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Air Pollution
Volumes VI, VII, and VIII
Edited by Arthur C. Stem
University of North Cafolina, Chapel Hill

Published as asupplement to the first five
volumes of the second edition, these three
volumes cover many new topics such as
asbestos, carbon dioxide, lead, nuclear
accidents, nonionizing radiation, strato­
spheric ozone, and visibility. This state-of­
the-art compilation will facilitate the work
ofair pollution control agency personnel,
research scientists, consultants, law firms
involved in air pollution litigation, and
manufacturers ofair pollution equipment
and instrumentation.

Volume VI: Supplement
to Air Pollutants, Their
Transfonnation, Transport,
and Effects
Contents: The Pollutants. The Transforma­
tion Pollutants. The Transport of Pollut­
ants. Air Pollution Effects on Physical and
Economic Systems. Effects on Vegetation,
Native Crops, Forests. Effects on Acidic
Deposition on Aquatic Ecosystems. Effects
on Human Health.
1986, 496 pages, $70.00,
ISBN: 0-12-666606-7

Volume VII: Supplement to
Measurements, Monitoring,
Surveillance, and Engineering
Control
Contents: Air Pollution Information Re­
sources. Sampling and Analysis. Ambient
Air Surveillance. Source Surveillance.
Control Concepts. Control Devices-Cen­
trifugal Force and Gravity; Filtration; and
Dry Flue Gas Scrubbing. Control De­
vices-Electrostatic Precipitation, Scrub­
bing, Mist Elimination, Adsorption, and
Combustion of Toxic and Hazardous
Wistes. Process Emissions and Their Con­
trol-Parts I and II.
1986, 544 pages, $69.50,
ISBN: 0-12-666607-5

Volume VIII: Supplement to
Management of Air Quality
Contents:AirQuality Management in the
United States. United States Clean Air Act
Litigation. Air Pollution Control Pro­
grams-Worldwide. Air Pollution Person·
nel andTheir Development. Air Pollution
Standards. Cumulative Index.
1986, 197 pages, $43.50,
ISBN: 0-12-666608-3
Set Price for all three volumes: $155.50

Environmental
Radioactivity
From Natural, Industrial,
and Military Sources
Third Edition
Meffil Eisenbud
New York University Medical Center

An important reference for health workers,
nuclear engineers, environmental stu­
dents, researchers, managers, adminis­
trators, and operators of power plants.
Contents: Introduction. The Biological
Basis of Radiation Protection. Radiation
Protection Standards. Some General Con­
siderations Concerning Environmental
RadioactivitY,Including the Use of Models.
Transport Mechanisms in the Environ­
ment. Terrestrial and Aquatic Pathways.
Natural Radioactivity. Production and Pro­
cessing of Nuclear Fuels. Power Reactors.
Various Other Sources of Exposure.
Radioactive \\\Iste Management. Fallout
from Nuclear Explosions: I. Short-Term
Effects. Fallout from Nuclear Explosions:
II. Worldwide Effects. Accidents that Re­
sulted in Contamination of the Environ­
ment. Radiation Exposure and Risk: Some
Contemporary Social Aspects. Appendix:
The Properties of Certain Radionuclides.
References. Index.
1986, 444 pages, $55.00,
ISBN: 0-12-235153-3

Geology and Radwaste
A.G. Milnes
Swiss Federallnstitu/e of Technology, Zurich

This book gives background material on
the sources, types, and amounts of rad­
waste and an overview of the various dis­
posal practices and concepts. The book
concentrates on the contribution of the
earth sciences to an understanding of the
long-term performance of any radwaste
isolation system and the selection of re­
pository sites.
Contents: Background: Radioactive
\\\Istes. Radwaste Disposal.Earth Science
Perspectives: The Earth's Crust. Geologi­
cal Time. Surface Processes: Biogeochem­
ical Aspects. Surface Processes: Denuda­
tion and Deposition. Sedimentary Rocks:
Formation and Properties. Volcanic Proces­
ses and Products. Natural and SIInthetic
Crystalline flocks. Phys;nl Pr'",esses in
the Upper Crust·. Flui<l-·Rcck Interactions.
Ocean Processes. Climatic Change and
Continental Glaciation. Application: Pre­
d:ctivc G20scie!lce. aepos'tor; Site Set.c·
tio:l. Index.
1985, 344 pages
In Paperback: $39.95, ISBN: 0-12-498071-6
Casebound: $60.00, ISBN: 0-12-498070-8

Atmospheric Chemical
Compounds
Sources, Occurrences,
and Bioassay
Edited by T.E. Graedel
and Donald T. Hawkins
AT&T Bell Laboratories. Murray Hill. Nl

Larn; D. Claxton
u.s. EPA, Research Triangle Park. NC

This practical reference examines the
structure and properties of the atmo­
sphere, including listings of compounds
in clouds, fog, rain, sr,Ow and ice; a listing
of compounds detected in the strato­
sphere; and acompendium ofcompounds
in indoor air. Readers will find the exten­
sive cross-referencing especially useful­
compounds can be located by chemical
type, name, CAS registry number, or
source.
Contents: Introduction. Inorganic Com­
pounds. Hydrocarbons. Ethers. Alcohols.
Ketones. Aldehydes. Organic Acid Deriva­
tives. OrganicAcids. Heterocyclic Oxygen
Compounds. Nitrogen-Containing Or­
ganic Compounds. Sulfur-Containing Or­
ganic Compounds. Halogen-Containing
Organic Compounds. Organometallic
Compounds. Synthesis and Summary. Ref­
erences. Indexes.
1986, 816 pages, $55.00,
ISBN: 0-12-294485-2

•Order from your local bookseller
or directly from
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Gas-partitioning approach for labo­
ratory and field studies of mirex fu­
gacity in water. Chengqing Yin and
John P. Hassen*

Dynamic headspace gas-partitioning
methods measure fugacity and free dis­
solved concentration of mirex in water.

1218
Chlorination of w-cyanoalkanoic
acids in aqueous medium. Ed W. B.
de Leer, * Theo Baggerman, Petra
van Schaik, Coby W. S. Zuydeweg,
and Leo de Galan

The production of w-eyanoalkanoic
acids from precursor amino acids
and further chlorination reactions at
different pH values are studied.

1224
Heterocoagulation vs. surface pre­
cipitation in a quartz-Mg(0H)2 sys­
tem. Santhana V. Krishnan* and Iwao
Iwasaki

The attachment of Mg(OHh precipi­
tates on surfaces of quartz by hetero­
coagulation and by surface precipita­
tion is compared and related to the sta­
bility of quartz suspensions.

1229
Degradation of tributyltin in San
Diego Bay, California, waters. Peter
F. Seligman,* Aldis O. Valkirs, and Ri­
chard F. Lee

Radiolabeled or unlabeled TBT, at
concentrations near those found in har­
bor areas, is added to water from San
Diego Bay.

1235
Contribution of fine particle sulfates
to light scattering in St. Louis sum­
mer aerosol. Teri L. Vossler and
Edward S. Macias*

Light scattering by (N~hS04 is cal­
culated from measured sulfur size dis­
tributions and estimates of water.

1243
Molecular beam mass spectroscopic
study of trichloroethylene flames.
Wen-Donq Chang, Sankaram B. Karra,
and Selim M. Senkan*

The detailed chemical structures of
C2HCIJ flames are investigated, and the
identity and mole fractions of combus­
tion intermediates are determined.

1249
On the nature of the atmospheric oxi­
dation process of S02 to sulfate and
of N02to nitrate on the basis of diur­
nal variations of sulfate, nitrate, and
other pollutants in an urban area. Sa­
toshi Kadowaki

Results indicate that droplet-phase
reactions are important for the oxida­
tion of S02 to sulfate, whereas gas­
phase reactions are predominant in the
oxidation of N02 to nitrate.
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air. Erik Kissa

Organofluorine air contaminants at
sub parts per million or higher levels
are collected on a solid adsorbent or in
water and then burned in an oxyhydro­
gen torch.
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land, during May 1986 after the
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port. Esko I. Kauppinen, * Risto E.
Hillamo, S. Hannele Aaltonen, and
Kari T. S. Sinkko

This study reports preliminary
results of ambient radioactive aerosol
size distribution measurements made at
Helsinki last May.

1260
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ent air samplers equipped with Tenax
GC. Howard L. Crist* and William J.
Mitchell

These audits assess the accuracy and
precision of an EPA-operated ambient
air sampler that collects VOCs.

1263
Influence of the nature of soil organ­
ics on the sorption of toluene and tri­
chloroethylene. Doug R. Garbarini
and Leonard W. Lion*

The capacity of selected soil compo­
nents to sorb toluene and trichloroeth­
ylene, two nonionic volatile organic
pollutants found in contaminated
groundwater, is examined.

1269
Calibration of peroxyacetyl nitrate
measurements with an NO, analyzer.
L. Fortunat Joos, * Werner F. Landolt,
and Heinz Leuenberger

This new calibration method for PAN
measurement uses an NO, analyzer in
the field.
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A passive sampler for formaldehyde
in air using 2,4-dinitrophenylhydra­
zine-eoated glass fiber filters. Jan­
Olof Levin,* Roger Lindahl, and Kurt
Andersson
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evaluated in the field.
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GUEST EDITORIAL

Waste reduction:
The time has come

Ten years ago this month a United Nations conference
in Paris formally introduced a new concept in resource
management and environmental control-the front-end
approach to minimizing resource input and effluent
output through revamping and redesigning industrial
processes and products.

The first U. N. Economic Commission for Europe
Seminar on Non-Waste Technology called on member
countries to adopt comprehensive approaches to
shrinking the sources of hazards and wastes. In that
pre-Love Canal-Bhopal era, this call was met with in­
difference to what many deemed an impractical and
idealistic agenda.

Yet a decade later, nonwaste technology-or what is
now called waste reduction or waste minimization-is
looked upon as our best hope for reversing the flood of
toxic substances and hazardous wastes into the environ­
ment. The congressional Office of Technology Assess­
ment terms waste reduction "critical to the prevention
of future hazardous waste problems." Industries from
the Fortune 500 companies on down have begun to
minimize waste production. States, and even local gov­
ernments, have set up waste minimization assistance
activities. And in Washington there is growing senti­
ment in favor of a sizable increase in federal involve­
ment, including direct regulation, to stimulate reduc­
tion.

What has happened? Industry and government alike
have begun to see that the toxics-as-usual approach to
hazardous-waste management is not working. Building
better landfills and tighter drums is not the way to
reduce the nation's hazardous-waste burden. Totally se­
cure containment is impossible; and the rapidly inflat­
ing costs of liability for toxic mishaps, and for handling
and disposal of hazardous substances, are becoming
intolerable.

Fortunately, there are emerging approaches to toxics
management that can reduce costs as well as effluents.
3M discovered years ago that "pollution prevention
pays." Its 3P waste minimization effort saved that com­
pany $200 million and cut wastewater emissions by
1.4 billion gal annually in the first eight years of opera­
tion. Other industries have only recently started to look
to front-end approaches to eliminate hazardous wastes.

There is clear forward movement in waste reduction.
Its net effect, though, has been small. Despite estimates

0013-936XJ861092()'1189$01.50tO © 1986 American Chemical Society

that waste reduction could cut our hazardous-waste
stream by one-half or more, that stream is in fact still
growing. The long-sought light, in the form of waste
reduction systems, may be at the end of the hazardous­
waste tunnel-but that tunnel must be straightened out
to let the light through.

For this to occur, industry and government must step
up efforts to develop cooperative approaches to meet
priority waste reduction needs. Lack of adequate infor­
mation in the private sector has proven a significant
barrier to waste reduction. The federal government,
with its superior resources, can take a cue from fledg­
ling state programs to formulate strong programs for
information development and dissemination. Research
and development grant programs, mandated yearly
waste reduction targets, and regulatory concessions to
encourage waste reduction in place of end-of-pipe
treatment have been suggested as needed federal
actions. It is not clear what mix of government and
private-sector programs will best serve waste minimi­
zation. What is clear, however, is that it is very much in
the federal government's interest to invest time, leader­
ship, and money in waste reduction.

The success of waste minimization in the United
States will have important international implications.
As a recent conference of European hazardous-waste
facility operators documented, developing countries
are eyeing the industrialized world's progress in haz­
ardous-waste management as they formulate their own
programs. The more success in waste reduction here,
the greater will be the benefit to the global community.

Arthur H. Purcell is founding director of
the Resource Policy Institute (Washington,
D. C.) and heads its Waste Reduction
Services program. He was a member of
the U.S. delegation to thejirst U.N.
Seminar on Non- Waste Technology. He is
the author ofThe Waste Watchers
(Doubleday/Anchor Press). He is a
graduate of Comell University and holds
a Ph. D. and an M. S. in materials science
and engineering from Northwestem.
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Society has added more publications, new
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Northwestern Costa Rica will be
the site of the world's first project
to restore a tropical dry forest. The
creation of the 1114-km2 Guanacaste
National Park is being led by Daniel
Janzen of the University of Pennsyl­
vania and has several U.S. and Costa
Rican sponsors. Janzen's team will
reintroduce trees, other plants, and
animals during a period of several
years and, by constant experimenta­
tion, determine the correct mix of
species. Dry forests receive an aver­
age of about I m of precipitation
during the rainy season; most rain
forests receive 7-8 m each year.

President Ronald Reagan has
signed the Superfund reauthoriza­
tion. The new law calls for $9 billion
to be spent on toxic waste cleanup
over the next five years. The Super­
fund law that expired Sept. 30, 1985,
had provided $1.6 billion since 1980.
An estimated $2.5 billion will be
raised by levying a tax of $25 for
every $10,000 of a company's earn­
ings in excess of $2 million/yr. Other
sources of funding include excise
taxes on petroleum products and
chemicals, interest on the Hazardous
Substance Response Trust Fund,
recovery of cleanup costs from re­
sponsible parties, and about $1 bil­
lion from general revenues.

Vaun Newill was confirmed in
October by the Senate as EPA's
assistant administrator for research
and development. Before his appoint­
ment to EPA, Newill was regional
medical director for Esso Europe
(London). He has a master's degree
in hygiene (epidemiology) from
Harvard and an M.D. from the Uni­
versity of Pittsburgh. During his
confirmation hearings, Newill told
members of the Senate Environment
and Public Works Committee that a
great deal of additional information
on the causes and effects of acid
deposition is needed before appropri­
ate measures can be chosen. He also
told the committee he plans to place
more emphasis on basic, long-term
research. Newill replaces Bernard
Goldstein, who has returned to an
academic post at the University of

CURRENTS
Medicine and Dentistry of New
Jersey.

EPA has issued a final guidance
document for monitoring ground­
water at hazardous waste sites as
required by the Resource Conserva­
tion and Recovery Act. The docu­
ment is oriented toward site-specific
variables. For example, site charac­
teristics rather than arbitrary dis­
tances between monitoring wells are
to govern spacing. The document
requires that well materials be appro­
priate for the anticipated lifetime of
monitoring programs and that they be
chosen for their durability. It also sets
forth factors to be considered in
determining the number of wells
necessary to assess the extent of
groundwater contamination.

EPA has proposed regulations
aimed at reducing wood stove
emissions by as much as 70% (Fed.
Regist. 1986, 51, 34672). Final regu­
lations are to be issued Jan. I, 1987,
under a court order issued May 9
(New York v. Thomas). Initially, par­
ticulate emissions will be limited to
5.5 g/h for stoves fitted with catalytic
converters and 8.5 g/h for other
stoves. 1YPicai catalytic converters
consist of honeycombed chambers
that contain a material such as plati­
num. They add $100-$250 to the
cost of a wood stove. These stand­
ards will apply to stoves manufac­
tured after July I, 1988, and to those
sold after July I, 1990. For stoves
made after July I, 1990, and sold
after July I, 1992, the standards are
lowered to 4.1 g/h and 7.5 g/h, re­
spectively. The objective is to reduce
emissions of carbon monoxide and
hydrocarbons, especially polynuclear
aromatics, some of which are sus­
pected carcinogens. The regulations
are modeled after those now in effect
in Oregon. Open fireplaces, boilers,
and furnaces are not covered under
the new rules.

A report by the congressional Of­
fice of Technology Assessment
warns that the federal government
does not have enough scientific
information to frame the laws and
regulations necessary to protect the
public from exposure to mutagens.
The methods being developed to

detect new mutations in human DNA
and proteins have not yet reached the
level of sophistication that will sup­
port their general use. However, the
report forecasts that methods could
be available for wide-scale use within
the next decade if enough scientific
and financial support for their devel­
opment is provided. One of these
new methods involves detecting
altered DNA sequences that indicate
mutation. Current techniques can
detect sporadic genetic disease, chro­
mosome aberrations, and variant
blood proteins.

EPA steps up wetlands protection

EPA administrator Lee Thomas
has announced the creation of a
new Office of Wetlands Protection.
The director of the office will report
to the assistant administrator for
water. The office will coordinate
federal wetlands research and pro­
mote understanding of the scientific
and economic values and uses of
wetlands. It also will work toward
the identification, protection, and
restoration of wetlands and protect
them as required by Section 404 of
the Clean Water Act. The creation of
the new office places EPA wetlands
protection functions under one roof.

Management of EPA's Chesapeake
Bay Program is poor, according to a
report by the agency's Office of the
Inspector General. One complaint
charges that of 90 items of work
required in 23 grants and contracts
the office reviewed, only 44 were
received. Another complaint faulted
work planning and contract arid grant
monitoring by EPA Region 3 and the
Chesapeake Bay Liaison Office, the
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program's managers. The report
cited lost records and lax attention by
the program managers. A spokesman
for Region 3 (Philadelphia, Pa.)
acknowledged that better controls on
contracts and grants are needed but
denied that planning is poor. Region
3 officials agree that contract and
grant fJles must be safeguarded,
completed grants and contracts must
be closed out immediately, grantees
need to be monitored to ensure com­
pliance with grant conditions, and
complete work programs must be
submitted with each grant or contract
proposal. The study covered 1978­
1984, during which more than $25
million in grants and contracts was
awarded.

Idaho's government and industries
are baving diff"lCU1ty reaching a
consensus on methods of abating
nonpoint source water pollution. In
September, a governor's task force
announced a plan that would involve
the application of best management
practices by the timber industry and
other users of streams. The streams
would be monitored by the Idaho
Department of Health and Welfare's
Division of Environment, which
would require changes in water man­
agement practices if clean-water
criteria are not met. The snag is the
issue of sedimentation. AI Murrey,
chief of the division's Water Quality
Bureau, says that neither EPA nor
state authorities currently have nu­
merical criteria for assessing sedi­
mentation in streams, although EPA
is developing a standard that may
eventually be used. Without at least a
best management practices provision
to address sedimentation, those in the
timber industry fear that lawsuits will
lead to the issue being decided in
federal court.

The California Air Resources
Board (CARB) has set aside $2.4
million to study dry acid deposi­
tion. CARB will establish a network
of 10 monitoring sites in urban and
coastal areas, where the problem is
said to originate, and in national
parks and the Sierra Nevada Moun­
tains, where the material is depos­
ited. CARB officials say there is
evidence that the deposited dry mate­
rial reacts with moisture to form
acids that damage vegetation, de­
grade building materials, and leach
through soils. They believe that be­
cause of its unusual geology, the
Sierra Nevada may be particularly
vulnerable to damage. CARB scien­
tists also will determine what role
lake and stream bed sediments play
in neutralizing acidity.
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The state government of North
Carolina should not assume re­
sponsibility for the administration of
Section 404 of the Clean Water Act,
according to recommendations in a
study by North Carolina State Uni­
versity's Center for Environmental
Studies. Section 404 regulates the
discharge of dredge-and-fill material
into U.S. waters. After reviewing the
study, officials of the state's Depart­
ment of Natural Resources and Com­
munity Development have concluded
that legal authority would be weak­
ened under state administration.
They also cite a lack of reliable data
on which to base projections for
administrative costs. Moreover, for
the state to assume Section 404 pri­
macy, action by the state legislature
would be needed. The study was paid
for by an EPA grant.

SCIE;\TCE
The stratospheric ozone hole over
Antarctica still has scientists in a
quandary. There is not enough chlo­
rine from chlorofluorocarbons to
explain the phenomenon. Natural
processes, such as excess solar radia­
tion from sunspots cannot explain the
ozone loss, because there is insuffi­
cient nitrogen dioxide in the hole;
neither are there declines in ozone
concentrations at higher altitudes.
Strong winter updrafts fail as an
explanation because identifiable
particles that would be carried aloft
are absent. Susan Solomon of the
National Oceanic and Atmospheric
Administration suggests that the
cause may be a combination of the
effects of chemical pollution and
natural events such as the seasonal
evaporation of stratospheric clouds
over the polar region.

Tracing the migration of chemicals
from nonpoint sources to ground­
water is the objective of a study by
Clifford Fedler of Texas Tech Uni­
versity (Lubbock, Tex.). One ap­
proach he is using is to inject a salt
solution at a rate of 7.57 L/min for
24 h into a test well on the Texas
Tech campus. The next step is to
draw two samples a day from nine
other wells in a grid extending
7.6-61 m away from the injection
well. After the first week, sampling
frequency is reduced to one sample a
day for two more weeks. Sampling
will continue for a year. Fedler says
it is becoming apparent that agricul­
tural chemicals are not reaching
groundw~erbysaturation.Rathe~

erosion by wind and water deposits
the chemicals into points of concen­
tration from which they migrate to

groundwater. Fedler's study is funded
by a grant from the Texas Water
Development Board.

Soils in the Southeast are retaining
large quantities of sulfur deposited
by acid rain, according to a study by
the U.S. Geological Survey (USGS).
USGS scientists say that slow accu­
mulations of sulfur in the soil may
temporarily mask long-term damage
to streams in the region. After the
soils are saturated with sulfur, how­
ever, their buffering ability could be
overcome to allow a rapid rise in the
streams' acidity. In a study reported
in the Aug. 21, 1986, issue of Na­
tUre, Richard Smith and Richard
Alexander of USGS estimate that
59% of the sulfur emitted by fossil­
fuel-burning plants is retained in
southeastern soils. They say 35 % is
retained by northeastern soils. They
also note that about 25 % of emitted
sulfur is transported by air out of the
southeast; 41 % is transported out of
the Northeast.

TECHNOLOGY
Principal organic hazardous com­
ponents (POHCs) are destroyed by
intense heat, not by flames, accord­
ing to results of a study done for EPA
by Barry Dellinger and his col­
leagues at the University of Dayton
Research Institute (Ohio). The re­
searchers also found that improperly
controlled pyrolytic conditions (high
temperatures without air) in an incin­
erator are responsible for most emis­
sions and for the formation of prod­
ucts of incomplete combustion
(PICs), some of which also may be
hazardous. With funding from EPA
(Cincinnati), Dellinger studied PIC
formation under pyrolytic and
starved-air conditions to assess pyro­
lytic techniques for thermal decom­
position. His group concludes that
laboratory testing of actual or simu­
lated wastes under pyrolytic condi­
tions is effective for predicting
POHC stabilities and PIC emissions.

Pseudonwnas putida may be able to
decompose low-molecular-weight
hydrocarbons (LMWHs). Vincent
Vilker of the University of California
at Los Angeles found that P. putidiJ
grown on camphor generates the
same enzymes as those made by the
human liver. He says the enzymes
"chewed right through" trichloroeth­
ylene, a widely used solvent that
frequently contaminates groundwater.
Vilker developed his program from
observations that liver enzymes de­
toxify such LMWHs as chloroform,
which is used as an anesthetic. He
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expects the use of microbial methods
to gain wide acceptance.

Four standard reference materials
(SRMs) for analyzing airborne
toxic organic compounds are now
available from the National Bureau
of Standards. The SRMs contain
certified concentrations of benzene,
bromobenzene, chlorobenzene, and
toluene in nitrogen gas. One contains
the compounds at the 25D-ppb level,
and the other contains the same com­
pounds at the ID-ppm level. Each
SRM is provided in a compressed­
gas cylinder. The four compounds
come from sources such as industrial
emissions, hazardous-waste incinera­
tion, and automobile exhaust.

The world's largest reverse-osmosis
(RO) desalting plant will provide
water for irrigation near Yuma,
Ariz., beginning in 1989. The facil­
ity will produce 72.4 million gal/day
of desalted water; its capacity is
expandable to about 96 million gal/
day. The feed water to the plant,
which contains about 3000 mg/L of
salt, will be treated by chlorination
and grit sedimentation. Next, the
water will be softened, and sub­
stances harmful to the RO units will
be removed. During that step, the
water will be mixed, flocculated, and
clarified. Chlorine will be injected to
disinfect the clarified water, which
will be mtered. The mtered water
will pass through the RO units,
where its salinity will be reduced to
285 mg/L. That water will be com­
bined with untreated water to achieve
a salinity of 700 mg/L and then dis-

charged to the lower Colorado River.
The softening and preparation reac­
tors are furnished· by Graver Com­
pany (Union, N.J.). The facility is to
be administered by the U.S. Bureau
of Reclamation.

BUSINESS

Du Pont company officials are
advocating worldwide limits on
production of chlorofluorocarbons
(CFCs). In a policy statement sent to
customers, they express their belief
that CFCs pose no immediate threat
to the stratospheric ozone layer.
Nevertheless, they say that there is
no knowledge of what a safe emis­
sions growth rate for CFCs is.
Du Pont officials recommended that
EPA form an advisory group consist­
ing of CFC users, CFC manufactur­
ers, and environmental groups to
deal with the question. Du Pont first
introduced CFCs, also known as
Freons, during the 1930s. The com­
pany produces 20-25% of the
world's 1.09 billion kg/yr of CFCs.

Hazardous-waste-management
perntit processes should be made
more flexible for companies not
involved in landfilling, says Richard
Fortuna, executive director of the
Hazardous Waste Treatment Council
(Washington, D.C.). The current
system requires a draft permit and a
45-day comment period. Fortuna
says that permit procedures take too
long in cases involving waste genera­
tors' plans to use on-site mobile
incinerators to destroy wastes. He
calls for a process that accounts for

new technology and the speed with
which it can be put to work at a site.
He also suggests statewide permits
for mobile units. The current require­
ment is for a permit at each site.

Fortuna: Permit flexibility needed

ICF (Washington, D.C.) has won
the first major contract awarded
by EPA's newly created Office of
Underground Storage Tanks. The
terms of the contract call for ICF to
assist in reducing health and environ­
mental risks posed by leaking under­
ground tanks. ICF's chief executive
officer James Edwards says his com­
pany will provide analytical and
economic support for evaluating the
more than I million tanks used in the
United States to store chemicals and
petroleum products. ICF also will
assess environmental risks posed by
leaking tanks and develop, analyze,
and implement approaches to manage
these risks. EPA is authorized to
award more than $9 million in con­
tracts in this area during the next
three years.
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Analyzing PCBs
Basic information about PCBs and

how they are identified and measured

Ann L. Alford-Stevens
EnvironmentaL Protection Agency

Cincinnati, Ohio 45268

Polychlorinated biphenyls (PCBs) were
first reported in environmental samples
in 1966 (1) and by 1974 were the most
discussed of the organic pollutants (2).
Although they may no longer have that
distinction, PCBs are still a serious en­
vironmental problem, and many artic­
les have been published about them. A
recent review of the analytical chemis­
try of PCBs contained a bibliography of
more than 1200 references (3). Most
writers on the subject assume basic
knowledge that is not readily available
to many professionals, including law­
yers, engineers, and journalists, whose
work involves PCBs.

Probably the most important factor in
selecting appropriate procedures for
determining PCBs and in understand­
ing analytical data is communication
between knowledgeable analysts and
data users. The basic information pro­
vided in this article should facilitate
such discussions.

What is a PCB?

A PCB is anyone of 209 compounds
of the general formula C 12HxCly , where
x = 0-9 and y = IO-x. PCBs are pro­
duced by chlorinating the biphenyl
compound, which has 10 positions (la­
beled 2-6 and 2'-6' in Figure 1) availa­
ble for chlorine atoms. Different struc­
tural arrangements make possible 209
compounds distributed among the 10
levels of chlorination (Table I). Al­
though 46 PCBs contain 5 chlorines
(Cis PCBs), only one contains 10.

The term congener is applied to any
of the 209 possible PCBs. Isomers are
PCBs that have the same number of
chlorine atoms but differing arrange-

ments of the chlorines on the biphenyl
rings. For example, all 46 possible Cis
PCBs are isomers that make up an iso­
mer group. Because chemical names
include all the numbers of the chlorine
positions on the two phenyl rings, such
cumbersome nomenclature as
2,2',3,3' ,4,5,5' ,6,6'-nonachlorobiphe­
nyl (C19 PCB) results. Ballschmiter and
Zeu devised a system that assigns each

compound a number from I to 209 (4).
This system has been adopted by the
International Union of Pure and Ap­
plied Chemists; the numbers are also
called IUPAC numbers.

Commercial formulations

Commercial PCBs were produced by
collecting boiling-point fractions (Table
2) during distillation of chlorinated bi-
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Analytical problems

Appropriate analytical procedures for PCB determinations must be selected
to obtain needed information, depending on the particular situation. The
range of potential PCB environmental problems is illustrated by two quite
different situations.
• A transformer fluid that contains Aroclor 1254, along with chlorinated (C13

and CI.) benzenes, has been spilled, and PCB-contaminated soil must be
removed and disposed of appropriately.
Here the issue is not the identification of the PCBs but the measurement of

Aroclor concentrations to determine whether PCB contamination exceeds
the concentration of 50 1"9/g. Conventional gas chromatography-electron
capture (GC-EC) determinations of PCBs as Aroclors will provide the
needed information. The CI3 and CI. benzenes will produce EC detector
responses that can be distinguished from the target Aroclors by retention
times.

Furthermore, calibration of detector response over a wide concentration
range is not necessary. The analyst should be given this information rather
than being presented with a form requesting "PCB determinations."
• After a transformer fire, an area is contaminated, and the level of contami­

nation must be determined before cleanup begins.
Here the problem is not only with PCBs but also with combustion prOducts,

which frequently include chlorinated dibenzo-p-dioxins and dibenzofurans.
The information produced by a mass spectrometric detector is essential,
because these three classes of compounds and other potential sample com­
ponents have similar GC retention times and EC detector responses. In
addition, samples would not be expected to contain intact Aroclors. Further­
more, the broad range of concentrations of concern and the variety of sam­
ples (wipe samples, ash, and soot) will require extensive consultation among
data requesters, samplers, analysts, and data users.

TABLE 1
Distribution of PCBs by level of chlorination

phenyl mixtures. In the United States,
the only large producer of PCBs was
Monsanto Chemical Company, which
sold them from 1929 to 1975 under the
Aroclor trademark. Not all PCBs are
Aroclors, but most Aroclors are mix­
tures of PCBs. The name Aroclor is
frequently used interchangeably with
"PCB." In fact, a few Aroclor formula­
tions were chlorinated terphenyls or
mixtures of chlorinated terphenyls and
chlorinated biphenyls (2). Non-PCB
Aroclors have not attracted widespread
concern; virtually all attention has fo­
cused on PCB Aroclors. The term Aro­
clor is used in this article to refer to
commercial PCB formulations.

Each Aroclor is assigned a four-digit
number (Table 2). For most PCB Aro­
clors (such as 1242), the first two num­
bers indicate the 12 carbons in the bi­
phenyl ring, and the last two numbers
indicate the weight percent of chlorine.
Aroclor 1016, which is similar to 1242,
was not named according to the stand­
ard designation.

Not all PCBs are present in Aroclors,
because some biphenyl positions are
more susceptible than others to chlori­
nation. Although 125 PCBs have been
found in Aroclors (5), the number of
reported components of each Aroclor
varies (Table 2), depending on the type
of analysis performed and the quantity
analyzed.

Properties of PCBs and Aroclors
The number of chlorine atoms con­

tained in major Aroclor components in­
creases with increasing percentage of
chlorine. For example, Aroclor 1221 is
composed principally of Cl i PCBs, but
Aroclor 1260 contains mostly CIl, C16 ,

and CI7 PCBs. Most PCB congeners
are solids at room temperature, but
Aroclor formulations are viscous fluids
that are resistant to acids, bases, and
heat. PCBs have low water solubility,
which decreases with increasing level

loomer group

Monochlorobiphenyls
Dichlorobiphenyls
Trichlorobiphenyls
Tetrachlorobiphenyls
Pentachlorobiphenyls
Hexachlorobiphenyls
Heptachlorobiphenyls
Octachlorobiphenyls
Nonachlorobiphenyls
Decachlorobiphenyl
Total number 01 congeners

Molecular lormula

C12H.CI
C,2H•CI2
C,2H,CI3
C'2H•CI,
C'2HsCIs
C'2H,CI.
C'2H3C!,
C,2H2CI.
C,2HCI•
C,2CI,o

No. 01
compounds

3
12
24
42
46
42
24
12
3
1

209

TABLE 2
Properties of Aroclors

Property 1221 1232 1016

Density
(Ib/gal, 25 'C) 9.85 10.6 11.4
Distillation 275- 290- 323-
range (OC) 320 325 356
Viscosity 38-41 44-51 71-81
(100 oF)
Vapor pressure
(20°C, mm Hg)
Vaporization rate" 1.7 0.87
(mglcm2/h)
Principal CI, CI,-CI3 CI2-CI,
components
Reported number 10-25 16-34 27-49
01 components

'Exposure at l00·C for 12 h; surface area 12.3 cm2.
Sources: References 1, 3, and 6.

Aroclor
1242 1246 1254 1260 1262 1268

11.5 12.0 12.8 13.5
325- 340- 365- 385- 390- 435-
366 375 390 420 425 450

82-92 185-240 1400-
2500

9.0 x 8.3 x 1.8 x 0.9 x
10-' 10-' 10-' 10-'
0.34 0.15 0.053 0.009 0.013

CI2-CI, CI3-Cls CI,-CI. Cls-CI, CI.-CI. CI.-CI,o

27-74 43-63 27-116 35-124
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GC column, vaporized components
move through the column with the car­
rier gas.

Components are separated because
they travel at different rates depending
on their affinities for the stationary liq­
uid phase and the mobile gas phase. As
sample components exit the GC col­
umn, they are observed as peaks on a
graph (called a chromatogram) of rela­
tive abundance vs. time.

Gas chromatography columns are ei­
ther low resolution (packed) or high
resolution (capillary). A packed col­
umn is a glass tube (2-3 m x 0.7 cm
i. d.) filled with an inert material that is
coated with a liquid stationary phase. A
capillary column is a glass tube (25-60
m x 0.25-0.5 mm i.d.) coated with a
thin film of a liquid stationary phase.
Capillary columns are widely used be­
cause they provide better separation of
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GC separation of Aroclor 1260
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pounds of interest from the sample
matrix into one that can be analyzed,

• enrichment of the concentration rela­
tive to that of other sample compo­
nents,

• separation of extracted components,
and

• identification and measurement of
the compounds of concern.
The first two items, which depend on

the nature of the sample (for example,
soil vs. biota), were reviewed recently
(3); they are beyond the scope of this
article. The third and fourth areas, sep­
aration and identification and measure­
ment, are its focus.

Separation. Sample components are
separated by gas chromatography
(GC). The separation device is a GC
column, which is a glass tube installed
in an oven. After injection of a few
microliters of a sample extract into the

of chlorination. For example, the water
solubility of one of the Cl i PCBs is
5.9 mg/L but that of ClIO PCB is only
0.015 mg/L (6).

Vapor pressure (volatility) and degra­
dability also decrease with increasing
chlorine content. In addition, suscepti­
bility to degradation depends on the
structural arrangement of chlorine at­
oms among isomers. Some PCBs are
preferentially accumulated in biota,
whereas others are excreted. PCBs are
strongly sorbed onto sediment, clay,
and soil and are transported, for exam­
ple, by runoff, erosion, precipitation,
and wind.

The more soluble and volatile conge­
ners are transported preferentially, and
PCBs are now found in remote areas
where Aroclors have never been used.
These variable characteristics indicate
why environmental samples frequently
contain PCBs that are quite different
from Aroclor formulations.

PCBs in the environment

During the 45 years that PCBs were
in production and use, they were dis­
seminated throughout the world. The
very characteristics that made Aroclors
desirable commercial products cause
the persistent problems with PCBs.
Originally, they were used as coolants
and dielectric fluids in transformers and
capacitors, as heat transfer fluids, and
as coatings to reduce the flammability
of wood products. Later, PCBs were
incorporated into paints, inks, dust con­
trol agents, carbonless paper, and pesti­
cides.

In 1976, Congress banned the manu­
facture, processing, distribution, and
use of PCBs except in totally enclosed
systems (electrical transformers, capac­
itors, and electromagnets). Since then,
various regulations have attempted to
control further distribution of PCBs,
including those that are incidentally
generated along with some desired
product.

By 1978, U.S. landfills had accumu­
lated 140 x 106 kg, and an additional
8.25 x 107 kg of PCBs and Aroclors
had been introduced into the environ­
ment in forms available for transport,
transformation, or accumulation (6).
PCBs are still being used in 2.8 million
capacitors and some 150,000 trans­
formers. Some of these fail each year
and release additional quantities into
the environment (7).

Analytical procedures

Understanding results of PCB and
Aroclor determinations requires some
basic knowledge of the analytical pro­
cedures used to acquire the data. The
basic elements of all PCB and Aroclor
determinations are as follows:
• removal (extraction) of the com-
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FIGURE 3
Comparison of Aroclor 1221 with an unknown

tive standards are available.
In using EC detectors to identitY

Aroclors, analysts rely on comparison
of a chromatogram of a standard with
that produced by a sample. In each
case, analysts must judge whether the
samples and Aroclor chromatograms
are sufficiently similar, because accept­
able differences have not been defined.
This problem of pattern recognition is
illustrated by comparison of chromato­
grams for Aroclor 1221 and an un­
known (Figure 3). If all four peaks ap­
pear in the sample chromatogram
(Figure 3b) at the same retention times
and relative abundances as in the Aro­
clor 1221 chromatogram (Figure 3a),
the pattern is easily recognized. If,
however, their relative abundances are
not equivalent, one identification crite­
rion is not met. The absence of one of
the peaks would make the identification
of the sample component as Aroclor
1221 questionable. Most samples that
contain PCBs produce far more com­
plex patterns than the ones shown in
Figure 3.

After identification of the Aroclor,
concentrations of the components must
be measured. In general, EC detector
response to PCBs increases with in­
creasing level of chlorination, but it
also varies among isomers. Measured
GC areas (or heights) of peaks pro­
duced by sample components must be
related to those produced by Aroclor
standards.

The most widely used Aroclor mea­
surement procedure was developed in
1973 by Webb and McCall (9). They
determined the weight percent of the
major components of each GC peak ob­
served from packed-column separation

(b) Unknown

4

2

4

of Aroclors. This calibration procedure
cannot be used with capillary columns.
The Webb-McCall procedure involves
measuring every sample component
peak corresponding to an Aroclor peak,
but analysts frequently select only a few
GC peaks and relate measured peak
heights or areas in samples to those in
Aroclor standards.

The choice of the particular peaks
measured can be a significant source of
data variability. For example, if the
height of peak I in Figure 3b is com­
pared with Aroclor 1221 (Figure 3a),
the reported sample concentration is
twice that of the standard. If the height
of peak 2 is selected, however, the re­
ported concentration is half that of the
standard.

The data user must understand the
phrase "reported as Aroclor x." It
means that the analyst thought the sam­
ple chromatogram more closely resem­
bled Aroclor x than any other Aroclor,
and the reported concentration was
based on an Aroclor x standard.

When a sample contains a degraded
Aroclor or a mixture of Aroclors, op­
portunities for qualitative and quantita­
tive error increase substantially. Al­
though some analysts can identitY an
Aroclor or mixture of Aroclors by a
brief examination of a sample chro­
matogram, many cannot.

MS determination. In addition to all
of the information obtained with an EC
detector, a mass spectrometer provides
the molecular weight and the number of
chlorine atoms in a PCB. This informa­
tion significantly increases the likeli­
hood that the component has been cor­
rectly identified.

A brief discussion of how electron

Retention time

2

Retention time

(8) Aroclor 1221

25

50

75

100

sample components than packed col­
umns do.

The difference between separations
obtained in packed and capillary col­
umns can be demonstrated by chro­
matograms of Aroclor 1260 (Figure 2).
The time required for a PCB to travel
through a GC column (retention time)
can be correlated with the level of chlo­
rination, because retention times tend
to increase with increasing chlorine
content. This correlation is only ap­
proximate, however, because PCB re­
tention times also vary with the struc­
tural arrangement of their chlorine
atoms. For example, 3,3',4,4'-C4 PCB
may be retained longer than any other
C4 PCB and even longer than some Cit;
PCBs (8).

Identification and measurement.
Sample components must be detected
and measured as they elute from the
GC column. Detectors can provide in­
formation about chemical structure or
may give only general information
about some chemical characteristic of
the sample. Most PCB determinations
are performed either by mass spec­
trometry (MS) or with an electron cap­
ture (Ee) detector.

EC detectors. During the past two
decades, most PCB determinations
have involved the use of EC detectors
to identitY and measure PCBs in terms
of Aroclors. The EC detector responds
to any chlorinated or brominated com­
pound, but it does not provide addi­
tional information about compound
structure. It cannot distinguish between
chlorinated or brominated compounds,
and it does not provide information
about the number of chlorine or bro­
mine atoms present.

As sample components pass through
the EC detector, electronegative com­
pounds absorb (capture) electrons to
produce a proportional decrease in base
line electrical current, which is re­
corded continuously. The analyst must
rely on appearance of a detector signal
(peak) at the appropriate retention time
to identitY a sample component. The
retention time must be determined by
analyzing a standard of the compound
of interest under the same conditions
used to analyze the sample.

