1'" "lO;lrllments 1(>,ld,ng lO Unl,lw!ul r1''''Cf,m,n,1
l'on

AQUATIC BIOLOGIST POSTDOCTORAL POSITION:l
Available immediately. Applications are inviled /Of research
on a one-year projectlhat will invesligate the ventilatory
responses aI/ish to lluctu.a~ing applications of tOJl:icants.
Some familiarity with minicomputers. electronics and
aqualic lOJl:icology would be helpful. Submit application.
curriculum vita. and references to Dr. K. Dickson, Center
lor Environmental Studies, Virginia Polytechnic Institute
and Slate University, macksburg, Virginia 24061. An Equal
Opportunity/Allirmalive Action Employer.

FACULTY POsmoN_ENVlFlONMENTAl Health .. ith sptlciallzation in E,..
vifOlVTl6l>taIEpidamiologyCOl.(>led ..ittlaslrongbacl<gOtnlinlhelo~icolom'
ot chem,cal poltlllanls ancl anvi'()Il(T\Ilfllal ChemistI)'. Rank: Ass,slant Pr-o.
JessOl'. 12 monlh's appo,ntmenl .. ilh 2/3 leach,ng and 1/3 ,esearch eUorl
begoIYIingSepl. 1977. SalaryCOl'T'Clet~ive. For ado;litionalinlormation.oontael
Dr. S.......l O. FWfI, Chal,man, Search Commltl.., AlIlgef' Unl ·fjl'.
P.O. 80. 231. O'part......1 01 Enwl,orwnardal SCJenc:........ Brun lck.
N.J. 081103. Rulgets UnilfflO"sity is all equal opportunity. aIllltli,mari'll6 action
~,and ..;nCCll\SidolaNqualifiedapplicants ..ilhot~,ega.-dlose~.'ace.
C,eedOl',eligiOll.COIo<.l1llluratorigin.age,ancesrsy.handicaps.vel&fan·S
ortrl8lilatslalUS

DIRECTOR, TOXIC SUBSTANCES
ENVIRONMENTAL MANAGEMENT

New York State Department of Environmental
Conservation seeks candidates lor director of
comprehensive program in Toxic Substances
Management. Work will include leadership and
coordination of statewide program of monitoring,
control and abatement. Experience in applied en
vironmental management essential, and Doctoral
degree in chemistry. biochemistry. toxicology, or
related field preferred. Salary $30.000 dependent
upon qualifications and experience. Resume and
references should be sent to: Search Committee,
Department of Environmental ConservaUon Toxic
Substances Program, New York State Department
of Environmental Conservatlorl, Room 616, 50
Wolf Road, Albany, New York 12233.
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MEETING GUIDE (continued)

August 28-September 2 Chicago, III.
174th American Chemical Society Na
tional Meeting. American Chemical So
ciety

Write: A. T. Winstead, American Chemical
Society, 1155 16th St., NW., Washington,
D.C. 20036

August 28-September 2 Washington,
D.C.
Twelfth Intersociety Energy Conversion
Engineering Conference. American Nu
clear Society, American Chemical Soci
ety and others

Write: Glen A. Graves, general chairman,
National Science Foundation, 1800 G St.,
NW., Washington, D.C. 20550

August 29-September 1 New Orleans,
La.
Second Symposium on Stationary
Source Combustion. U.S. Environmental
Protection Agency/Industrial Environ
mental Re~earch Laboratory-RTP

Write: Betty Farley, symposium coordinator,
Acurex Corp.!Aerotherm Division, 485 Clyde
Ave., Mt. View, Calif. 94042

August 29-September 2 Berkeley,
Calif.
Fifth Annual Conference on Environ
mental Issues in Electric Power Gener
ation. University of California-Berkeley/

College of Engineering and Continuing
Education in Engineering

Advance registration is required. Write:
Continuing Education in Engineering, University
of California Extension, 2223 Fulton St.,
Berkeley, Calif. 94720

August 31-September 2 South Lake
Tahoe, Nev.
15th Annual Seminar and Equipment
Show. Governmental Refuse Collection
and Disposal Association

The exhibit will display a wide range of solid
waste systems. Write: Bob lawrence, City of
San leandro, 835 E, 14th St., San leandro,
Calif. 94577

Courses

July 9-August 27 Washington, D.C.
Practical Energy Conservation Tech
niques-Commercial Buildings Appli
cation. George Washington University

Course meets for 8 Saturday morning ses
sions. Fee: $170. Write: Director, Continuing
Engineering Education, George Washington
University, Washington, D.C. 20052

July 17-30 Fort Collins, Colo.
Eighth Westinghouse International
School of Environmental Management.
Westinghouse Electric Coorporation/
Environmental Systems Department

Fee: $2900. Write: Dr. James H. Wright,
general manager, WESD, P.O. Box 1899,
Pittsburgh, Pa. 15230