Unfortunately, another sample com­
ponent to which the EC detector re­
sponds might have the same retention
time as a PCB. Although all 209 PCBs
have been synthesized (8), only about
90 are available commercially for use
in laboratories that perform PCB deter­
minations. Therefore, Aroclors have
been used to determine when PCBs
should appear in a sample chromato­
gram. Although Aroclors vary some­
what in composition from one batch to
another and the samples frequently do
not contain intact Aroclors, no alterna-
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FIGURE 4
Mass spectrum of a tetrachloroblphenyl
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impact (EI) mass spectra are produced
should facilitate an understanding of the
data obtained. When sample compo­
nents exit a GC column and enter a
mass spectrometer, they are bombarded
with electrons and lose electrons and
atoms to form positive ions. When one
electron is lost, the resulting ion (the
molecular ion) has essentially the same
mass as the original molecule. When
the molecule loses an atom or groups of
atoms, fragment ions are formed. With
PCBs, molecular and fragment ions
alike are formed.

In MS, the ions are subjected to con­
ditions that cause them to travel
through the mass analyzer at different
rates, depending on the mass-to-charge
ratio (mlz). A mass spectrum is pro­
duced by detecting and measuring the
relative abundance of each mlz as a
function of time. The characteristic fea­
tures of a mass spectrum, such as that
for a CI4 PCB (Figure 4), are among
the data used to identi fy a PCB.

As sample components exit a gas
chromatograph and enter a mass spec­
trometer, the molecules that are frag­
mented continually change. Therefore,
rapid, frequent measurement of mass
spectra is necessary, and a computer is
needed to control the instrument and to
receive and store data. With PCBs, the
mass range of interest is usually about
45-520 atomic mass units (amu).

The computer is programmed to con­
trol MS operation to scan the mass
range (about 475 amu) in I s or less.
Therefore, only about 2 ms is spent ac­
quiring data for each mass unit. Mass
spectra are acquired repetitively and
numbered sequentially from the begin­
ning of data acquisition to its end. In­
formation about the mass and relative
abundance of each detected ion in each
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spectrum is stored, and all information
acquired for a particular sample com­
poses a data file.

A plot of the sum of the abundances
of all ions in all spectra vs. spectrum
number for each spectrum in a data file
shows a total ion current profile
(TICP). A TICP is similar to a chro­
matogram and is sometimes called a
mass chromatogram or a reconstructed
gas chromatogram. (The chromato­
gram in Figure 2b is a TICP).

Each sample component mass spec­
trum can be displayed by selecting an
appropriate spectrum number and plot­
ting mass vs. relative intensity. The
data can be manipulated to enhance a
spectrum when sample components are
not completely separated or to elimi­
nate ions produced from column coat­
ing materials and residual air. Using the
TIC?, the analyst can select an appro­
priate background spectrum and in­
struct the computer to subtract it from
the spectrum of a sample component.

These actions can be illustrated with
the GC peak labeled 1433 (which is ac­
tually a mass spectrum number) in Fig­
ure 2b. When this peak was expanded
with computer software (Figure 5), two
peaks (apex at 1433 and 1440) could be
seen. Each dot shows where a scan (ac­
quisition of a mass spectrum) ended,
ion abundances were summed to pro­
duce a point on the TICP plot, and an­
other scan began (at mlz 45). When that
scan ends at mlz 520, measured ion
abundances are added to produce the
next point, and the points are connected
to produce the TICP.

In this example, the mass spectrome­
ter scanned from mlz 45 to mlz 520 18
times (spectra 1427-1444) while the
two peaks were eluting. Spectrum 1433
could be selected to indicate the charac-

teristics of the components producing
one peak, and 1440 could show the
other. Spectra 1437 and 1438 probably
contain ions characteristic of both com­
ponents. Therefore, spectrum 1437 or
spectrum 1438 could be subtracted
from 1433 to obtain one that does not
contain ions produced only by the sam­
ple components represented by the peak
that has its apex at 1440.

Because chlorine isotopes of mass 35
and mass 37 exist in known relative
abundance in nature, the measured
abundance of ions that contain chlorine
in molecular ion isotope clusters indi­
cates the level of chlorination of each
detected PCB. PCBs that contain the
same number of chlorine atoms pro­
duce very similar mass spectra. For ex­
ample, all C4 PCBs produce ions of
known relative abundance in a cluster
from mlz 290 to mlz 298, with major
ions spaced 2 amu apart (Figure 4).
Therefore, although mass spectra can­
not be used to distinguish isomers, this
spectral similarity allows identification
of PCBs by level of chlorination.

Even with identification of PCBs by
level of chlorination, measurement of
PCB concentrations in samples that
contain a variety of these compounds is
a problem. A relatively recent approach
to the problem of MS detector calibra­
tion is to use one PCB at each level of
chlorination to represent all members
of that isomer group (3. 10). Because
the response varies from one isomer to
the next, this approach produces results
with an inherent error. This error is
minimized by using a compound that
produces a response near the mean re­
sponse for all available members of the
isomer group. A concentration for each
isomer group is calculated, and a total
PCB concentration is obtained by sum-
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FIGURE 5
Repetitive acquisition of mass spectra produces a total ion profile
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fJ.les to identify PCB sample compo­
nents as specific Aroclors (5).

Other specialized software provides
automated interpretation of mass spec­
tra to identify and measure PCBs by
level of chlorination (II). It evaluates
sample component spectra by emulat­
ing human data interpretation and com­
putational logic. A concentration is au­
tomatically calculated for each isomer
group, and a total PCB concentration is
calculated by summing isomer group
concentrations. Undoubtedly, auto­
mated data interpretation will be ap­
plied increasingly in the future as new
software becomes widely available and
as analysts become more familiar with
its operation.
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ners. Although no one GC column has
been found to separate all 209 PCBs
well enough to produce discrete peaks,
a single capillary column has been used
to separate 187 congeners (8). To
achieve maximum GC resolution, anal­
ysis times of 140-200 min are used.

Tentative identification based on rela­
tive retention time can be confirmed or
refuted by introducing a pure standard
of each candidate compound along with
the sample extract aliquot. This ap­
proach is useful for seeking one or a
few individual compounds but is not
practical for routine monitoring for all
possible PCBs.

Automated interpretation
Many analytical instruments incorpo­

rate computers to control operations
and process data, and efforts to take
advantage of their data-handling, inter­
pretation, and computational abilities
are continually expanding. Chemomet­
rics, the application of computerized
multivariate statistical methods to pat­
tern recognition, is a rapidly expanding
field that eliminates reliance on an indi­
vidual's recognition of GC peak pro-

Spectrum (scan) number

e Spectrum 1433

ffi~
-g .9
E«i
co ::l

.~~
coc
Q)~
lI:o

ming up the isomer group concentra­
tions. One major advantage of this ap­
proach is that it is applicable to all
samples that contain PCBs, whether
they are intact Aroclors, degraded Aro­
clors, preferentially bioaccumulated
congeners, or PCBs produced inciden­
tally during some manufacturing or
treatment process.

Although specific compounds are not
identified with this approach, informa­
tion about individual sample compo­
nents is not lost. The number of PCBs
identified in each sample can be re­
ported, and a concentration can be esti­
mated for each, if desired. In addition,
measured retention times of identified
PCBs can provide information about
the probable presence or absence of
specific PCBs because retention times
for all 209 congeners have been pub­
lished (8). The data user must remem­
ber, however, that retention times do
not provide absolute identification.

Identification and measurement
Specific PCBs can be identified and

measured by use of capillary column
GC and standards for all 209 conge-
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Anaerobic processes have been used
for the treatment of concentrated mu­
nicipal and industrial wastewaters for
well over a century (1). These proc­
esses convert organic materials into
methane, a fuel that can yield a net en­
ergy gain from process operations. Be­
cause of recent advances in treatment
technology and knowledge of process
microbiology, applications are now ex­
tensive for treatment of dilute industrial
wastewaters as well. Europe has been
the leader in applying the new technol­
ogy, with far more installations than in
the United States. The advantages of
anaerobic treatment over aerobic treat­
ment' current understanding of micro­
biology, and the newer processes have
been described in detail by Speece (2).

It is apparent that biofilm processes
offer greater stability than dispersed­
growth processes do for treating dilute
wastewaters. The reasons for this are
not entirely obvious, and are probably
multiple. One factor that makes biofilm
processes more favorable is related to
the role of diatomic hydrogen (H2) in
the control of process dynamics.

Interspecies hydrogen transport
Among the significant recent ad­

vances in the understanding of the ecol­
ogy of the anaerobic process was that
prompted by the discovery of Bryant et
al. (3) that the conversion of ethanol to
methane requires the combined activity
of three separate species of bacteria,
each carrying out one of the reactions
listed in Table I. The first species oxi­
dizes ethanol, and in the process pro­
duces acetate and H2. The second spe­
cies is a methanogen that combines the
hydrogen with carbon dioxide to form
methane. The third species is also a me­
thanogen, but one that splits acetic acid
into carbon dioxide and methane.

The value D.O" represents the stand­
ard Gibbs free energy available from
the reactions when reactants and prod­
ucts are at unit activity and pH is 7. As
indicated by the net equation in Table I,
D.O" is negative; therefore, the overall
reaction under such conditions is favor­
able thermodynamically. However,
D.O" for the conversion of ethanol is
positive, and thus under standard con­
ditions is not favorable. For this reac­
tion to proceed, it is necessary for the
concentrations of the reaction products
(acetate and H2) to be reduced suffi­
ciently by the methanogens to yield a
negative value for the actual free-en­
ergy (D.O") change as given by

Ink

D.G' = D.O"+ RT~ Vik In ai (I)

i=1

where Vik is the stoichiometric coeffi­
cient for component i in reaction k with
Ink components, aj is the activity of
component i, R is the universal gas
constant, and T is absolute temperature
(5).

Because the organisms that carry out
ethanol oxidation depend on methano­
genic activity to reduce product con­
centration, and because the methano­
gens depend on the ethanol-oxidizing
organisms for their food, a close syn­
trophic relationship among the three
species results.

Bryant and co-workers subsequently
showed that this phenomenon is a gen­
eral one by demonstrating that the con­
version of butyrate (6) and propionate
(7), which are important intermediates
in the process, also requires three spe­
cies for conversion to methane gas, as
indicated in Table 2. There is now gen­
eral agreement that methane formation
of complex organic materials is a three­
stage process as illustrated in Figure I
(1, 9, 10).

Complex organic materials are first
hydrolyzed and fermented by faculta­
tive (those that live either in the pres­
ence or in the absence of oxygen) and
anaerobic microorganisms into fatty
acids. The fatty acids are then oxidized
by l3-oxidation to produce H2 and ace­
tate, processes termed dehydrogenation
and acetogenesis, respectively. The last
stage is methanogenesis. Although
there are other ways in which methane
can be formed, the pathways shown in
Figure I tend to be most significant in
anaerobic treatment of wastewaters.

The importance of Hz in process con­
trol is illustrated perhaps better with
propionate than it is with ethanol. This
compound is formed through hydroly­
sis and fermentation of proteins and
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carbohydrates and through oxidation of
longer chained fatty acids. In treatment
of complex mixtures, such as sewage
sludge, as much as 30% of the elec­
trons associated with the methane prod­
uct will flow through propionic acid, as
illustrated in Figure I (8). Thus, H2 is
an important intermediate, and the bac­
teria responsible for its conversion
must be present in sufficient numbers
for the process to operate efficiently.
The amount of energy required to con­
vert propionate to hydrogen and acetate
is even less than that needed for ethanol
conversion. This is illustrated by the
relatively high positive 1iG" for its oxi­
dation (Table 2).

The concentration of either acetate or
hydrogen, or both together, could be
reduced sufficiently to provide a favor­
able free-energy change for propionate
oxidation. In fact, it is H2 that tends to
be most important in the control of the
process. During anaerobic treatment,
its concentration is reduced to a much
lower level than that of acetate. The
acetate concentration in an anaerobic
treatment process tends to range be­
tween 10-4 M and 10-1 M; H2 ranges
between 10-8 M and 10-5 M, or about
four orders of magnitude less. In addi­
tion, the H2 partial pressure can change
rapidly, perhaps varying by an order of
magnitude or more within a few min­
utes. This is related to its rapid turn­
over rate, which is discussed later.

Figure 2 illustrates the relationship
between H2 partial pressure and IiC'
for the three steps in conversion of eth­
anol or propionate to methane, as cal­
culated in Equation I. The relationship
between H2 partial pressure (PH2) and
H2 molar concentration is given by
Henry's law, which at 35 °C is as fol­
lows:

([H21(g) (atm»

([H21(aq) (mollL» (2)

= 1330 atm' Llmol

The concentrations of acetate and
ethanol, the partial pressures of carbon
dioxide and methane, and the pH val­
ues assumed for the calculations are
typical of those in an efficiently operat­
ing anaerobic process. Figure I illus­
trates that for the three organisms re­
sponsible for conversion of ethanol to
methane, the H2 partial pressure must
lie between 10- 1 atm and 10-6 atm. This
is a fairly large range. The energy
available to the acetate-using methano­
gens is independent of H2 partial pres­
sure, whereas that of the hydrogen-pro­
ducing and hydrogen-consuming
species is very dependent on it. Higher
H2 partial pressures tend to supply
more energy to the hydrogen-consum­
ing species, whereas lower partial pres­
sures result in a greater portion of the

TABLE 1
Conversion of ethanol to methane" <1G"

kJ

Ethanol
CH3CH20H(aq) + H20(I) = CH3COO-(aq) + W(aq) + 2H2(g) 9.65

Hydrogen
2H,(g) + lkC02(g) = l/2CH.(g) + H20(I) - 65.37

Acetate
CH3COo-(aq) + W(aq) = CH.(g) + CO2(g) -35.83

Net
CH3CH20H(aq) = "!2CH.(g) + '/2CH,(g) - 91.55

-Thermodynamic values from Reference 4.

TABLE 2
Conversion of propionate and butyrate to methane"

Propionate
CH3CH2COo-(aq) + 2H20(I) = CH3COO-(aq) + 3H2(g) + CO2(g) 71.67

Hydrogen
3H,(g) + 3/4C02(g) = 3/4CH.(g) + "!2H20(I) - 98.06

Acetate
CH3COo-(aq) + W(aq) = CH.(g) + CO2(g) -35.83

Net
CH3CH2COo-(aq) + W(aq) + '/2H20(I) = 7/4CH.(g) 5/4C02(g) -62.22

Butyrate
CH3CH2CH2COo-(aq) + 2H20(1) = 2CH3COO-(aq) + 2H2(g) + W(aq) 48.30

Hydrogen
2H,(g) + lkCO,(g) = 'kCH.(g) + H20(I) - 65.37

Acetate
2CH3COO-(aq) + W(aq) = 2CH.(g) + 2 CO2(g) -71.66

Net
CH3CH2CH2COO-(aq) + H20(1) + W(aq) = 5kCH.(g) + 3/2CO,(g) -88.73

-Thermodynamic values from Reference 4.

FIGURE 1
Three stages of methanogenesis"

20% 5%

·Eleclron flow and the significance of propionate in the conversion 01 complex substrates are illustrated.
Source: Reference 8. Adapted with permission from Biotechnological Advances in Processing Municipal
wastes for Fuels and Chemicals, Argonne National Laboratory. 1984.
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Making Equations 3 and 4 equal to
one another (as for steady-state opera­
tion) and rearranging them gives Equa­
tion 5:

The case for biofIlm
In an ideal completely mixed or con­

tinuous-stirred-tank reactor (CSTR) as
illustrated in Figure 4, the individual
bacterial species are dispersed uni­
formly throughout the system, and the
composition of reactants, intermedi­
ates, products of biotransformation,
and bacterial species is homogeneous
throughout the reactor. In such a sys­
tem, the composition of the effluent
stream is identical to that within the re­
actor itself. Given a model for the rela­
tionship among reactant, product con­
centration, and reaction rate, the rate

20
R,

Consider the case in which
D = 5.85 x 10-5 cm2 sec-I, R, = 320
sec- I, G.! = 5 x 10- II mol cm-3 (lOy
PH2 = -4.2), and CI = 5 X 10- 1

mol cm-3 (log PH2 = -5.2). Here, the
calculated Ll.< is 11 J.lm. This distance is
equal to about 10 bacterial widths.
With higher reported COD loadings of
40 kg COD/m3 •day, Ll.< would be about
5 J.lm. The bacteria must indeed be
close together. This simple analysis
suggests that process designs that en­
courage different species to live in
proximity to one another are more fa­
vorable for high rates of conversion per
unit volume of reactor.

Ll.<=[-

where D is the molecular diffusivity of
H2 in water (cm2 sec-I).

Flux = J =

CI + C2
R,Md = R, ALl.< ( 2 ) (3)

where J is the flux of H2 between the
organisms (mol' sec-I); R, is the H2
turnover rate (sec-I), Md is the H2 mass
in solution (mol); Ll.< is the distance be­
tween species (cm); C/ and C2 are the
H2 concentrations at the surface of the
Hrproducing and H2-consuming spe­
cies, respectively (mol' cm-3); and A is
the cross-sectional area across which
diffusion occurs (cm2).

Because the flux results from diffu­
sion

3 x 10-5 mol/m3. This calculation is
derived from Equation 2.

For this example, the turnover rate of
the H2 pool would then have to be 206/
3.0 x 10-5, which corresponds to
6.8 x 1Q6/day or - 80/s. H2 is there­
fore transferred rapidly from the Hr
consuming bacteria. How can this be
accomplished? The producing and con­
suming species must be close together
within the treatment reactor.

For processes on this microscale, dif­
fusion is the main mechanism for H2

transport between species. This is illus­
trated in Figure 3. As a simple exam­
ple, consider one-dimensional flow of
H2 between species separated by a dis­
tance of Ll.<:

energy going to the hydrogen-produc­
ing bacteria.

With propionate use, the H2 partial
pressure must lie in a relatively narrow
range, between 10-4 atm and 10-6 atm,
assuming that the concentrations of
other reactants and products do not
change greatly. Because propionate is a
major intermediate in the anaerobic
treatment of most complex mixtures,
H2 partial pressures must remain within
this range for such treatment systems to
operate efficiently. This has significant
implications for the way in which an­
aerobic treatment systems respond to
perturbations, such as the sudden intro­
duction of waste in a relatively high
concentration. This will be addressed
later.

The low concentration of H2 within
the digester also has implications for
the rate of H2 turnover within the sys­
tem. Loading rates to anaerobic treat­
ment systems are frequently reported as
chemical oxygen demand (COD), with
typical values of 1-30 kg COD/mJ . day.
Theoretically, 0.064 kg COD can be
converted into I mol C~ (1 J). With
most complex wastes, about one-third
of the methane results from H2 con­
sumption; the other two-thirds comes
from acetate use (Figure I).

Because I mol C~ requires 4 mol
H2, in a moderately loaded system that
converts 10 kg COD/day per m3 of re­
actor volume, H2 generation would be
0.33(4)(10)/0.064 or 206 mol H2/

m3 • day. For H2 partial pressure of
4 x 10-5 atm, the corresponding H2
solution concentration would be

FIGURE 2
Effect of~ partial pressure on free energy"

(a) Ethanol to methane

FIGURE 3
Transport of~ from hydrogen-produclng to
hydrogen-c:onsumlng species"

Gradient for transport

Hydrogen-using
bacterium

c::::::::::==:>
transport

Propionate-oxidizing
bacterium

(b) Propionate to methane
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·.b.G' avaHable to each species from overall methanogenesis of 1 mol ethanol and
1mol proprionate. Calculations were made using Equation 1 and thermodynamic
values from~ 1 and 2. assuming that leth~l • (propionate) • (acetate) ­
0.0001; (methane] - 0.7 aim; (carbon dioxide) - 0.3 etm. pH • 7.0; [water] ­
1.0. pH - 7.0. and T • 308 K.

1202 Environ. Sci. Technol., Vol. 20, No. 12, 1986



GasGas

tial danger posed by high H2 concentra­
tions, which could prevent propionate
or butyrate oxidation, can be mini­
mized. Short-chain fatty acid conver­
sion could then take place within the
middle sections, at the end of tubular
reactors, or in the later stages of series
reactors.

Indeed, tubular and staged reactors
for anaerobic treatment are in common
use. Many biofilm reactors tend to op­
erate as tubular reactors as well, thus
further increasing their reliability. One
danger, however, is that organic acid
production tends to be higher near the
entrance to such systems, where fer­
mentation occurs. This can increase the
risk of unfavorably low pH, perhaps
offsetting some of the advantages dis­
cussed here. Recycling can help over­
come this potential problem by lower­
ing influent concentrations.

Reactor configurations
Figure 4 illustrates various reactor

configurations used in anaerobic treat­
ment as described in greater detail by
Speece (2). The completely mixed
(CSTR) and anaerobic contact proc­
esses are systems that have been in op­
eration for years. They are generally
considered dispersed-growth systems.
However, when they contain floccu­
lated particles, they may feature some
characteristics of biofilm systems. Up­
flow and downflow packed beds have
been gaining popularity since 1970.

Ql-:::::~ i
--~Feed

Upflow packed bed Downflow packed bed

Gas Gas Gas

~
_, g rrv-

tFeed ~
Feed Upflow anaerobic UASB incorporating

Expanded bed sludge blanket separate settler

Anaerobic contact
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Fluidized bed
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Gas
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Fe~!t J

Baffled reactor

propionate use is favorable.
This could be true even if the bulk

liquid composition was such that pro­
pionate could not occur at the biofilm
surface. A significant advantage of
biofilms is that reactions can take place
within their depths, even though the
bulk liquid composition may not be fa­
vorable for this. In addition, bacterial
mass is generally much denser in a
biofilm. This narrows the distances be­
tween species, allowing higher conver­
sion rates. These factors may help to
explain why biofilm systems seem to
offer a distinct advantage over dis­
persed-growth systems.

Other reactor systems have been sug­
gested to separate the different phases
in .the overall methane fermentation
process, thus offering an opportunity to
optimize each phase separately (12).
Such separation is obviously not possi­
ble where different species must be
close together, as is the case for propio­
nate use. However, the first stage of
fermentation and hydrolysis (Figure I)
could be separated from the last two.

The use of tubular reactors or two or
more CSTRs connected in series are
similar approaches. Fermentations that
might result in high H2 concentrations
can take place at the head end of a tubu­
lar reactor or in the first stage of a
staged reactor. For example, carbohy­
drate hydrolysis and fermentation
might be encouraged in the first stage.
In making such a separation, the poten-

can be estimated from an analysis of
effluent characteristics alone. This is
not the case with biofilm reactors.

A biofilm is often thought of as a
dense layering of microorganisms at­
tached to an inert surface, but it also
can be a dense aggregation of microor­
ganisms held together by electrostatic
forces or synthetic or natural polymers.
As such, a CSTR can contain biofilms
in suspension in addition to dispersed
microorganisms. Thus, the distinction
between dispersed-growth and biofilm
reactors may not always be obvious. It
may be necessary to examine the mi­
croorganism distribution within a given
reactor to know how to characterize it.

The important distinction relates to
whether the kinetics of the biological
reactions that occur can best be de­
scribed by equations appropriate for
dispersed growth or biofilms. With dis­
persed growth, the microorganisms at
any given location respond to the sub­
strate concentration, which is the same
as that in the bulk liquid phase sur­
rounding it; in a biofilm, the substrate
concentration can be different from that
in the bulk liquid.

A cross section of a hypothetical
biofilm growing on a support medium
in a reactor is illustrated in Figure 5 for
the case in which both ethanol and pro­
pionate are substrates fed to the reactor.
The two substrates move from the bulk
liquid within the reactor to the biofilm
surface by mass transport at a rate gov­
erned by reactor hydrodynamics. They
then diffuse into the biofilm, where
they are transformed by ethanol- and
propionate-using bacteria into acetate
and hydrogen.

These products are then converted by
the two physiological groups of me­
thanogens. In response to gradients,
some of the hydrogen and acetate dif­
fuses or is otherwise transported back
to the bulk liquid. The activities of the
four bacterial species within the biofilm
cannot be deduced readily from the
bulk liquid composition. This is in con­
trast to dispersed growth. Indeed, the
activity of the various species can vary
markedly throughout the biofilm.

In the hypothetical example shown in
Figure 5, the H2 partial pressure is
higher just inside the biofilm than it is
in the bulk liquid itself. However,
within the depths of the biofilm, partial
pressure can be much lower. Reactant
and product concentrations vary
throughout the biofilm. Ethanol con­
version is favored thermodynamically
at much higher acetate and hydrogen
concentrations than is propionate con­
version. Therefore, ethanol conversion
would be likely to occur near the face
of the biofilm. At some depth within
the biofilm, the concentrations of ace­
tate and H2 are lowered enough that
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They tend to respond as biofilm reac­
tors.

Of particular interest here are the up­
flow anaerobic sludge blanket (UASB),
fluidized, expanded-bed, and baffled
reactors that have been introduced
within the past decade. All are capable
of exceptionally high volumetric rates
of treatment (6-20 kg COD/m3 • day)
for relatively dilute industrial wastewa­
ters (~ 1000 mg/L COD). All offer the
possibility of maintaining a large bacte­
rial mass within the reactor system as
required for high decomposition rates
per unit volume. In addition, they tend
to act more like biofilm than like dis­
persed-growth systems.

The success of the UASB reactor is
the result of the development of a gran­
ular sludge of nearly spherical particles
1-5 mm in diameter (13). These parti­
cles consist of a dense packing of the
mixture of microorganisms responsible
for anaerobic treatment. As such, this
system acts like a biofilm in that there
is substrate diffusion into the particles
of microorganisms and product diffu­
sion out. It thus offers the same advan­
tages as biofilms do for anaerobic
wastewater treatment.

In fluidized-bed and expanded-bed
systems, an active biofilm develops on
small, dense, inert substrate material.
Granular particles also develop within
the baffled reactor. Thus, most of the
newer anaerobic reactors that offer sta­
ble and reliable treatment of industrial
wastewaters can be modeled mathemat­
ically and conceptually as biofilm sys­
tems. The presence of the biofilms ap­
pears to be one of several reasons for
their operating stability.

Studies of 8 2 control
To verify that anaerobic treatment

operates in accordance with free-en­
ergy considerations, a series of anaero­
bic treatment systems was operated in
the Stanford University Water Quality
Control Research Laboratory. Several
CSTRs were included, as were an an­
aerobic filter and a baffled reactor (Fig­
ure 4). Ethanol and propionate were
used as the feed for some of these sys­
tems, one CSTR received combined
primary and secondary municipal
wastewater sludge, and the anaerobic
filter received pulp evaporator conden­
sate wastewater and a synthetic organic
mixture of acetone and isopropanol.
Appropriate pH buffers and inorganic
nutrients required for microbial growth
were included.

All but one of the reactors were oper­
ated as continuous-flow systems (the
sludge CSTR was operated semi-con­
tinuously), and H2 partial pressure in
the gas phase was determined under
steady-state conditions of operation us­
ing a reduction gas detector. This in-
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strument permits the quantification of
H2 to less than 10-7 atm in the gas
phase. Hydrogen was passed through a
heated mercuric oxide bed to release
mercury vapor, which was measured by
ultraviolet photometry. With steady­
state operation, it was assumed that H2
in the bulk liquid and H2 in the gas were
in equilibrium. This assumption can be
used only with caution.

Table 3 is a summary of typical H2
partial pressures measured during
steady-state operation of the various
systems. Estimated H2 turnover rates
(R,) also are included. In all cases PH2

was in the range of 1-20 x 10-5 atm.
This is the range within which propio­
nate use is thermodynamically favored.
In general, reactors that received etha­
nol operated near the higher end of the
range; those with other substrates oper­
ated near the lower end.

Thus, under normal conditions of op­
eration, and even with an energetic sub­
strate such as ethanol in the feed, hy­
drogen-using bacteria do reduce H2
concentrations to a range that allows
use of less energetic propionate and
longer chained fatty acids. In addition,
reactors that fostered biofilms (the baf­
fled reactor and the anaerobic filter)
produced lower PH2 values for a given
H2 turnover rate than did reactors that
favored dispersed growth (CSTRs).
This is to be expected in light of the
closer packing of microorganisms in
biofilms.

The reactions proceeded at practical
rates even though reactants and prod­
ucts were very near to equilibrium con­
centrations. Microbial enzymes are in­
deed amazing chemical converters.

Now, let us examine the effect of a
sudden overload of a substrate such as
ethanol. Figure 6 shows how the con­
centrations of propionate, acetate, and
H2 were affected by the sudden intro­
duction of 0.023 M ethanol to a CSTR
operated at steady state with a 15-day
hydraulic residence time and a continu­
ous feed of 0.05 M ethanol and 0.05 M
propionate. Because the reactor in this
case contained an active population of
ethanol-oxidizing bacteria, ethanol con­
centration dropped rapidly. As a result,
both the acetate concentration and the
H2 concentration in:reased. The H2
concentration rose rapidly by an order
of magnitude, but nevertheless stayed
within a range that was compatible with
ethanol use, as it must.

This elevated H2 concentration re­
sulted in a positive t:.G' for propionate
oxidation, and propionate use stopped.
This is evidenced by the fact that pro­
pionate concentration increased at a
rate consistent with the rates of its in­
troduction and withdrawal from the re­
actor (Figure 6). After the ethanol was
consumed and the PH2 dropped to near
its former steady-state concentration,
propionate use resumed. These results
are consistent with expectations of dis­
persed-growth reactor performance
based on free-energy considerations.
They can help explain why propionate
concentrations can increase in a heavily
loaded reactor.

A similar experiment was conducted
using a baffled reactor. Here, the feed
concentrations were 0.1 M propionate
and 0.1 M ethanol, and the detention
time was 48 h. A high recycle rate
(100: I) of effluent to influent was used



econcentration raised by 0.023 M at time zero. Tracer line shows hypothetical change in propionate
concentration without use. The reactor was ted 0.05 M ethanol and 0.05 M propionate continuously at a 15­
day ~raulic _limo.

to obtain near-uniform substrate con­
centrations throughout the reactor. The
response, illustrated in Figure 7. was
somewhat more dramatic than that of
the CSTR because the loading per unit
volume was much higher.

Again, there was an increase in pro­
pionate. However, because the propio­
nate concentrations did not follow the
tracer line, some biological removal is
assumed, even though the measured Hz
partial pressure in the gas phase
reached nearly 10-3 atm. This gas­
phase partial pressure would result in a
positive t!J.G' such that the observed bi­
ological removal of propionate would
not be expected. However, a possible
explanation is provided if one considers
the two factors discussed previously.
First, the baffled reactor does function
similarly to a staged reactor. A high
rate of ethanol use in the first stage
could result in high Hz production so
that even when mixed with lower H,
concentration gases from subsequeni
stages, the resulting gaseous Hz con­
centration would be high.

In addition. the biofilm resulting
from the granular sludge in this reactor
would allow propionate use to occur
within its depths, where Hz concentra­
tion would be low. The relative impor­
tance of these possibilities is not known
at this point. However, this example il­
lustrates the potential advantages of
staged and biofilm processes.

Caveats for use
Anaerobic treatment processes re­

quire the presence of a diverse and
closely dependent group of bacteria to

FIGURE 6
Response of a completely mixed reactor

O.025r---------------,
(a) Sudden rise in ethanol concentration"

(b) Methane production

Time (h)

-3

TABLE 3
H2 Partial pressures measured under steady-state conditions

HydraUlic COD
detention COD conversion Estimated H,

Reactor Feed time loedl~ toCH, PH, turnover rate
conllguratlon aubalnte (days) (kg COD/m -day) (%) (10-' atm) (R,• sec-')'

CSTR 0.05M Ethanol 15 0.3 >90 19 0.5
CSTR 0.10M Ethanol 9.1 1.0 >90 20 1.7
€STR 0.10M Ethanol 5.0 1.8 30 7 9
CSTR 0.05M Ethanol 15 0.7 >90 12 2

0.05M Propionate
CSTR 0.10M Ethanol 10 2.0 >90 15 5

0.10M Propionaie
CSTR 0.10M Propionate 9.1 1.2 >90 6 8
CSTR 0.10M Propionate 10 1.1 >90 5 9
CSTR" Sludge 10 3.0 >70 7 11

0.10M Ethanol
CSTR" Sludge 30 0.7 >60 1 15
Baffled reactor 0.10M Propionate 2 5.6 >50 2 86
Baffled reactor 0.10M Ethanol 2 10 >70 12 26

0.10M Propionate
Baffled reactor Noleed Inlinite 90 1 0
Anaerobic filler O.OO17M Acetone 6 0.08 >90 0.7 4

0.OO17M Isopropanol
Anaerobic filter Pulp evaporator 15 >80 2 32

condensate

"!lased on Tables 1and 2. otherwise assuming 33% 01 CH, results from H, use.
"Operated semicontinuousiy.
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bring about the complete conversion of
complex mixtures of substrates to
methane gas. It is puzzling that single
species of bacteria have not evolved to
convert at least simple substrates such
as carbohydrates, amino acids, or fatty
acids all the way to methane.

In any event. the fact that multiple
species are required should be recog­
nized by engineers because it affects the
choice of treatment system. H2, which
is produced by substrate oxidation,
must be consumed rapidly and effi­
ciently by methanogenic bacteria for
the oxidation of many substrates and
intermediates to occur. This requires
the hydrogen-producing and hydrogen­
consuming species to remain in prox­
imity to one another, a requirement met
by processes in which biofilms de­
velop. Biofilms also permit a diversity
of environments to develop in proxim­
ity to one another so that suitable condi­
tions for the oxidation of each substrate
and intermediate product can exist
somewhere within the biofilm.

Most of the newer anaerobic treat­
ment systems, including the UASB,
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fluidized-bed, and baffled reactors,
tend to act as biofilm reactors. As such,
they permit development of the dense
packing of microbial species required
for high rates of substrate use. These
reactors offer efficient and reliable con­
version of relatively dilute industrial
wastewaters into methane gas at high
loading rates. Although experience
with these systems is still rather limited
in the United States, there are many
successful installations in Europe.
There is a need to learn more so that the
most appropriate applications can be
determined,

With the ability to monitor H2 partial
pressure at levels of significance to an­
aerobic treatment, more attention might
be given to use of this as a tool in the
control of the process and in the diag­
nosis of process problems. The recent
recognition of the broad spectrum of
wastewaters, including phenolic waste­
waters, that can be treated by this proc­
ess suggests that much is to be gained
from research directed toward under­
standing this important and interesting
wastewater treatment process.
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Finally . • . Superfund

Richard M. Dowd

After nearly two years of conflict and
debate, Congress has passed and Presi­
dent Ronald Reagan has signed the Su­
perfund Amendments and Reauthoriza­
tion Act of 1986. The statute contains
four titles. Titles J and 2 rewrite the
original Superfund law, the Compre­
hensive Environmental Response,
Compensation and Liability Act of
1980.

The financing portions of the bill
will, over its five-year lifetime, raise
$8.5 billion from a general manufactur­
ing tax, specific levies on chemical and
petroleum products, and a tap on gen­
eral treasury funds. These monies will
be used to pay for cleaning up aban­
doned hazardous waste sites for which
the responsible parties cannot be found
and assessed for the costs. In addition,
the bill finances a new Leaking Under­
ground Storage Tank Trust Fund by
levying a new tax of O.l C/gal on all
types of motor fuels.

The new Title 3 contains emergency
planning and community right-to-know
provisions that require communities to
gather and publish information on haz­
ardous substances that can affect them
either through accidental releases or
through routine emissions of hazardous
materials. EPA must publish an acute­
hazards list naming 400 of these sub­
stances within 30 days.

The agency must also begin drawing
up rules establishing a threshold plan­
ning quantity (TPQ) for each substance
on the acute-hazards list. If EPA does
not establish TPQs, the new law will
automatically set the quantity at 2 lb for
each substance. If a TPQ for a hazard-

ous substance exists at a facility, the
facility is subject to Superfund's emer­
gency planning requirements.

Finally, Title 4 establishes a radon
gas and indoor air quality research pro­
gram.

Other highlights

Superfund requires a total reevalua­
tion of the existing Hazardous Ranking
System (HRS) that determines whether
a site is to be placed on the National
Priority List (NPL) of facilities that re­
quire cleanup.

Tight timetables are set for EPA to
begin remedial investigation feasibility
studies for some 650 sites within five
years, and EPA is directed to clean sites
at a pace much more rapid than the pre­
vious rate of fewer than a dozen over
the past five years. The bill also author­
izes EPA to provide technical assistance
grants of up to $50,000 per site to assist
participation by the general public in
decisions involving cleanups.

The new law authorizes potentially
responsible parties (PRPs)-entities
that are liable, as contributors of wastes
to specific abandoned sites-to carry
out their own remedial investigation
and feasibility studies and to take action
to clean up sites. In these cases, the
government would supervise qualified
contractors paid by the PRPs.

Superfund explicitly authorizes EPA
to negotiate settlements with those re­
sponsible for a hazardous-waste site,
and the bill establishes procedures to
encourage settlements instead of
lengthy, costly law suits.

The new law gives special relief from
non-negligent liability to contractors
who carry out cleanup activities. The
inability of many firms to obtain liabil­
ity insurance in the market has hindered
recent cleanup projects.

Addressing the "how clean is
clean?" issue, the law specifies criteria
for EPA to use in determining appropri­
ate cleanup levels. These standards are
to take effect 30 days after enactment
and require, as a minimum, that clean­
ups meet any legally applicable federal,

state, or local standard, criterion or
limitation. In many cases, the most
stringent standards would be the Safe
Drinking Water Act's maximum con­
taminant level goals, which are set at
zero for carcinogens. All cleanups are
required to be done as cost-effectively
as possible.

An initial $50 million is provided for
the agency to fund the Toxic Substance
and Disease Registry (ATSDR)-an in­
dependent arm of the Department of
Health and Human Services, which
will conduct health research at sites as
deemed necessary by the ATSDR ad­
ministrator. By mid-April 1987,
ATSDR and EPA are to prepare a list of
the 100 substances most commonly
found at Superfund sites; an additional
100 substances are to be added within
24 months. Each listing must be ac­
companied by a summary of the sub­
stance's characteristics, toxicity, and
known health effects.

Superfund explicitly establishes pro­
grams for research, development, dem­
onstration, and training to encourage
alternative and innovative treatment
technologies and to improve detection
and assessment of effects and risks re­
garding human health.

The law requires that each state cer­
tify, within three years, that it has suf­
ficient disposal capacity to handle all
hazardous wastes generated within its
borders for the next 20 years. Without
that assurance, Superfund monies will
be withheld from any noncomplying
state except in certain emergency
cases.

Superfund will drive EPA's work
agenda for some time to come. These
highlights are only a sample of the bill's
major provisions; others will be dis­
cussed in future columns.

Richard M. Dowd, Ph.D., is a Wash­
ington, D. c., consultant to Environ­
mental Research & Technology, Inc.
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Atmospheric warm-up

By Sandra L. Postel

Scientists now expect that over the next
several decades the atmospheric
buildup of carbon dioxide and other
"greenhouse" gases will raise the
Earth's temperature to levels unprece­
dented in human history. The costs of
adapting to higher temperatures, shifts
in rainfall patterns, and a rise in ocean
levels will severely strain the econo­
mies of industrial and developing coun­
tries alike. Maintaining food security,
for example, could require worldwide
investments of nearly $200 billion to
adjust irrigation patterns alone. Ac­
cording to some estimates, the annual
cost of climate change could approach
3% of the world's gross economic out­
put, perhaps negating the benefits of
economic growth.

Many uncertainties about the warm­
ing trend remain, and more research is
urgently needed. Yet waiting for a de­
finitive picture of how climate change
will unfold invites costly consequences
and potential disaster. By the time re­
searchers document a marked shift in
climate, it will be irrevocable, and its
consequences unavoidable. This irre­
versibility, combined with unacceptably
high costs of adaptation, justifies im­
mediate action.

Because of our dependence on fossil
fuels, some change in the world's cli­
mate is already inevitable. And because
CO2 is the key variable in the climate
equation, the ultimate magnitude of cli­
matic change-and the pace at which it
unfolds-will depend greatly on the fu­
ture use of coal, oil, and natural gas.

If worldwide CO2 emissions from
fossil fuels return to their pre-1973 rate
of growth-more than 4% annually­
atmospheric concentrations will double
their preindustrial levels in about 40
years. Because of the rising concentra­
tions of other greenhouse gases, the
equivalent of a CO2 doubling would oc­
cur perhaps a decade or so earlier. On
the other hand, holding that growth to

Salldra L. Pastel

just I % annually would delay a CO2
doubling for more than a century.

A goal of limiting the annual growth
of CO2 emissions to I % may have
seemed utterly unrealistic 10 years ago.
Now, however, it appears entirely fea­
sible. For the decade following 1973,
worldwide carbon emissions grew at an
encouragingly low average rate of
I. I % per year. Carbon emissions actu­
ally fell between 1980 and 1983. But
with the recent drop in oil prices, an
upward trend could easily resume.
Moreover, maintaining a I % rate of
growth worldwide will require that in­
dustrial countries at least cap their
emissions to allow for needed energy
growth in the Third World.

The energy connection

Achieving such a target will require
investments in energy efficiency and al­
ternative energy sources beyond those
the market alone would induce. By re­
ducing fossil fuel combustion, these in­
vestments would simultaneously curb
air pollution and acid rain. Strategies
that focus only on pollution control
technologies-such as scrubbers for
power plants-ignore cost-effective op­
portunities to limit acid-forming pollu­
tants and the CO2 buildup.

The rise in energy costs during the
1970s triggered some impressive effi­
ciency gains. Yet there is still vast po­
tential for cutting energy use in indus­
tries, automobiles, and homes. In
Sweden, for example, houses with
heating requirements that are one-sev-

enth those of average Swedish homes
are now on the market. Legislation
there calls for 30% energy savings in
buildings over 10 years, which, if
achieved, will cut the nation's total en­
ergy consumption by 15 %.

State and federal governments in
West Germany also have taken some
impressive steps. Between 1978 and
1982, they invested nearly $2 billion to
promote conservation of heating en­
ergy. Projections indicate a 30 % drop
in the amount of energy needed for
space heating by 2000. Because of
these and other efforts to boost effi­
ciency, West German analysts now ex­
pect no increase in the nation's total pri­
mary energy needs through the end of
this century. That means West Germany
will cap its carbon emissions and in­
deed may reduce them.

Standards and strategies
Setting standards for residential ap­

pliances, which in the United States ac­
count for about one-third of all electric­
ity needs, could cut energy use
substantially. In the absence of federal
initiatives, several states have taken the
lead. California's standards call for a
50 % increase in the efficiency of re­
frigerators and freezers by 1992, which
would eliminate the need for one large
power plant. Prospects now look prom­
ising for the establishment of federal
standards. The National Appliance En­
ergy Conservation Act of 1986, ex­
pected to receive congressional ap­
proval in 1987, sets standards for most
major electrical appliances. Its enact­
ment will defer the need for 20-25
large electric power plants nationwide.

Shifting energy sources away from
those that emit large quantities of car­
bon also would be part of an effective
strategy. Selected use of natural gas in
place of coal and oil could reduce emis­
sions fairly quickly and economically
and would provide a practical bridge to
an energy economy less dependent on
all fossil fuels. Natural-gas burning
emits 30% less CO2 than oil and 42%
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less than coal per unit of useful energy
output. On the other hand, use of syn­
thetic fuels, which some see as an even­
tual replacement for dwindling oil sup­
plies, results in a substantial increase in
CO2 emissions compared with any of
the natural fossil fuels.

A few nations have begun to shift
away from fossil fuels. In West Ger­
many, alternative sources are expected
to produce 17 % of primary energy by
the beginning of the next century, up
from 4% in 1960. Nuclear power dom­
inates this non-fossil-fuel contribution.
Yet where concerns about radioactive­
waste disposal, high costs, or safety
lead energy planners to shy away from
the nuclear option, other sources-in­
cluding solar, wind, and hydropower­
could in many cases greatly expand the
share of energy generated without fos­
sil fuels.

In the United States, for example,
nearly 1300 small-scale power projects
using a mix of alternative sources have
been planned since 1980. Their com­
bined capacity will equal that of 25
large coal or nuclear plants. Sweden's
long-term energy policy includes re­
ducing its dependence on oil, while
phasing out nuclear power. Along with
increasing energy efficiency, Sweden
plans to meet a greater share of its
needs from wind, water, and solar
power.

Along with reducing CO2 , control­
ling releases of the synthetic chloro­
fluorocarbons (CFCs) can help slow the

pace of climatic change. Because they
act as greenhouse gases, these chemi­
cals contribute significantly to the
warming trend, while also threatening
to deplete the protective layer of ozone
in the upper atmosphere. The United
States and several Scandinavian coun­
tries have already banned or restricted
nonessential uses of CFCs in aerosols.
This action actually proved beneficial
to the U.S. economy, with available
substitutes saving consumers an esti­
mated $165 million in 1983 alone.

A worldwide ban on nonessential
aerosol uses thus appears a cost-effec­
tive first step toward reducing the
threats CFCs pose. Under the auspices
of the United Nations Environment
Programme, international negotiations
regarding CFCs are in progress but so
far have resulted only in a framework
for adopting control measures if they
are deemed necessary.

Forest preservation, essential for a
host of reasons, plays a dual role in
minimizing risks of climate change.
The clearing and burning of tropical
forests contribute substantially to the
annual release of CO2 to the atmos­
phere. Aside from this, of course, is the
fact that trees remove CO2 from the air
during photosynthesis. Currently, 10
trees are cleared in the tropics for every
one planted. Working with tropical
countries to plant trees and to protect
natural forests could thus do much to
lessen the damage.

In mid-1985, a promising develop-

ment emerged with the unveiling of an
ambitious tropical forest protection
plan. Designed by an international task
force coordinated by the World Re­
sources Institute and supported by lead­
ing aid agencies, it calls for investments
totaling $8 billion over five years in
tree-planting projects and efforts to ar­
rest deforestation. If adequately funded
and implemented, the plan may help
begin a much-needed reversal of defor­
estation trends.

International challenge
No nation acting alone can avert the

costly consequences of altering the
Earth's climate. CO2 emissions any­
where contribute to climate change
everywhere. Yet translating shared
risks into cooperation aimed at mini­
mizing them is no easy task. A decision
to place a hefty tax on fossil fuel com­
bustion, for example, would have seri­
ous political and economic repercus­
sions. Few nations would view it in
their interests to adopt such a preven­
tive measure without guarantees that
others will do the same.

A host of institutions can help build
the cooperation needed among govern­
ments. The United Nations Environ­
ment Programme, the U.N. Economic
Commission for Europe, the European
Economic Community, the World Me­
teorological Organization, and others
have in various ways been instrumental
in achieving progress toward global en­
vironmental management. But only
with leadership from individual nations
will concrete measures result.

Action by only a few countries can
lead to action by many, as sh0wn by
progress in controlling acid rain. Ten
nations initially made the commitment
in March 1984 to reduce their sulfur
dioxide emissions by 30% within a dec­
ade. Twenty-one nations now have
made similar commitments. Meaning­
ful reductions in worldwide CO2 emis­
sions would begin with concerted mea­
sures by just three nations-China, the
Soviet Union, and the United States,
the world's three largest users of coal.

Fossil fuels have figured prominently
in our quest for economic growth and
higher standards of living. But a chang­
ing climate brought about by their use
threatens to undermine a substantial
share of the gains won. Prudence and
responsibility dictate that industrial so­
cieties act now to limit alterations of the
Earth's climate.

Sandra L. Postel is a senior researcher
with Worldwatch Institllte in Washington,
D.C. She is allthorofthe institllte's report,
'illtering the Earth's Chemistry: Assessing
the Risks," from which this article is
largely drawn.
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DEPARTMENT HEAD
DEPARTMENT OF CIVIL AND

ENVIRONMENTAL ENGINEERING
UNIVERSITY OF CINCINNATI
The College of Engineering invites applications and

nominations for the position of Head of the Deparl­
ment of Civil and En.... ironmental Engineering. The de­
partment offers comprehensive educational and re­
search programs in the major specialties of civil and
environmental engineering and environmental sci­
ence. The department currently has 20 lull-time facul­
ty positions, 134 graduate students. 298 undergradu­
ate students and olfers the B.S.. M.S., and Ph.D.
degrees. All undergraduate students participate in co­
operative education. The department currently has in
excess of 2.1 Million dollars in research contracts.

The Oepanment Head is the chief administrative
and academic ellicer in the department and is respon­
sible for budget. evaluation and initiation of recom­
mendations for promotions. and lor creating a stimu­
lating environment for leaching. research. and faculty
development. The Head is directly responsible 10 the
Dean of the College 01 Engineering and holds the rank
01 professor with tenure.

The search committee is looking for a distinguished
educator and engineer. with excellent credentials in
teaChing and research. who has the ability to interface
successfully with students. COlleagues. and the com­
munity. The salary is commensurate with qualilica­
tions and experience. All applications received by
January IS. 1987 will be considered. Applicants
should send resume and references to: Dr. Andrew
Bodocsi. Civil and Environmenlal Engineering.
Search Commiltee Chairman, Mail Location #71.
University of Cincinnati, Cincinnali, Ohio 45221.
Phone: (513) 475-5618. The University of Cincinnati
is an Allirmative Action/Equal Opportunity Employer

GC/MS OPERATOR
POLLUTION CONTROL SYSTEMS. INC.. an envi­
ronmental cOflsulting firm, located in the Fort
Wayne. IN area is seeking an experienced GC/MS
operator to assist in the establishment of a GC/MS
and GC section of existing laboratory. Position re­
quires a minimum of a BS in Chemistry and 2 to 3
years experience performing GC/MS analyses on
environmental sample matrices, with a working
knowledge of USEPA regulations and procedures.
Must possess ability to evaluate GC/MS data. Send
resume. references. transcripts, and salary history
to:

Sandra l. Mort
Pollution Control Systems, Inc.

State Road 3 at County Road 550 S.
laotto. IN 46763

Environmental analyst to head up atomic ab­
sorption unit in laboratory which performs
chemical analyses of water and soil samples
with aid of automated chemistry instruments.
Must be able to operate atomic absorption
system with computer interface to test for
ions, metals. minerals, nutrients and other
contaminants: evaluate quality control data;
process data to produce required statistical
data. Req: one year experience and B.S. in
biology, chemistry or environmental sci­
ences. Mon-Fri. 7 a.m.-4 p.m., $1.909/mo.
Job site and interview in Sacramento. Send
this ad and resume or letter stating qualifica­
tions to job # 8816. P.O. Box 9560. Sacra­
mento. CA 95823~0560 by January 5, 1987.

, -POSTDOCTORAL---~
Tropospheric Chemistry

The Isotope Geochemistry Group of the Los Alamos National
Laboratory is seeking candidates for a postdoctoral appointment in
tropospheric chemistry.

This opportunity will include participation in a study of the at­
mospheric chemistry of organic oxidants in remote areas (J. Phys.
Chem.• gO, 152, (1986)). This project will involve development of
analyticai methods for field monitoring and theoretical modeling of
peracids. peroxides, and both peroxyacyl- and peroxyaikyl-nitrates.

The Laboratory, one of the nation's foremost scientific research
organizations. is operated by the University of California for the
United States Department of Energy. Our location in the mountains
of northern New Mexico offers an uncrowded lifestyle with ample
recreational activities.

Our postdoctoral appointments are for one year. renewable for a sec­
ond year with a starting salary of $31.260 to $32.940 per annum. We
provide a comprehensive employee benefits package, including in­
coming travel and moving expenses. Candidates no more than three
years past their Ph.D. are invited to apply.

To formally apply, please send resume, employment application,
three letters of reference, and graduate and undergraduate
transcripts to: Carol M. Rich, Human Resources Development Divi­
sion POSTDOC-AA, Los Aiamos National Laboratory. Los Alamos,
New Mexico 87545.

Affirmative Action/Equal Opportunity Employer
U.S. Citizenship Required

J:\~E.n.V.ir.o.n.m.e.n.t.a.1~ _

Superintendent ­
Water Quality

Wisconsin Electric Power Company has an industry-wide reputation for
innovation and leadership in the energy field. Our careful attention to
business has made us oneofthe most financially sound utility companies
in the U.S

The Position
You will direct the Water Quality and Solid & Hazardous Waste Program
areas functioning as liaison between the company and various regulatory
agencies. monitoring compliance, interfacing with operating depart­
ments. and providing technical support. This involves supervision over a
small professional staff.

The Qualifications
A minimum of a bachelor's degree in Civil Engineering, Environmental
Science or a related discipline is required in addition to a minimum offive
years of significant project management experience in surface and
groundwater quality, and/or solid and hazardous waste. Experience
dealing with utility environmental issues is an asset. Supervisory
experience is preferred.

The Rewards
You'll have the prestige of working for a leader in the field of energy and
environmental issues. Our leadership allows us to offer a competitive
salary, excellent benefits and the opportunity for professional growth
Send resume to:

HAZARDOUS MATERIALS LABORATORY MANAGER E~peri.

enced scientisl or engineer wilh demonstrated anatylicallabofa·
lory and slall managemenl skills. Contract research and/or indus
Irial e~pefleoce preferred Will tle responsible fOi planning and
operahon ot a maiO! $9 million. 43.000 sq. It. H.1l3rOOuS Maleri·
als laboratory. Salary $40.000 $50.000 per annum. Closing d.1te
January I. 1967. Submit resume ;:Inclthree lellersot retereoce 10
Dr. David l. Thomas. Halardous Wasle ReseafC;t! alld IntOfln.1lion
Cenler. 1808 Woor:lfieIdOrive. Savoy. I!. 61874. Equal Opportuni·
ty/Alfirmative Action EmplOyer.

Patricia J. Butler

Wisconsin Electric Power Company
333 W. Everett Street, Room A125
Box 2046
Milwaukee, WI 53201
An Equal Opportunity Employer M/FIV/H
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Gas-Partitioning Approach for Laboratory and Field Studies of Mirex Fugacity
in Water

Chengqlng Yinl and John P. Hassett"

Department of Chemistry, College of Environmental Science and Forestry, State University of New York,
Syracuse, New York 13210

• Dynamic headspace gas-partitioning methods were
developed to measure fugacity and free dissolved concen­
tration of mirex in water. Results obtained with gas
chromatography (GC) were comparable to those obtained
with 14C liquid scintillation spectroscopy. Henry's law
constant for mirex in distilled water is 5.16 X 10-4 (u = 0.82
x 10-4) atm M3 mol-' at 22 °C. The effect of temperature
on Henry's law constant can be expressed by log H =
12.709 - 4711/T. The binding of mirex to Aldrich humic
acid substantially reduces the volatility and apparent
Henry's law constant of mirex. Knoe is 2.8 X 106 at 1.1
mg/L DOC but decreases with increasing DOC. The dy­
namic headspace technique can be used to measure dis­
solved vs. bound mirex much like previously reported
techniques such as solubility enhancement, dialysis, and
reverse-phase sorption. However, with a GC detection
limit of 1 pg/L for free mirex under ideal conditions, the
dynamic headspace technique can make these measure­
ments in unaltered natural water samples using mirex
native to the sample.

Hydrophobic organic compounds can bind to natural
dissolved organic matter (DOM) in water, and this sig­
nificantly changes their behavior in aquatic systems (1,2).
This binding increases the apparent solubility of these
compounds (3-5), lowers their recovery by solvent ex­
traction, decreases their sorption onto particulates (6), and
reduces toxicity to organisms (7). It also changes the rate
of volatilization and bioaccumulation (8-10). These phe­
nomena can be explained as a decrease in the activity or
fugacity (11, 12) of these compounds due to binding.
Therefore, a method for direct determination of fugacity
or activity of these compounds in the presence of DOM
is needed in order to understand their chemical behavior
in aquatic systems.

Several laboratory methods have been developed to
quantitatively distinguish between bound and free hy­
drophobic organic compounds. These include solubility
methods (2), equilibrium dialysis (13), reverse-phase sep­
aration techniques (14), and gas-phase partitioning (8).
Solubility methods are inherently unsuitable for analysis
of natural samples. Dialysis is not promising as a field
technique because of potential biodegradation of cellulose
membranes and because the membranes strongly adsorb

t Present address: Institute of Environmental Chemistry, Bijing,
People's Republic of China.

some hydrophobic compounds (14, 15). Reverse-phase
partitioning might be suitable for field studies but would
require pretreatment of samples by filtration or centrifu­
gation to remove particles that otherwise would be trapped
in the extraction column. We have chosen gas-phase
partitioning as the most promising method for field studies
because it offers direct measurement of fugacity of a hy­
drophobic compound in the presence of particles and
dissolved organic matter with no pretreatment.

Hassett and Milicic (8) have demonstrated the use of
gas purging for measurement of binding of a PCB congener
by dissolved humic acid. We have adapted this approach
for determination of the insecticide mirex (CwCld in
water. If gas bubbles are allowed sufficient time to
equilibrate with the analyte in the water phase, then

Cg = KhC.q (1)

where Cg is the concentration of the analyte in the gas
phase, C.q is the concentration in true solution in the
aqueous phase, and Kh is the nondimensional Henry's law
constant. Assuming ideal behavior in the gas phase, Cg

can be related to the fugacity of the analyte in the aqueous
phase by the ideal gas law.

During gas purging, the solution concentration will de­
cline (8) as described by

dC.q/dt =-(F/V)Cg (2)

Assuming that the gas and aqueous phases equilibrate and
that all analyte in the aqueous phase is in true solution,
Cg can be eliminated by combining eq 1 and 2. Integration
of the resulting equation yields

In C.q = -(F/ V)Kht + In CO.q (3)

where F is the purge gas flow rate, V is the water sample
volume, t is duration of purging, and CO.q is the initial
concentration of the analyte in water. Note that if an
experiment is carried out with sufficiently small F or t or
sufficiently large V, C.q essentially equals CO.q• Under
these conditions, determination of Cg will yield CO.q from
eq 1 if Kh is known and will yield fugacity even if Kh is not
known. This approach is advantageous if particles or
dissolved organic matter are present in the sample since
equilibria with these phases are not perturbed and,
therefore, do not have to be considered. This approach
is similar to static headspace methods in that the gas and
water phases equilibrate, but it makes practical the use
oflarge gas volumes. We therefore term our approach the
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Figure 1. Purging apparatus: (1) 20-L glass carboy with metal screw
cap; (2) rotameter; (3) activated carbon trap; (4) bored-through Swaglok
bulkhead fillings; (5) '/,-in. (o.d.) stainless steel purge tube; (6) lenax
trap; (7) needle valve; (8) vacuum pump.

"dynamic headspace" technique. For operational purposes
in this study, Caq is considered essentially equal to (;Oaq if
Caq/Coaq > 0.9.

Experimental Section

Apparatus. The gas-purging system is shown in Figure
1. The sample bottle, a 20-L glass carboy with a 13-cm
(o.d.) metal screw cap, contains 19 L of water sample. The
purging tubing is 3.2 mm o.d. stainless steel with six 0.7­
mm holes. The analytical traps are 115.0 mm long by 6.4
mm o.d. (3.8 mm i.d.) borosilicate glass tubes with 0.15 g
of Tenax-GC (25% 60-80 mesh, 75% 35-60 mesh). The
downstream end of the trap is plugged with Pyrex glass
wool and heated in a flame to bond it before packing with
Tenax-GC. The upstream end is plugged with glass wool
but not heated. This end is fitted with a 15% graphite­
/85% vespel ferrule (Figure 2). Prior to use, the traps
are extracted with 50 mL of acetone and then with 150 mL
of hexane at about 3.5 mL/min. The traps are conditioned
for 60 min at 300 ac in a heating block with a 200 mL/min
flow of high-purity charcoal-filtered nitrogen. The con­
ditioned traps are stored in clean glass test tubes with
aluminum foil lined screw caps.

The gas chromatograph used was a Tracor MT 220 on
which the standard packed column injector was modified
(Figure 2) as follows. A 1/,-in. (6.4-mm) stainless steel
Swaglok union was bored out to 6.5 mm i.d., fitted with
a Teflon O-ring, and screwed into the top of the injector
after removing the septum support and septum retaining
nuts (the interior threads of the standard injector are
compatible with Swaglok fittings). The trap was inserted
through this fitting and sealed with a custom-made 1/,-in.
(6.4-mm) female to lis-in. (3.2-mm) male brass Swaglok
union. At the bottom of the injector, a 6.4 mm o.d. X 2.5
em brass tube, tapered to 3.2 mm o.d. at the end so it
protruded into the trap, was retained by a custom-made
1/,-in. (6.4-mm) female to '/16-in. (1.6-mm) male brass
Swaglok union. A 1-m fused silica capillary column (Su­
pelco, Inc. SPB-5, 0.25 mm i.d., 0.25 I'm film) was con­
nected at one end to the bottom of the injector so that it
protruded into the trap and at the other end to a zero dead
volume tee. A 25-m fused silica capillary column (SE-30,
0.2 mm Ld.) was attached to the tee, with its end butting
against the other piece of capillary column, and to a 63Ni
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electron capture detector via a makeup gas fitting. A
1/ win. stainless steel tube connected to the tee was led
outside the column oven and attached to a needle valve.
Desorption/carrier gas (He) was supplied at 32 psig.
Desorption gas passed through a shutoff valve and a
Swaglok quick connect fitting to the analytical trap. A
small flow (2-5 mL/min) of desorption gas was allowed
to bleed from the line at all times. Carrier gas passed
through a shutoff valve to the normal injector carrier gas
fitting. Detector purge gas (not shown) was 95% ar­
gon/5% methane.

Reagents. Two lots of [l'Clmirex were obtained from
Pathfinder Lab, Inc., with purity of 98+%, and with
specific activities of 6.13 and 37.5 mCi/mmol, respectively.
Unlabeled mirex standard was obtained from the U.S.
Environmental Protection Agency with purity of 99.9%.
Purity information was supplied by the mirex sources. All
mirex was used without further purification. All solvents
for I'C experiments were ACS grade. All solvents for
unlabeled mirex experiments were pesticide grade.
Standard solutions of mirex were prepared in acetone. The
water used in experiments was distilled, deionized, and
passed through a Barnstead "Organic Removal" cartridge.
Humic acid was purchased from Aldrich Chemical Co. It
was dissolved in 0.1 N NaOH, filtered, reprecipitated by
adding HCl to pH 2, and centrifuged. Humic acid was
redissolved in water by adjusting the pH to 6.7 with 0.1
N NaOH and then filtered through an Amicon XM300
Diaflo ultrafilter (M, 300000 cutoff). The stock solution
was kept at 4 ac.

Procedures. A total of 100-300 I'L of mirex standard
acetone solution was spiked into 19 L of water, which was
then sealed and kept stirring in a constant temperature
room. After at least 14 h the water sample bottle was put
in a water bath of the same temperature and connected
to the nitrogen gas and the analytical trap. The flow rate
was kept at 560 mL min-I. For most studies, the purging



6.----~--~---.------,--I

(4)

o

d(ln H)/dT =Lo/(RTZ)

~

u
10

and because the method was identical for all experiments,
no correction was made.

The dynamic headspace method is based on the as­
sumption of equilibrium between the gas and water phases.
To test this assumption, apparent Henry's law constants
were ohtained by purging at different depths (Figure 3).
At depths greater than 14 em, the measured Henry's law
value was constant, indicating that purging from 28-cm
depth allowed the bubbles sufficient time to approach
equilibrium with the water. Mackay et al. (i7) reported
that for benzene each 10-cm increase in purging depth
would yield an 80% approach to equilibrium, which is
similar to the results shown in Figure 3.

Mirex concentration in purging gas is proportional to
that in distilled water solution over a range of at least 3
orders of magnitude (Figure 4). The slope of the line in
Figure 4 is 0.966. The regression coefficient of t~e non­
log-transformed data is 0.976. At 22 ·C, 23 expenments
were done, and Henry's law constant was determined as
5.16 X 10-4 (u =0.82 X 10-4) atm M3 mol-' (KH =2.13 X
10-2). Substituting this value into eq 3 along with a flow
rate of 0.56 L/min, sample volume of 19 L and purge time
of 120 min yield Caq j(1Jaq = 0.93. This satisfies the op­
erational condition that Caq/COaq be greater than 0.90.

Temperature strongly affected Henry's law constant
(Figure 5). The temperature effect can be expressed by
an equation analogous to the Clausius--clapeyron equation
(i8):

14 21 28
DEPTH rCM)

Figlre 3. Apparent Henry's law constant (H') for mirex in distilled water
vs. depth of bubble inlet tube.
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o LSC HIGH ACTlV!lY
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Figure 4. Equilibrium concentration of mirex in the gas phase (Cgl vs.
concentration in distilled water.

Results and Discussion
Tenax is a very effective adsorbent for mirex. In a trap

that was sectioned into quarters before extraction, over
95% of the mirex was retained by the glass wool and the
first 25% of the Tenax. The trap flow resistance and
hydrostatic backpressure caused the pressure in the
headspace to be 27.5 mmHg less than ambient atmospheric
pressure. This would contribute a 3.6% positive error in
Henry's law determination. Because this effect was small

time was 120 min per experiment.
For [14Clmirex experiments, traps were eluted with 40

mL of hexane, the volume of which was then reduced to
about 3 mL by evaporation with a stream of carbon-fil­
tered air. Before and after purging, 5OO-mL aliquots of
water were removed and extracted twice with 60 mL of
hexane by shaking for 10 min. The extract volume was
also reduced to about 3 mL. Mineral oil (1-2 drops) was
added before vaporization to minimize loss of mirex. The
radioactivity of mirex was determined by liquid scintilla­
tion counting. The concentration of mirex in the water
sample was calculated as the average of the aliquots col­
lected before and after purging.

Unlabeled mirex was analyzed by thermodesorption/gas
chromatography. Mirex was loaded on an analytical trap
either by adsorption from the gas phase or by direct in­
jection of hexane solutions (2-150 I'L). In both cases, the
trap was placed in a heating block at 65 ·C and purged
with N2 at 200 mL/min for 10 min to remove air, water,
and solvent. A desorption/chromatography sequence was
then initiated to thermally desorb mirex from the Tenax
trap, cold trap it on the 1-m capillary column, transfer it
through a zero dead volume tee to the 25-m column, and
analyze for it by gas chromatography with electron capture
detection. The procedure was as follows. Valves 15 and
17 (Figure 2) were closed, the quick connect fitting un­
coupled, the trap in the injector port removed, and valve
13 opened. The trap to be analyzed was inserted into the
hot (265 ·C) injector port, sealed with fitting 2, and con­
nected to the system with the quick connect fitting. Valves
15 and 17 were then opened. A sintered metal fIlter in the
carrier gas inlet acted as a flow restrictor so that the helium
flowed mainly through the trap to transfer the analyte to
the first 1 m of capillary column. The purge gas flowed
out valve 13 via the zero dead volume tee at a flow rate
of 80 mL/min. The desorption period lasted 8 min.
During this period the oven was kept open, and part of the
1-m ~apillary column was immersed in an ice-water bath
at 0 ·C so that the compound of interest was condensed
in a narrow band.

At the end of the desorption period, valves 17 and 13
were closed, the column was taken out of the ice-water
bath, and the oven door was closed. Column oven tem­
perature stabilization required 30 s after the oven door was
closed. The temperature programmer (65-265 ·C at 7.5
·C/min) and chart recorder were started simultaneously,
and the analytes trapped initially on the SPB-5 column
started to separate chromatographically. Mirex was
quantified by peak height on the chart recorder. Injector
and detector temperatures were 265 and 315 ·C, respec­
tively.

The concentration of mirex in water solution was de­
termined by extracting hexane, reducing the hexane vol­
ume with a stream of carbon-filtered nitrogen (i6) to 100
I'L, injecting aliquots of 10--80 I'L onto the analytical t~ap,

and analyzing with the same procedure as above. MIrex
was quantified by peak height against a standard mirex
hexane solution injected onto the trap and analyzed with
the same method.
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where Li is the partial molar vaporization enthalpy of the
solute. From the experimental data, Li for mirex in dilute
aqueous solutions is 21.6 kcal mol-', and the relationship
of Henry's law constant to absolute temperature is

'""
o

o

log H =12.709 - 4711/T (5)

u
o

,.,0 I

o
o

o

and the apparent Henry's law constant (Kh') in humic acid
solutions is

where Cb is the aqueous concentration of bound mirex,
(DOC) is the dissolved organic carbon concentration ex­
pressed as a weight fraction, Cg is the equilibrium con­
centration of mirex in the gas phase, and C.q is the free

over the tested temperature range (8-24 DC). The strong
temperature dependence of H demonstrates the impor­
tance of temperature control in these experiments. We
found it absolutely necessary to stir spiked water samples
in a constant temperature environment for at least 14 h
before purging and to purge samples at the same tem­
perature.

Ejection of droplets enriched in mirex during bubbling
(19) and deposition of these droplets in the trap might
introduce errors in results obtained by the dynamic
headspace technique. To test this, static headspace ex­
periments were done for comparison. The apparatus was
the same, but in the 20-L bottle there was only 5 L of
distilled water so that the purging tube was above the
water surface, and no water droplets could be formed.
After equilibration, the concentration of mirex in the
headspace gas was measured along with the concentration
in the water. The determined Henry's Law constants
(single experiments) were 9.8 X 10-' atm M3 mol-' at 26
°C and 7.4 X 10-' at 23 DC. These agree well with re­
spective values of 8.9 X 10-' and 6.5 X 10-' atm M3 mol- l

determined by the dynamic headspace method. This in­
dicates that droplet contribution onto the trap was not a
significant interference.

In Aldrich humic acid solution, the apparent Henry's
law constant of mirex was significantly lower than that in
distilled water (Figure 6), because one portion of mirex was
bound to dissolved humic acid and, therefore, was not
volatile (8). The partition coefficient (KDOC) of mirex
between humic acid and water can be calculated from these
results. K DOC is defined as

10864

DOC (MG/U

Figure 7. Dimensionless constant lor binding of mirex by dissolved
humic acid (Koed vs, humic acid dissolved organic carbon (DOC)
concentration.

dissolved mirex concentration. Equations 6 and 7 can be
combined with eq 1 to give the expression

KDOC = [(Kh/Kh') - l][l/(DOC)] (8)

Since Kh, Kh', and (DOC) can all be measured, KDOC can
be calculated.

When a solution contains 1.1 mg of humic acid carbon/L
(Figure 6), the calculated Kooc is 2.8 X 106. This is higher
than values observed for binding of 2,2',5,5'-tetrachloro­
biphenyl (8, 14), benzo[a]pyrene, DDT, anthracene, and
biphenyl (14) by dissolved Aldrich humic acid. However,
this observation is predicted by work of Carter and Suffet
(2), who demonstrated that KDOC increases with the oc­
tanol-water partition coefficient (Kow). log Kow for mirex
is 6.89 (20) and is higher than that for the other com­
pounds.

The fraction of free mirex to total mirex can also be
calculated as the ratio of apparent Henry's law constant
over Henry's law constant in distilled water. In this so­
lution, 76% of the aqueous mirex is bound by dissolved
humic acid. Figure 6 demonstrates that KDOC is inde­
pendent of mirex concentration over the range studied.

With increased humic acid concentration, the fraction
of bound mirex increased, but K DOC showed a declining
trend (Figure 7). This result agrees with results for several
other compounds using equilibrium dialysis (13) and re­
verse-phase separation techniques (14). However, KDOC

for 2,2'5,5'-tetrachlorobiphenyl, as determined by two
separate groups of investigators (8, 14), is apparently in­
dependent of DOC concentration. The dependence of
K ooc concentration for some (but not all) compounds in­
dicates that binding may involve more complicated
mechanisms than simple phase partitioning.

All of the results reported above were obtained with
[14C]mirex. One of the most important advantages of the

(7)

(6)
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dynamic headspace method, however, is that it can be
linked to gas chromatography to study unlabeled samples.
Henry's law constants obtained at 22°C were 5.04 X 10-4
atm M3 mol-l (u = 0.75 X 10-4; n = 9) for the low specific
activity batch of [l4C)mirex, 5.21 X 10-4 (u = 0.90 x 10-4;
n = 14) for the high activity batch, and 6.57 X 10-4 (u =
0.48 X 10-4; n = 2) for unlabeled mirex as determined by
GC. The hypothesis that the means are equal (null hy­
pothesis) cannot be rejected at the 50% confidence level
when the results from the two batches of [14C)mirex are
compared by a t test. The null hypothesis cannot be re­
jected at the 90% confidence level when the GC results
for unlabeled mirex are compared to results for either
batch of [14C)mirex. At 18°C, H for labeled mirex was
3.28 X 10-4 (u = 0.95 X 10-4; n = 3), and for unlabeled
mirex, it was 3.46 X 10-4 (n = 1). The close agreement of
results obtained with three batches of mirex analyzed by
two different techniques indicates that no errors were in­
troduced by radiochemical impurities or by systematic
errors in one of the analytical techniques. This is opera­
tionally convenient since Henry's law data obtained with
the radiochemical technique can be directly applied to
fugacity determination with the more complicated GC
technique.

Compared with other methods to determine binding and
fugacity, the dynamic headspace method has an important
advantage, Le., it can be applied to the study of natural
waters. Because only volatile and semivolatile compounds
are purged and trapped, the gas chromatogram is relatively
simple, and often cleanup procedures are not necessary.
Because water samples can be purged directly from the
sampling bottle, and the traps can be analyzed right after
purging, this direct determination much simplifies the
analytical procedure and reduces the chance of contami­
nation. Under the conditions used here (purge at 560
mL/min for 120 min; K H = 2.13 x 10-2) mirex in the
equivalent of 1.4 L of water is deposited in the trap and
transferred to the GC. This makes it possible to directly
determine the fugacity and free dissolved concentration
of organic compounds in the natural water samples even
at very low concentration. Total mirex recovered by
solvent extraction from water can also be analyzed at high
sensitivity by using trap thermodesorption-GC because
a large fraction of the extract can be injected onto the trap.
GC response for 23 pg of mirex is constant for injected
solvent volumes from 6 ILL to at least 150 ILL. Relative
standard deviation is 0.12 (n = 8) for replicate injections
into different traps. Detection limit for total (extractable)
mirex in a 1.5-L water sample is 1 pg/L under ideal (low
background) conditions. The detection limit for free mirex
in water is approximately 1 pg/L. We collected water from
Lake Ontario and the Oswego River, NY, several times and
found the free dissolved mirex fraction and particulate­
adsorbed fraction in those samples were both small and
a large fraction (80%) of mirex was bound to dissolved
organic matter (21).

Conclusions
Dynamic headspace technique is a direct method to

determine the fugacity and free dissolved concentration
of organic compounds in aqueous solution at very low
concentrations. The apparent Henry's law constant of
mirex from humic acid solution was much lower than that

from distilled water, because part of the mirex was bound
to dissolved humic acid and became inactive in gas-liquid
exchange. By comparison of the apparent Henry's law
constant with that determined in distilled water as a
reference, the free dissolved and bound fraction can be
determined. This method can be applied to determine the
fugacity and free dissolved concentration of organic com­
pounds in natural aquatic systems with simplicity and
accuracy.
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Figure 1. Comparison of EI mass spectra of CBA methyl ester isolated after chlorination of terrestric HA (right) and a synthetic standard (left).
An explanation for the major fragments is given in ref 8.

ever, is not a natural amino acid.
We therefore envisaged a reaction scheme for the con­

version of the natural amino acid lysine into CBA (eq 1).

silica capillary column (0.22 mm X 25 m), CP-SIL-5
(Chrompack, Middelburg): injector 290 DC; column 35 °C
(5 min) programmed to 300 °C (15 min), program rate 6
°C/min; detector FID 290 °C; carrier gas N2; flow rate 0.8
mL/min. The quantitation was carried out with nonane
as internal standard.

Apparatus. The gas chromatograph was a Varian 3700,
equipped with a flame ionization detector. The GC/MS
combination was a Varian MAT 44 capillary GC-quad­
rupole MS with a computerized data system of our own
design. The fused silica capillary column (CP-SIL-5) was
connected to the mass spectrometer by an open atmos­
pheric split. GC conditions used were as above, except that
helium was used as the carrier gas. Electron impact
spectra were obtained at 80 eV and chemical ionization
spectra at 160 eV with isobutane as the reagent gas.
Ionization current was 700 and 200 pA, respectively. Cyclic
scanning from m/ z 50 up to 500 was used with a cycle time
of 2 s.

7H2

CH 2
I

(C H2 )
I 3
C"N
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H2N - CH- COOH
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NHCI
I

CI 2 CH 2
--- I
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-HCI-
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Results and Discussion
Confirmation of Structures of CPA and CRA. The

structural assignment of CPA and CBA produced on
chlorination of terrestrial HA was based on the electron
impact (EI) and chemical ionization GC/MS spectra of
their methyl esters. In the case of CPA, an EI spectrum
was available in the literature (14), which was in close
agreement with the experimental spectrum.

The assignments of CPA and CBA were fully confirmed
after synthesizing their methyl esters according to litera­
ture procedures starting with glutamic acid (15) and 'Y­
butyrolactone (16), respectively. The final comparison was
based on the criteria given by Christman (17-19) and in­
cluded the comparison of the retention indices on two
columns with stationary phases of different polarity and
the comparison of the EI mass spectra. The EI mass
spectra for the methyl ester of CBA produced on chlori­
nation of HA and of the standard are given in Figure 1.

CPA and CRA Precursors. Cyano compounds are
produced on chlorination of a-amino acids (4). The 0'­

amino group is converted into a cyano group through
chloroamine formation and concurrent decarboxylation,
according to a reaction scheme proposed by Le Cloirec and
Martin (20). If a similar reaction mechanism is active in
the production of w-cyano carboxylic acids, the precursor
is an a-amino dicarboxylic acid. Glutamic acid and glut­
amine are then logical precursors for CPA. Because the
HA used in the chlorination studies contained 1.5% ni­
trogen, it is possible that a protein material supplies the
precursor structure. By analogy, the precursor amino acid
for CBA would then be a-aminoadipic acid, which, how-

n

NH 0
II II
CH
~

CH
~

COOH
I I I (I)

I?H 2)3 (~H2)3 I~ H2)3

C=N C=N' C=N

111: IT CSA

Reaction of lysine with chlorine would produce 1-cyano­
4-aminobutane (I) as a hypothetical intermediate. Reac­
tion of the w-amino-group with chlorine produces a chlo­
roamine (II) that is converted into an imine (III) by a
dehydrochlorination. The imine is not stable in aqueous
medium and produces an aldehyde (IV), which can be
oxidized to CBA as the final product.

The production of CPA and CBA from respectively
glutamic acid and lysine was confirmed by chlorination of
these amino acids at pH 7.2. The reaction products were
isolated by extraction at pH 2 with diethyl ether, converted
into their methyl esters with diazomethane, and analyzed
with GC/MS with electron impact and chemical ionization.

Chlorination of glutamic acid produced CPA as the
major product, completely in accordance with the scheme
of the Le Cloirec and Martin. Some traces of butanedioic
acid were detected, resulting from hydrolysis of the cyano
group.

The chromatogram of the chlorination products of lysine
is given in Figure 2. The two major products (peak
numbers 4 and 8) were identified as the methyl esters of
CBA and 4-cyano-2,2-dichlorobutanoic acid (V), respec-
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Figure 4. EI mass spectrum of a methylated (dichloromethyl)-1.2.3­
triazine (C3H,N3CHCI,) obtained from the reaction between diazo­
methane and DCAN. m/z 165. 167. and 169 (M); m/z 130 and 132
(M - CI); m/z 103 and 105 (M - CI - HCN).

50

pH 7.2. At pH 7.2 the chlorine demand of 4.85 equiv
after 24 h exceeded by far the 3.5 equiv necessary for the
complete conversion of CEA into DCA or DCPDA and
nitrogen. GC/MS showed DCA (80%) and DCPDA as the
only products, while DCAN and dichloroacetamide were
detected as intermediates, although only in small amounts.
The explanation was found in the partial oxidation of the
cyanide nitrogen to nitrate instead of molecular nitrogen.
The nitrate production in the first 4 h of the reaction is
given in Figure 5. After 24 h at pH 7.2, 53% of the
cyanide nitrogen was converted into nitrate.

The complete conversion of CEA into DCA or DCPDA
and nitrate will require 6 equiv of chlorine (eq 7). The

NCCH2COOH + 6Cl2 + 5H20 ~
CHCl2COOH + CO2 + HN03 + 10HCl (7)

experimental chlorine consumption of 4.85 equiv is in
excellent agreement with the theoretical value of 4.83 equiv
for the conversion of CEA in DCA, DCPDA, and a mixture
of N03 and N2 in a mole ratio of 0.53:0.27.

pH 10. At pH 10, the total chlorine consumption of 3.56
equiv seems in agreement with the conversion of CEA into
DCA (50%) and DCPDA according to eq 4. GC/MS
demonstrated that they were produced as the major
products together with small amounts of TCA. However,
measurement of the nitrate production demonstrated that
24 % of the cyanide nitrogen was converted into nitrate
according to eq 7, which gives a theoretical Cl2 demand
of 4.1 equiv.

lim.(m,")

Figure 3. Chlorine consumption of cyanoethanoic acid as a function
of time at different pH values. Aconsumption of 2 equlv corresponds
with the production of DCAN and 3.5 equiv wnh a complete oxidation
to DCA or DCPDA and nitrogen.

Cyanoethanoic Acid. CEA showed a large chlorine
demand, and the reaction proceeded quite rapidly at all
pH values as indicated in Figure 3.

pH 4.5. The final chlorine demand at pH 4.5 was in
accordance with the overall reaction as proposed by de
Leer et al. (10) producing DCA as the major end product
of the chlorination reaction (eq 4a). It also indicates that

NCCH2COOH + 3.5C12 + 2H20 ~
CHCl2COOH + CO2 + 0.5N2 + 5HCl (4a)

NCCH2COOH + 3.5C12 + 2H20 ~
HOOCCCl2COOH + 0.5N2 + 5HCl (4b)

humic protein material containing aspartic acid may con­
tribute in the production of DCA, one of the major chlo­
rination products of HA. GC/MS analysis after a reaction
time of 48 h showed that apart from DCA only traces of
dichloropropanedioic acid (DCPDA) and trichloroacetic
acid (TCA) were produced. The conversion of CEA into
either DCA or DCPDA requires 3.5 equiv of chlorine (eq
4).

Reaction 4a may proceed by chlorination of the meth­
ylene group, followed by a decarboxylation to produce
DCAN (eq 5). The production of DCAN was apparently

NCCH2COOH + 2Cl2 ~ CHCl2CN + CO2 + 2HCl (5)

complete in 15 min after consumption of 2 mol of Cl2
(Figure 3), which was confirmed by GC/MS.

The conversion of DCAN into DCA proceeded slowly
but was complete in 24 h. This hydrolysis reaction was
studied by Oliver (9), who demonstrated that DCAN was
quite stable in water at pH 6 for 10 days. Although the
reaction was not studied at pH 4, Oliver found a decreasing
hydrolysis rate with decreasing pH. At low pH values we
may expect that the hydrolysis rate will become acid
catalyzed, which will give an increase in the reaction rate.
The involvement of chlorine as a catalyst in this conversion
was never studied, but the increased reaction rate may
indicate a crucial role in the mechanism.

The GC and GC/MS analyses of extracts containing
both DCAN and DCA gave several peaks after methylation
with diazomethane, which appeared to be produced by a
1,3-dipolar cycloaddition reaction of diazomethane to the
activated cyano group of DCAN (24, 25). One of the
products was identified as a methylated 4-(dichloro­
methyl)-2H-l,2,3-triazine (VI), while the others were
identified as subsequent methylene insertion products (eq
6). The mass spectrum of VI is given in Figure 4.

CHCl2CN + CH2Nz~
C3H4N3CHCl2 (VI) + C4HsN3CHClz + CsHsN3CHCl2

(6)
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Figure 6. Gas chromatogram of methylated chlorination products of
CEA after a reaction time of 1 h at pH 10. The structure of the
products is given in Table III.