July 25-29 Nashville, Tenn.
Pollution Control: Meeting EPA and
OSHA Standards Through IR and GC
Techniques. Fisk Institute/Fisk Universi
ty

Fee: $250. Write: Director. Fisk Institute.
Box 8. Fisk University, Nashville. Tenn.
37203

July 26-28 New Brunswick. N.J.
Community Noise Control. Rutgers/Cook
College Dept. of Environmental Science

Fee: $150. Write: Donald A. Deieso. In
structor, Dept. of Environmental Science.
Rutgers University. Cook College, P.O. Box
231, New Brunswick, N.J. 08903

August 2-4 New Brunswick. N.J.
Ambient Air Monitoring. Rutgers Univer
sity/Cook College

Fee: $165. Write: Robert E. Hague, In
structor. Dept. of Environmental Science,
Rutgers University. Cook College, P.O. Box
231. New Brunswick. N.J. 08903

Call for Papers

July 15 deadline
Symposium on Advanced Ozone Tech
nology. International Ozone Institute

Conference will be held November 2-4,
1977. at Toronto, Ontario. Canada. Write: Dr.
Ahron Netzer, Head, Physical Chemical Pro
cesses, Wastewater Technology Center, Ca
nadian Center for Inland Water, P.O, Box 5050.
Burlington, Ontario, Canada
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Tulco ~roved you can kill an oil slick
before it does any damage.
On January 31,1977, a 320-foot oil barge enroute
from Providence, Rhode Island to Portland, Maine
ran aground on a ledge in Buzzards Bay near the
Cape Cod Canal. Four ofthe barge's ten compart
ments were ruptured, and about 80,000 gallons of
No.2 fuel oil spilled into the sea. The U.s. Coast
Guard asked Tulco to demonstrate the effectiveness
of its pollution control chemical, Tullanox 500, on
a section of the slick.

Tullanox 500 is manufactured and marketed by
Tulco under license by its developer, Cabot Corpo
ration of Boston. An extremely water-repellent form
of fumed silica, this material is unaffected by water
or ice and floats on oil. Itfunctions like the wick in a
kerosene lamp. It draws up fuel, concentrates and
isolates it from the cold sea water so that itcan be
readily ignited and burned off.

For application on a 5,000 gallon slick at Buz
zards Bay, ten standard cardboard cartons- each
carrying 11 pounds ofTullanox - were dropped on
the slick by helicopter. The drop was made in a 30
knot wind, when the temperature was well below
freezing. Delayed-action ignition devices scattered

the chemical, simultaneously setting fire to the oil.
The result of the demonstration was that just

110 pounds ofTullanox 500 consumed an esti
mated 2000 gallons of oil. This was oil that never
spread out to contaminate marine life-or to de
spoil beaches, requiring costly clean-up materials,
machjnery and manpower.

Further testing of this chemical at actual pol
lution sites is needed, to develop systems for deal
ing with massive slicks before they damage our
environment.

Oil pollution on the high seas has faroutdis
tanced the conventional measures available to deal
with this major international problem. To Tulco,
Tullanox 500 represents one of the few proven tech
nologies with the potential to help solve it.

Tulco, Inc., Talbot Mills Industrial Park,
Faulkner St., North Billerica, Massachusetts 01862.
Tel: (617) 667-9686.

tulco
CIRCLE lOON READER SERVICE CARD
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Calgon Adsorption Service letsyou
get to thepoint in pollution control.

Point-source treatment of industrial
wastes makes a lot of sense. You treat
only the volume of wastewater you
have to, for removal of special wastes
such as dissolved toxic or refractory
organics. The balance of the waste
water flows directly to a conventional
treatment system.

By removing these organics at
the point source, a Calgon Adsorption
Service system prevents overloading
of bio systems and enables them to
function effectively.

The compact treatment unit fits
into a corner as small as 300 square
feet. All you supply is a concrete pad,
and utilities. Calgon does the rest,
including removal of spent carbon,
replacement with reactivated carbon,

maintenance, monitoring of effluent,
and training of your operator (or we'll
provide an operator if you wish).

There's no big capital investment,
because you pay a monthly fee for the
Calgon Adsorption Service. And, if
you need help in a hurry, we can be
operating in as little as 45 days after
the service agreement is finalized.

Get to the point of your waste
treatment and save. Call Calgon at:
(412) 923-2345 in Pittsburgh.
(201) 526-4646 in Bridgewater, N.J.
(713) 682-1301 in Houston.
(314) 863-3201 in St. Louis.
(415) 369-4684 in Redwood City, Calif.

Or write for brochure to Calgon
Adsorption Systems, Calgon
Corporation, Pittsburgh, Pa. 15230.

CIRCLE 3 ON READER SERVICE CARD

SUBSIDIARY OF MERCK & CO.,INC.
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