R- C==N + HOCI -

GC/MS analysis after l-h reaction time showed an in­
itially confusing number of products (Figure 6, Table III).
DCA, TeA, and DCPDA were detected together with their
amides, demonstrating that a base-catalyzed hydrolysis of
the cyano group occured. However CEA reacted not only
through substitution and hydrolysis reactions but also by
addition of HOCI to the cyano group producing hydroxa­
moyl chloride intermediates, a new class of chlorination
products that may occur in drinking water (eq 8). The

1 CHCl,COOH
2 CHCl,CONH,
3 CCl3COOH
4 CCl3CONH,
5/7 CHCl,CCl~NOH(two isomers)
6 HOOCCCl,CONH,
8 HOOCCCl,COOH
9 CCI3CCl~NOH

10/11 HOOCCCl,CCI=NOH (two isomers)

• AU compounds were identified as their methylated product.
The compound numbers refer to the peak numbers given in Figure
6.

E isomer Z isomer

Figure 7. EI mass spectrum of methylated 2,2-dichloro-N-hydroxy­
ethaneimidoyl chloride (=hyclroxamoyl chloride, C3H,NOCI3). The Z
and E isomers (compounds 4 and 5 in Figure 6) showed identical mass
spectra: mlz 175, 177, and 179 (M); mlz 140, 142, and 144 (M­
CI); mlz 110,112, and 114 (M - CI- CH,O); mlz 92 and 94 (M­
CHeI,); m I z 83, 85, and 87 (CHCI,).

Finally, aspartic acid was chlorinated. The chlorine
demand and the chlorination products were in complete

(81

hydroxamoyl chlorides were identified as their methylated
products, which showed mass spectra with a very charac­
teristic fragment (H3C-O-N=C-Ci+) at m/z 92/94
(Figure 7).

The amide intermediates will produce ammonia, which
will be converted to nitrogen by the break-point chlori­
nation. The hydroxamoyl chlorides will produce hydrox­
ylamine, which will be converted to a mixture of nitrate
and nitrogen as summarized in Scheme I.

Oxidation of hydroxylamine with bromine in acidic so­
lution (26) gave a complete oxidation to nitrate, while in
alkaline solution about 55% was oxidized to nitrogen. In
our hands, oxidation of hydroxylamine with chlorine gave
a conversion into nitrate of only 20-40% depending on the
pH, in better accordance with the total amount of nitrate
produced on chlorination of CEA.

83

63 I

.d" .~Ii I

so

110

I I
100 1~ MO

--- mlz value
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agreement with the production of CEA as a reactive in­
termediate. The products DCA and DCPDA were pro­
duced in the same ratio as on the chlorination of CEA.

Conclusions
The production of CPA and CBA in the chlorination of

HA was standard confirmed by an independent synthesis
and a comparison of the products on the basis of their GC
and GC/MS behavior. It was demonstrated that glutamic
acid and lysine can be their precursor structures in HA.
CPA and CBA were shown to be quite stable under chlo­
rination conditions at different pH values, which explains
why they could be isolated. CEA, which is the expected
chlorination product of aspartic acid, was shown to be very
reactive under chlorination conditions. CEA was converted
into DCA and DCPDA. The reaction mechanism was
dependent on the pH. At pH 4.5, DCAN was the inter­
mediate, while at pH 10 hydroxamoyl chlorides were de­
tected as the intermediate products. These hydroxamoyl
chlorides represent a new class of chlorination products
that may need further study of their biological effects.

Registry No. CPA, 16051-87-9; CBA, 39201-33-7; CEA, 372­
09-8; DCA, 79-43-6; DCPDA, 56857-23-9; TCA, 76-03-9; DCBDA,
15519-38-7; HOOCCH,CH,COOH, 110-15-6; NCCH,CH,CCI,C­
HO, 104156-84-5; HOOCCH2CH2CH2COOH, 110-94-1; HOOCC­
Cl2CH2COOH, 15519-38-7; HOOCCCl2CH2CH2COOH, 50901-13-8;
glutamic acid, 56-86-0; lysine, 56-87-1.
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Heterocoagulation ys. Surface Precipitation in a Quartz-Mg(OHh System

Santhana V. Krishnan' and Iwao Iwasaki

Mineral Resources Research Center, University of Minnesota, Minneapolis, Minnesota 55455

• The stability of fine quartz suspensions in process water
is of concern in several mineral processing and water
clarification applications. In alkaline solutions, the pres­
ence of magnesium ions, arising from such sources as
hardness of water and dissolution of impurity minerals,
leads to the precipitation of Mg(OH)2' which coats the
surfaces of quartz. The conditions under which hetera­
coagulation or surface precipitation of Mg(OH)2 on quartz
occurs and the manner in which they influence the settling
behavior of ground quartz were studied by means of set·
tling tests, coating density determinations, I potential
measurements, and electron microscope observations.
Coating density was greater when Mg(OH)2 nucleated on
the surface of quartz than when the precipitates hetera­
coagulated on the quartz surface. The settling curves of
quartz suspensions as a function of pH showed maxima
at different concentrations of MgCl2, and the highest
settling rate was observed at 10-3 M MgCI2 and pH 11.
Interactions between quartz and Mg(OHh and floccula­
tion-dispersion characteristics of quartz suspensions in this
system are discussed.

Introduction
The stability of fine quartz suspensions in aqueous

media is of considerable interest in mineral processing and
water clarification applications. Stability of these sus­
pensions is primarily controlled by the surface chemistry
of quartz, which in turn is influenced by the quality of
water.

The influence of water quality on stability of quartz has
been documented (1,2). Magnesium ion is one of the most
common soluble species in process water. These ions may
arise from such sources as magnesium-containing minerals
like dolomite and clays and hardness of water. At alkaline
pH values, magnesium ions precipitate as Mg(OHh. The
interdependence of the quantity of Mg2+ and Mg(OH)2
present and suspension pH with the surface of quartz may
determine the stability behavior of quartz suspensions.

In this article the attachment of Mg(OH)2 precipitates
on surfaces of quartz by heterocoagulation and surface
precipitation is compared and related to stability of quartz
suspensions.

Experimental Section
Materials. The quartz sample was prepared from

high-purity Brazilian rock crystal. The crystals were
crushed in a roll crusher, and the size fraction 65/100 mesh
was screened out. The screened sample was scrubbed and
deslimed with distilled water, leached with hot, concen­
trated hydrochloric acid, and washed repeatedly with
distilled water until free of chloride ions. The sample was
then dried at about 100 DC and ground in 600-g batches
in an Abbe pebble mill for 120 min to give a size modulus
of 60 I'm, determined by the Andreasen pipet technique.
This sample was used in all tests.

Magnesium chloride used was of analytical grade. So­
dium hydroxide and hydrochloric acid were used to adjust
pH. All tests were performed in distilled water.

• Address correspondence to this author at Battelle Columbus
Division, Columbus, OH 43201.

Methods and Apparatus. Flocculation tests were
performed by weighing out 25 g of quartz in a 500-mL
graduated cylinder. For heterocoagulation tests, the fol­
lowing procedure was adopted: about 50 mL of distilled
water at the desired pH was added to the quartz sample.
In a separate beaker, about 450 mL of a MgCl2solution
of a chosen concentration was placed, and the pH was
adjusted to a desired value to induce precipitation. The
contents of the beaker were well stirred with a magnetic
stirrer during the addition of NaOH. The precipitate
suspension was transferred to the cylinder containing the
quartz suspension, and the final volume was adjusted to
500 mL. Any precipitate of Mg(OH)2 formed was thus
allowed to heterocoagulate onto the surface of quartz. The
cylinder was inverted 5 times while being shaken manually
and set on a flat surface, and its settling rate was deter­
mined by noting the time taken for the mudline to descend
a fixed distance. When no mud line was seen even after
3 min, an arbitrary value of zero was assigned to the set­
tling rate.

For surface precipitation tests, about 500 mL of distilled
water was added to 25 g of quartz in a 500-mL graduated
cylinder. Appropriate amounts of MgCl2 were added, and
the contents of the jar were then well agitated manually
by repeated inversions. NaOH was added to adjust the
pH to the desired value to induce precipitation. The final
volume then was made up to 500 mL. Under these con­
ditions, much of the Mg(OHh precipitate nucleated on the
surface of quartz, but bulk precipitation also occurred,
particularly at high concentrations of MgCI2. The settling
rate was determined as described earlier.

After the determination of settling rate, the cylinder was
inverted 3 times and set on a flat surface. After 3 min, 200
mL of the suspension from the top of the cylinder was
collected by placing a siphon at the 300-mL level. The
collected sample was well agitated, 50 mL of it was pi­
petted into a breaker, dried, and weighed, and the sus­
pended solids concentration was determined. The amount
of suspended solids was obtained by correcting for dis­
solved salt concentration by evaporating centrifuged so­
lution to dryness. Another 50 mL of the collected sample
was centrifuged in an International Equipment Co. Model
HT centrifuge at 12000 rpm for 30 min. The clear solution
was analyzed for residual concentration of Mg2+ by atomic
absorption.

The final pH of the flocculated suspension was checked
after siphoning off 200 mL, and the suspension was filtered
through a 270-mesh screen. The +270-mesh fraction was
washed thoroughly with denatured alcohol, dried at 80 DC,
weighed, and leached with concentrated hydrochloric acid.
The leachate was diluted and analyzed for Mg concen­
tration by atomic absorption spectroscopy. The abstrac­
tion density was then calculated. The -270-mesh fraction
was collected in a breaker, and the I potential of the
particles was determined by means of a flat-cell, electro­
phoresis apparatus. A description of the setup has been
reported previously (2).

Samples for electron microscope observations were set
aside from abstraction and flocculation tests at the stage
preceding the leaching of the mineral with hydrochloric
acid. The samples were sprinkled evenly on copper holders
and coated with gold in a vacuum chamber. The samples
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were then observed in the scanning mode in a JEOL Model
100 CX scanning and transmission electron microscope.
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Figure 2. 1" potentials of Mg(OH), precipitates and of quartz in the
absence and presence of 10-'. 10-3, and 10-' M magnesium chloride
as a function of pH under heterocoagulation and surface precipitation
conditions.

The figure also shows 1" potentials of fine particles from
flocculation tests. Since the floes formed in these tests
were large and settled quickly in the microelectrophoresis
cell, the 1" potentials reported in this figure are those of
individual particles of quartz. In the presence of 10-2M
MgCl2 solutions, the 1" potentials of quartz particles, at pH
values well below that of bulk precipitation, increased
sharply from -70 mV to about 40 mV at pH values well
above that of bulk precipitation. The results show the
change of the surface of the mineral from quartz-like to
Mg(OH)2-like as the surface became coated with the pre­
cipitate. This trend was much less pronounced at 10-3 M
MgCI2, where the negative values of 1" potentials indicated
inadequate precipitate coating on the mineral surfaces. At
10-4 M MgCI2, the quartz particles showed little effect by
the presence of the precipitates. A similar picture has also
been reported of silica in CO(N03)2 solutions in the pH
range where precipitation of Co(OH)2 occurred (5).

It was noted also that quartz particles obtained from
flocculation tests by surface precipitation showed more
positive 1" potentials than those obtained from tests by
heterocoagulation. This was obviously due to the higher
coating of Mg(OH)2 on the quartz surface as was seen in
abstraction test results.

STEM Observations. Scanning and transmission
electron micrographs of surfaces pertaining to the
quartz-MgCl2 system are shown in Figure 3A-H. The
clean surface of quartz at pH 11, conditioned in distilled
water, is shown in Figure 3A. Morphology of Mg(OH)2
precipitates at pH 11 is shown in Figure 38. Figure 3C-F
shows increasing amounts of Mg(OHh precipitates dotting
quartz surfaces under heterocoagulation conditions in the
presence of 10-3 M MgCl2and at pH values of 8.9, 11.0,
12.0, and 12.6, respectively.

The differences occurring in surface topography between
heterocoagulation and surface precipitation are shown in
Figure 3G,H. Quartz conditioned with 10-3 M MgCl2at
pH 11 by surface precipitation (Figure 3H) showed a
denser coating than that conditioned by heterocoagulation.

Flocculation Tests. Flocculation behavior of ground
quartz in MgCl2 solution was examined as a function of
pH by standardized jar tests from which the settling rate
(em/min), suspended solids concentration (ppm), and
residual concentration of Mg2+ were determined. Figures
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Results

Differences in occurrence and behavior of heterocoagu­
lation and surface precipitation in quartz-MgCl2 were
examined by abstraction tests, 1" potential determinations,
scanning and transmission electron microscope observa­
tions, and flocculation tests. The results are given below.

Abstraction Tests. Abstraction of Mg2+ as ions or
precipitates onto quartz is indicated in Figure 1 as a
function of pH for different MgCl2concentrations. It is
observed in general that the abstraction increased sharply
with pH, indicating a strong interaction between a Mg2+
and a quartz surface. The steep rise in abstraction at or
above the pH of bulk precipitation of Mg(OH)2 denotes
the affinity between the precipitates and quartz. The
points-of-zero-charge (pzc) of quartz and Mg(OH)2 are
between pH 1 and pH 3 and pH 12 and pH 13, respectively
(3). Hence, electrostatic attraction between the negatively
charged quartz and the positively charged Mg(OH)2 below
pH 12 is evident.

It is seen that surface precipitation of Mg(OH)2 onto
quartz surface led to a higher abstraction density than in
the case of heterocoagulation. Abstraction by hetero­
coagulation depends on the electrostatic affinity between
Mg(OHh and quartz surfaces. The electrostatic nature
of the interaction between these surfaces is brought out
clearly in the curves where it is observed that abstraction
increased steadily with pH until pH 12. Above pH 12,
where Mg(OHh is uncharged or is mildly negative, the
abstraction curves showed a decrease due to repulsion
between the precipitate and mineral surfaces.

1" Potential Measurements. 1" potentials of Mg(OH)2
precipitates and of quartz in the absence and presence of
MgCl2are shown as a function of pH in Figure 2. Quartz
showed a high negative charge in the alkaline pH range,
with a 1" potential of about -80 mV at pH 11. Precipitates
of Mg(OH)2 showed positive 1" potentials below pH 12.5,
and a value of 55 mV at pH 11. Therefore, when ground
quartz was mixed with MgCI2solutions at pH values below
12.5, where Mg(OH)2 was precipitated, heterocoagulation
of positively charged Mg(OH)2 onto the negative surfaces
of quartz took place readily, as noted in the abstraction
tests.

10-6
6J,---eo----,±---±----,1'"'Oo-1~1°-±---.''''''

pH

Figure 1. Abstraction of Mg'+ and Mg(OH), by quartz in the presence
of 10-', 10-', and 10-' M magnesium chloride as a function of pH.
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Figure 3. Scanning and transmission electron micrographs of quartz
surfaces at various pH values under heterocoagulation conditions in
10-3 M MgGI,. (A) Surface of Brazilian quartz, pH 11; (B) magnesium
hydroxide precipitate, pH 11 (TEM); (G) surface of quartz with 10-3 M
MgGI,. pH 8.9; (0) surface of quartz with 10-3 M MgGI,. pH 11.0; (E)
surface of quartz with 10-3 M MgGI,. pH 12.0; (F) surface of quartz
with 10-3 M MgGI,. pH 12.6; (G) quartz with 10-3 M MgGl, at pH 11,
heterocoagulation conditions; (H) quartz w~h 10-3 M MgGl, at pH 11,
surface precipitation conditions.
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cipitation were similar. Under free-settling conditions,
settling rates were indicative of the floe size, the larger floes
resulting in higher settling rates. The largest floes at 10-2

M MgCl2were formed at a pH of about 9.6. The settling
rate curve shows two regions of flocculation reaching a
maximum settling rate of 9.5 em/min at pH 9.6 and dis­
persing fully near pH 11.0. As the pH was further in­
creased, a second flocculation region was observed where
precipitates of Mg(OH)2 themselves started settling on
their own, weighed down by the quartz particles. Floc­
culation of Mg(OH)2 precipitates by themselves in a sep­
arate test showed that the precipitates settled as a thick
gelatinous mass with a sharp mud line and a clear su­
pernatant, reaching a settling rate of about 0.7 em/min
at pH 12.5. The nature of the pulp in the second floccu­
lation region at 10-2 M MgCl2in Figure 4 was observed to
be similar to that of Mg(OHh precipitates.

In the absence of any foreign ions in the pulp, ground
quartz gave suspended solids concentrations of 17000­
20000 ppm. In Figure 4, the suspended solids concen­
tration of quartz in the presence of 10-2 M MgCl2 was
below 2000 ppm between pH 9 and pH 10 but reached as
high as 20000 ppm near pH 11. Residual concentrations
of Mg2+ in the supernatant indicated gradual initial re­
moval of Mg2+ from solution due to adsorption onto the
quartz surface and sharp reduction of Mg2+ on account of
precipitation as Mg(OHh Very little Mg2+ remained in
solution at pH above 11 for all concentrations of MgCl2
employed in these tests.

Figure 5. Flocculation test results on quartz as a function of pH in the
presence of 10-3 M magnesium chloride under heterocoagulation and
surface precipitation conditions.
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4-6 show flocculation test results on quartz as a function
of pH in the presence of 10-2, 10-3, and 10-4 M MgCI2,
respectively, under heterocoagulation and surface precip­
itation conditions.

At 10-2 M MgCl2 (Figure 4), it was observed that the
settling rates under heterocoagulation and surface pre-

8 10 11 12 13 14
pH

Figure 4. Flocculation test resu~s on quartz as a function of pH in the
presence of 10-' M magnesium chloride under heterocoagulation and
surface precipitation conditions.
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presence of 10'" M magnesium chloride under heterocoagulation and
surface precipitation conditions.

The settling rate curve at 10-3 M MgCl2(Figure 5) had
a wider spread. showing appreciable flocculation of quartz
between pH 9.5 and pH 12.5. A significant observation
in this figure is that the settling rate under heterocoagu­
lation conditions was higher than that for surface precip­
itation. Under both conditions. the settling rates peaked
at pH 11. The peak settling rates under both conditions
were the highest of the three MgCl2concentrations tested.
The suspended solids content was at low levels (2000 ppm
or less) for a wider range of pH (10-12), corresponding
to the settling rate curves.

At 10" M MgCl2, the settling behaviors of quartz under
heterocoagulation and surface precipitation conditions
were different. The peaks under these conditions occurred
at pH of 11.4 and 12.3 with settling rates of about 11 and
5 cm/min, respectively. Values of the suspended solids
concentrations reflected the settling rates obtained, with
clarification of the pulp occurring in a narrow range at
about pH 12.2 and pH 11 for heterocoagulation and surface
precipitation conditions, respectively.

Comparing the flocculation curves at 10-2, 10-3, and 10"
M MgCI2 (Figures 4-6), it was noted that at all concen­
trations of MgCl2quartz flocculated appreciably in certain
pH ranges. Flocculation in all the three cases commenced
at a pH below that of bulk precipitation of Mg(OH)2'
increased steadily to peak at unique pH values, and
gradually decreased at higher pH. This behavior corre­
sponded with increasing abstraction of Mg2+ and Mg(OH)2
on quartz as shown in Figure 1.

Also, comparison of the flocculation curves at three
concentrations of MgCl2shows that at 10-2M there was
an excess of Mg(OHh precipitates formed. There was no
distinct difference between heterocoagulation and surface
precipitation systems. The surfaces of quartz would be
expected to be heavily coated with Mg(OH)2 under both
conditions. Heavy coating by Mg(OHh of quartz surfaces
was observed by means of an electron microscope. At 10-3

M, where bulk precipitation of Mg(OH)2 does not begin
to occur at pH below 10.4, the difference between the two
systems was most distinct. At 10" M, bulk precipitation
of Mg(OHh did not occur until a pH of 10.9 was reached.
In this system, where a lesser quantity of Mg(OHh pre­
cipitates formed, nucleation on the surface and precipi­
tation in situ appeared to be predominant over hetero­
coagulation. This was evident from the fact that surface
precipitation occurred at a lower pH than heterocoagula­
tion in Figure 6. The three systems (Figures 4-6) differ
in the quantities of Mg(OHh precipitated and illustrate
the difference between surface precipitation and hetero­
coagulation under these conditions.

Since the sequence of addition of reagents in the floc­
culation tests led to differences in settling behavior, it was
of interest to study the nature of the flocs formed in each
case. Figure 7 shows settling rates as a function of the
number of cycles (three each) of jar inversions of floccu­
lation tests performed at pH 11 by heterocoagulation and
surface precipitation methods in the presence of 10-3 M
MgCI2. Two sequences of reagent additions characterized
surface precipitation, as indicated in the figure. The plot
shows that continued agitation led to a substantial dif­
ference in settling rates between heterocoagulation and
surface precipitation, the settling rate in the case of the
former increasing to a higher value of 23 cm/min compared
to a value of about 11.5 cm/min in the case of the latter.
Both sequences of reagent addition employed to bring
about surface precipitation gave similar results.

It should be noted that the heterocoagulation and sur­
face precipitation results reported earlier in Figures 4-6
were obtained with only one cycle of agitation. The in­
crease in settling rates with agitation for heterocoagulation
suspensions might be due to additional abstraction of
Mg(OHh onto the quartz surface and the consequent
promotion of a more favorable reorientation of quartz
particles leading to larger flocs. This did not occur in
quartz suspensions with surface precipitated Mg(OH)2
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because nearly all the precipitates nucleated on the surface
with almost no rearrangement of Mg(OH)2 precipitate
occurring on the quartz surface.

Discussion
Heterocoagulation, or mutual coagulation, involves the

coagulation of dissimilar particles of either the same or the
opposite charge. Although the principal factors governing
heterocoagulation and coagulation of identical particles are
fundamentally the same, they differ in some important
aspects. Electrostatic interaction between two dissimilar
particles is always attractive when the particles are op­
positely charged or when one of them has a zero charge.
When the charges of the particles are of like sign but of
different magnitude, the interaction is at first repulsive,
tending toward a maximum repulsive energy (energy
barrier), and thereafter attractive as the particles approach
each other. The location of the energy barrier depends on
the ratio of surface potentials of the particles, while the
magnitude of the energy barrier depends entirely on the
lower surface potential. Heterocoagulation is favored by
a large difference in surface potentials and a relatively low
value of the lower potentials (6).

The pronounced affinity between Mg(OHh precipitates
and quartz surfaces was evident from the abstraction and
I potential data. Results of other investigations also
support these findings (4, 7). Under conditions where
quartz and Mg(OH)2 were oppositely charged, their I po­
tentials showed a large difference, with that of Mg(OH)2
being relatively low. These favorable conditions for
heterocoagulation, therefore, form a basis for their strong
affinity. The overall picture of charge interaction between
quartz surfaces and Mg(OH)2 precipitates shows good
correspondence to the model presented by James and
Healy (5) for an oxide-precipitate system in which three
charge reversals occur as a function of pH: at the pzc of
the substrate [quartz]; at the pzc of the precipitates
[Mg(OHM at a pH value between the two depending upon
the surface coverage of the metal hydroxide species.

The manner in which the precipitates were deposited
on quartz surfaces markedly influenced the extent of ab­
straction and overall surface charge of the particles. Nu­
cleation and growth of the precipitates on the surface
appeared to result in a more abundant and adherent
coating than in the case when the precipitates were allowed
to heterocoagulate onto the surfaces of quartz. The denser
coating produced by surface precipitation in turn exhibited
more positive surface charge of the coated quartz particles.
Also, in the surface precipitation method, the nucleation
of the precipitate occurred at pH values below those for
bulk precipitation. This might be due to the strong electric
field at the interface resulting in a lower dielectric constant
of the medium, which in turn results in a lowering of the
solubility product of the precipitates (5). Hence, precip­
itation at the surface might have preceded bulk precipi­
tation. Precipitates that heterocoagulate onto the surface
must do so predominantly by means of Coulombic forces.
The difference was indicated by the increase in abstraction
of surface-precipitated Mg(OHh even above pH 12, under
which conditions heterocoagulated precipitates showed
lower abstraction.

A simple model is presented in Figure 8 to show the
formation of a quartz floc in the presence of Mg(OH)2
precipitates. It was noted with electron microscopy tnat
Mg(OH)2 particles formed a spotty coating on the su~face

of quartz. This type of coating is analogous to the
"electrostatic patches" of polymer adsorption described by
Kasper (8) and Gregory (9). A mosaic charge pattern made
up of spots of positive charge covering an area of negative
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Figure 8. Schematic representation of formation of a floc of quartz
particles in the presence of Mg(OH), precipitates.

charge results in charge neutralization of the particles.
Repulsion forces between particles are greatly reduced
when the I potentials are in the critical range of about 30
mV (10). One such quartz particle on collision with a
similar particle can effectively attach itself to the second
particle by means of "electrostatic bridges" between Mg­
(OH)2 spots on one particle and the uncovered quartz
surface of the other. Several such particles may thus come
together to form a floc. The number of particles joining
together to form a floc increases until the overall charge
of the floc is zero. If a large portion of the quartz surface
is covered by Mg(OH)2' less free surface is available for
attachment by other particles, leading to fewer particle
attachments and hence smaller floes. Conversely, a sparse
coating of Mg(OHh provides less anchor points for other
particles, resulting again in smaller floes. The dependence
of settling rates on MgCl2 concentration and pH can,
therefore, be directly correlated to this model.

Sedimentation potential tests on this system showed
that the charge on the floc was zero at conditions where
maximum settling rates of quartz suspensions were ob­
tained (11). Coverage of more or less than a critical level
increases the positive or negative charge on the floc. Under
these conditions, repulsion forces between like charges
prevent close approach of the particles, leading to dis­
persion of the pulp. This was readily seen with 10-2 M
MgCl2 solutions, where at pH values above 10 a dense
coating of Mg(OH)2 on the mineral surface raised the I
potential to highly positive values resulting in slow-settling
pulps. At a pH below 9.6, below bulk precipitation of
Mg(OHh, the charge was still negative, and the suspension
exhibited lower settling rates. In addition, the existence
of a critical surface coverage is supported by the fact that
the peaks of the settling rates at different MgCl2concen­
trations occurred at approximately the same abstraction
density of Mg2+ on quartz. Smellie and LaMer (12) sug­
gested that optimum flocculation by polymers is obtained
when about half the available adsorption sites on the
mineral are occupied by the polymer. A similar picture
may be visualized in the present system, with Mg(OH)2
occupying about half the adsorption sites on a quartz
particle and forming "electrostatic bridges" with the ad­
sorption sites of the uncovered surface of another particle.

The difference in settling behaviors between surface
precipitation and heterocoagulation systems might be re­
lated in a complex way to the difference in the formation
and extent of coating of the precipitates and the subse­
quent formation of floes. Surface precipitation of Mg(OHh
on quartz resulted in a higher coating density than did
heterocoagulation. The nucleated Mg(OH)2 precipitates
are rigidly held with no subsequent rearrangement on the
surface. The floes formed undergo less reorientation of
disintegration with agitation. On the other hand, in
heterocoagulation systems, coating of Mg(OH)2 depends
entirely on the frequency of collision among particles and
electrostatic forces between the precipitates and the quartz
surfaces. The lesser coating density that resulted led to
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the formation of smaller flocs due to fewer "electrostatic
bridges" between particles. Precipitates not abstracted by
quartz remained suspended in the bulk solution, On
vigorous and repeated agitation of the suspension, in­
creased collision resulted in more of the free precipitates
becoming attached to the surfaces of quartz particles and
rearranging to a more favorable configuration for the
formation of larger flocs.

Registry No. Mg(OHl" 1309·42-8; quartz, 14808-60-7.
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• Several experiments were carried out to determine the
degradation rate of tributyltin (TBT) in microcosms con­
taining harbor water. Unlabeled or 14C-labeled tributyltin
was added to water samples collected from two stations
in San Diego Bay, CA. Degradation rates were determined
by calculating the rate of loss of the added parent TBT
compound. Calculated half-lives in water collected from
a yacht harbor (ambient concentration was 0.5 !'g of
TBTIL) were 6 and 7 days for light and dark treatments,
respectively. Half-lives from a clean-water site «0.03 !'g
of TBTIL) were 9 and 19 days for light and dark treat­
ments, respectively. The principal degradation product
in all experiments was dibutyltin with lesser amounts of
monobutyltin. Complete mineralization, measured by the
formation of 14C02, proceeded slowly with a half-life of
50-75 days. Tributyltin at high concentrations (744 !'g/L)
was not degraded in sunlight, indicating that photolysis
was not taking place and that biological degradation was
the primary degradative process for TBT at low ambient
concentrations.

Introduction

Tributyltin (TBT) is increasingly used as an antifouling
toxicant in boat paints and is also used as a wood pres­
ervative, molluscide, and insecticide (1-3). The tributyltin
cation is highly toxic to certain aquatic organisms. At
concentrations of 1 !'g/L or less, TBT has been shown to
be toxic to certain plankton species; including copepods
and mussel larvae (4, 5). Long-term toxicity to adult
mussels and fish has also been documented at 1 !'g/L (6,
7).

The presence of TBT in marine and freshwater harbor
areas has recently been reported, primarily associated with
boating activity (8-11). Additionally, studies have docu­
mented the presence of monobutyltin (MBT) and di­
butyltin (DBT) in environmental water samples where
TBT was measured (8, 11). Monobutyltin and dibutyltin
may enter aqueous systems to a minor degree by leaching
from poly(vinyl chloride) and chlorinated poly(vinyl
chloride) plastics (12). However, in the absence of such
inputs, the presence of MBT and DBT is likely due to
dealkylation of the TBT species, particularly in areas
where antifouling paints containing TBT as a biocide are
used routinely.

The degradation of alkyltins has been reported to pro­
ceed by successive dealkylation reactions to an inorganic
tin salt as the final product (13, T4). Determination of
TBT degradation rates is a key element in predicting
steady-state concentrations of TBT from dynamic models.
These predictions are important in risk assessments that
address the use of TBT containing antifoulants and are
useful in the development of water-quality standards and
criteria.

Recent reports have documented photolysis and bio­
degradation in aquatic systems. Tributyltin added to a
freshwater harbor sample degraded to DBT and MBT with
a photolytic half-life calculated at >89 days (15). Tri­
butyltin initially present in a freshwater harbor sample was
found to degrade, in the dark, to MBT and DBT with an
estimated half-life of 20 weeks (16). There is, however, a
lack of information on TBT degradation rates under am­
bient environmental conditions; we are not aware of studies
addressing TBT degradation in marine coastal waters.
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Figure 1. Water collection sites in San Diego Bay, CA, for degradation experiments.

Since TBT is found in areas associated with boating ac­
tivity, a knowledge of the persistence of TBT in the marine
environment is essential to predict potential environmental
hazards associated with its widespread use. National at­
tention has recently been focused on the use of TBT as
a biocide in antifouling paints by initiation of a Special
Review by the U.S. Environmental Protection Agency
based on the potential risks to nontarget aquatic organisms
[Fed. Regist. 1986,51(5)]. The data presented in this study
summarize experiments where radiolabeled or unlabeled
TBT at concentrations near those found in some harbor
areas was added to water from San Diego Bay. The deg­
radation ofTBT to DBT, MBT, and [4C02 was followed.
Processes that were expected to affect the fate of TBT
included indirect photolysis and biological degradation by
bacteria and phytoplankton (14, 15, 17).

Experimental Section
Analysis of Butyltin Species in Seawater. Either

a commercial tributyltin chloride standard (Pfaltz and
Bauer, Inc.) or a tributyltin cation/distilled water solution
was used as the primary TBT source added to ambient
seawater. The TBT cation solution was prepared by the
National Bureau of Standards (Gaithersburg, MD). Sea­
water was collected in 24-L polycarbonate plastic bottles
from sites (station 1 or 2) within San Diego Bay (Figure
1). A 200-jLm mesh Nytex screen was used to filter sea-
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water, which permitted bacteria and phytoplankton to pass
but excluded larger zooplankton species and particulate
matter.

Initial TBT concentrations were adjusted to give test
concentrations of IjLg/L or less. Samples were analyzed
by the hydride derivatization method with atomic ab­
sorption (HDAA) detection for determination of TBT,
DBT, and MBT. The method has been successfully used
to measure butyltin in seawater directly without precon­
centration (18) and has been modified in our laboratory
for direct determination of TBT as well as DBT and MBT
in seawater (11, 19). Analytical variability with replicated
measurements of standards and natural seawater samples
has routinely given standard deviations ranging from 5%
to 10% of mean values at 0.01-0.05 Ilg of TBT/L.

Briefly, a sample is adjusted to a pH of 5.0-5.5 with 2
N acetic acid and reacted with a 4% sodium borohydride
solution prepared in 1% sodium hydroxide in distilled
water for 5 min. The volatile butyltin and inorganic tin
hydrides formed are carried to a cryotrap placed in liquid
nitrogen by helium carrier gas. The trap is packed with
0.01-0.015 g of 3% OV-l on Chromosorb. After the hy­
drides have been formed and collected in the trap, they
are carried into a quartz burner by removing the trap from
the liquid nitrogen bath. The hydride compounds are
separated by their differing volatility as they distill from
the trap, which is allowed to come to room temperature.



Optimal evolution of tributyltin hydride requires heating
the trap to 180 ·C. Detection is accomplished in the quartz
burner at 286.3 nm with a hydrogen-air flame. Detection
limits for MBT, DBT, and TBT are 5 ng/L (approximately
2 ng of Sn at the detector).

Inorganic tin was not quantified as no significant in­
crease was noted in its concentration in water over the
course of the degradation studies. The mass balancp of
butyltin species present at any given time was the sum of
MBT, DBT, and TBT reported as the chlorides.

Initial experiments indicated that analytical results from
replicate treatment bottles could vary widely. Chemical
measurements of butyltin species frequently exhibited
standard deviations ranging from 5% to 30% or more of
the mean value from three separate containers. Accord­
ingly, experiments reported herein were performed with
five replicate 1-L polycarbonate containers (microcosms)
per treatment.

Radiolabeled Studies. For radiolabeled studies, [bu­
tyl-P4C]bis(tri-n-butyltin) oxide custom synthesized by
New England Nuclear (3.67 mCi/mmol) was used. [14_
ClTBT was added to 2 L of water collected from station
1 or 2. The final concentration of [14C]TBT was 2 p.g/L.
At the end of various incubation periods, 14C02 was col­
lected as previously described (20). Tributyltin and ra­
diolabeled degradation products were extracted from the
2 L of water with 300 mL of chloroform. Spiked recovery
of [14C]TBT was between 97% and 99%.

The chloroform extract was taken to dryness on a rotary
evaporator. The extract was redissolved in a small volume
of methanol. An aliquot was counted with a liquid scin­
tillation counter, and a second aliquot was applied to silicic
acid thin-layer plates. The solvent system used to separate
TBT and degradation products was isopropyl ether-acetic
acid (98:2 vIv). Autoradiography, using X-ray film (X­
Omat AR film, Eastman Kodak Co.), of the thin-layer
plates was carried out to locate the position of TBT and
degradation products. Authentic standards for thin-layer
chromatography included bis(tributyltin) oxide, dibutyltin
dichloride, and monobutyltin trichloride (Aldrich Chemical
Co.). Unlabeled butyltin standards were visualized with
a dithizone or pyrocatechol violet spray (21).

For adsorption studies, [l4C]TBTO was added to 2 L of
seawater from station 1 or 2 to give a final concentration
of 2 p.g/L. After 24 h of incubation, three aliquots of water
(300 mL) were passed through a glass fiber filter. The
filter, after being washed with filtered seawater, was
counted on a liquid scintillation counter. When [l4C]TB­
TO was added to filtered seawater (passed through a
0.2-p.m filter), no radioactivity was found on the glass fiber
filter. Since spiked recovery of whole unfiltered seawater
was between 97% and 99%, a mass balance of 100% was
assumed from particulate values and the filtered seawater
fraction. Calculations of particulate radioactivity as per­
cents were made from counts made on filters and the initial
water concentration (2.0 p.g/L).

Experimental Design. Experiment l. Seawater, with
an ambient TBT concentration of <0.03 p.g/L, was col­
lected from station 1 in South San Diego Bay (Figure 1)
during late May 1985. Tributyltin cation is distilled water
(NBS solution) was used to spike the seawater sample to
give an initial TBT concentration of 0.55 p.g/L. The initial
DBT concentration was 0.008 p.g/L. Replicate samples
were incubated in l-L clear polycarbonate bottles under
ambient temperature (12.5-15.0 ·C) and light conditions
in a flow-through tank for a 9-day period. The bottles
functioned as microcosms with ambient concentrations of
bacteria and phytoplankton and were held approximately

10 em under the surface of flowing seawater. The 5000-gal
tank used to incubate samples was fitted with a neutral
density screen, which reduced incident surface light by
41 %. Polycarbonate was chosen because of its low ad·
sorptivity to TBT (22).

The polycarbonate bottles were either exposed to light
or wrapped completely in aluminum foil for "dark" con­
ditions. Five replicate samples were removed for butyltin
analysis from light, dark, and light/poisoned treatments.
Sodium azide, at a concentration of 0.1 giL, was added to
light/poisoned samples to reduce microbial activity.

In addition to butyltin measurements, temperature, pH,
oxygen, and chlorophyll measurements were made on
replicate samples at each sampling interval. Oxygen
measurements were made with a membrane probe atta­
ched to a calibrated meter. A standard extraction method,
followed by fluorometric determination, was used to
measure chlorophyll (23).

Experiment 2. Seawater was collected from station 1
(South San Diego Bay) and station 2 (Shelter Island Yacht
Basin) during July 1985. Tributyltin cation in distilled
water (NBS solution) was added to 80 L of water so that
the initial TBT concentration was 0.99 p.g/L. The con­
centration of DBT was 0.03 p.g/L. Replicate samples were
incubated under ambient sunlight light and water tem­
perature (15.5-19.5 °C) conditions for an 8-day period in
the same reservoir (fitted with a neutral density screen)
described under Experiment 1.

Five replicate samples were removed for butyltin
analysis from light, dark, light/poisoned, and dark/poi­
soned treatments. The sodium azide concentration in the
dark/poisoned treatment was the same as that used in the
light/poisoned treatment (0.01 %). Temperature, pH,
oxygen, and chlorophyll were also measured in replicate
samples by methods previously described.

In order to test the extent of TBT degradation at higher
initial concentrations, an additional TBT solution was
prepared from near-shore seawater spiked with tributyltin
chloride to a concentration of 744 p.g/L. This solution was
prepared in an 8-L polycarbonate bottle and held in re­
duced sunlight under flowing seawater conditions in the
5000-gal tank. Samples were withdrawn periodically from
this solution to determine the extent of TBT degradation.

For the radiolabeled experiments, [l4ClTBTO was added
to a number of 4-L Pyrex flasks containing 2 L of water
from either station 1 or 2. The initial concentration of
[14C]TBTO was 2 p.g/L. The water was extracted and
analyzed for [14ClTBT and degradation products as de­
scribed above. Triplicate samples were analyzed for each
time period (2, 4, and 6 days). Formalin (0.4% final
concentration) was used as a poison.

Results and Discussion
The ambient TBT and DBT concentrations at station

1 located in South San Diego Bay were <0.03 p.g/L. Thus,
the added TBT and degradation products were easily
detected. Rapid degradation of the TBT species was ap­
parent at the low test concentrations used in this study
(0.55, 0.99, and 2 p.g/L), and the principal degradation
product formed was DBT. Chromatographs shown in
Figure 2 are representative of the TBT and DBT con­
centrations present initially and after a 5-day exposure
period in experiment 2. The formation of DBT, and to
a lesser extent MBT, is evident from an initial TBT con­
centration of 0.99 p.g/L.

Adsorption experiments showed that between 8% and
11 % of the [14ClTBT after 24 h was taken up by sus­
pended particles in the light or dark with water from
stations 1 and 2. When azide was added to the water,
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Table I. Tributyltin Half-Lives Calculated from Linear Regression of Disappearance of TBT Parent Compound

TBT mass
TBT, ~g/L water source month temp,OC treatment half-life, days balance, %0

Tributyltin Spiked Water
expt 1

0.55 STA 1 May-June 12.5-15 light 13 104
0.55 STA 1 May-June 12.5-15 dark 19 94
0.55 STA 1 May-June 12.5-15 light + azide 28 111

expt 2
0.99 STA 1 July 15.5-19.5 light 9 84
0.99 STA 1 July 15.5-19.5 dark 9 73
0.99 STA 1 July 15.5-19.5 dark + azide 18 85
0.99 STA1 July 15.5-19.5 light + azide 14 84

[I4CJTributyltin Spiked Water
expt 2

2.0 STA 1 July 15.5-19.5 light 11 98
2.0 STA 1 July 15.5-19.5 dark 12 99
2.0 STA 1 July 15.5-19.5 dark + formalin 89 99
2.0 STA 2 July 15.5-19.5 light 6 97
2.0 STA2 July 15.5-19.5 dark 7 98
2.0 STA 2 July 15.5-19.5 dark + formalin 94 99

'Mass balance refers to the sum of the monobutyltin, dibutyltin, and tributyltin species calculated at the end of the experiment compared
to the initial values.

Tl T5

TIME

Figure 2. Chromatogam of butyltin hydrides demonstrating degadation
of tributyltin and formation of monobutyRin and dibutyRin in seawater
over a 5-day period: a = monobutyRin, b = dibutyltin, and c = tr~

butyltin. T1 shows DBT and TBT peaks after 24 h (25-mL sample
aliquot) and T5 after 5 days (50-mL sample aliquot).
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Figure 4. Degradation of tributyltin in ambient seawater under light
conditions in experiment 2: (TBT) y =-0.053x + 0.951, " =-0.97;
(DBT) Y = 0.024x + 0.046, " = 0.95. Day 8 data were not used for
regression analysis due to poor mass balance (65 %).

Butyltin concentrations resulting from direct chemical
speciation measurments were, therefore, associated pri­
marily with TBT in solution. Mass balances of total bu­
tyltins (parent TBT compound and degradation products)
at the end of our studies were 73 % or more of initial
values, indicating that most of the butyltin species were
in solution or loosely associated with particulates and
presumably available to borohydride reduction. Some
butyltin adsorption to container walls no doubt occurred
but did not appear to be a significant factor in these ex­
periments.

The linear loss of parent (TBT) compound and an as­
sociated increase in DBT in water from station 1 are shown
in Figures 3 and 4 and apparently follow zero-order ki­
netics. Table I provides TBT half-lives on the basis of
regression analysis of TBT loss and the formation of
primarily DBT. The half-lives calculated for unlabeled
TBT by least-squares regressions of values determined by
HDAA in light treatments in experiments 1 and 2 from
South San Diego Bay were 13 and 9 days, respectively. In
the dark, for Experiments 1 and 2, respectively, TBT
half-lives were calculated to be 19 and 9 days. Tributyltin
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Figure 3. Degradation of tributyRin in ambient seawater under light
conditions in experiment 1: (TBn y = -0.022x + 0.568, " =-0.90;
(DBT) Y = 0.015x + 0.025, " = 0.97.

between 4% and 5% of the [14C]TBT was associated with
the particulate fraction. Thus, approximately 4%-6% of
the P4CjTBT was actively taken up by particles. Most of
the TBT added to seawater samples remained in solution.
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days when formalin was used as a biocide. Other studies
have shown high linear degradation rates when radio­
labeled pollutants were added to water that had previous
exposure to the same pollutants (20). We speculate that
microbes capable of degrading TBT are present in higher
numbers at station 2 compared with station 1 and may
represent an adapted population. Recent work with
phytoplankton, however, did not demonstrate adaption to
TBT after 12 weeks of exposure (24).

Tributyltin degradation rates reported as half-lives in
this study were generally slightly longer under dark than
under light conditions, suggesting that some algal meta­
bolsim of TBT may have occurred in light treatments. In
preliminary experiments we have found that a new deg­
radation product is found in light treatments having the
properties of a (hydroxybutyl)dibutyltin compound (28).
Maguire et al. (17) have shown that approximately 50%
of the TBT added to an axenic green algal culture was
converted to DBT over a 4-week period. The authors
recognized that the algal concentrations used in their study
were about 2 orders of magnitude greater than those rep­
resentative of actual lake or harbor levels. Degradation
rates at environmental algal concentrations may, therefore,
be lower. Under conditions where phytoplankton expe­
rience exponential growth forming "blooms", algae may
play an important role in TBT degradation. In our studies,
chlorophyll production increased rapidly during the first
few days in light treatments in experiments 1 and 2, and
then declined to initial levels, possibly due to nutrient
depletion. Maximum chlorophyll levels did not exceed 4
/J.g/L, which was approximately twice the concentration
measured initially in experiments 1 and 2. Algal growth
was, therefore, limited to near environmental levels
throughout our studies.

Direct photolysis of TBT was not expected to be im­
portant in our experiments since the polycarbonate bottles
used absorbed most light below 360 nm. Butyltins es­
sentially do not absorb light above 350 nm (15). Maguire
et al. found that direct photolysis of TBT in distilled water
and water from a freshwater harbor was slow with a
half-life >89 days (15). When TBT was added to distilled
water and to water containing fulvic acid, followed by
exposure to a mercury lamp with a peak wavelength at 350
nm, the half-life decreased from 18 to 6 days, suggesting
a photosensitized reaction had occurred (15). Tributyltin
degradation was not evident in our studies at a high TBT
concentration (744/J.g/L) over a 144-day period, indicating

labeled with 14C and added to water from station 1 gave
results similar (1l-12-day half-life) to those obtained with
unlabeled TBT. Dibutyltin was the principal 14C degra­
dation product formed. Only trace amounts of MBT and
14C02 were detected in the 14C-labeled studies. By use of
the formation of 14C02 as the measure of complete min­
eralization, the calculated half-life (time required for 50%
of the initial [14C]TBT to be degraded to 14C02) was 50
and 75 days for TBT added to water from station 1 in the
light and dark treatments, respectively. In the formation
of dibutyltin by living organisms, there is evidence for
formation of 13-(hydroxybutyl)dibutyltin, which in turn
degrades to dibutyltin with the release of butene (21). In
our system, [14C]butene would probably be released to the
air dead space above the water phase in the containers used
and would not be collected in the 14C02 trap. The disap­
pearance of parent TBT compound with conc(>:nitant
formation of debutylated products is considerc\.I here to
be an appropriate measure of degradation because of the
substantial detoxification of TBT to aquatic organisms
resulting from loss of a butyl group. Dibutyltin has been
recently reported to be less toxic than TBT by at least 2
orders of magnitude in tests with algae and by SO-fold with
mud crab larvae (24-26).

In treatments where sodium azide was added, TBT
half-lives were longer, suggesting that microbial activity
was the important degradative process in TBT decay at
low concentrations. Although azide was added to suppress
biological activity, the DBT degradation produced was also
detected in the dark/azide treatment and increased over
time. The azide may have been degraded during the course
of the experiment or was too Iowa concentration (0.01 %)
to completely kill all microbes. In experiments conducted
with [14C]TBT, formalin was used to control microbial
activity. Longer TBT half-lives (89-94 days) were calcu­
lated in dark treatments where formalin was used, further
indicating a microbial association with TBT degradation
(Table 1).

Tributyltin concentrations of 2 /J.g/L or less were used
in our studies to simulate environmentally realistic con­
centrations. Although these levels of TBT are not ex­
pected in open, well-flushed areas of bays or estuaries, we
have measured TBT concentrations ranging from 0.49 to
0.93 /J.g/L at station 2 in the Shelter Island Yacht Basin
during July-September 1985 (11). Additionally, recent
evidence suggests that microbial degradation of organic
compounds may proceed at low concentrations, while at
higher concentrations degradation is reduced or not ap­
parent (27). This process may be due either to inhibition
of all microorganisms capable of metabolizing the com­
pound or to the inhibition of the mineralizing, but not the
cometabolizing populations (27). A study conducted
concurrently with experiments 1 and 2 using TBT at a
concentration of 744 /J.g/L under the same ambient light
and temperature conditions indicated no degradation over
a period of 144 days. Biodegradation was likely inhibited
by direct toxicity of TBT at such a high concentration.

Ambient TBT and DBT concentrations at station 2
(Shelter Island Yacht Harbor) were 0.49 and 0.28 /J.g/L,
respectively. These concentrations were much higher than
those measured at station 1, presumably due to the high
density of yachts (more than 2000) in the boat basin and
the likelihood of TBT antifouling paint use. Higher TBT
degradation rates were also noted at station 2 compared
with station 1, with half-lives of 6 and 7 days calculated
for light and dark treatments, respectively (Figure 5, Table
1). The observed degradation was primarily due to mi­
crobial metabolism since the half-life was calculated at 94

Environ. Sci. Technol., Vol. 20, No. 12, 1986 1233



0.6 ..
~

~
0.4

€

~ 0.2
~

0

0.4 0.6 0.8 1.0
Tributyltin (,uglliter)

rL:d>. 0.2
S
~ ,
o "c , ,
~ 00 ',' •

o 0.2 0.4 0.6 0.8 1.0
Tributyltin (p.g/liter)

Fig... 6. Least-squares regression of TBT vs. DBT and MBT mea­
surements from San Diego Bay, CA, water samples. Samples were
collected over a 3-year period from various s~es: (a) [DBT] =
0.527[TBT] + 0.013, r' = 0.80, n = 78; (b) [MBT] = 0.130[TBT)
+ 0.006, r' = 0.59, n = 70.

that neither indirect photolysis nor chemical redistribution
was a significant process under or experimental conditions.

Assuming the degradation measurements reported
herein are representative of San Diego Bay waters, it
follows that significant levels of degradation products
(DBT and MBT) would be measured in ambient waters
where flushing rates are slow. It is anticipated that these
measurements would covary with the tributyltin cation
concentration in a relatively constant ratio dependent on
degradation and flushing rates. Butyltin concentrations
from San Diego Bay samples (11) and subsequent mea­
surements (unpublished data) indicate that DBT and
MBT are nearly always present and tend to covary with
TBT (Figure 6), Least-squares regression analysis from
these San Diego Bay water samples tends to demonstrate
this covariance. On average, about 30%-40% of the total
butyltin species was DBT whereas, generally, only 10%
or less was in the MBT form. These ratios of DBT and
MBT are similar to those found after a week in our ex­
perimental systems and tend to support the stepwise de­
alkylation process observed in our microcosm degradation
studies.

Conclusions

Tributyltin degrades rapidly in seawater during summer
months at concentrations near 2 p.g/L and less, which are
close to levels recently reported in boat harbors with lim­
ited circulation, Dibutyltin is the principal degradation
product formed with a lesser amount of monobutyltin also
formed. Our experiments indicate microbial metabolism
was the principal degradative process, using direct chem­
ical measurements or radioactive-labeled compounds to
follow the dealkylation of the parent TBT species to DBT
and MBT. Algal metabolism may have played a lesser role
while photolysis was not considered a significant process
in these experiments.

Measurements of butyltin species in San Diego Harbor
waters have demonstrated that degradation products
(MBT and DBT) are present in nearly equal concentra­
tions with TBT, providing further evidence for a relatively
rapid degradation process. Efforts are continuing to ex-
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amine seasonal degradative processes in various marine
and estuarine systems for future use in aquatic models.
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Contribution of Fine Particle Sulfates to Light Scattering in St. Louis Summer
Aerosol

Terl L. Vossler and Edward S. Macias'

Department of Chemistry, Washington University, 81. Louis, Missouri 63130

• The contribution of fine particle (NH.)zS0. to total light
scattering was calculated from measured sulfur size dis­
tributions and estimates of water that might be associated
with this deliquescent species. The most common type of
sulfur size distribution observed had a major sulfur mass
peak between 0.5 and 1.0 I'm in diameter and was asso­
ciated with the highest levels of bscat. A less common type
with no peak above 0.5 I'm was associated only with low
values of bscat. On average, (NH.)SO. plus associated water
contributed 68% of the total light scattering due to par­
ticles during the summer of 1984. The measured light
scattering coefficient, bscat, and (NH.hSO. plus associated
water were extremely well correlated (r = 0.97). bscat and
total fine particle mass were not as well correlated (r =
0.69), because the correlation between bscat and non-sulfate
fine mass was poor (r = 0.24). The average calculated light
scattering efficiency of (NH.)zS0. plus water was 4.2 m2jg.
The higher values were associated with sulfur size distri­
butions with a major peak above 0.5 I'm.

Introduction

Numerous studies have implicated particulate sulfates
as one of the major contributors to visibility reduction
(1-8). Sulfates, mainly in the chemical form of (NH.hSO.,
have been found to be the single largest contributor to
ambient fine particle mass concentration in much of the
urban U.S. Furthermore, the sulfate light scattering ef­
ficiency (light scattering coefficient per unit mass) has been
found to be significantly higher than that of the other
major fine particle constituents. The light scattering
coefficient, bscat' is defined as the scattering component of
the light extinction coefficient, bex', of the Beer-Lambert
Law:

I = Io exp(-bextX) (1)

I and Ioare the transmitted and incident light intensities
and X is the distance through which an object is observed.
In urban atmospheres, light scattering constitutes a major
portion of the total light extinction. Visibility has been
inversely related to bext (",bscat) by Koschmeider (9).

The majority (>85%) of particulate sulfate found in
urban regions of the eastern and midwestern U.S. is carried
by particles below 2.5 I'm in diameter (10). These fine
particles, especially those between 0.2 and 1.0 I'm in di­
ameter, scatter light more efficiently than particles in other
size ranges (11). Sulfates have frequently been observed
in precisely this size range (12-14). Furthermore, sub­
stantial water is often associated with this deliquescent

salt. It is likely that the particle size and associated water
explain the very efficient light scattering properties of
sulfates.

Many researchers have made simultaneous measure­
ments of total light scattering and chemical composition
of ambient aerosols (1,3-7). Multiple regression analyses
were then performed to determine the effective light
scattering efficiencies of major aersols. In each case, sulfate
scattering efficiences were significantly higher than those
of other major components. These multiple regression
analyses provide a statistical association between various
pollutants and light scattering and are valuable for the
insights they provide toward the light scattering efficiencies
of the individual aerosol species. However, a calculation
based on physical characteristics of the aerosol allows light
scattering efficiencies to be determined on an individual
sample basis and lends some insight into the physical basis
of light scattering.

Hering and Friedlander (14) measured sulfur aerosol size
distributions beteween 0.05 and >4 I'm in the Los Angeles
area. Ouimette (15) performed the same type of mea­
surement in the California desert for multiple aerosol
species. He used these size distributions and the Mie
theory of light scattering to apportion light scattering to
the various aerosol species. Sloane (16, 17) calculated the
light scattering coefficient by using the Mie theory of light
scattering and individual species mass size distributions
measured in Denver in the fall of 1978 (12). Calculations
were performed for both external and internal aerosol
mixtures, with provisions made to account for any water
that might be associated with the measured fine aerosoL
In an external aerosol mixture, each particle is composed
of only one chemical species, while for an internal aerosol
mixture each particle is composed of the same mixture of
chemical species, the exact ratio of components being size
dependant. Sloane obtained excellent agreement between
the calculated and measured light scattering coefficients
for both types of aerosol mixtures. On the basis of her
results, neither type of aerosol mixture can be said not to
represent the true situation that exists for the Denver
aerosoL

In this work, the impact of fine aerosol sulfates on the
deterioration of visibility in the St. Louis region is calcu­
lated directly from the measured sulfate size distributions
and Mie theory. The analytical procedure employed in
this study permits relatively short sampling times, on the
order of 10 min to 2 h, allowing the observation of the
variation of sulfur concentration and size distribution. On
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Figure 2. Schematic of FVFPO apparatus.
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neous collection of total fine particles with the TWOMASS
sampler, as described above. A plot of the sum of the
sulfur concentrations measured for each LPI stage vs. the
sulfur concentration measured for each TWOMASS sam­
ple is shown in Figure 1. Good agreement between the
two quantities (r =0.84, slope =1.07) indicates that there
was no significant loss of fine sulfate particles from the
LPI. Although the individual LPI stage mass collection
efficiencies could not be checked by this method, this is
not expected to be a problem, as a light grease coating was
used on each stage. Note that the LPI-TWOMASS com­
parison was made for only 22 samples, as the remainder
of the TWOMASS samples were used for a destructive
carbon analysis experiment rather than for sulfur analysis.

Sulfur Analysis. Samples were analyzed for sulfur by
the method of flash volatilization and flame photometric
detection (FVFPD) (21). The stainless steel strips on
which samples were collected are secured to tungsten posts
(part of the "flashing unit") as shown in Figure 2. The
sample was then flash volatilized by discharging capacitor
C with a capacitance of 380 F across the strip. The tem­
perature attained by the strip during this process was
about 1150 ·C (see next section), which is more than ad­
equate for decomposing the most common atmospheric
sulfates (22). The flashing unit was connected to a Meloy
SA 285 sulfur analyzer with a Teflon tube line. The output
of this instrument was recorded on a CRS 100 integrator
and a Heath Model SR-255B strip chart recorder.

Sulfur was measured between approximately 4 and 100
ng. Detection sensitivity was limited by the sulfur blank

the other hand, meteorological conditions, such as relative
humidity, are not expected to change much during such
short sampling periods. This was not the case with the
Denver data base, where sampling times were 8 h for the
impactor samples. Sloane (16) indicated that the relative
humidity changed significantly over an 8-h period, lending
even greater uncertainty to the estimation of water in
association with the aerosol collected during that time.
Reduction in sampling times should minimize this un­
certainty.

Experimental Section
Sampling Site. Samples were collected on the roof of

Louderman Hall, a Washington University chemistry
building, located 6 miles west of downtown St. Louis. The
nearest major expressway is located 1 mile to the south
of the sampling site, though this is not expected to be of
consequence in studying sulfates. The stack of the
Washington University heating plant, although located less
than 1 km from the sampling site, is not likely to impinge
on the site. There were no major sulfur-emitting pollution
sources in this primarily residential area. A total of 51
samples was collected during the summer of 1984 (June,
July, and August). Sampling times were dependant on the
light scattering coefficient measured during sampling.

Low-Pressure Impactor. A low-pressure impactor
(LPI) (1B, 19) was used to collect and separate fine par­
ticles according to size down to less than 0.1 I'm in diam­
eter. The LPI consisted of eight collection stages, each of
which was characterized by cutoff diameters corresponding
to particles that are collected with 50% efficiency. These
50% efficiency cutoffs were 4.0, 2.0, 1.0, 0.5, 0.26, 0.12,
0.075, and O.05-l'm aerodynamic diameters and have been
previously calibrated (19). The first four stages collected
particles at atmospheric pressure. A critical orifice 0.038
cm in diameter preceded the final four stages and enabled
the smaller particles to be separated on the basis of
pressure reduction below each successive stage.

Stainless steel strips (0.56 cm X 2.54 cm X 0.0051 cm)
were used as the collection substrate. Each was coated
with 0.25 I'L of 1% Vaseline (in toluene) in the impaction
area to prevent particles from bouncing off the strips and
becoming reentrained in the air stream. The amount of
Vaseline was kept small, both to minimize the sulfate
analysis blank and to avoid extinguishing the flame in the
burner block of the sulfur analyzer. To eliminate much
of the sulfur background, the strips were heated at 900 ·C
for 1 h before use in sampling. Much of the sulfur con­
tained in the stainless steel was removed by this process.

TWOMASS. A TWOMASS sampler (20) was used to
collect fine particles below 3 I'm in diameter for mass
concentration and total fine particle sulfur measurements.
The TWOMASS had an upper impaction stage to collect
coarse particles, with remaining fine particles collected on
a filtration stage, which consisted of a thin glass fiber filter
with a cellulose backing for strength. This additional
sulfur measurement served as a check on the collection and
measurement efficiency of the LPI.

For the sulfur analysis, 0.9 cm diameter pieces of filter
containing sample spot and blank filter were cut out and
each extracted ultrasonically in 0.5 mL of deionized water
for 3-4 h. Six-microliter extracts of both samples and
blank were evaporated onto stainless steel strips in a 115
·C oven. The strips were the same as those used in the
LPI, but without the Vaseline. These were then analyzed
in the same manner as the LPI samples, as described in
a later section.

LPI Collection Efficiency. The sulfate particle col­
lection efficiency of the LPI was monitored by simulta-
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Table I. Average Characteristics of St. Louis Summer Aerosol

light scattering
b.p calcd for (NH.),sO. plus efficiency of

sulfur size no. measured btat• b,p. (NH.),SO. plus water conen, dry (NH.),SO. (NH.),SO. plus
distribution type obsd m-1 X 104 (1 m-1 X IOU water, m-1 X I04t ~g/m' concn, ~g/m' water, m'/g"

summer, all 51 3.1 3.0 2.0 48 27 4.2
A 29 3.8 3.7 2.7 61 34 4.4
B 12 3.0 3.0 1.9 49 26 3.8
C 10 0.9 0.8 0.25 11 6.5 2.4

sulfur size % fine particles
distribution fine particle as (NH.),SO. % fine particles sulfur '" relative

type concn, ~g/m' plus water as (NH.),SO. MMAD,~m' ~mf humidity, %

summer, all 68 71 40 0.50 1.80 46
A 80 76 43 0.50 1.72 46
B 71 69 36 0.52 1.86 53
C 22 48 30 0.36 1.94 41

'Light scattering by particles and gases as measured with a nephelometer. b Rayleigh scattering (calculated as recommended by ref 23)
subtracted from b",ot to yield b.p• the light scattering by partirl-s only. 'Light scattering calculated from sulfur size distributions and Mie
theory. d b.p calculated for (NH.),SO. plus water divided by (NH.),SO. plus water concentration.• Mass median aerodynamic diameter.
I Geometric standard deviation of aerodynamic diameter.

of the stainless steel strips, which was typically 16 ± 4 ng.
Analysis of multiple standards over the range of detection
indicated an uncertainty of ±200/0 after subtraction of the
blanks. Therefore, the uncertainty associated with sample
analysis was ±200/0 or ±4 ng, whichever was greater.

Flashing Temperature for FVFPD. To determine
the applied voltage required to attain the desired flashing
temperature, a series of sulfate salts of known decompo­
sition temperature were vaporized by the flashing process
at a series of increasing applied voltages. A compound's
thermal decomposition temperature was assumed to be
attained or surpassed if all of the compound was vaporized
on the first vaporization attempt. The following were the
compounds and their thermal decomposition temperatures
used in this test: (NH')2S0, «500 ·Cl, MgSO, (895 ·C),
and Na2S0, (1149 ·C) (22).

To vaporize these test compounds that might possibly
be found in the ambient air, while still maintaining the
integrity of the stainless steel strips, the applied voltage
was set at 16.5 V across the 380-F capacitor. At this
voltage, the crucial portion of the strip where the sample
was deposited reached at least 1149 ·C, the thermal de­
composition temperature of Na,sO,. Note that the most
common ambient atmospheric sulfates in the fine particle
mode decompose well below this temperature, so the
chosen setting was more than adequate.

Standards and Calibrations for FVFPD. A series
of (NH')2S0,-deionized water solutions were prepared so
that aliquots of 4.1-6.0 I'L would yield standards of ap­
proximately 5--100 ng of sulfur. The solution droplets were
evaporated onto stainless steel strips (described previously)
in a 115 ·C oven. Blanks were prepared with 6.0 I'L of
deionized water in place of the (NH')2S0, solutions. No
significant differences were detected when 4.1-12 I'L of
deionized water was evaporated onto stainless steel strips
and compared with blank strips. Therefore, the sulfur
blank was attributed to the stainless steel strip.

Several different standards covering the range of sulfur
found in the samples were measured periodically
throughout each analysis session so that each standard
would be measured several times. The average blank
values were subtracted from the average value measured
for each standard to get values from which a calibration
could be calculated.

Sample Handling. After stainless steel strips were
coated with Vaseline, each was mounted in the center of
a I-in. Plexiglass disk, secured in place with small paper

clips, and each positioned below an LPI stage. Sample
substrates were handled with disposable gloves and/or
metal forceps. After samples were collected, strips were
removed from the LPI and heat-sealed in clean poly­
ethylene bags. Similar care was taken with the Vaseline
blanks and the total fine particle filters from the TWO­
MASS sampler.

Nephelometer. The light scattering coefficient, b",at'

was measured with an MRI Model 1561 integrating ne­
phelometer, which used a constantly lighted tungsten­
halogen lamp as its light source. The instrument was
calibrated as suggested by Ruby and Waggoner (23). The
air entering the scattering chamber of the nephelometer
was not preheated, and although the nephelometer was
operated in an air-conditioned room, the temperatures
measured at the inlet and outlet of the nephelometer were
the same. Given these observations, it was concluded that
the relative humidity inside the nephelometer was most
likely the same as the ambient relative humidity for warm
summer sampling days. The value of bS<3t was obtained
from the continuous output of a strip chart recorder.

Sulfur Size Distributions
Three different types of sulfur size distributions were

observed for the LPI samples collected during the summer
of 1984. The first and most common, designated type A,
was identified as having only one major sulfur mass peak,
which appeared between 0.5 and 1.0 I'm in diameter. The
second, designated type B, was identified as having two
major peaks in the sulfur mass size distribution, one in the
same size range as type A samples and the other below that
size. The third, designated type C, had no peak above 0.5
I'm and one or more sulfur mass peaks below 0.5 I'm in
diameter. The size distributions averaged for each type
are shown in Figure 3. The average light scattering
coefficients were calculated for each type of sulfur size
distribution and are presented in Table I. The more
abundant type A and B sulfur aerosols were associated
with a significantly higher light scattering coefficient than
type C, which had no major sulfur mass peak in the most
efficient light scattering range.

Calculations
Mie Theory. The sulfate component of the light

scattering coefficient was calculated from the sulfur size
distributions, as measured with the LPI, and the Mie
theory of light scattering (24). The important features of
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log Dp5o•i + log Dp50,i-l

log Dp,max = 2 (3)

Second, the geometric diameter, which was needed for the
calculation of the optical properties, was obtained from
the definition of aerodynamic diameters (11):

Dp ...... MtO :"... :

Figure 3. Average sullur size distributions for each aerosol type.
Concentrations weighted according to the size of the range of particle
diameters that each LPI stage can collect. 0 p.mo•._o refers to the
particle aerodynamic diameter collected w~h maximum efficiency on
any given LPI stage.

(5)
Po

P = (v/vo)w

where Po is the dry particle density [1.77 gJcm3 for
(NH,)~O,], w is the weight fraction of dry (NH,)~O, in
the wet particle, and vJvo is the wet volume to dry volume
ratio obtained from ref 29. The wet particle refractive
index was obtained from the volume-weighted average of
the indices of refraction for (NH,hSO, and water:

VAMSFnAMSF + VH,O,nH,o
n= ~VTOTAL

Results and Discussion

Representativeness of Data. Samples were collected
in a nonperiodic fashion in order to observe a wide range
of pollutant levels. For this reason, the data may not
represent seasonal averages. Hourly b,cat readings taken
about 2 miles from the Washington University sampling
site obtained from St. Louis Country Air Pollution Control
were used as a gauge to determine the representativeness
of the Washington University data. The ratio of the av­
erage County Air Pollution b"at value for all sampling
intervals to the average of all hourly b"'t values for June,
July, and August was 1.9. This bias toward higher bscat
episodes (lower visibility) will be reflected in the mass
loadings measured, and possibly in the size distributions
observed.

Ammonium Sulfate Light Scattering Efficiency
from Mie Calculations. The (NH,hSO, component of
the light scattering coefficient was calculated for each
sample from size distributions and Mie theory. The av­
erage values for all samples and for each size distribution
type are presented in Table I, as are the average (NH,)~O,

plus water concentrations. The light scattering coefficient

water associated with the particle. Cobourn (26) concluded
from his thermal analysis of sulfur species in St. Louis
ambient aerosol that particulate sulfur tended to be in the
more neutral form, most likely as (NH,hSO" rather than
in the acidic form, H2SO,. Any occurrence of H2SO,
tended to be brief and episodic in nature. Other experi­
ments (5, 27, 28) indicate that it is acceptable to assume
for the St. Louis region that fine particle sulfates exist
primarily as (NH,hSO,. This is a deliquescent salt that
absorbs water and grows when relative humidity is in­
creased to 80% and ahove. However, hysteresis is observed
whereby the droplets of (NH,hSO, in solution remain
supersaturated as relative humidities drop below that at
which deliquescence occurs. It was assumed that droplets
remain supersaturated down to about 30% relative hu­
midity (29).

The light scattering properties of the particles are af­
fected by the absorption of water and resultant particle
growth. Tang's data (29) on the change in particle size with
change in relative humidity for (NH')2S0, were used to
determine the amount of water associated with an
(NH')2S0, particle. The downslope of the (NH,hSO,
hysteresis curve is not very different from the relative
humidity growth curve of hygroscopic H2SO,. Therefore,
the assumption of pure (NH,)2S0, in this work will not
introduce significant error in the determination of water
associated with sulfate.

Particle density and index of refraction were calculated
from the relative amounts of (NH,)~O, and water in each
sample. The other possible forms of sulfate-(NH,hH­
(SO,h, (NH,)HSO" or H2SO,-are not very different from
(NH')2S0, in density or index of refraction. The wet
particle density is given by

(4)

(2)
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The Stokes diameter, D" was taken as the geometric di­
ameter for spherical particles. The slip correction factors,
C. and Ca, were disregarded. This approximation is ex­
pected to produce an error of <15%, which is well within
the error associated with sampling and analysis procedures.

The particle density and index of refraction are func­
tions of both chemical composition and the amount of

this theory, as they apply to this research, are presented
here. The scattering of light per unit volume integrated
over all wavelengths, A, being scattered by the aerosol size
interval D p to D p + dWp) is given by

3 r X
' •G(Dp) = -D J, K,pWp,n,A)f(A) dA

2 p XI

Ksp is the particle scattering efficiency calculated from Mie
theory and is a function of particle size Wp), shape, index
of fraction (fil, and wavelength of light being scattered (A).
It is defined as the energy being scattered by the particle
divided by the energy intercepted, the latter being based
on the particle's geometric cross-section. The factor f(A)
dA is the fraction of incident radiation in the range Ato
A+ dA, where f(A) is normalized with respect to the total
light intensity. The wavelength dependence of K,p was
removed by integrating over the range of wavelengths that
corresponded to the nephelometer's spectral response (25).
The data for the MRI Model 1561 nephelometer were used
in order to compare calculated and measured light scat­
tering coefficients.

Selection of Appropriate Quantities for Calcula­
tions. Selection of the appropriate quantities for DE P,
and nis crucial to the calculation of light scattering. Two
steps were taken to obtain an appropriate value for D .
First, the particle aerodynamic diameter, which was cor­
lected with maximum efficiency, Dp•max, was calculated for
each LPI stage, i, from the 50% collection pfficiency di­
ameters via

1238 Env~on. Sci. Technol., Vol. 20. No. 12. 1986
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Figure 4. Relationship of total measured light scattering to sulfate
fraction of light scattering by particles.

for (NH')2S0, plus water divided by the (NH,hSO, plus
water concentration, averaged 4.2 m'jg for all samples and
varied from <2 to >8 m'jg. Differences in sulfur size
distributions would be expected to give rise to differences
in mass scattering efficiencies. These differences can be
seen by calculating the average light scattering efficiences
for the three types of sulfur size distributions observed in
the St. Louis summer aerosol. The results of this calcu­
lation, shown in Table I, clearly indicate that type A and
B samples yield higher mass scattering efficiencies (4.4 and
3.8 m'jg) than type C samples (2.4 m'jg).

Sloane had comparable success in modeling the Denver
aerosol as both an external and an internal mixture (17).
Although the aerosol was assumed to be an external mix­
ture in this study, this may not necessarily represent the
true form of the aerosol, on the basis of Sloane's results.

Relationship of Sulfates to Haze Episodes. The
percent contribution of (NH,),SO, (plus water) to total
light scattering plotted as a function of measured light
scattering coefficient, bscat (Figure 4), reveals an interesting
relationship. During episodes of higher b"at (lower visi­
bility) (NH')2S0, contributes on the average a greater
percentage of the total light scattering than on days of
better visibility. Another striking feature of the data
displayed in Figure 4 is the large variation in relative
contribution of the scattering due to sulfates and associated
species ranging from less than 10% to greater than 90%
of the total scattering.

On the average, the (NH,),SO, (plus water) contributes
65% of the total light scattering, bscat, and 68% of the
scattering by particles, b,p, during the summer in St. Louis.
This is similar to results obtained by studies carried out
in other locations, as shown in Table II.

Ammonium Sulfate and Light Scattering. A mul­
tiple regression of bscat with dry (NH,),SO, and non-sulfate
fine mass yielded estimates for light scattering efficiencies
of 9.45 m'jg for dry (NH,),SO, [corresponding to 5.3 m'jg
for wet (NH,),SO,] but only 0.33 m'jg for non-sulfate fine
mass. This may indicate that most of the fine mass co­
varies with the (NH,),SO, in this St. Louis summer data
set. A strong correlation (r = 0.97) was observed between
the total measured light scattering coefficient, b"at' and
total (NH.hSO. plus associated water, as indicated in
Figure 5. An estimate of the light scattering efficiency
of 5.3 ± 0.2 m'jg was calculated from the linear regression
slope of these data. This result is similar to results ob­
tained from other studies conducted in many different
areas of the U.S. (1-3,5, 8, 16), as indicated in Table II.

Figure 5. Relationship of total measured light scattering coefficient
to concentration of fine aerosol ammonium sulfate plus associated
water. The linear regression line with slope = 5.3 ± 0.2 m'/g, in­
tercept = (0.48 ± 0.11) X 10-' m", and r = 0.97 is shown.

In this study we regressed total light scattering, including
the relative humidity effect and Rayleigh scattering, with
the wet (NH.),SO. aerosol concentration. By contrast,
most other researchers attributed the measured light
scattering to several components by using a multiple re­
gression model and used heated nephelometers to elimi­
nate relative humidity effects.

When intercomparisons of multiple regression results
are made, differences in experimental techniques andjor
regression models should also be kept in mind. For in­
stance, White and Roberts (1) measured aerosol species
up to 20 I'm in diameter (both coarse and fine particles).
Subsequent studies separated fine and coarse particles and
included only fine-mode aerosol masses in the multiple
regression analyses. Further distinctions in regression
models included separate mass concentration values for
elemental and organic carbon. In some cases, the con­
tribution of water to light scattering was estimated by
operating heated and unheated nephelometers simulta­
neously. Researchers in Denver (3) and St. Louis (5)
measured the extinction coefficient of light due to both
particle absorption and scattering. Despite these differ­
ences, all conclude that sulfates have the highest effective
scattering efficiency of the major aerosol species. From
the above-mentioned studies, that scattering efficiency for
dry (NH.),SO, is about 6 m' jg. Note that comparisons
made even within the same data set can lead to incon­
sistent results if the quantities being compared were ob­
tained by different methods.

As expected, the light scattering efficiency that we
calculated from Mie theory and size distributions (4.2
m' jg) differs from our result obtained by a linear regres­
sion calculation (5.3 m' j g) performed on the same data set.
The Mie calculation includes physical characteristics of
only the (NH.),SO. aerosol, whereas a regression calcula­
tion includes contributions from species that are covarient
with (NH.),SO•.

Fine Particles and Light Scattering. The (NH.),SO.
plus water contributed an average of 71 % to the total fine
particle mass during our summer sampling. The contri­
butions for each aerosol type are shown in Table I. On an
individual sample basis, this ratio exceeded 100% in 23%
of the cases. Assuming that the mass measurements of
sulfur and total fine particles were not in error, the excess
mass can be attributed either to an overestimation of the
water associated with the fine aerosol sulfate or a loss of
volatile components (or water) during the fine aerosol
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collection with the TWOMASS sampler. Because either
situation is possible, it is neces lary to also consider the
contribution of dry (NH4)2S04 to the total fine particle
mass. This contribution was 40% on the average. The
actual contribution of (NH4)2S04 plus associated water
may be somewhere in between this lower limit of 40% and
the 71 % calculated for wet (NH4)2S04 particles.

A plot of measured b""t as a function of the fine particle
mass (Figure 6) indicates a fair correlation between the two
quantities (r = 0.69). The light scattering efficiency of the
St. Louis summer fine aerosol is 3.5 ± 0.5 m2j g, on the
basis of a least-squares linear regression calculation of the
slope. This is similar to values obtained from other studies,
as shown in Table II.

The fair correlation of light scattering and fine particle
mass is in contrast to the excellent correlation (r = 0.97)
observed between light scattering and (NH4),g04, implying
that the non-sulfate component of fine mass may not be
an important contributor to light scattering during the
summer in St, Louis. This is supported by Figure 7, which
shows that light scattering and non-sulfate fine mass are
poorly correlated (r = 0.24). The non-sulfate fine mass was
obtained by subtracting dry (NH4)2S04 from the total fine
particle mass to avoid a negative non-sulfate fine mass.
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Figure 8. Relationship of fine particle light scattering efficiency to
fraction of fine particles as dry ammonium sulfate. The linear re­
gression line wtth slope = 8.7 ± 0.7 m'/g, intercept = 1.1 ± 0.3 m'/g,
and r = 0.89 is shown.

The correlation does not improve by subtracting the ad­
ditional mass contributed by water associated with the
(NH4)2S04'

A further indication of the dominance of sulfate in the
summer aerosol light scattering is implied by Figure 8,
which presents individual sample fine particle scattering
efficiencies as a function of the mass ratio of (NH4)2S04
to fine particles. As the (NH4)2S04 fraction increases, the
fine particle scattering efficiency increases. One possible
explanation for this is that (NH4),S04 scatters light more
efficiently than does the remainder of the aerosol. There
is a good correlation (r =0.89) between these two quan­
tites. The slope plus intercept of 8.7 + 1.1 = 9.8 m2jg
corresponds to the light scattering efficiency of dry
(NH4)2S04 if all light scattering is attributed to this species.
Similarly, the intercept of 1.1 ± 0.3 m2jg corresponds to
the light scattering efficiency of the fine non-sulfate com­
ponent, which does not covary with sulfate. Not only does
(NH4)2S04 contribute the majority of the fine particle
mass, but it also scatters light more efficiently than the
remainder of the fine particle mass.

Mass Median Aerodynamic Diameters. The rela­
tionship of the cumulative fraction of fine sulfur aerosol
mass larger than a given diameter vs. aerodynamic diam­
eter indicated that the size distribution of fine sulfur
aerosol is approximately log-normal for each sample. The
mass median aerodynamic diameter (MMAD) and geo­
metric standard deviation (<1.) were calculated for each
sample from the dry sulfur concentrations of each LPI
stage. As shown in Table I, type A and B sulfur size
distributions have nearly the same MMAD's, about 0.5 ILm,
which is in the size range that scatters light most effi­
ciently. Type C samples, which have no sulfur peak above
0.5 ILm, have a much lower MMAD.

The MMAD's for all summer samples are shown in
Figure 9 as functions of relative humidity, bscat' percent
contribution of (NH4)2S04 plus water to b,cat, and calcu­
lated (NH4)2S04 light scattering efficiency. The latter
figure indicates that the (NH4)2S04 aerosol contributes a
greater percentage of the light scattering as its MMAD
increases. It is reasonable to expect that the increasing
size of the aerosol is due to an increasing relative humidity,
resulting in particle growth by adsorption of water.
However, Figure 9A shows that this relationship is not so
simple, as the MMAD and relative humidity are poorly
correlated (r = 0.32). Figure 9D indicates that increased
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scattering revealed in Figure 9B is due to the size of the
sulfate and is not simply a result of the increased amount
of sulfate.

Summary and Conclusions

The St. Louis summertime fine sulfate aerosol was ex­
tremely well correlated (r = 0.97) with the light scattering
coefficient, b,cat. This was in contrast to the very poor
correlation (r = 0.24) between the non-sulfate fine mass
and bacat, implying that fine aerosol sulfates dominated
light scattering during the summer and that the non­
sulfate fine mass contribution was generally much less
significant. This dominance of fine sulfate aerosol has been
observed in several different areas of the U.S. and is
generally attributed to the growth of sulfate aerosols into
the most efficient light scat.ering size range.

Three different types of sulfur size distributions were
observed in the St. Louis summer aerosoL Two of them,
which dominated summer aerosol (types A and B), were
similar in that they had a major sulfur mass peak between
0.5 and 1.0 I'm in diameter, the size range that is respon­
sible for the most efficient light scattering. In addition,
these types of sulfur aerosols were characterized by high
sulfate mass loadings and high bacot• By contrast, the third
type of sulfur size distribution (type C) had all sulfur mass
peaks below 0.5 I'm in diameter and were characterized
by much lower sulfate mass loadings and b,cat.

1242 Environ. Sci. Technol., Vol. 20, No. 12. 1986

These sulfur size distributions were used in Mie calcu­
lations of the contribution of (NH.hSO. plus associated
water to bacot• Values for the wet (NH.hSO.light scattering
efficiency ranged from <2 to >8 m2jg. The average wet
(NH.)2S0. light scattering efficiency calculated by this
method was 4.2 m2jg. The average calculated scattering
efficiencies for sulfur aerosol types A and B were similar
to this value (4.4 and 3.8 m2jg, respectively). However,
the light scattering efficiency for sulfur aerosol type C was
significantly lower (2.4 m2jg), emphasizing the significance
of particle size with respect to light scattering. The dif­
ference in light scattering efficiency cannot be explained
by considering the type C aerosol to be dry (NH.hSO•.

The coincidence of small particle size (and hence re­
duced light scattering efficiency) with low sulfate loadings
and low bacotled to the relatively small contribution of type
C sulfur aerosol (28%) to bacot• At the other extreme, the
coincidence of a sulfur mass peak in the 0.5-1.0 I'm diam­
eter size interval with high sulfate mass loadings and high
bacot led to the dominance of sulfate aerosol over the total
light scattering (71 % for type A and 62% for type B). The
above conditions resulted in an overall increase in the
percent contribution of (NH.)2S0. plus water to b,cat as
b"at increases.

In this work, a large number of time-resolved sulfate size
distributions were used to calculate visibility parameters.
It is clear from these results that the variable nature of
the sulfur size distribution has a substantial impact on
visibility that might be missed if one looks only at overall
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averages of visibility parameters,
Registry No, (NH.),SO., 7783-20-2,
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Molecular Beam Mass Spectroscopic Study of Trichloroethylene Flames

Wen-Donq Chang, Sankaram B. Karra, and Sellm M. Senkan*

Department of Chemical Engineering, Illinois Institute of Technology, Chicago, Illinois 60616

• The detailed chemical structure of atmospheric-pres­
sure, premixed, laminar, one-dimensional flat flames of
C2HCI3/02/ Ar was studied by molecular beam mass
spectroscopy and under oxygen-rich conditions. The
principal stable combustion intermediates were identified
to be CO, CHCI3, CCI., C2CI., C2CI2, and COCI2• In ad­
dition, a minor intermediate at m/e 282, corresponding to
C6CI6, was also detected.

Introduction

The chemistry of combustion of chlorinated hydro­
carbons iCHC) in flames has been studied relatively little
in the past. This is not surprising because their oxidation
products, which include CI2 and HCI, are highly corrosive
and toxic, rendering chlorinated hydrocarbons unsuitable
as a fuel. However, there is a growing interest in the
combustion of chlorinated hydrocarbons for the disposal
of toxic and hazardous chemical wastes that frequently
contain these classes of compounds. In addition, com­
bustion of chlorinated hydrocarbons also offers the po­
tential to manufacture important chlorinated and non­
chlorinated hydrocarbons.

Previous work on atmospheric-pressure flames of indi­
vidual chlorinated hydrocarbons has resulted in the es·
tablishment of the following two-step oxidation chemistry

describing the combustion of these compounds (I): The
first step is

C,HyCI, + (x/2 + (y - Z)/4)02 ~
xCO + zHCl + ((y - z)/2)H20 (1)

for z < y. For z > y, the first stage reaction would be

C,HyCI, + (X/2)02 ~ xCO + yHCl + (z - y)/2)CI2

(la)

where C,HyCl, denotes a general chlorinated hydrocarbon
molecule. The second step then involves the HCI· and
Cl2-inhibited oxidation of CO by the following overall re­
action:

(2)

Detailed modeling studies of the second stage, i.e.,
studies of the HCI· and Clz·inhibited oxidation of CO, also
supported the global mechanism shown above (2, 3).

For the oxygen·rich combustion of C2HCI3, the extent
of HCI and CI2 inhibition becomes so great that its flames
exhibit two reaction zones spatially separated by as much
as 10 mm at 1 atm. The temperature increases by about
800-900 °C following the first reaction zone and remains
relatively isothermal until the second reaction zone is
reached.
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Figure 1. Schematic of molecular beam mass spectrometer system.

Experimental Section
The schematic of the overall experimental system is

shown in Figure 1. This system was designed by incor­
porating the principal features of systems used in previous
similar studies (5-9). Among the distinguishing features
of the present system are its shorter sampling cone-to­
ionizer distance and the improved precision of the burner
movement mechanism.

Atmospheric-pressure premixed flat flames were sta­
bilized over a 5 cm diameter circular, porous flat flame
burner with a concentric shield gas distributor, details of
which have been published earlier (1). Gases used in the
experiments were acquired from the gas cylinders (Math­
eson Co.), and their flows were set and regulated by critical
orifice flow meters. Liquid fuel transportation was ac-

Earlier studies with oxygen-rich C2HCI3 flames using gas
chromatography have also revealed the presence of a
complex flame structure in the first zone in which the
formation of a number of other chlorinated hydrocarbon
intermediates was observed (1). However, the determi­
nation of the detailed flame chemistry as well as the precise
mapping of the species profiles was not reported due to
the limitations present in gas chromatographic analysis.

In this paper, the detailed chemical structure associated
with the first flame zone of an oxygen-rich C2HCI3/02/ AI
premixed flame with respect to stable species is presented.
The species compositions were determined by molecular
beam sampling coupled with on-line mass spectroscopy.
Research on the free radical chemistry of C2HCI3 flames
currently is in progress, and the results of these investi­
gations will be published at a later date. A detailed
chemical kinetic model consistent with experimental
measurements presented in this paper is being published
elsewhere (4).

complished by the combination of a liquid pump and a
pressurized delivery system, The liquid fuel was injected
into preheated Ar/02 mixtures at a heated tee. The rate
of evaporation and the uniformity of the gas mixture were
determined to be satisfactory from the sharpness and
steadiness of the sooting limits. In separate experiments,
species intensities at the flame front also were monitored
for extended periods of time in order to better assess the
extent of composition and flow oscillations that may be
present in the system. These studies also revealed the
absence of any significant oscillation in the system.

Final adjustment and control of the temperature of the
precombustion gases were accomplished with the aid of
a heating/cooling coil imbedded into the porous burner.
Depending on the precombustion temperature desired,
either thermostatted water or high-temperature oil may
be circulated through the burner plug.

The burner assembly was mounted on vertical and
horizontal slide translators, in which the vertical movement
was effected by a stepper motor that in return was com­
puter-controlled. The ultimate precision of the vertical
movement was better than 0.02 mm, and this was achieved
by sending a predetermined number of pulses to the
stepper motor by the computer.

Sampling was accomplished by withdrawing gases from
within the flame with a conical quartz cone that has a cone
angle of about 80°. It was necessary to use such wide­
angled sampling cones in order to rapidly quench flame
reactions and to preserve the integrity of labile species.
Although such wide-angled probes distort flame profiles
under some conditions (6, 10), no visible attachment of the
flame to the quartz cone was observed in these studies.
Flame-probe interactions will also be discussed later.

At the tip of the sampling cone was an orifice with a
diameter of about 20 I'm. At this diameter and at the
temperatures associated with the first stage flame zone,
which was of the order 1000 °C, the orifice Knudsen
number (i.e., ratio of the mean free path to orifice diam­
eter) corresponds to about 0.01 at 1 atm. This Knudsen
number suggests the presence of a transitional flow regime
between supersonic jet formation and slip flow (11).

Upon passage through the orifice, the gases accelerate
and expand into the first vacuum stage of the analysis
system, which was kept at about lO-e 10-5 Torr by a 1000
L/s turbomolecular vacuum pump. From the core of the
expanding jet, a molecular beam was obtained with the
skimmer cone suitably placed above the quartz sampling
cone. The vacuum within the skimmer chamber was kept
in a range of 10-6-10-8 Torr by use of a 360 L/s turbo­
molecular pump,

In order to maximize the beam intensity at the mass
spectrometer, the distance between the sampling point and
the ionizer must be kept as short as possible. However,
this requirement adsersely affects the extent of pumping
that can be applied to the first chamber, suggesting that
a compromise must be made. In the present system, the
ionizer is located at about 20 cm from the tip of the quartz
cone.

The molecular beam also was modulated at a fixed
frequency in the range 150-300 Hz for the improved de­
tection of the species at low concentrations. Modulation
is particularly important for the measurement of radical
species, which requires the utilization of low electron en­
ergies.

The mass spectrometer was a vertically mounted
quadrupole system (Model C-50, Extranuclear Labora­
tories Inc., Pittsburgh, PAl and was operated under
electron-impact ionization and analog detection modes.
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Multiplier
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Data acquisition was accomplished automatically with
the aid of an IBM-PC microcomputer and a Data Trans­
lation 12-bit A/D board. The computer was programmed
to read the demodulated mass intensity data directly from
the lock-in amplifier and to control the movement of the
burner relative to the quartz sampling cone. Species
profiles were generated one at a time.

For many of the stable species, their intensity profiles
acquired by the mass spectrometer subsequently were
converted into mole fraction profiles by use of the results
of microprobe sampling and gas chromatography in sep­
arate experiments, similar to those described previously
(1). For cases in which such gas chromatographic cali­
bration experiments were not possible, the method of
relative ionization cross-sections was used (10, 12).

Temperature profiles were measured, with a O.l-mm
Pt/Pt-13% Rh thermocouple coated by silica, in separate
experiments. The temperature readings were corrected
for radiation effects by conventional techniques (1). We
estimate that an uncertainty of ±0.20 mm exists in the
absolute position of the temperature profile.

Results and Discussion
The profiles presented in this work were measured along

the first flame zone in an oxygen-rich trichloroethylene
flame with the following precombustion gas mixture com­
position (by volume): C2HC13, 12.5%; O2, 42.7%; Ar,
44.8%. This composition corresponds to an equivalence
ratio of 0.58 on the basis of the stoichiometry shown in eq
la and 2. In all the experiments, the precombustion gas
temperature was set at about 80°C. Flames were stabi­
lized under conditions in which they were lifted off by
about 1 mm from the burner surface at a cold gas velocity
of about 12.5 cm/s. This permitted the sampling and

Distance along f1allE. nn

Figure 5, Ion intensity profiles for COCI" i.e., m Ie 98, at different
ionization energies.
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Figure 6, Mole fraction profiles for COCI" C,CI" and C,CI,.

analysis of the precombustion gas mixture and was par­
ticularly helpful in establishing the correct orders of
magnitudes for the mole fractions of the reactants.

The total burner travel distance was kept at about 2 mm,
which was traversed by 0.02-mm intervals. This interval
was determined to be of sufficient precision to give
meaningful species profiles. The measured species profiles
were highly reproducible within this range. We estimate
an uncertainty of ±0,1 mm in the absolute positions of the
species profiles. However, there is no such uncertainty in
the relative position among different profiles.

In Figures 2--8 the mole fraction profiles for various
species are presented relative to an identical reference
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0.100

beam sampling cone. Consequently, we believe the profiles
shown in Figures 2-8 represent the quantitative change
in the chemistry of combustion of C2HCI3 with reasonable
accuracy.

In Figure 3 the mole fractions for C2HCI3, CO, and CO2
are presented at 27-eV electron energy. The general form
of these profiles is in good agreement with the previous
gas chromatographic work on C2HCl3 flames (1). In par­
ticular, the two-stage combustion feature of trichloro­
ethylene, where CO forms as the primary intermediate in
the first stage (within the first 0.50 mm), is apparent from
the profiles presented in Figure 3. Some CO2 also forms
at the first stage.

It is particularly interesting to note the change in the
rate of formation of CO2 in Figure 3. In the early parts
of the flame, the CO2 mole fraction increases almost ex­
ponentially, but after about 0.4 mm the increase becomes
linear. This suggests a change in CO oxidation mechanism
coupled with HCl formation, which has been discussed
elsewhere (3, 4).

The profile shown in Figure 4 illustrate the relatively
early formation of HCI and the presence of a considerable
delay period for the appearance of C12• The early forma­
tion of HCI has been attributed to the molecular elimi­
nation reaction

after detailed chemical kinetic modeling of the combustion
of C2HCl3 (4). Because of the relatively strong H-Cl bond,
once formed, HCI does not participate in a reaction to any
significant degree at the temperature present in the first
flame zone (i.e., at temperatures less than 1000 °C). On
the other hand, CI2 concentration does not reach an ap­
preciable level early in the flame because of the rapid
removal of Cl radicals by the abundant C2HCI3 via

1.7SLID1.251.000.75
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Figure 8. Mole fraction profiles for G,GI" H,O, and G.GI•.

Figure 7. Mole fraction profiles for G,HGI3, GGI" and GHGI3.

These reactions delay the appearance of Cl2 until most of
the fuel and intermediates are decomposed.

Other significant intermediates, besides CO, were de­
termined to be COCI2, C2Cl., and C2C12• The observation
of both C2Cl. and COCl2 concurs with the earlier GC ex­
periments (1). However, the detection of C2Cl2 has been
new, and this was made possible entirely by the capabilities
of molecular beam sampling coupled with on-line mass
spectroscopy.

Due to the high reactivity of chloroacetylenes with ox­
ygen even at room temperatures (15), C2CI2 would be ex­
pected to undergo reactions with O2 in the sampling lines
during its transit to the GC, thus rendering gas chroma­
tography unsuitable for its detection. On the other hand,
the rapid expansion associated with molecular beam sam­
pling and the presence of low pressure in the mass spec­
trometer chamber preserve the integrity of many of the
reactive species, including C2C12• This capability of mo­
lecular beam mass spectroscopy renders this technique
particularly suitable for the preliminary studies of flames
and other reactive mixtures.

The profiles for COCl2 (m/ e 98) were measured at as low
electron energy as possible in order to minimize C2HCI3

plane from the burner surface. As a visual aid, actual data
points (indicated by symbols) have been connected by
lines. In addition, mole fractions have been normalized,
whenever necessary, by multiplying them with appropriate
scaling factors shown in parentheses. Figure 2 also shows
the measured temperature profile along the flame. These
profiles precisely map the behavior of each species along
the flame zone and clearly illustrate the presence of a large
variety of intermediates associated with the oxidation
and/or decomposition of C2HCI3•

It must be recognized that the acquisition of accurate
concentration profiles in flames by molecular I;?am mass
spectroscopy is complicated because of a number of rea­
sons. The most significant being the fact that the massive
sampling probe tends to perturb the flame flow field in a
complex manner, and this in return alters the flame
structure (13, 14). This perturbation can be significant
under certain conditions, e.g., in low-pressure flames, and
manifests itself most clearly by the attachment of the flame
to the sampling probe. However, in high-pressure flames
such an attachment appears to be less likely because of
the relatively thin boundary layer thicknesses (10). No
visible flame attachment was observed in our experiments.

The absence of significant probe perturbations in our
experiments was also suggested by two additional obser­
vations. First, no discrepancy was noted between the
species profiles obtained by moving the burner up or down.
If flame attachment was present, some hysteresis would
have been observed. Second, the overall length of the
flame zone as determined by independent microprobe
sampling experiments as well as by thermocouple traverses,
both of which would minimally disturb the flame, was well
within the 10% of the length determined by the molecular

coupled with the following Cl2 removal reactions:

CCl3 + Cl2 -=' CCI. + CI

CHCl2 + Cl2 = CHCl3 + Cl

C2Cl3 + Cl2 = C2CI. + Cl

COCI + Cl2 = COCl2 + Cl

(4)

(5)

(6)

(7)

(8)
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where u is the gas velocity. Using a typical flow velocity

Using the stoichiometry given by eq 11, eq 14 can be
manipulated to give the following relationship for [CI2]:

[CI2] = [CI2.r](1 - exp[-k[CI](t - to)]) (15)

(11)

(12)

RCI + CI ;=' R + CI2

assuming that the reverse of reaction 11 is negligible. This,
however, is not an unreasonable assumption beyond 0.4
mm, where the net decomposition of the chlorinated in­
termediates indeed takes place under near-isothermal
conditions (see, for example, Figures 2 and 6). Equation
12 can be integrated readily for isothermal and stationary
[CI] conditions and yields

[RCI] = [RClJo exp(-k[CI]t) (13)

where RCI is an intermediate chlorocarbon species. The
rate of formation of CI2can then be related to the rate of
disappearance of RCI as

d[RCI]
-dt = k[Cl][RCI]

Data Analysis

In order to quantify the relative rates of destruction of
chlorinated intermediates in C2HCI3combustion and help
identify surrogates for compliance monitoring in practical
systems, the mole fraction profiles in the near-isothermal,
post-first-flame zone were examined heuristically. This
analysis complements the detailed chemical kinetic mod­
eling of this flame published elsewhere (4).

As seen in Figure 4, the CI2profile beyond 0.40 mm, i.e.,
in the near-isothermal post-first-flame region exhibits a
bounded exponential growth behavior, for which the mole
fraction profile can be represented by

[C121= [CI2.r](1- exp[-(z - 0.3)/a]) (10)

with a correlation coefficient better than 0.99. In eq 10,
[CI2f] is the final chlorine mole fraction, z is the position
alo~g the flame in mm, and a is a characteristic growth
parameter for CI2 that was determined to be 0.32 mm.
Bounded exponential growth suggests that the underlying
;!lechanism for CI2 formation is first order in the post­
first-flame zone. This, therefore, rules out the Cl radical
recombination being majorly responsible for CI2build-up.

A heuristic mechanism that rationalizes the first-order
growth of CI2 can be developed by assuming chlorine
radical assisted decomposition of the chlorocarbon inter­
mediates via the reversal of reactions 5-8. Such decom­
position reactions may be represented by the following
schematic reaction:

where k[CI] may be interpreted as the decay parameter
for RCI.

Since the conditions for RCI decay are met in the later
stages of the flame, eq 13 must be shifted to account for
this. The resulting expression is

[RCI] = [RCI]" exp[-k[CI](t - to)] (14)

which is identical in form with the experimentally mea­
sured mole fraction profile for [C!2] presented in eq 10.
This suggests that CI radical attack is primarily responsible
for the destruction of chlorocarbon intermediates, a con­
clusion supported in our detailed modeling work (4). From
the comparison of expressions 10 and 15, the growth pa­
rameter for CI2 (i.e., a in eq 10) can be related to decay
parameter for the RCI by

11a = k[CI]/u (16)

fragmentation. C2HCI3fragmentation would obscure the
signal at m / e 98 because of the formation of C2CI2corre­
sponding to the 3'CI isotope. As shown in Figure 5, C2HCI3
fragmentation was significant even at electron energies as
low as 12 eV. Only at about 11 eV does the mass signal
at 98 exhibit the correct features of an intermediate, which
we believe reasonably represents the behavior of COCI2.
The electron energy of about 11 eV still is above the re­
ported ionization potential for C2CI2 at 10.09 eV (16);
however, free C2CI2e'cn in the flame would be expected
to contribute at most 10% to the mass signal intensity at
98 on the basis of the relative isotopic abundances of 35Cl
(75%) and 3'Cl (25%). The COCI2peak intensity occurs
at about 0.36 mm from the burner surface, and its de­
composition profile exhibits an exponential decay behavior
in the near-isothermal post-first-flame zone.

Figure 5 also illustrates the precision of the burner
movement and the data acquisition systems. These pro­
files reveal the repeatibility of the peak location within 0.02
mm. In addition, the absence of any apparent hysteresis
suggests that flame-probe interactions were not significant.

The calculated mole fraction profile for C2CI2 (m/e 94)
presented in Figure 6 was based on intensity measurements
at 12 eV, again to minimize contributions from the frag­
mentation of other species. Although the profiles for
COCI2 (m/e 98, 11 eV) and C2CI2 (m/e 94,12 eV) shown
in Figure 6 appear similar, they also show some measurable
differences. For example, C2CI2exhibits a longer induction
period, and its profile exhibits a greater degree of assym­
etry than COCI2. These differences, although subtle,
support the validty of the COCl2 profile in view of the
possible obscuring effect that may be introduced by C2CI2
e'Cn as discussed earlier.

The C2CI, profile (m/e 164) was measured at 27 eV, and
it is also shown in Figure 6. As evident from this figure,
the rate of decomposition of C2CI, was significantly slower
than either COCI2or C2C12.

The formation and subsequent decomposition of chlo­
rinated methanes also were noted during the combustion
of C2HCI3, and the mole fraction profiles for CCI, and
CHCI3are shown in Figure 7. The mole fractions for these
species have been normalized with the scaling parameters
indicated in parentheses.

The fragmentation of CCI, (m/e 152) was present at all
the electron energy levels studied; thus, parent ion profiles
were not determined. Consequently, the profiles for CCI3
(m/e 117) were presumed to correspond to that for CCI,.
It was possible to monitor the parent ion profiles for CHCI3
(m/e 118) even at electron energies of 27 eV.

The profiles for mass ions at m/e 18 (H20) and m/e 282
(C6CI6) are shown in Figure 8. It appears that in highly
chlorinated systems H20 exhibits the characteristics of a
combustion intermediate even under oxygen-rich condi­
tions. This, however, can be explained in view of the
following Deacon reaction:

H20 + C12 ;=, 2HCI + 1/20 2 (9)

which favors the formation of HCI at elevated tempera­
tures. That is, water initially formed during the decom­
position of C2HCI3subsequently would be converted into
HCI by reactions involving chlorine. The detailed mech­
anism for this process is described elsewhere (4).

It was particularly interesting to note the rapid forma­
tion and the relatively slow decomposition of C6CI6 (m/e
282), which we believe is hexachlorobenzene. The for­
mation of C6CI6 under oxygen-rich conditions is particu­
larly significant because of its possible emission into the
environment and because of its possible involvement in
the production of chlorinated dibenzodioxins.
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Table I. Decay Parameters for Species according to
First-Order Model

decay decay
species parameter, S-l species parameter, 8-1

COCl, 4760 C,CI, 2860
C,CI, 4280 C,CI, 780
CCl, 4780 CO
CHCI, 4040

of about 500 mm/s corresponding to the later stages of the
flame, an average decay parameter for RCI can be calcu­
lated to be about 1560 S-I_

It must be recognized, however, that eq 12 does not
describe the fundamental chemical kinetic steps associated
with the decay of RCI. The decay parameter k[Cll, al­
though which may be related to elementary rate coeffi­
cients, is also expected to be a strong function of the
diffusional transport phenomena (4).

The mole fraction profiles for the chlorohydrocarbon
intermediates were then analyzed by forcing an exponen­
tial decay function to the experimental data, in a manner
similar to the treatment of the Cl2 profile. The first-order
decay parameters were then calculated, and they are
presented in Table I. These decay parameters illustrate
the slow decomposition of C2Cl4 and C6Cl6 and suggest
their potential use as performance indicators to monitor
emissions from combustion systems burning C2HCI3, to
complement CO monitoring.

Conclusions
The flames of C2HCl3 contain significant levels of CO,

COCI2, C2C14, C2C12, CHCI3, CCI4, and C6Cl6 as interme­
diates under oxygen-rich conditions. Although the for­
mation of intermediates is a normal consequence of com­
bustion, the highly inhibited nature of chlorinated hy­
drocarbon flames amplifies the levels of these interme­
diates. Therefore, combustion systems burning chlorinated
hydrocarbons are more prone to pollutant emissions when
compared to those burning conventional hydrocarbons.

The highly inhibited nature of chlorinated hydrocarbon
flames, on the other hand, suggests the possibility that
controlled oxidation/pyrolysis may be exploited as a
manufacturing process to recover these intermediates.

A simple first-order model describing the mole fraction
profiles of the intermediates suggests that Cl radical attack
is primarily responsible for their destruction. The relative

1248 Environ. Sci. Techno!., Vol. 20, No. 12, 1986

ranking of the decay parameters suggests the possible use
of C6C~ and C2C14, in addition to CO, to monitor pollutant
emissions from combustors burning trichloroethylene, and
perhaps other chlorinated hydrocarbons.

Acknowledgments

We are grateful to Professor D. Gutman for many useful
discussions.

Registry No. C,HCI" 79-01-6; CHCI3, 67-66-3; Cl" 56-23-5;
C,Cl" 25323-30-2; C,CI" 127-18-4; C,CIo, 118-74-1; CO, 630-08-0;
CO" 124-38-9; HCl, 7647-01-0; Cl" 7782-50-5; COCl" 75-44-5.

Literature Cited
(1) Bose, 0_; Senkan, S. M. Combust. Sci. Techno/. 1983,35,

187.
(2) Senkan, S. M. Combust. Sci. Technol. 1984,38,197.
(3) Chang, W. D.; Senkan, S. M. Combust. Sci. Technol. 1985,

43,49.
(4) Chang, W. D.; Karra, S. B.; Senkan, S. M. Combust. Sci.

Technol. 1986,49, 107.
(5) Greene, F. T.; Brewer, J.; Milne, T. A. J. Chem. Phys. 1964,

40, 1488.
(6) Biordi, J. Co; Lazzara, C. P.; Papp, J. F. "Fourteenth Sym­

posium (International) on Combustion"; The Combustion
Institute: Pittsburgh, PA, 1973; P 367.

(7) Gay, R. L.; Young, W. C.; Knuth, E. L. Combust. Flame
1975,24,39I.

(8) Hastie, J. W. Combust. F/ame 1973,21, 187.
(9) Williams, G. J.; Wilkins, R. G. Combust. Flame 1973,21,

325.
(10) Biordi, J. C. Prog. Energy Combust. Sci. 1977,3, 15I.
(11) Anderson, J. B.; Andres, R. P.; Fenn, J. B.; Maise, G.

Rarefied Gas Dynamics; Academic: New York, 1968.
(12) Peeters, J.; Mahnen, G. "Fourteenth Symposium (Inter­

national) on Combustion"; The Combustion Institute:
Pittsburgh, PA, 1973; P 133.

(13) Yi, A. C.; Knuth, E. L. Combust. Flame 1986, 63, 369.
(14) Smith, O. L; Chandler, D. W. Combust. Flame 1986,63,

19.
(15) Smirnov, K. M.; Tomilov, A. D.; Shchekotikhin, A. L Russ.

Chem. Rev. (Engl. Trans/.) 1967,36, 326.
(16) Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, J. T.

J. Phys. Chem. Ref. Data 1977,6,235.

Received for review February 10, 1986. Revised manuscript
received July 9, 1986. Accepted July 28,1986. This work was
supported by funds from the U.S. Environmental Protection
Agency (Grants R810381-01 and R812544-0I) and the Illinois
Institute of Technology.



Environ. Sci. Technol. 1986,20, 1249-1253

On the Nature of Atmospheric Oxidation Processes of S02 to Sulfate and of
N02 to Nitrate on the Basis of Diurnal Variations of Sulfate, Nitrate, and
Other Pollutants in an Urban Area

Satoshi Kadowaki

Aichi Environmental Research Center, 7-6 Nagare, Tsuji-machi, Kita-ku, Nagoya 462, Japan

• Measurements of sulfate m.d nitrate (particulate plus
gaseous) were made in Nagoya. Air samples were collected
over a 2- or 3-h interval, and particulates were fractionated
into the fine and coarse fractions. In addition, other
pollutants and meteorological parameters were simulta­
neously monitored. Sulfur and nitrogen conversion ratios
(F, and F n) defined in the text were calculated from the
data. F, and Fn in the summer increased by about 2 and
4 times those in the winter, respectively. Fn was always
higher in the day1ime than in the nighttime and correlated
closely with oxidant concentration. On the other hand,
there was hardly any difference in F, of the day1ime and
the nighttime. Good correlation was found between F, and
relative humidity when the oxidant concentrations were
more than 20 ppb. These results indicated that droplet­
phase reactions are important for the S02 oxidation to
sulfate, while gas-phase reactions are predominant for the
N02oxidation to nitrate.

Introduction

The conversion mechanisms and rates for sulfate and
nitrate formations are of considerable interest because of
concern over apparent widespread environmental effects
associated with acid deposition, visibility reduction, and
weather and climate changes.

These secondary aerosols result primarily from the ox­
idation of sulfur dioxide and nitrogen oxides. In order to
clarify the oxidation processes and rates, numerous ex­
tensive studies have been conducted, including laboratory
studies (e.g., 1-3), theoretical and kinetic computer mod­
eling studies (e.g., 4, 5), and field studies in ambient air
(e.g., 6-8) and in plumes (e.g., 9, 10).

It is generally recognized that the two most important
oxidation processes are homogeneous gas-phase reactions
involving free radicals such as OH and heterogeneous re­
actions in droplet phase and on aerosol particle surface.
Davis et al. (9) showed that S02 and N02 oxidations in
plume could largely be explained by the gas-phase reaction
with the OH radical under midday summertime and low
relative humidity «50%) conditions. On the other hand,
McMurry et al. (J1,12) reported from the results of field
observations and smog chamber experiments that dro­
plet-phase reactions were important at high relative hu­
midity (>75%), while gas-phase reactions were the pre­
dominant mechanism at low relative humidity (",,35%).
More data on the effect of weather conditions, such as
relative humidity and sunlight, on sulfate and nitrate
formations are needed to reveal the oxidation processes
in ambient air.

In almost all regions of Japan, there are two different
summertime conditions, in which sulfate and nitrate for­
mations are enhanced and photochemical smog episodes
are often observed.

The first is low relative humidity and high sunlight
before the rainy season called "Baiu" has set in. The
second is high relative humidity and high sunlight after
the rainy season is over. Therefore, it is useful for the
clarification of the oxidation processes to compare sulfate

and nitrate behavior under the two different summertime
conditions.

In this study, field measurements were made of diurnal
variations for sulfate, nitrate, selected gaseous pollutants,
and meteorological conditions in Nagoya during the sum­
mer of 1983 and the winter of 1983 and 1984. From the
results, sulfur and nitrogen conversion ratios were calcu­
ated, as defined in the text, and the oxidation processes
in urban air were discussed.

Experimental Section
Air samples were collected at the Aichi Environmental

Research Center in a mixed residental/light industry area
of Nagoya by use of a Model 21-000 Andersen sampler
manufactured by 2000 INC. The sampler usually consists
of eight stages followed by a backup filter. In this study
to segregate atmospheric particulates into two size fractions
of coarse and fine, 2:2.1p.m and <2.1p.m, the sampler was
modified to consist of a 2.1-p.m 50% e.c.d. stage followed
by a Teflon filter plate and a Teflon backup filter (J3).

Fluoropore Teflon filters of SO-mm diameter and 0.8-p.m
pore size (AF07P, Sumitomodenko Corp.) were used, be­
cause they are inert and produce negligible sulfate and
nitrate artifacts. Gaseous nitric acid was collected with
an 80-mm diameter 0.65-p.m pore size nylon filter (Sarto·
rius SM1l9) downstream of the Teflon backup filter.

Sampling was made in 2- or 3-h intervals at a flow rate
of 1 cfm (28.3 L/min). The sampled Teflon and nylon
filters were ultrasonically extracted for 20 min with 10 mL
of deionized water and 10 mL of 0.1 N KOH, respectively.
Extracts were analyzed for SOl' and N03' with a Dionex
2100 ion chromatograph using an HPIC AS-4 separator
and anion fiber suppressor columns. Precision for SOl'
and N03- was better than 8%. The detection limit of
particulate sulfate and nitrate was about 0.1 p.g/m3 for a
sample volume of 3.4 m3 and based on the average filter
blank plus 2 times the mean standard deviation of the filter
blanks. For gaseous nitric acid, the detection limit was
about 0.5 p.g/m3 under the same sample volume and blank
correction for the particulate sulfate and nitrate.

Oxidant, N02, and S02 were monitored with a DKK
Model GXH·71M-l(S) neutral-buffered KI solution
spectroscopic analyzer, a DKK Model GPH-74 Saltzman
spectroscopic analyzer, and a DKK Model GRH-73 con­
ductometric analyzer, respectively. A UV absorption ozone
analyzer (Model EG-2oo1, Ebara Jitsugyo Corp.) was also
used to check oxidant concentrations measured by the
oxidant analyzer.

Results and Discussion
Selected gaseous pollutant levels and meteorological

conditions during the field measurements are summarized
in Table I. High oxidant concentrations were observed
in both of the sampling periods on June and August be­
cause of high sunlight in summertime. On the other hand,
the difference in relative humidity was evidently recog­
nized in the two summer sampling periods; the averages
of relative humidity in June and August were 56% and
75%, respectively.
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June Aug nec and Jan

sampling period'

Table I. Summary of Gaseous Pollutant Levels and
Meterological Conditions during Sulfate and Nitrate
MeasurementslJ

fine sulfate formation from the oxidation of S02 is en­
hanced under the summertime condition of high relative
humidity and high oxidant concentration.

In contrast to sulfate, the results of nitrate measure­
ments were complicated as seen in Tables III and IV.
Several investigators reported that the size distribution
of particulate nitrate is bimodal and gives the seasonal and
regional variations (14-16), and that the chemical com­
positions of the bimodal nitrate are mainly NH.N03 and
NaN03 (14,15,17,18). On the other hand, Stelson et a1.
(19,20) reported that fine particulate nitrate of NH.N03
is easily dissociated into HN03 and NH3 under high am­
bient temperature because of the high volatility of NH.­
N03·

The results shown in Tables III and IV are consistent
with the characteristic of nitrate described above. The
average concentration ratio of gaseous nitrate to total
nitrate was high in the summer and attained about 60%,
but in the winter, particulate nitrate was predominant.
The gaseous nitrate concentrations shown in Table IV
possibly include the overestimate error owing to the vol­
atilization of NH.N03 from the filter to form HN03 during
air sampling. There is, however, hardly any difference of
the ratio in the summer between daytime and nighttime,
so that the error seems to be small.

Both particulate and gaseous nitrate concentrations in­
creased in the summer and daytime, especially in June.
The maximum gaseous and particulate nitrate concen­
trations, 20.3 and 13.4 !J.gjm3, were measured on June 3,
10:00--12:00 and 15:00-17:00 JST, respectively. These
nitrate results indicate that particulate and gaseous nitrate
formations are enhanced under the summertime condition
of low relative humidity and high oxidant concentration

16 (8-35)
35 (16-63)
9 (0-18)
8 (1-14)

63 (41-86)

16 (8-30)
17 (5-54)
40 (1-113)
30 (25-35)
75 (53-97)

18 (6-32)
27 (10-60)
37 (2-89)
25 (17-31)
56 (25-96)

SO" ppb
NO" ppb
oxidant, ppb
temp,OC
relative

humidity, %
wind speed, m/s 1.7 (0.3-4.5) 1.5 (0.2-5.4) 2.0 (0.0-6.6)

°Arithmetic mean of 1-h averages (range of 1-h averages). 'June
1983: 6/3,6/4,6/8,6/9, and 6/10; Aug 1983: 8/5,8/9,8/11, and
8/12; nec 1983 and Jan 1984: 12/7,12/8,12/14, and 1/10.

Tables II-IV give 2- or 3-h averaged concentrations of
size-segregated sulfate and nitrate and gaseous nitrate for
daytime and nighttime. As seen in Table II, the concen­
trations of coarse sulfate were very low in comparison with
those of fine sulfate and almost constant in daytime and
nighttime below about 0.5 !J.gjm3.

The fine sulfate had generally higher concentrations in
daytime than in nighttime. The difference, however, was
not apparent except for the August data, in which the
average concentration of fine sulfate in daytime (9.76
!J.gjm3) was about 2 times higher than that in nighttime
(5.20 !J.gjm3)_ The highest fine sulfate concentration, 19.2
!J.gjm3, was measured on August 5,10:00-12:00 JST. These
sulfate results indicate that the coarse sulfate, arising from
primary particulate emissions, hardly contributes to the
total sulfate concentration in the ambient air and that the

Table II. Average Concentrations ("g/m') of Size·Segregated Sulfate for Daytime and Nighttime at a Nagoya Urban Site

ratio of fine fraction

sampling no. of samples coarse fine to total SO.'-, %

period' (day/night) day night mean day night mean day night mean

June 20/14 0.54 0.43 0.49 5.43 4.75 5.09 91 92 91
Aug 21/17 0.46 0.33 0.40 9.76 5.20 7.48 95 94 95
nec and Jan 19/18 0.45 0.48 0.47 3.22 2.39 2.81 88 83 86

°Sampling periods are as shown in Table I.

Table III. Average Concentrations ("g/m') of Size-Segregated Particulate Nitrate for Daytime and Nighttime at a Nagoya
Urban Site

ratio of fine fraction to

sampling no. of samples coarse fine particulate NO,", %

periodlJ (day/nightl day night mean day night mean day night mean

June 20/14 3.48 2.08 2.78 1.81 1.17 1.49 34 36 35
Aug 21/17 1.77 1.05 1.41 0.54 0.40 0.47 23 28 25
nec and Jan 19/18 0.58 0.54 0.56 1.73 1.16 1.45 75 68 72

'Sampling periods are as shown in Table I.

Table IV. Average Concentrations ("g/m') of Gaseous and Particulate Nitrate for Daytime and Nighttime at a Nagoya Urban
Site

ratio of gaseous
NO,' to total

(gaseous and particulate)

sampling no. of samples gaseous NO,- particulate NO,-' NO,", %

periodCl (day/night) day night mean day night mean day night mean

June 20/14 5.07 2.16 3.62 5.29 3.25 4.27 49 40 46
Aug 21/17 3.32 1.96 2.64 2.31 1.45 1.88 59 57 58
nec and Jan 19/18 0.58 0.07 0.33 2.31 1.70 2.01 20 4 14

°Sampling periods are as shown in Table I. 'Particulate NO,- = coarse NO,- + fine NO,- shown in Table III.
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FIgure 1. DilJ'M1 variations of sulfate, n~rate, and selected parameters
at a Nagoya urban s~e, June 8-9, 1983.

and that the oxidation process of N02to nitrate differs
from that of 802 to sulfate,

Figures 1-3 show the representative diurnal variations
of sulfate, nitrate, and selected parameters at a Nagoya

Aug. 5 Aug 11
Time. JST

Figure 2, Diu'nal variations of sulfate, nitrate, and selected parameters
at a Nagoya urban site, Aug 5 and 11, 1983. (6) and (Cl are as
described in Figure I.

where [f 80l-j = fine sulfate concentration (as 802, /lgj
m3), [802] =gas-phase 802concentration (converted from
ppm to /lgjm3, averaged over the sampling period), [p
N03-j = total particulate nitrate concentration (as N02,
/lgjm3), [g N03-j = gaseous nitrate concentration (as N02,
/lgjm3), and [N02l =gas-phase N02concentration (con­
verted from ppm to /lgjm3, averaged over the sampling
period).

Table V iists the average F, and Fn calculated from the
equations defined above. F, and Fn in the summer were
about 2 and 4 times higher than those in the winter, re­
spectively.

Fn was always higher in the daytime than in the
nighttime and did not change under the two different
summertime conditions. On the other hand, there was
hardly any difference in F, for daytime and nighttime, and
under the two different summertime conditions F, was

urban site, Comparing the diurnal patterns, it is shown
that the diurnal patterns of nitrate in June and August
and those of sulfate in August are qualitatively similar to
oxidant concentrations. But in the other cases the rela­
tionships are obscure between the diurnal patterns of
sulfate and nitrate and those of the selected parameters.

In order to clarify the difference between the 802oxi­
dation process to sulfate and the N02oxidation process
to nitrate, conversion ratios for sulfur (F,) and nitrogen
(Pn) were defined in the modified forms of the gas-particle
distribution factors by Grosjean and Friedlander (21):

[f 80.2-]
F = ----'-----'--''---

, [802] + [f 80l-j

[p N03-] + [g N03-]
Fn = ----="----'-'---'-=----'---

[N02] + [p N03-j + [g N03-j

FIgure 3. DilJ'M1 variations of sulfate, nitrate, and selected parameters
at a Nagoya urban s~e, Dec 14, 1983, and Jan 10, 1984. (6) and (C)
are as described in Figure 1.
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Table V. Comparison of Sulfur Conversion Ratio (F.l with Nitrogen Conversion Ratio (FDl at a Nagoya Urban SiteD

sampling no. of samples avF•• % av Fn • %

period' (day/night) day night mean day night mean

June 20/14 6.7 7.8 7.3 12.1 7.7 9.9
Aug 21/17 10.4 9.1 9.8 12.0 8.2 10.1
nec and Jan 19/18 4.0 3.9 4.0 2.9 1.9 2.4

o Conversion ratios of F. and Fn are defined in the text. 'Sampling periods are as shown in Table I.

25

r~0.5w(n~511

20 Y~0.225x - 389 0 00

0

0

0
'<>0

15
~ 0

0
0. 0

"- 0 0
810 <J)

0
0 '6

0

0 0
0

0 0
00 8

0

00
8

0

W 40 00 80 100

Relative humldlly I"/oJ

Figure 8. Scatter diagram of relative humidijy and sulfur conversion
ratio (F.) observed at a Nagoya urban site. Data sets less than 20
ppb oxidant concentration are excluded from this scatter diagram.

0

0

0
0 r~0.515 (n~831

Y~()0863x<359
0

00
0

0

0 0

0 0 0

00 0
0 0
0 0

0

0 0<75%
0 • ~75% RH

o

r~ 0.809 I n~251

y~o.•nx' 2.29

o 20

25

••• ?'
,
/0. 0. ".o': .

o ,/0

10 ~t
~: 0

"~o,'. 0

5 8 <J) 00

'!,,°o 00

'~~o 0 0

20

~ 15

.
"-

.0 50 80 100

Oxidant concentration I ppb I

Figure 4. Scatter diagram of oxidant concentration and sulfur con·
version ratio (F.) observed at a Nagoya urban site. F. is defined in
the text.

20 40 50 80 100

Oxidant concentration (Ppb)

Figure 5. Scatter diagram of oxidant concentration and nitrogen
conversion ratio (F0) observed at a Nagoya urban sije. F 0 is defined
In the text.

r~()901 (n~251

Y~0.'80x .1.52

1008050

o

.020

r~ 0.033

20
I n~511 8

0
0

o 0

00
,<>00

00 0
15 0

0 0
;t. 0

0

c 0
0 0 0

"- 0910 o ~o0
0 0 95

0
0 0

0

0

0

25,-----------------,

Figure 7. Scatter diagram of relative humidijy and nijrogen conversion
ratio (F 0) observed at a Nagoya urban site. Data sets iess than 20
ppb oxidant concentration are excluded from this scatter diagram.

0<75%
RH

.~75%

00

r~()88'ln~831

Y~0.197 x .1.1.

o

o
o

00 8
o

o

o 0
0

0
0

a 008

,

o

tio

,,,
,,

'.r
,~ 0

eiOQ:) goo'.lo 0

5. /00 0..
10

25

20

'if. 15

c
"-

higher in August than in June. These results of F, and Fn
imply that photochemical oxidation plays an important
role in the oxidation of 802 and N02; furthermore, the 802
oxidation may be enhanced at high relative humidities.

Figures 4 and 5 show the relationship between F.. Fn,

and oxidant concentration, respectively. In these figures
the data sets observed at relative humidity above 75%
were distinguished from the others as a black circle, be·
cause droplet- (liquid·) phase reactions might be predom­
inant at high relative humidities. Fn increased with in­
creasing oxidant concentration independently of relative
humidity. However, F, had an indistinct correlation to

oxidant concentration at relative humidity less than 75%.
In Figures 6 and 7 are shown the relationship between

F" Fn, and relative humidity, respectively, when oxidant
concentration exceeded 20 ppb and photochemical oxi­
dation took place in some degree. As shown in Figures 6
and 7, good correlation was obtained between F, and
relative humidity, but no correlation could be shown be­
tween F n and relative humidity.

The results shown in Figures 4-7 suggest that for the
conversion of 802 to sulfate relative humidity is an im­
portant factor as well as oxidant concentration (i.e., sun­
light), while oxidant concentration is the only key ingre-
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dient for the conversion of NO, to nitrate. It is, hence,
concluded with respect to the mechanisms of gas-to-par­
ticle conversion in Nagoya urban air that the SO, oxidation
processes to sulfate are mainly droplet-phase reactions,
while gas-phase reactions are predominant for the NO,
oxidation processes to nitrate.

Summary
The oxidation processes of SO, to sulfate and NO, to

nitrate in urban air have been investigated on the basis
of field measurements, which were made under two dif­
ferent summertime conditions and in winter. To charac­
terize these oxidation processes, sulfur and nitrogen con­
version ratios (F, and FnJ defined in the text were calcu­
lated from the field data. Subsequently, effective factors
on the conversion and the difference between the oxidation
processes of SO, and those of NO, were discussed. Results
of this analysis indicated that the enhancement of the
conversion of SO, to sulfate requires high relative humidity
as well as high oxidant concentration, while oxidant con­
centration is the only key ingredient for the conversion of
NO, to nitrate. This difference was explained by the
presumption that the SO, oxidation processes to sulfate
are mainly droplet-phase reactions; on tht other hand, for
the NO, oxidation processes to nitrate gas-phase reactions
are predominant. However, in this study NO and PAN
are not taken into consideration in the equation of Fn, so
that the values of Fn may be somewhat decreased com­
pared to those including NO and PAN under the condition
of daytime in summer when photochemical reactions take
place actively and oxidant concentration is high. On the
other hand, under the condition of winter or nighttime in
summer when photochemical reactions hardly take place,
the values of Fn may be somewhat increased compared to
those including NO and PAN.
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Determination of Organofluorine in Airt

Erik Kissa

Jackson Laboratory, Chemicals and Pigments Department, E. I. du Pont de Nemours and Company,
Wilmington, Delaware 19898

• Organofluorine air contaminants at sub parts per million
or higher levels are collected on a solid adsorbent (activated
charcoal or graphitized carbon) or in water and then com­
busted in an oxyhydrogen torch. Combustion converts
organic fluorine to hydrogen fluoride, and the fluoride ion
is determined with a fluoride ion-selective electrode. The
method avoids sample desorption problems and the sep­
aration of complex mixtures by commonly used gas chro­
matographic methods. The maximum concentration each
fluoro compound can have in the air sample is calculated
from the organofluorine concentration. A specific method
may not be needed if the calculated maximum concen­
tration is below an acceptable limit. In conjunction with
a specific method, the organofluorine method can detect
unidentified fluoro compounds in air not accounted for by
the specific method.

Introduction

The presence of organofluorine in air has been of con­
cern in two areas of the environment. The concentrations
of chlorofluorocarbons in the atmosphere have been de­
termined (1-9) and their long-term effects investigated.
Fluoro chemicals in industrial air have been monitored (10)
to protect the health of the workers. Analytical techniques
have been developed to determine fluoro chemicals in the
stratosphere at the parts per trillion level and in industrial
air at parts per billion or parts per million levels, depending
on the allowable concentration of the air contaminant.
This paper deals with monitoring organofluorine in air at
occupational sites where organic fluoro compounds are
produced or used.

The determination of fluoro compounds in air involves
two steps: collection of an air sample and determination
of the fluoro compound in the sample, usually by gas
chromatography. Sampling techniques used for collecting
fluoro compounds in air have included grab sampling (1-3,
6-8, II, 12), concentration by cryogenic techniques (7, 8,
11), trapping in a solvent (13), or, most commonly, ad­
sorption on a solid adsorbent (5, 9-12, 14-16). The latter
method is convenient and, when followed by thermal de­
sorption, delivers the fluoro compound without dilution.
However, adsorption on solid adsorbents poses a problem
and a dilemma. The common adsorbents, activated
charcoal and graphitized carbon, hold fluoro chemicals
firmly, and thermal desorption is usually not quantitative
(13). On the other hand, Tenax GC, a 2,6-diphenyl-p­
phenylene oxide polymer, releases fluoro compounds more
readily, but is a less efficient sorbent (12, 13). Aside from
the problem of incomplete desorption, chemical reactions
may occur at temperatures needed for thermal desorption
and convert the fluoro compound into species not ac­
counted for by the analytical method (13).

The collected fluoro compounds in air samples have been
determined by gas chromatography (GC) using flame­
ionization (Fl) (5, 13, 16) or electron-capture (EC) detectors

'This is Research and Development Division Publication No. 618.
Presented at the 190th American Chemical Society Meeting, Chica­
go, II., Sept 8-13, 1985, as CS 18.

(1-3, 6, 9, 13-15), and by gas chromatography/mass
spectrometry (GC/MS) (5, 7-9). Separation and identi­
fication of fluoro compounds in mixtures with other hal­
ocarbons and air contaminants can be difficult. Some
fluoro chemicals, for example hexafluoroacetone, form
hydrates that have a retention time different from that of
the parent compound. To overcome this problem, several
detectors have been used simultaneously (11, 12) or the
fluoro compounds have been determined by specific ion
MS. GC is especially complex when each fluorine-con­
taining air contaminant is in turn a mixture of telomers
(homologues differing in the number of tetrafluoroethylene
units in their fluorocarbon chain). Quantitation of an air
contaminant consisting of homologous telomers requires
calibration of each peak area of interest with the corre­
sponding pure telomer. Inevitable errors made in deter­
mining individual telomers add up when calculating the
sum of their concentrations.

The multitude of problems and complications associated
with the specific determination of a fluorine-containing
organic air contaminant led us to the concept of deter­
mining the total organofluorine concentration in air. When
only one air contaminant contains fluorine, the concen­
tration of fluorine in the sample represents the concen­
tration of that fluoro compound in air. If several air
contaminants contain fluorine, the fluorine concentration
can be used to calculate the maximum concentration each
fluoro contaminant can possibly have in the air sample.
The maximum concentration of a particular air contam­
inant is calculated with the assumption that all of the
fluorine is related to that particular component. If the
maximum concentration of the suspected contaminant is
below the acceptable limit, the specific method may not
be needed.

If a fluoro compound in air is monitored also by a spe­
cific method, the total organofluorine concentration can
be determined simultaneously to detect any unidentified
fluoro compounds present in air. Sometimes only the total
organofluorine concentration needs to be determined, for
example, when any organic fluoro contaminant in air is
objectionable, as for quality control in a laboratory where
trace fluorine analysis are performed.

The concept of total organofluorine in air has proved
quite useful, and the analytical techniques for its deter­
mination are reported here.

Experimental Section

Materials. Adsorption tubes (6 x 70 mm), specified
by NIOSH (10), containing two sections (100 and 50 mg)
of coconut-based activated charcoal, 20/40 mesh, were
purchased from SKC (catalog no. 226-00 or Supelco (ca­
talog no. 2-0267). Alternatively, larger adsorption tubes
(8 x no mm) containing 600 mg of activated charcoal were
used (SKC, catalog no. 226-09), or tubes were packed in
our laboratory with 150 mg of activated charcoal, gra­
phitized carbon (Ambersorb XE-347), or Tenax GC (a
2,6-diphenyl-p-phenylene oxide polymer).

The fluoro compounds 2H-hexafluoro-2-propanol (HF­
IP), hexafluoroacetone (HFA), telomer alcohols [CF3­

(CF2CF2)nCH2CH20HJ, and 1,2,2-trifluoro-l,I,I-tri-
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Table I. Determination of Fluoride with tbe IOD·Selective
Electrode

fluoride, ~g SD
calcdQ found' ~g % rei

0.10 0.14 0.008 6.7
6.0 5.9 0.04 0.67

60 60.2 0.34 0.57

ADSORPTION
TUBES

'The amount of fluoride (~g) in 200 mL of a standard NaF so­
lution containing an acetic acid/sodium acetate buffer (21).
b Average of six determinations.

Table II. Recovery of HFIP Absorbed in Water

scrubber were washed into a 200-mL volumetric flask,
made of polypropylene, and fluoride was determined with
a fluoride ion-selective electrode. The procedure for the
determination of fluoride in the combusted analyte has
been recently described by us (21).

The result is corrected for a blank fluorine value of the
adsorbent from an unused tube. The fluorine value found
is corrected for inorganic fluoride, if present in air. In­
organic fluoride in air, such as hydrofluoric acid, is trapped
in water and determined by the ion-selective electrode
without combustion. Alternatively, hydrofluoric acid also
can be adsorbed on activated charcoal and desorbed in
water for its determination.

Results and Discussion

Detection Limits and Precision. The detection limits
of fluoro compounds collected in water or on solid ad­
sorbents and combusted in the oxyhydrogen torch depend
on the background fluorine in the sorbent used and the
precision of the combustion procedure. A key element of
the combustion procedure is the ion-selective electrode
method (21) that we developed for determining fluoride
in the combusted analyte. The method can determine even
small amounts of fluoride (down to 100 ng) with adequate
precision (Table I). Hence, the detection limits and the
overall precision of the method for determining organo­
fluorine in air depend mainly on the fluorine content of
the sorbent and its consistency.

The fluorine content of activated charcoal (blank value
of an adsorption tube containing 150 mg of charcoal) is
sufficiently low and reproducible to allow the detection of
small amounts of organic fluorine in air (the standard
deviation of 23 determinations performed during 10 days
was found to be :l::0.21I'g of F, mean value of the blank
0.36 I'g of F).

Sorption in Water. The use of water for trapping
airborne fluoro chemicals has the advantage that the same
sample can be analyzed by several methods, for example,
for a specific fluoro chemical or for inorganic fluoride. The
prerequisite for using water as the collection medium is
solubility of the fluoro chemical in water.

The collection efficiency of a water-soluble fluoro
chemical in water is illustrated with 2H-hexafluoro-2-

Q nd, not detected.

nd'
0.30
3.84

76.8

0.052
0.28
3.98

78.3

HFIP. ppm

L06
90
99
95

recovery, by by
0/0 combustion GC (13)

7.9
54.5

652
9270

HFIP as
organonuorine.

~g of F

taken found

7.4
60.8

657
9770

32.6
42.1
35.0
25.3

air
vol. L

j
AIR SAMPLE

PUMP

Figure 1. Apparatus for testing recovery 01 organolluorine in air.

chloroethane used were produced by Du Pont.
Recovery Test. The apparatus used for recovery tests

is shown in Figure 1. The Sage syringe pump, Model341A
(Fisher Scientific Co., catalog no. 14-831-40, was equipped
with a gas-tight 100-I'L syringe (Hamilton, catalog no.
17l0N) introduced into the glass evaporation cell through
a septum. Nitrogen, pure air from a cylinder, or ambient
air was introduced into the evaporation cell through a
second hypodermic needle inserted into the septum. The
evaporation cell was connected to a pump (SKC, Model
222-3) via two adsorption tubes or a train of impingers,
described by us previously (17), containing 20 mL of water
each and cooled in ice. The flow rate was 120-140 mLI
min.

The fluoro compounds were diluted with methanol to
facilitate sampling of minute amounts determined by
weighing the syringe before and after the delivery. The
amount of organic fluorine delivered was varied from 6 to
2440 I'g. Nitrogen or air was drawn for 1 h after the de­
livery of the fluoro compound into the evaporation cell was
completed. The recovery of the fluoro compound was
determined by combusting the sorbent (activated charcoal
removed from the adsorption tube or an aliquot volume
of water withdrawn from the impinger) in the oxyhydrogen
torch. The cell was washed with methanol and the amount
of residual fluorine found in the cell deducted from the
amount of organofluorine delivered by the syringe. The
results were corrected for a "blank" fluorine value obtained
by injecting the solvent (methanol) instead ofthe sample
solution into the evaporation cell.

Combustion Method. The oxyhydrogen torch, origi­
nally designed by Wickbold (18, 19), scaled down and
modified by Sweetser (20), was made of quartz and
equipped with a bypass system to allow uninterrupted
operation of the torch during sample changeover and
withdrawal of the combusted analyte. The combustion
procedure and a detailed description of the apparatus will
be published elsewhere.

In preparation for combustion, the adsorption tube is
scored with a file and broken open. The silylated glass
wool plug in the tube is discarded because the plug was
found to contain fluorine. Both sections of the adsorbent
and the urethane foam sections in the tube are placed into
a porcelain combustion boat (Coors 60035; Fisher Scientific
Co., catalog no. 07-660C) and transferred into the oxy­
hydrogen torch made of quartz. If water is used for
trapping organic fluorine, 10 mL of the combined contents
of the impingers is introduced into the combustion boat
by a syringe in several portions. Hydrogen fluoride, formed
by combustion of organofluorine in the analyte, is trapped
in a scrubber containing water. The contents of the
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Table III. Organofluorine in Industrial Air

fluorine found, mgjm3

sampling organic by organic fluoro compd
date time, h air vol, L inorganic combustion by GC' determined by GC

7/15 6.0 34.9 0 0.031 0.053 13 ppb HFAb
8/2 0.5 3.7 0.24 184 207 44.2 ppm HFIP,·d
8/4 16 120.1 0.006 1.02 0.14 0.03 ppm HFIP"
8/5 1.3 10.1 0 1.56 1.28 0.27 ppm HFIP"

'Calculated for the identified and determined fluoro compound. b Hexafluoroacetone; adsorbed on Ambersorb XE-347 and desorbed
thermally into a 6 ft long column, '/, in. o.d., packed with 80/100 mesh Carbosieve B; isothermal gas chromatography at 300 'C using a Hall
detector. 'Gas chromatography conditions described in ref 13. dAir in the packing booth; protective clothing and respiratory equipment
required.

Table IV. Recovery of Organofluorine in Air by
Adsorption on Charcoal and Combustion

amount, ~g of F
F in the

recovery. second
fluoro compd evaporated found % tube'

CF3(CF,),CH,CH,OH 10.3 10.2 99 5
97.3 88.3 91 I

CF3(CF,),CH,CH,OH 6.5 7.0 108 3
369 350 95 0

(CF3),CHOH 6.7 6.5 98' 3
34.2 31.6 95' 2

174 161 93' 0
175 181 104 I

2439 2303 94 0
CF,CICFCI, 44.5 36.7 82 43'

87.1 70.2 79 47'
8.6 7.9 93' 1

86.5 84.6 98' I

'Collected in nitrogen. bPercent of total F adsorbed. 'Collected
in humid air.

propanol (HFIP) (Table II). The sorption of HFIP is
essentially complete in two impingers. When four im­
pingers were connected in series, as an average 81 % of
HFIP was absorbed in the first impinger, 15% in the
second, 3% in the third, and 0.6% in the fourth (13).

The recovery of HFIP in air is very satisfactory even at
sub parts per million levels. The agreement with recovery
values obtained by gas chromatography of HFIP is ex­
cellent. The concentration of organofluorine in plant air
was found to be in reasonable agreement with the fluorine
content calculated from the HFIP concentration deter­
mined by the specific GC method, except for one day when
the sampling time was long and HFIP concentration in air
low (Table III). Only 14% of organofluorine was HFIP­
related, indicating that in addition to HFIP other fluoro
compounds were present in air during that particular day.
The detection of fluorine-containing air contaminants by
GC would have required constant monitoring of air con­
taminants by GCjMS, an elaborate procedure dependent
on the representation of every fluoro compound in the air
sample by a peak in the gas chromatogram. This shows
the power of the total organofluorine method coupled with
a specific method for determining a fluoro chemical air
contaminant.

The amounts of inorganic fluorine in the air samples
determined by the fluoride ion-selective electrode in the
contents 01 the impingers without combustion were very
low (Table III).

Collection of Fluoro Compounds on Solid Adsor­
bents. We have collected fluoro chemicals on various solid
adsorbents including activated charcoal, graphitized car­
bon, silica, Tenax, etc. The choice of the adsorbent is
determined mainly by its adsorption efficiency; the ease
of desorption, an important factor in conventional methods
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for determining air pollutants, is of no consequence here.
Activated carbon and graphitized carbon were found to
be the most efficient adsorbents.

The recovery of fluoro compounds adsorbed on activated
charcoal is shown in Table IV. Adsorption on 150 mg of
activated charcoal in a small (7 em long) adsorption tube
is essentially complete except for volatile halogenocarbons
such as 1,2,2-trifluoro-l,I,2-trichloroethane in humid air.
In dry air or nitrogen, adsorption is nearly quantitative,
but for the adsorption of volatile fluoro compounds in
humid air, two small adsorption tubes (150 mg of activated
charcoal in each tube) or a large adsorption tube (600 mg
of activated charcoal) has to be used. The detrimental
effect of water on adsorption of fluorocarbons (10) and
chlorocarbons (22) on charcoal has been observed by oth­
ers.

The subject method also is applicable to particulate air
contaminants. Particulate organofluorine-containing
matter in air is collected on filters made of mixed cellulose
esters and combusted together with the filter.

The organofluorine method described in this paper also
is useful for the study of adsorption and desorption, es­
pecially thermal desorption, of fluoro compounds on solid
adsorbents. This will be the subject of a forthcoming
paper.
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Table I. Impactor Sampling Periods (Local Time)

site was the roof of the Finnish Meteorological Institute
building (about 25 m above ground level) in downtown
Helsinki.

Analysis. The mass of collected particles was deter­
mined by weighing substrate films carefully before and
after sampling with a microbalance (Mettler M3). Before
gravimetric analysis, the films were exposed to an ion
stream generated by a polonium a-active source, in order
to reduce the effects of electrical charge on the weighing
results.

Before radioactivity analysis, the films (donut shaped,
in the middle of which are the particle deposition spots)
were cut into four equal pieces and laid above each other,
in order to achieve better ,,-counting geometry. As a result,
the samples could be approximated with disket geometry.

The amount of radioactive isotopes in the sample was
determined by measuring its ,,>spectrum with a cylindrical
Ge(Li) detector. The crystal of the detector is drifted
coaxially with one end open, and the active volume is about
130 cm3, corresponding to 30% relative efficiency at 1332
keY. The sample was placed on the end cap of the de­
tector. Measurements were performed in a background
shield of 12 em of lead gradually lined with cadmium (1
mm) and copper (0.5 mm) (6). During the measurement,
the crystal was ventilated with aged pressurized air to
reduce the iodine background.

Measuring times were 45 min for the substrate film of
each impactor stage of samples 2 and 3 and 100 min for
the films of sample 4, respectively. The measured spectra

• Ambient aerosol size distributions of 1311, 103Ru, 132Te,
and 137CS radionuclides were measured in Helsinki, Fin­
land, during May 7-14, 1986, Radioactivity size distri­
butions were unimodal. The geometric mean diameter of
13lJ was in the size range 0.33-D.57 I'm a.e.d. Other isotopes
had geometric mean diameters in the size range 0.65-D.93
I'm a.e.d.

Introduction
Following the accident at Chernobyl nuclear power

station on April 26, 1986, great amounts of radioactive
aerosols were emitted into the troposphere. Particle size
distributions of radioactive isotopes should be known, in
order to understand and to be able to predict the behavior,
transport, and deposition of radioactive material. In this
report, preliminary results of ambient radioactive aerosol
size distribution measurements during May 7-14 in Hel­
sinki, Finland, are given.

Experimental Methods

Sampling. Aerosol samples were collected with ll-stage
multijet compressible flow low-pressure impactors (mod­
ified HAUKE 25/0.015 LPI) covering 0,03-16-l'm aero­
dynamic diameter size range (1-3).

A Liu-type aerosol inlet was connected to the LPI inlet
to minimize the effect of wind on the aspiration efficiency
(4). Polycarbonate films of lO-l'm thickness were used as
impaction substrates. To prevent coarse-particle bounce,
the films on the stages collecting particles greater than 1
I'm a.e.d. were greased thinly with a uniform layer of
Apiezon L-grease. The amount of grease on the film was
30-300 l'g.

Samples were collected during May 7-14,1986. Sam­
pling periods are given in Table I. Weather conditions
and air trajectories are given elsewhere (5). The sampling

sample start

May 7, 4.22 p.m.
May 9, 3.22 p.m.
May 12, 10.00 a.m.

end

May 9, 3.28 p.m.
May 12, 9.47 a.m.
May 14, 11.10 a.m.
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Table II. Aerodynamic Cut Diameters of the Impactor with the Measured Mass and Activity Concentrations on Each of the
Impactor Stages

DSO,ae,
t.A, mBq/m3

sample stage I'm' t.m,l'g/m3 lO3Ru 1311 132Te 137Cs

1 0.028 0.3 NOb 2.4 NO NO
2 0.052 0.5 NO 3.0 NO NO
3 0.077 1.9 NO 9.6 NO NO
4 0.14 4.6 NO 25.9 NO NO
5 0.29 6.8 2.5 27.9 NO NO
6 0.48 7.0 5.5 17.6 7.1 4.6
7 1.0 2.9 5.0 4.4 5.0 NO
8 2.0 7.3 NO NO NO NO
9 4.0 11.6 NO 3.5 NO NO

10 8.0 14.1 NO NO NO NO
11 16 10.6 NO NO NO NO
1 0.028 0.2 NO NO NO NO
2 0.052 0.2 NO NO NO NO
3 0.077 1.3 NO 4.0 NO NO
4 0.14 3.4 3.2 9.5 NO NO
5 0.29 4.6 11.5 8.3 NO 3.2
6 0.48 5.6 15.5 8.9 NO 3.2
7 1.0 2.4 7.0 3.1 NO 1.7
8 2.0 3.0 1.5 1.9 NO NO
9 4.0 3.3 NO NO NO NO

10 8.0 1.4 NO NO NO NO
11 16 7.6 7.2 3.0 NO NO
1 0.028 0.2 NO NO NO NO
2 0.052 0.4 NO NO NO NO
3 0.077 1.4 NO NO NO NO
4 0.14 3.7 NO NO NO NO
5 0.29 6.1 2.7 4.4 NO NO
6 0.48 9.0 6.0 5.2 NO NO
7 1.0 5.1 2.5 2.7 NO NO
8 2.0 4.3 NO NO NO NO
9 4.0 4.0 NO NO NO NO

10 8.0 3.5 NO NO NO NO
11 16 3.2 NO NO NO NO

a The aerodynamic diameter at the upstream stagnation pressure of the impactor stage. b Not detected.

Figure 1. Measured (histogram) and fitted (curve) mass size distribu­
tions of sample 2. A maximum particle size of 100 /Lm is assumed
when plotting the histogram.

were analyzed with the computer program GAMMA-83,
which calculates the concentrations of the nuclides in the
sample (7). The efficiency calibration of the disket geom­
etry with sample height of 0 mm above the crystal was used
in calculating the activities. The results of 1311were cal­
culated from the peak at 364.5 keV.

The measured mass and activity concentrations on each
of the impactor stages are shown in Table II.

Data Reduction. Aerosol size distributions were de­
termined from analysis results by assuming the collection
efficiency of each impactor stage to be a step function at
the cut-point particle size; Le., no cross-sensitivity cor­
rections were made. The cut points of incompressible flow
stages were calculated by Marple's theory (8). The cut
points of high-velocity compressible flow stages were de-

10 Dp.•• (IJm)l00

HELSINKI 1986
7.5.16" - 9.5.15"

Figure 2. Example of measured (histogram) and fitted (curve) 1311 size
distributions.

Results
Examples of measured mass and 1311 differential size

distributions (histograms) and their log normal fits (curves)
are shown in Figures 1 and 2. Distribution functions
above 4 /Lm a.e.d. are estimates, due to decreasing aspi-

termined by assuming a constant Stk50 value, calculating
the jet core velocity from the pressure drop across the
stage, and evaluating the Cunningham slip correction
factor at the upstream stagnation pressure of the impactor
stage (3,9, 10). The calculated cut points D50.ae are shown
in Table II. To determine the structure of the size dis­
tributions, a log normal distribution was fitted to each
measured size distribution with the DISFITE fitting program
(11).

Illi:~p.•. (~)

, .....
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I \ OGI •• 0.33 IJm

. \~ SG ·1.70

\
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Table III. Geometric Mean Diameters (Aerodynamic) DG... Geometric Standard Deviations SG, and Modal Concentrations C
for Radioactivity Size Distributions and for Mass and Surface Area Size Distributions of the Accumulation Mode

sample 2 sample 3

DGae.J,LID SG C, mBqjm' DGae,J,Lm SG C, mBqjm' DGae,J,Lm

mass 0.42 1.7 20" 0.44 1.8 15" 0.57
surface area 0.32 1.7 321' 0.31 1.8 251' 0.38
103Ru 0.83 1.8 14 0.63 1.9 46 0.65
1311 0.3:1 1.7 98 0.36 2.3 39 0.57
132Te 0.93 -1.5 13
137CS 0.63 1.8

sample 4

SG C, mBqjm'

1.9 25"
1.9 318'
1.7 12
2.0 17

lJ Accumulation mode mass concentration, Ilgjm3, bAccumulation mode surface area concentration, Jim2Jcm3.

om (lIglm1)

l>logDll'0i-'~-~-'-'-~-,--~-'---,---~--,------,--r--.

Figure 3. Mass size distribution curves. Sampling periods are given
in Table I.

131I size distributions differ clearly from size distributions
of other radioactive isotopes. The geometric mean size of
1311 is smaller than that of other isotopes. In samples 2
and 3, it is almost equal to the surface area geometric mean
diameter of the accumulation mode, and in sample 4 it is
equal to the mass geometric mean diameter of the accu­
mulation mode. The geometric mean size of 1311seems to
grow whereas the geometric mean size of 103Ru decreases,
as the aerosol ages.

In sample 3, 1311 and 103Ru are also found in particles
of D•• > 16 I'm (not shown in Figure 4). This is probably
due to rainy weather which occurred during the sampling
period, i.e., radioactivity carried by the raindrops.

Registry No. 103Ru, 13968-53-1; l3'Te, 14234-28-7; 137CS,
10045-97-3; 131 I, 10043-66-0.
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Figure 4. Radioactivity size distribution curves of Helsinki atmospheric
aerosols.

ration efficiency of the inlet and increasing impactor wall
losses in this size range. Mass size distribution curves of
samples 2-4 are shown in Figure 3. They are clearly
bimodal, exhibiting accumulation and coarse-particle
modes and a gap between these at a size range of 1-2 I'm
a.e.d.

Radioactivity size distribution curves of those isotopes,
which could be determined with relatively short ')'-counting
times, are shown in Figure 4. All distributions are uni­
modal. The modal parameters [geometric mean diameter
(aerodynamic), geometric standard deviation, and modal
concentration] for the accumulation-mode mass and sur­
face area (calculated from mass distribution assuming unit
density spherical particles) size distributions and for ra­
dioactivity size distributions are given in Table III.
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Field Audit Results with Organic Gas Standards on Volatile Organic Ambient Air
Samplers Equipped with Tenax GC

Howard L. Crist" and William J. Mitchell

Quality Assurance Division, Environmental Monitoring Systems Laboratory, U.S. Environmental Protection Agency,
Research Triangle Park, North Carolina 27711

• The results from two field audits of Tenax GC equipped
sampling systems measuring the volatile organic compound
(VOC) concentrations in ambient air are reported. Each
audit standard contained at least four of the following
compounds at the low parts per billion (ppb) level: CsHs,
C6HsCH3, CsHsBr, C6HsCI, CHCI3, CCl., and C2Cl•. The
results of the audits were consistent and highlight some
of the errors associated with sampling for VOC's with
Tenax. For example, a large negative bias was evident for
CCI. even when the sampled volume was less than 10%
of the published breakthrough volume. However, re­
gardless of the volume sampled, a 23-36 % positive bias
was evident for all but one C2Cl. sample. A positive bias
was also evident for both CsHs and CsHsCH3• The
agreement between successive audits showed that the
system is a viable means to audit the performance of VOC
sampling systems at field sites.

Introduction
Tenax GC adsorbent is widely used for collection of

volatile organic compounds (VOC's) in ambient air (1, 2).
Because of the uncertainties associated with using only a
single adsorbent cartridge to collect organics in air (3),
EPAjEMSL uses four cartridges to sample simultaneously
the same air parcel. However, each cartridge samples at
a different flow rate in order to collect air volumes that
differ widely (10-80 L). In the past, the performance
audits on this latter VOC monitoring system were limited
to the analysis of tubes containing Tenax that had been
spiked in the laboratory with selected VOC's. This practice
was not an entirely adequate quality-assurance procedure
because sampling, an integral part of the monitoring sys­
tem, was not evaluated with this technique.

This situation changed with the recent development of
gas cylinders containing stable mixtures of toxic volatile
organic compounds at the low parts per billion (ppb) level.
These National Bureau of Standards (NBS) materials
made on-site field audits of the entire air monitor·.ng
system possible (4). This article describes two field auJits
of ambient air sampling systems using Tenax that were
conducted with these NBS VOC reference standards.
Since the cylinders contained several aromatic and ali­
phatic hydrocarbonsjhalocarbons at 1-12 ppb, they were
used without sample dilution. These audits provided an
assessment of the accuracy and precision of an EPA-op­
erated ambient air sampler that used Tenax to collect
VOC's from air. However, they also provided information
on the capabilities of Tenax under field sampling condi­
tions that will be useful for those considering the use of
Tenax for VOC's.

Experimental Section
The audit materials, contained in 150-ft3, aluminum

cylinders with a balance gas of N2, were gravimetrically
prepared by the NBS and then analyzed by at least two
different analytical methods. The single standard used
in the first field audit (1983) contained the following
mixture of aliphatic and aromatic compounds: CHCl3 (3.8
ppb), C2CI. (12.4 ppb), CCI. (7.7 ppb), C6Hs (8.7 ppb), and

C6HsCH3 (6.4 ppb). The two standards used in the second
field audit (1985) contained either four aromatics or four
aliphatics. The cylinder with the aromatics contained C6Hs
(0.93 ppb), C6HsCH3 (0.88 ppb), C6HsCI (1.42 ppb), and
CsHsBr (1.22 ppb). The cylinder with the aliphatics con­
tained CHCl3 (1.08 ppb), ~Cl. (1.85 ppb), CCI. (1.15 ppb),
and C2H3CI (0.90 ppb). The preparation and analysis of
low ppb VOC standards by NBS has been reported pre­
viously (5). The audit standards were analyzed by NBS
before and after the performance evaluation to verify
stability of the components during the audit. The rean­
alysis showed that the concentrations were unchanged.
The estimated uncertainty in the certified concentrations
is less than 0.08 ppb for all compounds. The gravime­
trically determined concentrations (ppb) of VOC's in the
cylinder were converted into nanograms per liter units with
the ideal gas equation (PV = nRT). The amounts (ng) of
VOC's delivered to the Tenax cartridges were then calcu­
lated from the volume of gas sampled.

At both field sites the mass flow controllers used in the
VOC samplers were audited with laminar flow elements
certified by the NBS. At both sites the gas flow from the
cylinder was controlled with a 350 CGA reducing adapter
and needle valve. The gas passed from the cylinder to the
sampler through 39 cm of 3 mm o.d., 316 SS tubing that
was connected to the sampler with a Sovirel fitting
equipped with Teflon gaskets. Before the field audits
began, the gas delivery system was checked for losses by
passing S02 at the low ppb level through it and measuring
the outlet concentration. No losses were found.

Three audit runs were done in the 1983 audit with run
times of 30,30, and 60 min. In each run, two samplers were
audited with one sampler operating at 50 cm3j min and the
other at 95 cm3jmin. Four, 3-h audit runs were done in
the 1985 audit, two from the aromatic cylinder and two
from the aliphatic cylinder. In each run four samplers were
audited simultaneously with the samplers operating at one
of the following flows: 55, no, 220, and 440 cm3jmin.
Each sampler contained 1.2 g of Tenax in a glass (1983
audit) or 316 SS (1985 audit) tube approximately 15 mm
(o.d.) X 100 mm long.

At the completion of the audit, the samples were re­
turned to the laboratory by common carrier where they
were analyzed by GCjMSjCOMP in the same manner as
the actual air samples. The GCjMS calibration standards
were prepared in a glass flask equipped with a resealable
valve for withdrawal of a1iquots by syringe. Small amounts
of pure VOC's were introduced into the flask where they
were volatilized with heat and agitation to provide a stable,
uniform gas standard (6). The GCjMS was calibrated by
direct injections of this gaseous VOC standard into the
"splitless" injection port with a gas-tight microsyringe. The
Tenax cartridges were analyzed by thermal desorption at
270°C for 8 min into the GCjMS using a NuTech Model
320 thermal desorption unit (7).

The Tenax used in the audit was cleaned up by Soxhlet
extraction with methanol and pentane (8 h each) and, after
removal of the solvent, was also thermally desorbed at 270
°c for 4 h.
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Table I. 1983 Aliphatic/Aromatic Audit Results·

•CoHo and C.H,CH3 results corrected for field blanks of 9 and
11 ngjcartridge, respectively. b Breakthrough volumes (L) are
CoHo (50), CoH,CH3 (240), CHCl3 (20), C,CI, (200), and CCI, (20).

Results and Discussion
All sample flows were within 2% of the flow audit

standards. Table I presents the organic audit results from
the 1983 audit; Tables II and III present the results for
the 1985 aromatic and aliphatic audits, respectively.
(C2H3Cl is not reported because its breakthrough volume
was exceeded in all samples.) Breakthrough volumes cited
are from Krost (8). In these tables, the percent bias was
calculated as

. ng reported - ng delivered
% bIas = d r d X 100ng e lvere

In reviewing these results, bear in mind that they are
for a Tenax-equipped sampler sampling a clean, dry Nz
stream containing only a few organics-an ideal sampling
situation. Therefore, they cannot be applied directly to
such a system sampling ambient air.

Although major differences existed between the two
audits, the results are surprisingly similar. Some of the
major differences between the audits were as follows: (1)
the VOC concentrations in the 1983 audit were 3-12 times
higher than those in the 1985 audit; (2) an aromatic/ali­
phatic mixture was used in the 1983 audit whereas separate
aliphatic and aromatic mixtures were used in the 1985
audit; (3) the sampled volumes in the 1983 audit (1.5-5.7
L) were smaller than those in the 1985 audit (9.6-78.9 L).
Despite these differences, the following similarities are
apparent:

(1) C6H6 and C6HsCH3• A positive bias is evident for
all C6HsCH3 results and for C6H6 for all but the two highest
sampled volumes. (These latter volumes are 27-29 Labove
the published breakthrough volume of 50 L for benzene.)
These results suggest that these compounds were either
released directly from the Tenax or formed chemically

run vol, L

1.5

2.85

2 1.5

2.85

3.0

5.7

amount, ng

compdb delivered reported bias, %

CoHo 43.4 49.4 13.8
CoH,CH3 37.6 48.1 27.9
CHCI3 28.9 31.5 9.0
C,Cl, 131 136 3.8
CCI, 75.6 54.2 -28.3
C.H. 82.4 96.1 16.6
CoH,CH3 71.4 92.5 29.6
CHCI3 54.9 58.0 5.6
C,CI, 249 271 8.8
CCI, 144 102 -29.2
CoHo 43.4 55.8 28.6
CoH,CH3 37.6 58.9 56.6
CHCI3 28.9 35.4 22.5
C,CI, 131 151 15.3
CCI, 75.6 57.1 -24.5
CoHo 82.4 98.7 19.8
CoH,CH3 71.4 98.6 38.1
CHCl3 54.9 60.4 10.0
C,CI, 249 291 16.9
CCI, 144 103 -28.5
CoHo 87.5 110 25.7
CoH,CH3 75.9 124 63.4
CHCl3 56.9 63.4 11.4
C,CI, 265 308 16.2
CCI, 152 114 -25.0
C.Ho 166 185 11.4
CoH,CH3 144 185 28.5
CHCl3 108 108 0.0
C,Cl, 503 577 14.7
CCI, 290 194 -33.1

Table II. 1985 Aromatic Audit Results·

amount, ng

run vol, L compdb delivered reported bias, %

10.1 CoHo 30 62 107
C.H,CH3 34 49 44
C.H,CI 67 NR'
C.H,Br 80 91 13.8

20.3 C.Ho 61 65 6.6
CoH,CH3 68 81 19.1
CoH,Cl 135 NR
CoH,Br 162 11 -93.2

39.4 C.Ho 119 122 2.5
C.H,CH3 133 148 11.3
CoH,CI 262 NR
C.H,Br 314 369 17.5

78.9 C.H. 238 224 -5.9
C.H,CH3 266 304 14.3
C.H,CI 524 513 -2.1
C.H,Br 628 634 1.0

9.6 C.H. 29 46 58.6
C.H,CH3 33 48 45.5
C.H,CI 64 NR
C.H,Br 77 91 18.2

19.3 C.H. 59 73 23.7
CoH,CH3 66 92 39.4
CoH,CI 131 NR
CoH,Br 157 184 17.2

38.1 C.H. 117 138 17.9
C.H,CH3 131 164 25.2
C.H,CI 258 281 8.9
C.H,Br 309 348 12.6

76.8 CoHo 236 233 -1.3
C.H,CH3 264 321 21.6
CoH,CI 519 538 3.7
CoH,Br 622 680 9.3

•CoHo and CoH,CH3 results corrected for field blanks of 33 and
10 ngjcartridge, respectively. b Breakthrough volumes (L) are
CoHo (50), C.H,CH3 (240), C.H,CI (470), and C.H,Br (1100). 'Not
reported.

Table III. 1985 Aliphatic Audit Results

amount, ng

run vol, L compd· delivered reported bias, 0/0

10.0 CHCl3 53 68 28.3
CCI, 74 57 -23.0
C,Cl, 125 171 36.8

19.8 CHCI3 105 119 13.3
CCl, 147 96 -34.7
C,Cl, 249 324 30.1

38.5 CHCl3 204 149 -27.0
CCl, 286 143 -50.0
C,CI, 484 606 25.2

76.4 CHCl3 404 177 -56.2
CCI, 568 175 -69.2
C,CI, 961 1184 23.2

10.1 CHCI3 53 72 35.8
CCI, 75 54 -28.0
C,CI, 127 167 31.5

20.0 CHCI3 106 123 16.0
CCl, 149 85 -43.0
C,Cl, 252 331 31.3

38.9 CHCI3 206 141 -31.6
CCI, 289 81 -72.0
C,CI, 489 607 24.1

77.3 CHCl3 409 153 -62.6
CCI, 575 134 -76.7
C,CI, 972 NRb

• Breakthrough volumes (L) are CHCI3 (20), CCI, (20), and C,CI,
(200). b Not reported.

during or after sampling. When one considers the extent
of the apparent contamination, the overall agreement
between runs is good.

Environ. Sci. Technol.. Vol. 20, No. 12,1986 1261



The standard deviations of the percent bias for benzene
and toluene were 10.9 and 15.4, respectively. On the basis
of our laboratory's experience, tbe estimated precision of
the analysis of Tenax field samples for many compounds
is only ±30%.

The two highest percent bias values for benzene were
rejected at the 5% significance level with the Dixon ratio
test for outliers and were not included in the calculation
of standard deviation.

(2) C6USC!. This compound was detected only after the
Tenax had been exposed to a large quantity of C6USC!.
Although the amount of data is limited, the results
achieved for percent bias are in close agreement (-2.1 %,
8.9%, and 3.7%).

(3) C6UsBr. A positive bias is evident in the results,
but overall precision and accuracy were above expectations
with a mean and standard deviation of 12.8 and 6.1, re­
spectively. The lowest percent bias value was rejected with
the Dixon ratio test for outliers.

(4) CUCI3• At low volumes a positive bias was evident,
but as the breakthrough volume (20 L) was approached,
the collection efficiency apparently decreased sharply. (It
would not be surprising if breakthrough occurs at even
lower volumes when complex air matrices are sampled.)

(5) CCI.. A negative bias was found even when the
sampled volume was less than 10% of the breakthrough
volume (20 L). This would indicate that Tenax is not
suitable for quantitatively sampling for CCl•. This nega­
tive bias was also found by the NBS as a result of exper­
iments to determine the recovery efficiencies of certain
VOC's loaded on Tenax (9).

(6) C2Cl•. A positive bias was found in all cases where
C2Cl. was detected.

Conclusions
Field audit results on Tenax-equipped samplers iden­

tified some problems with these type of samplers. The
results obtained in the audits showed that successful on­
site field evaluations of air monitoring systems using Tenax
can be conducted with gas cylinders containing VOC's. By
use of cylinders certified or analyzed by the NBS, trace­
ability to a common reference can be established. Ambient
air monitoring systems using other collection techniques
should also be amenable to this audit approach.

1262 Environ. Sci. Techno!., Vol. 20, No. 12. 1986

Because actual atmospheric sampling conditions, pol·
lutants, and pollutant concentrations cannot be exactly
duplicated, this audit approach does not assess the per­
formance of a VOC sampling system under conditions
encountered during actual sampling. It does provide in­
formation, however, that can indicate if the sampling/
analytical measurement system is operating properly and
within expectations.

Registry No. C.H., 71-43-2; C.HsCH3, 108-88-3; C.HsBr,
108-86-1; C.HsCl, 108-90-7; CHCI3, 67-66-3; CCI., 56-23-5; C2Cl.,
127-18-4; Tenax GC, 24938-68-9.
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Influence of the Nature of Soil Organics on the Sorption of Toluene and
Trichloroethylene

Doug R. Garbarini! and Leonard W. Lion'

Department of Environmental Engineering, Cornell University, Ithaca, New York 14853

• Predictive relationships that are presently employed for
estimating the soil-water partitioning of nonionic organic
pollutants do not account for the var;'lble nature of soil
organic matter. The capacity of selected components of
soil organic matter to sorb trichloroethylene (TCE) and
toluene, two nonionic volatile organic pollutants commonly
encountered in contaminated groundwaters, is examined
here. Sorption coefficients were determined and correlated
with selected physico-chemical characteristics of the sor­
bents. Results indicate that the components of soil organic
matter had widely varying affinities for toluene and TCE
that cannot be solely explained by their organic carbon
content. Multivariate regression results show that use of
a sorbent's oxygen content as well as its carbon content
yields a more accurate prediction of the sorptive parti­
tioning coefficient than relationships that rely solely on
the sorbent's carbon content.

Introduction
In the U.S. there are numerous reports of contamination

of aqueous environmental systems, such as groundwaters,
by nonionic organic pollutants (1). The concern over such
reports has resulted in extensive research designed to
predict the reactions and fate of organic solutes in soils,
sediments, and aquifer matrices.

The interaction of nonionic organic compounds with
solid phases is often found to be quite important in pre­
dicting their ultimate fate. Many researchers, investigating
this aspect of the problem, have shown that sorptive
binding is highly correlated to the organic content of the
sorbent (2-9). Such reports are, in part, an extension of
earlier studies related to pesticide mobility and effec­
tiveness in soil systems (10-15), including those of Lambert
(16,17) and Lambert et al. (18), who studied the sorption
of nonionic organic pesticides. Lambert et al. (18) sug­
gested sorption could be attributed to an active fraction
of the soil organic matter and considered soil to be ana­
lagous to a chromatographic column with a stationary
phase of organic matter into which a nonionic organic
compound could partition. More recently, Chiou (2) has
also suggested that the uptake of neutral organics by soils
results from their partitioning into soil organic matter and
related this partitioning to the solute's aqueous solubility
and to its liquid-liquid (e.g., octanol-water) partition
coefficient. This theorized role of soil organic matter is
consistent with the use of a constant partitioning model
to determine distribution coefficients (Kd's):

XjM =KdCeq (1)

where X = mass of compound sorbed, M = mass of sor­
bent, and Ceq = equilibrium concentration of sorbate in
the aqueous phase. Contaminant sorption can also be
expressed on an organic carbon (Koc) or organic matter
(Kom) basis:

K oc = Kd/ foc or Kom = Kd/ fom (2)

where foc and fom = fraction of sorbent as organic carbon

t Present address: Emergency and Remedial Response Division,
U.S. Environmental Protection Agency, New York, NY 10278.

or organic matter, respectively.
The same linear partitioning relationship is also con­

sistent with the application of the Freundlich adsorption
isotherm

X/M = KC.q'/n (3)

when n = 1 or the Langmuir adsorption isotherm

(X/ MlmaxCeqK
XjM = 1 + C K (4)

eq

at low solute concentrations (i.e., when 1 » C"lK).
The actual physico-chemical mechanism (i.e., adsorption

vs. partitioning) of the reaction between dissolved organic
pollutants and soils is still under discussion (19), and the
term sorption is used loosely here to refer to either process.

The value of Koc in eq 2 has been found to be nearly the
same for a variety of soils and a given nonionic organic
compound. Several investigators have developed empirical
equations that predict distribution coefficients for a range
of contaminants on soils (2, 3, 5, 7). The equations are
based upon the contaminant's octanol-water partition
coefficient (Kow) or its water solubility (Swl and the fraction
organic carbon of the sorbent. For example

log Koc = 0.686 log (Sw) + 4.723 (5)

[as determined by Means et al. (5) with r 2 = 0.98 for 14
different sorbents and 4 polyaromatic hydrocarbons]

log K d = 0.72 log (Kow) + log (foe) + 0.49 (6)

[as determined by Schwarzenbach et al. (7) with r2 = 0.95
for 13 non polar organic solutes and 6 different sorbents
with foc > 0.001 (note, the number of sorbents used for the
regression was not explicitly stated by Schwarzenbach et
al.; however, on the basis of their discussion it is assumed
that six were used)].

The use of such empirical equations, and Koc values in
general, assumes that all organic carbon or organic matter
will interact in an identical fashion with a given neutral
organic contaminant. These predictive relationships
provide good order of magnitude estimates of soil or sed­
iment sorption. However, it is unlikely that organic matter
will behave identically from soil to soil or sediment to
sediment when one considers the qualitative variability
that exists. For example, the fats-waxes-resins fraction
in soil [implicated by Hartley (20) as being responsible for
soil uptake of organic contaminants) may compose from
2 to over 20% of the organic matter (21).

Lambert et al. (18) were among the first to theorize that
organic matter was the sole determinant in sorption of
neutral organic compounds; however, these authors noted
that not all organic matter was active in the sorption
process and suggested that various soils be indexed ac­
cording to their active fraction. Mingelgrin et al. (19) in
a literature search of Kom values for various nonionic
compounds and various sorbents found cases where the
range of Kom's was larger than an order of magnitude, likely
exceeding differences that might be attributed to tech·
nique.

Macintyre et al. (22), in examining Kd's for mixtures of
neutral organic compounds on sorbents before and after

0013·936X/86/0920-1263$01.50/0 © 1986 American Chemical Society Environ. Sci. Technol., Vol. 20, No. 12, 1986 1263



d, = surface mean diameter = (L.nd2/L.n)1/2

(7)

dv = volume mean diameter = (L.nd3/L.n)1/3 (8)

(9)

tored by measuring effluent absorbance at 254 nm. When
removal efficiencies declined, a 0.5 N NH40H solution was
used to elute the adsorbed fulvic acids. The column was
then rinsed with methanol followed by HCl prior to re­
suming the concentration of fulvic acid. Eluted fulvic acids
were frozen and freeze-dried.

The fraction of original soil remaining after two base
extractions was rinsed numerous times with distilled water
and freeze-dried to yield the humin fraction. A portion
of this fraction was treated further to reduce its organic
carbon content, by oxidation with hydrogen peroxide
(30%) at 85 DC with the procedure of Tessier et al. (30).
This "oxidized humin" fraction was then oven-dried at 105
°C. The whole soil and these extracted soil residues were
also employed as sorbents in this investigation.

Two other sorbents were used in this study: the ethyl
ether extracted soil and the resultant organic extract
(fats-waxes-resins). These were obtained through a 24-h
ethyl ether Soxhlet extraction of the whole soil as described
by Stevenson (31). The extracted soil was dried at 105°C
to volatilize the ethyl ether while the extract was dried to
a constant weight at the same temperature.

Characterization of Sorbents. All the sorbents used
in this study were characterized for percent carbon, hy­
drogen, nitrogen, oxygen plus sulfur, ash, and moisture.
Total acidity, dissolved organic carbon (mean fraction of
dissolved organic carbon over the range of total organic
carbon concentrations employed in sorption experiments),
and particle size analyses were also determined for the
commercial organic materials (model compounds) and the
soil-extracted fulvic and humic acids. The carbon, hy­
drogen, and nitrogen (CHN) analyses were performed by
the Cornell Agronomy Department Service Laboratories,
using a Perkin-Elmer 240C elemental analyzer. Total
organic carbon (Beckman 915A total carbon analyzer) and
nitrogen (Kjeldahl) analyses of the Aldrich humic acids
were consistent with results of the CHN elemental analysis.
Oxygen plus sulfur contents were calculated as the dif­
ference between 100% and the sum of the percent carbon,
hydrogen, nitrogen, and ash contents of the dry material.
Percent ash determinations were by weight difference upon
combustion at 750 DC for 4 h (32), while moisture contents
were determined by weight difference after oven-drying
at 105 DC for 24 h. Sulfur contents are generally quite low
in the types of organic materials examined (21); therefore,
percent oxygen plus sulfur contents are anticipated to be
principally a measure of percent oxygen for the organic
materials.

Particle size analyses of organic suspensions were per­
formed on a HIAC particle counter, with a HIAC Model
CMH-300 particle sensor (applicable to the 5-300-J!m
particle size range). For each particle size distribution, the
following parameters were used to characterize the sus­
pension:

d.v =arithmetic mean diameter = L.nd/2:.n

where d = midsize of the particle size interval and n =
number of particles within a given particle size interval.
A particle concentration was also determined for each
suspension as

particles/mg = number of particles/mg of sorbent

Dissolved organic carbon analyses were conducted with
a Beckman Model 915A total carbon analyzer, after cen­
trifugation of the samples at 12000g for 15 min. Analyses

oxidation of labile organic matter, actually observed in­
creased Kd values on the oxidized sorbents in some in­
stances. Similar deviations from constancy for K oc values
can be observed in the works of others (23-27). This
evidence suggests that the inorganic matrix is involved in
the sorption process, either directly by sorbing contami­
nant or indirectly by influencing the role of organic matter,
and/or that all organic matter does not behave identically.

The research described here was designed to investigate
the role of selected physico-chemical characteristics of
organic sorbents, which exist in soils and sediments, in
relation to their sorption of organic pollutants. As noted
above, information is presently available on the interre­
lation of soil organic properties to the binding of pesticides,
herbicides, or high molecular weight pollutants such as
polychlorinated biphenyls (PCB's). However, such data
are generally lacking for the nonionic components of fuels
and solvents, which are responsible for many present-day
groundwater pollution incidents (1, 28, 29). In the in­
vestigation described below, toluene and trichloroethylene
(TCE) have been employed as representative constituent
components of fuels and degreasers.

Materials and Methods
Materials. To ensure a broad spectrum of physical and

chemical parameters to which partitioning constants might
be correlated, soil extracts, extracted soil fractions, and
several commercial materials (chosen to model soil organic
compounds or their precursors) were used as sorbents. The
commercially obtained materials were humic acid salt
(Aldrich Chemical Co.), Sigmacell type 20 cellulose and
the corn protein zein (Sigma Chemical Co.), Indulin AT
pine lignin (Westvaco Chemical Division), and tannic acid
(Fischer Scientific). These materials were used without
further modification in sorption experiments. The soil
chosen for fractionation was taken from a swampy lowland
area of Cornell University's Sapsucker Woods. The sample
was collected in March 1984 from under a cover of snow,
ice, water, and approximately an inch of plant litter. The
soil was homogenized, and portions of the soil were im­
mediately frozen for later use, or stored at 4 DC and used
within a week for humic and fulvic acid extraction. The
soil, soil extracts, and soil-extracted materials (except
fats-waxes-resins) were ground and passed through a No.
20 sieve prior to use.

The Sapsucker Woods soil was extracted twice, under
nitrogen at 4 DC, to yield the humic and fulvic acid frac­
tions as follows. Three kilograms (wet) of soil was placed
in a 20-L Nalgene basin containing 15 L of 0.5 N NaOH
and stirred continuously for 20 h. After settling, the su­
pernatant was separated from the residue, i.e., humin, by
siphoning through glass wool. The humic acids in the
supernatant were then precipitated by acidification to pH
1 with concentrated HCI. The acid-soluble organics (fulvic
acid fraction) were siphoned through glass wool and stored
at 4 DC. The precipitated humic acids were then redis­
solved in 0.5 N NaOH, and the above procedure was re­
peated. The solid humic acids were washed by repeating
a procedure of centrifuging at l()()()()g for 15 min, decanting
the supernatant, and resuspending the humic acids in
distilled water, until the supernatant tested negatively for
chloride. The extracted humics were then frozen and
freeze-dried.

The fulvic acid solution was filtered (Whatman GF/C)
and concentrated on a column of Amberlite XAD-2 resin
(Rohm and Haas Co.). The resin had been purified and
activated by refluxing for 2 days with methanol in a
Soxhlet apparatus, followed by rinsing with distilled water,
NaOH, and HCI. Column removal efficiency was moni-
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were made on at least five different solids concentrations
of each sorbent (only three for the fulvic acids), spanning
the range of solids concentrations used in the sorption
experiments. The Baryta adsorption (BaOHJ method (33)
was employed for total acidity analysis.

Sorption Studies. We have recently described a
head-space procedure for conducting sorption experiments
and for determining the resultant partition constants (34).
This method was also employed in this research. Briefly,
sorption experiments were conducted in glass hypovials
(nominal capacity of 50 mL) sealed with Teflon-lined
rubber septa and aluminum crimp caps (Pierce Chemical
Co.). Twenty-five milliliters of 0.2 N sodium phosphate
buffer and a loo-ILL aliquot of TCE or toluene stock so­
lution (approximate concentrations of 1290 and 210 mg/L,
respectively) were added to vials containing variable
amounts of sorbents and to vials without sorbent. The
bottles were rapidly capped, rotated at 20°C, and then
equilibrated in a 25°C water bath prior to gas-phase
analysis by gas chromatography (GC). Typically, four or
more replicates of seven sorbent masses ranging from 40
mg to 1 g (up to 8 g for tannic acid and 4 g for fulvic acids)
for the organic sorbents and from 40 mg to 4 g (up to 17
g for the humin fraction) for extracted soil components
were analyzed. Kinetics experiments demonstrated that
sorption was complete and that losses were negligible,
within the precision of the GC technique, for the experi­
mental equilibration periods employed (8 h for toluene and
24 h for TCE).

Phosphate buffer was employed to swamp out contri­
butions by the sorbent to ionic strength and also to limit
changes in solution pH, since preliminary experiments
revealed the extent of TCE sorption by both lignin and
Aldrich humic acids to be affected by pH (i.e., increased
sorption with decreased pH). Carter has reported similar
pH effects in his research on binding of DDT to dissolved
humic acids (35). Experimental pHs remained well within
±1 pH unit of the buffer (6.8) except those with high
masses of tannic acid. The observations on the effect of
pH on sorbents such as Aldrich humic acid, lignin, zein,
and cellulose indicate that observed values of Kd are in­
sensitive to pH changes of the magnitude that occurred.
Large quantities of sorbent (up to 8 g) were required to
determine Kd's for tannic acid, since the extent of TCE
and toluene sorption was small. Therefore, pH effects may
have occurred at the highest solids concentration with this
sorbent. However, since the solution was buffered, pH
effects would not be present at the lower solids concen­
trations and data points for this sorbent at both low and
high solids concentrations fall on the same line.

When the activity coefficient (-y) and Henry's law con­
stant (He) for a volatile organic compound (VOC) are
~nown, the equilibrium gas concentration (Cg) of a VOC
In a closed system serves as a direct measure of its liquid
concentration (Cl) since Cl =Cg/(He'Y). Therefore, the ratio
of the gas concentration of a bottle without sorbent to the
gas concentration of a bottle with sorbent will be the same
as the ratio of the liquid concentrations of those bottles.
If gas chromatographic peak heights or peak areas are
normalized to a uniform bottle size and head-space volume
(to account for differences in individual bottle volumes and
volume displaced by various masses of sorbent) and if a
constant partitioning model (such as eq 1) is obeyed, then
as previously shown the following relationship can be used
to determine the distribution constant for sorption (34):

CT/Ceq = Kd[M/(VI + He'YVg)] + 1 (10)

where CT and Ceq are the volatile test compound gas
concentrations in equilibrium with aqueous phases of
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Figure 1. Sorption of TCE by lignin (0), cellulose (.0.), Aldrich humic
acid (+l, and zein (X).

sealed vials containing the phosphate buffer solution
(control) and buffer plus sorbent, respectively; VI and Vg
are the liquid- and gas-phase volumes contained in the
experimental vials, and Kd, Her and 'Yare as previously
defined.

The experimental procedure employed avoids problems
inherent in other methods, such as "particle effects" caused
by inadequate separation of colloidal-sized particles or the
presence of dissolved organic matter and losses through
volatilization (34). Since concentrations of the gas phase
are analyzed and related to aqueous phase concentrations
through Henry's law, no solid-liquid phase separation is
performed, and incomplete separation of colloidal-sized
or dissolved macromolecular sorbent cannot interfere with
the analysis. Previous results with this procedure (34) have
shown that sorption reactions carried out at solid/solution
ratios ranging from 0 to 1:1 may be described by a single
linear partition coefficient (all r Z > 0.95). These results
and those obtained with the organic sorbents employed
in this study indicate particle effects that may result from
solid--solid interactions are negligible for the range of solids
concentrations employed. The head-space procedure is
also advantageous in that knowledge of the mass of solute
employed is not required for determination of Kd's, elim­
inating the necessity for use of carrier solvents, plating
techniques, or extractions that are sometimes used in in­
vestigations of volatile, low-solubility, nonionic organic
solutes (34).

Results and Discussion

Correlation of the Physico-Chemical Parameters
with Distribution Coefficients. The physico-chemical
characteristics and Kd's and Koc's determined for the or­
ganic compounds employed in this study are given in Table
I. Kd values are the slopes of linearly regressed data fit
to eq 10. Typical results are illustrated in Figure 1. It
should be noted that linear correlation coefficients for all
such plots were high (rZ values> 0.98) except those for
oxidized humin and cellulose. The masses of oxidized
humin (up to 4 g) and of cellulose (up to 2 g) employed
displayed a very limited capacity to sorb TCE and toluene
(maximum sorption of both TCE and toluene was less than
6 and 4% by oxidized humin and cellulose, respectively).
Therefore r CT/Ceq data for these sorbents were not sig­
nificantly different from 1.0 (i.e.,CT/ CT) or each other,
within the precision of the technique, resulting in poor
interrelationships between CT/Ceq ratios and mass of
sorbent employed. The fact that eq 10 provides an ex­
cellent fit to the data for the other sorbents suggests that
a linear sorption isotherm is obeyed over the range of solids
concentrations employed.
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Table II. Coefficients of Determination for Toluene and
TCE K is and Physico-Chemical Parameters of Organic
Compounds

Examination of Table I shows that the sorbents em­
ployed possessed a broad range of values for the physico­
chemical parameters examined. In addition, it may be seen
that the observed K d values do not converge to a similar
Koc value when normalized by the fraction of organic
carbon, indicating that components of organic matter
found in soils may have affinities for nonionic organic
compounds which cannot simply be explained by their
organic carbon content.

It has been suggested that good correlations of organic
carbon with sorption may be an artifact of some other
physico-chemical parameter to which organic carbon itself
is highly correlated (36). Accordingly, the deviation from
the predictive capability of organic carbon was evaluated
in relationship to the other chemical and physical char­
acteristics of sorbents characterized in this study.

In several studies in which sorption of hydrophobic
compounds onto sediments and soils has been examined
(3,9, 37, 38), particle size has been shown to be important
in determining extent of sorption. Horzempa et al. (38)
have shown the specific surface area of sorbents to be
correlated with the magnitude of measured Kd values.
Volume and surface mean diameters obtained from HIAC
particle size analysis were employed here as representative
physical characteristics of the suspension, which might
provide some insight into whether the mechanism of the
sorption reaction is one of partitioning or surface binding.
Another physical parameter, the mean fraction dissolved
organic carbon (DOC), was chosen to examine whether the
physical form of the sorbent (dissolved vs. particulate) was
related to the observed magnitude of K d•

Simple coefficients of determination among the
physico-chemical characteristics of the organic compounds
and Kd's for toluene and TCE are given in Table II. Kd's
for toluene and TCE are most strongly correlated with
percent organic carbon and to a lesser extent with percent
oxygen plus sulfur, percent hydrogen, mean fraction DOC,
and mean volume and surface diameters. None of the
physical parameters examined (such as particle concen­
tration, volume and surface mean diameters, or mean
fraction DOC) were strongly correlated with K d• This
evidence suggests, in part, that the binding of TCE and
toluene to organic sorbents in the particulate form is not
significantly different from that of dissolved sorbents. This
observation is consistent with results of Carter et al. (35),
who found binding of DDT to dissolved humic acids to be
similar (on an organic carbon basis) to reported values for
DDT binding to particulate organic carbon. Also, Dia­
chenko (39) reported sorption ofhexachloro-l,3-butadiene
to be insensitive to the physical form of humic acids. Lack
of significant correlation of K d with parameters resulting
from HIAC characterizations of the suspensions (i.e., d.v,
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parameter

total acidity
mean fraction D.O.C.
total no. of particles
vol. mean diameter
surf. mean diameter
arithmetic mean diameter
% carbon
% hydrogen
% nitrogen
% oxygen + sulfur
% ash

TCEKd,

r' X 100

3.1
24.4

7.7
22.1
17.3
11.2
49.3
24.3

8.2
22.0
12.5

toluene Kd,

r' X 100

2.6
27.4

8.5
29.7
24.3
17.2
52.7
30.0
12.0
19.6
15.9



Table III. Elemental Analyses, K dS, and K ~'s for Soil Fractions'

Kd K"
% ash %C %H %N % 0+ S toluene TCE toluene TCE

Sapsucker Woods (S.W.) soil 81.6 7.51 1.29 0.57 9.0 11.3 7.95 151 106
S.W. ethyl ether extracted soil 81.2 7.05 1.23 0.57 10.0 11.5 8.61 164 122
humin 97.6 0.88 0.15 0.04 1.3 2.36 1.28 268 145
oxidized humin 98.5 0.14 0.11 0.10 1.2 0049 0040 348 287
fats-waxes-resins 0.0 83.3 12.3 0.71 3.7 NDb 383 NDb 460

'Calculated on a dry weight basis. bND : not determined.

dv, and d.) prohibits the formation of conclusions with
respect to the mechanism of TCE and toluene sorption
reactions with organic matter.

Since regression of Kd's for toluene and TCE against
organic carbon content of the organic compounds could
only account for 52.7 and 49.2% of the variance in Kis,
respectively, and since none of the other physical or
chemical parameters examined were highly correlated with
Kd in and of themselves, a stepwise regression procedure
was used to see if a multivariable model might better ex­
plain the data. For both toluene and TCE, the best "fit"
model as predicted by the stepwise procedure and partial
F statistics can be expressed in terms of a sorbent's percent
organic carbon content and percent oxygen plus sulfur
content:

KTCE =1.38(% O.C.) - 1.40(% oxygen + sulfur) + 8.74
(11)

r2 = 0.89

K"'I =1.63(% O.C.) - 1.76(% oxygen + sulfur) + 13.95
(12)

r2 = 0.88

Since the above relationships are developed from ex­
periments with materials of high organic content in the
absence of a mineral matrix, their application to whole soils
(particularly those of low organic content) should be ap­
proached with caution. Nevertheless, when the above
equations are used to calculate Kis for the whole Sap­
sucker Woods soil, the predicted values of 6.5 and 10.4,
for TCE and toluene, respectively, are reasonably close to
the observed Kis (7.95 and 11.3). These equations do not
satisfactorily predict observed Kis for residues of the
Sapsucker Woods soil after extraction of organics.

The multivariate regression results suggest that a sor­
bent's carbon to oxygen plus sulfur ratio may be of im­
portance. As described under Materials and Methods,
percent oxygen plus sulfur is assumed to be a measure of
percent oxygen. Single-variable regression of Kis vs. C/O
ratios for the organic sorbents yielded r2 values of 0.76 for
toluene and 0.77 for TCE. This single-variable correlation
is substantially improved over that obtained with the
percent organic carbon content of the sorbent.

These results for toluene and TCE are consistent with
the observations of Hance (I3), who suggested that an
organic material's ability to sorb organic pesticides was
related to its relative hydrophilic/hydrophobic balance as
indicated, in part, by its number of oxygen-containing
functional groups. Similarly, Pierce et al. (26) attributed
DDT binding to humic acids to hydrophobic bonding with
nonpolar portions of the humic molecule and to lippoidal
molecules entrapped within the humic polymer. The re­
sults presented above reveal an increase in sorption as the
carbon-to-oxygen ratio increases. This is most strongly
indicated by Kd values for cellulose and fulvic acids vs.
those for lignin and zein and may be indicative of a de-

crease in sorption as the relative hydrophobicities of these
sorbents decrease.

The data obtained indicate it may be important to
consider the specific nature of the organic materials that
may be present in a soil. For example, examination of
Table I shows that cellulose displayed negligible sorption
of toluene and TCE. Cellulose, the most abundant car­
bohydrate component of higher plants, is readily decom­
posed by microorganisms, and therefore would probably
not account for a large percentage of the organic matter
in a well-humified soil or sediment (40). However, the
percentage of organic matter as cellulose may be quite
significant in undecomposed organic layers of forest soils,
in some peat soils, and in marsh ecosystems. By way of
illustration, in a study of sorption of the hydrophobic
pesticide linuron to sorbents containing approximately 1%
organic matter and 99% quartz, Doherty and Warren (36)
found extent of sorption of these sorbents to be related
to their relative degree of decomposition. The conversion
of their observed K d values to K om values shows that the
sorbent with a largely decomposed muck soil organic
matter sorbed more than 8.5 times as much linuron as a
sorbent with a largely undecomposed sphagnum moss soil
organic matter and 2.6 times more than a sorbent con­
taining an intermediately decomposed fibrous peat soil
organic matter.

Tannic acid, a major component of the dissolved organic
matter in southeastern streams and rivers, also showed a
low extent of sorption in this study, especially on a Koc
basis. This was not the case for the corn protein zein. Zein
yielded Kis of 70.3 and 63.4 for toluene and TCE, re­
spectively. Kis and Koc's for lignin were the highest of
all organic compounds examined. Since lignin is abundant
in the biosphere and is relatively resistant to degradation,
it is likely to be present in significant quantities in some
soil systems. Because of its polymeric macromolecular
nature and resistance to short-term decomposition, lignin
has been suggested as a precursor to humic substances (21,
31). Lignin, as compared to burnie and fulvic acids, has
a notable lack of carboxylic groups (21, 31), making it less
hydrophilic and possibly accounting for its higher Kis and
Koc's.

It is of particular interest to note the behavior of humic
and fulvic acid sorbents in this study since the importance
of humic-type substances in influencing the fate of organic
pollutants is well documented. Humic and fulvic acids
behaved quite differently on an organic carbon basis, with
Koc's differing by more than a factor of 6. When the re­
sidual humin [i.e., the whole Sapsucker Woods soil,less
humic and fulvic acids (relevant characteristics of this
sorbent are given in Table III)1is included in this com­
parison, the observed variation in Koc is greater than an
order of magnitude. However, the Aldrich humic acid and
the soil-extracted humic acid behaved fairly similarly on
an organic carbon basis.

The disparity amongst the binding of extracted fulvic
and humic acids has also been noted in studies of DDT
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sorption (41, 42). The fact that fulvic acids generally are
more polar and have larger numbers of carboxylic groups
and smaller C/O ratios than humic acids might lead one
to expect such observations.

The observed disparity between the sorptive properties
of humic and fulvic acids may have important implications
in soil systems. For instance, forest soils contain high
percentages of fulvic acids while in grassland soils the
opposite is generally true, and humic to fulvic acid ratios
ranging from 0.3 to 2.5 have been observed in different soils
(21). On the basis of solubility considerations, one would
expect soil fulvic acids to be relatively more mobile than
soil humic acids, and transport of organic pollutants such
as TCE and toluene could be enhanced when bound to
dissolved fulvic acids. However, as indicated by the K d
values in Table I, the humic acids employed in this study
had a much greater partition coefficient than the fulvic
acids.

Comparison of Sorption of TCE and Toluene to
Extracted Soils and Whole Soil. The elemental analysis
and Kd's and Koc's for the soil fractions are given in Table
III.

As expected, the Kd's for the other humic fractions, i.e.,
humin and oxidized humin, both low in percent organic
carbon, were lower than those for the whole soil. This was
not true for the humin Koc value, where a significant in­
crease over the whole soil was observed. This observation
is particularly interesting, especially as related to aquifer
materials, which are often low in organic carbon content,
since organic matter has been cited as controlling sorption
at organic carbon contents as low as 0.1 % (3). Similar
evidence of relatively large K oc values for sorbents of low
organic content vs. sorbents of higher organic contents have
been reported for sorption of DDT (27) and acetophenone
(25). Postulated explanations include the possibility that
the intimate association of soil organic matter with the soil
inorganic matrix strongly modifies the particle surfaces
and/or the nature and properties of soil organic matter.
In addition, in studies examining sorption capacity of a
material before and after oxidation of a portion of the
sorbent's organic matter, K oc values have been found to
increase (22, 24, 25, 27, 43).

Shin et al. (27) have speculated that observed increases
in Koc' such as those noted above, may be attributed to
increases in the surface to carbon content (greater surface
area of carbon available for reaction). This was attributed
to a greater extent of interiorized carbon in skeletal humic
acid structures of organic soils vs. organomineral colloids
in mineral soils where a central clay micelle is assumed.
Turchenek et al. (44), in their study of organomineral
complexes, found heavier fractions of soils, especially finer
clays, contained humic and fulvic materials of a more al­
iphatic nature than other fractions examined. Khan et aI'
(25) and Banwart et al. (24) noted the importance of 2:1
expanadable clays in sorption of organic solutes by soils
low in organic carbon. The point to be made is that if the
inorganic matrix is not directly implicated in observed
increases in Koc's of sorbents with low organic matter
contents, then it may indirectly effect the type and / or
character of the organic material present. In such a case,
the organic matter of matrices with low organic carbon
contents may be different from organic matter in sorbents
of high organic matter content and more effective in
binding organic solutes.

An extremely high K d for TCE was obtained on the
fats-waxes-resins extract from the Sapsucker Woods soil,
which accounted for 6% of the soil organic carbon (in­
sufficient material was available for measurement of K d
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for toluene with this sorbent). Such behavior might be
expected, since TCE and this sorbent are both highly
hydrophobic. The fats-waxes-resins soil fraction has been
described by Hartley as being a ·solvent" for organic
pesticides (20). The soil less fats-waxes-resins yielded
slightly higher Koc's than the whole soil. Increases in Koc's
after wax extraction have been reported elsewhere (27, 43).
McGlamery [as cited by Dunnigan (45)] attributed such
increases to an ·unmasking" of active adsorption sites.

Conclusions

The data presented here indicate that different con­
stituents and fractions of organic matter behave dissimi­
larly in regard to their sorption of TCE and toluene.
Regression analysis of the data show that relationship
using both organic carbon and oxygen or the C/O ratio
were more highly correlated with observed K d values than
organic carbon alone. The observed relationships suggest
that, for the sorbents evaluated in this study, the relative
hydrophobicity of a sorbent is important.

The above results (and results of other investigators
described above) also suggest that it is reasonable to expect
organic matrices in natural systems that have varying
origins, degrees of humification, and degrees of association
with inorganic matrices to exhibit dissimilarities in their
ability to sorb nonionic organic contaminants. Empirical
equations that employ a single soil characteristic (such as
foc) to predict sorption of organic contaminants are nec­
essarily limited in their ability to reflect the detailed
differences in soil organic matter. In cases where a more
detailed estimate of K oc is desired, use of a two-parameter
model employing soil organic carbon and oxygen content
may prove to be more satisfactory.
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Calibration of Peroxyacetyl Nitrate Measurements with an NOx Analyzer

L. Fortunat Joos· and Werner F. Landolt

Swiss Federal Institute of Forestry Research, CH-8903 Birmensdorf, Switzerland

Heinz Leuenberger

Swiss Federal Laboratories for Testing Materials and Research, CH-8600 Dubendorf, Switzerland

• A method for the calibration of peroxyacetyl nitrate
(PAN) measurements that uses an NO, analyzer and can
be applied in the field is described. The calibration range
lies between 0.5 and 100 ppb, corresponding to the range
of concentrations occurring in ambient air. The calibration
procedure involves the entire apparatus, including sample
intake lines and chromatographic equipment. Possible
distortion due to byproducts originating during the syn­
thesis of PAN is precluded by an integrated prepurification
step. The method offers a useful alternative to existing
procedures. It is verified through an independent proce­
dure (ion chromatography). A system for automatic PAN
measurement in the field is also described.

Introduction
Peroxyacetyl nitrate (PAN) occurs in the atmosphere

as a trace gas. It is an excellent indicator of anthropogenic
photosmog, as it occurs only in very low concentrations in
unpolluted air (1).

So far, PAN has rarely been included in routine mea­
surements, since its great instability gives rise to a number

of difficulties in analysis. The calibration of measuring
equipment is particularly problematic.

The purpose of this paper is to present a new calibration
method that is also applicable in the field. The calibration
mixture is analyzed on the spot with an NO, analyzer.
Problems that might otherwise arise with the transporta­
tion of the synthesized PAN to the station are eliminated.
The entire measuring apparatus is included in the cali­
bration procedure. Possible errors due to decomposition,
absorption, or dilution are kept to the minimum.

The results were verified in the laboratory with a dif­
ferent method (ion chromatography following PAN hy­
drolysis in KOH solution).

Experimental Section

Measuring Apparatus. Samples of ambient air are
separated in a separation column (Teflon; length 60 em;
exterior diameter 1/.) in.; packed with 4.8% QFI + 0.13%
diethylene glycol on 80/100-mesh Chromosorb G AW­
DMCS; oven temperature in the field 35°C and in the
laboratory 25 °C). The carrier gas (argone/methane, 95/5)
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Figur. 1. Chromatograms of ambient air obtained in the course of
routine measurements (Diibendor! CH, 11/8/1985).

with a flow of 40 mL/min is moistened with CuS04·5H20.
PAN is detected with an Ni 63 electron capture detector
(Hewlett-Packard or Carlo Erba Model 40). The air to be
analyzed is sucked continuously at 260 mL/min through
a sample loop (stainless steel, 3 or 5 mL). The intake line
is of Teflon and is 150 cm long and has an interior diameter
of 4 mm. Both sample injection (Valco, hexaport valve)
and evaluation of the ECD signals are conducted with
commercial integrators (Spectra-Physics Model 4100 or
Hewlett-Packard Model 3392 A). Chromatograms from
a routine measurement are shown in Figure 1.

Calibration of the measuring system is carried out with
an NO, analyzer (Monitor Labs 8840; range 0-200 ppb or
0-500 ppb) and an ion chromatograph (Dionex 2110 I;
col~mn, HPLC AS 4 P/N 35311). The NO, analyzer is
calibrated with a commercial calibrator (Monitor Labs
calibrator 8500), using permeation tubes for N02 and
standa~d gas mixtures for NO. For preparative work,
separatIOn columns packed with ethylene glycol are utilized
(glass or Teflon; length 100 cm, interior diameter 3 mm
packed with 5% PEG 1025 on Chromosorb W AW 80/1(>0
mesh or length 50 em, packed with 5 % PEG 400 on
Diatomite CQ 100/120 mesh; carrier gas argon/methane,
dry).

The PAN for the calibration is synthesized by photolysis
of ethyl nitrite and oxygen (2) or in solution (3). The PAN
peak was identified by various methods, like thermal in­
stability, absorption in basic solutions, and formation of
nitrite ion during decay. The chemicals used are normal
commercial products (Fluka, Switzerland).

Calibration with NO, Analyzer. The calibration is
based on the detection of PAN with a commercial NO
analyzer in the NO, mode. As studies by a number of
authors (I, 4-7) as well as the high rate of thermal de­
composition of PAN (8) indicate, PAN entering the mo­
lybdenum converter of the analyzer, which is heated to 310
°C, is entirely converted to NO and thus fully detected as
an NO, compound. Byproducts formed during synthesis
and decay products such as methyl and ethyl nitrate and
ethyl nitrite (5) and, of course, NO' and N02' are also
detecte.d quantitatively. Figure 2 shows the arrangement
of the mstruments for calibration.
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regulator
integrator
recorder

Figur. 2. Arrangement of instruments for calibration.

A sample of the synthesized PAN is introduced into
separation column I (5% PEG 1025), where PAN is iso­
~ated from the byproducts, and thus possible problems of
mterference of PAN with other compounds are precluded.
This process is monitored on the recorder of the NO
analyzer. '
Immedi~tely at the column outlet, the carrier gas flow

(20 mL/mm, argon/methane, 95/5) is diluted with nitro­
gen fil~ered thro~gh activated charcoal to roughly 300
mL/mm. The major part (260 mL/min) is passed directly
through the sample intake line and sample injector valve
to the NO, path of the analyzer. The gas not needed by
the analyzer escapes into the atmosphere through an
overflow.
~he analyzer detects the components containing NO"

which have been separated in the column (Figure 3). At
the moment that the PAN concentration reaches its
maximum, the sample loop of the gas regulation valve is
switched to the carrier gas flow of the column for meas­
uring ambient air.

The purified PAN-dilution gas mixture is separated and
then passes to the ECD, where it is measured. The con­
centration of the gas passed through the measuring system
(GC-ECD) under calibration equals the mal\imum con­
centration registered by the analyzer on introduction of
the sample. In each case, this is added to the area of the
~AN peak detected by the ECD and integrated by the
mtegr~tor..The points thus obtained are joined to produce
a calibratIOn graph. The calibration factor (area
counts/ppb of PAN) is given by the reciprocal of the
gradient of the regression lines through the points.

In order to ensure that the concentration registered by
the an~lyzer really is the same as that entering the
measurmg system, certain conditions must be fulfilled.

The NO, analyzer must respond rapidly to changes in
concentration in order to capture the PAN peak. The
analyzer we used had an experimentally determined time
constant of T =3 ± 1 s [exp(-t/Tl].

The PAN peak is eluted as a Gauss curve:

concn(t) = A exp(-0.5t2
/ T

2
)

A =maximum concentration. T = half the peak width at
concn = A exp(-0.5) should be greater than 30 s. This
IJ.leans a retention time of 20 min for PAN in the separa­
tIOn column. In our system the residence time of PAN



0.4

0.5

0.1

0.3

0.2

1.0
....

\
\cone.

\ PAN registration
\ by NO. analyzer

\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\

\ ,
I,

100

40

60

120

140

160

ppb NO,

80

20

min 26 24 22 20 18 16 14 12 10 8 6 4 0

FIgure 3. Chromatogram of a sample taken during photolysis of ethyl
nitr~e and oxygen as detected by the NO. analyzer (range 0-200 ppb):
(1) ethyl n~r~e; (2) methyl nitrate; (3) ethyl nitrate; (4) PAN.

between the sample injector valve and the photocell is less
than 5 s.

Figure 4 shows the analyzer response for a standard
Gauss curve with the above parameters determined from
a simple numerical model. The error resulting from the
response lag is less than 4%. The sample should reach the
GC-ECD at or shortly before registration of the peak
maximum, but this presents no problems.

With this method, calibration points for concentrations
from about 10 to 20 ppb/vol can be determined without
additional precautions. At our measuring stations in rural
areas of Switzerland, however, we found very low con­
centrations of PAN in the ambient air; 90% of the mea­
surements at Birmensdorf made in Summer 1984 were
below 1 ppb/vol (9). To determine whether the calibration
gradients obtained at relatively high PAN concentrations
(20-100 ppb/v) are also applicable at low levels the ori­
ginalloop, with a volume of 3.08 mL, was repla~ed with
a smaller one of 121 ,,1. That gave a dilution factor of
25.45 and allowed registration of calibration points at levels
below 1 ppb/vol.

The two loops were of stainless steel and had a similar
flow resistance. During calibration, both were at the same
temperature (25 ·C). Even so, two completely different
calibration factors, differing by factor of 2, were obtained.
The calibration curves registered with the large and small
sample loops were recorded on the same day in each trial.
No drift or scatter in the calibration values was observed.
We assume that this effect is due to differing rates of PAN
decomposition in the two loops.

-80 -60 -40 -20 10 20 30 40 50 60 70 80 t sec

F1gIn 4. Responses of the NO. analyzer for a Gauss curve (numerical
model). True concentration: e(f) = eXp(-0.5t'IT'). Response of
analyzer: exp(-t IT). Concentration registered by analyzer: ((t + TL).
T = 30 s; T = 3 s; lag time TL = 5 s.

Consequently, for verification of the calibration factors,
both loops were connected into the calibration gas flow,
one as usual at the hexaport valve and the other directly
upstream. This ensured that total PAN decomposition
remained constant whichever loop was in use.

The calibration factors obtained with this arrangement
were identical (Figure 5) and show that the ECD also
responds linearly in the lower measuring range. This
means further that the calibration factors derived in the
upper ppb range are also valid for low PAN concentrations.

Calibration with Ion Chromatography. The PAN
solution was purified by means of preparative gas chro­
matography (column 5% PEG on Diatomit CQ 100/120
mesh). The purified PAN was then collected in an ap­
propriate Tedlar plastic film bag (J0) and diluted with pure
nitrogen.

The concentration of PAN in the Tedlar bag was de­
termined by hydrolysis of the mixture in 1% KOH solution
(J,2) and subsequent measurement of the nitrite ion with
ion chromatography (3). Before hydrolysis, the calibration
mixture was passed through the same lines and valves as
the ambient air, while at the same time samples were
introduced into the analytical column through a 0.1-mL
sample loop, as for the calibration with the NO. analyzer
in series with the original sample loop (5 mL). In one case
the samples were introduced with a 1O-"L syringe. The
PAN concentration registered was compared with the area
of the peak determined with the ECD.

The curves obtained through ion chromatography agree
very closely with those derived with the new method
(Figure 6).

Discussion

Not surprisingly, the main difficulties in the calibration
and measurement of PAN arise from its great instability.
If reliable results are to be obtained, all parts of the ap-
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Figure 6. Calibration points for PAN measurement as determined with
an NO. analyzer and through ion chromatography (integrator HP 3392
A). (0) Calibration points from ion chromatography: One area value
is the mean of five samples introduced into the GC-ECD with a lO-ILL
syringe; maximum deviation of the area values 20 %. ppb of PAN =
0.0381 + (0.00603Xarea counts); r = 0.9987. Caibration factor 165.8
area counts/ppb of PAN. (0) Caibration points from NO. analyzer with
0.1-m1. sample loop: ppb of PAN = 0.352 + (0.00648Xarea counts);
r = 0.9979. Calibration factor 154.3 area counts/ppb of PAN. Dif­
ference between the two caibration factors 7 %. (II) Calibration points
from ion cnomatography: One area value is the mean of fIVe samples
introduced into the GC-ECD through the 0.1-mL sample looP; maxmum
deviation of the area values 5%. ppb of PAN = 0.271 + (0.OO45Xarea
counts); r = 0.9978. Calibration factor 222.2 area counts/ppb of PAN.
(e) Caibration points from NO. analyzer with 5-mL sample loop: ppb
of PAN = 0.421 + (0.00395Xarea counts); r =0.9988. Calibration
factor 253.2 area counts/ppb of PAN Difference between the two
calibration factors 12% .
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for studies on levels of nitrogen oxides.
The method of calibration using an NO. analyzer is

simple in application and gives easily reproducible results.
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ppb PAN
• 3.08 mlloop

o 121 #J11oop

Figure 5. CaHbration points for PAN measurement as determined with
an NO. analyzer (integrator: SP 4100). (0) Calibration points obtained
with the small sample loop (121 ILL). ppb of PAN = -0.1274 +
(1.9336 X 10-4

) (area counts); r = 0.9966. Calibration factor 5172
area counts/ppb of PAN. (e) Caibration points obtained with the large
sample looP (3.08 mL). ppb of PAN = 2.295 + (1.909 x 10-<) (area
counts); r = 0.9939. Calibration factor 5238 area counts/ppb of PAN.

paratus coming into contact with PAN should be included
in the calibration procedure. In the method described here,
utilizing an NO. analyzer, PAN is measured as rapidly and
in as pure a state (directly after elution from column I)
as possible, and the entire apparatus is calibrated at once.
The introduction of PAN into other containers is unnec­
essary (2, 3, 10--12). The step between purification and
measurement is carried out dynamically and rapidly.
Possible distortion of the calibration by decomposition in
syringes (10, 12) or containers is thus precluded.

Another advantage is the absence of a dilution phase
during routine measurements. Furthermore, the use of
appropriate sample loops permits calibration points within
the actual measuring range to be obtained with little ad­
ditional effort.

This calibration method with an NO. analyzer can be
employed in the field. It has proved very successful in the
calibration of our measuring system in a forest station.

The isolation of PAN in a first separation column pre­
cludes possible interference problems due to other com­
ponents containing nitrogen oxides (4,5,8,11,13). Con­
sequently, the PAN needed for the calibration may be
produced in whichever way is most convenient.

The time consumption for this method of calibration of
measuring instruments is roughly half a day, considerably
less than that for other methods.

Apart from an NO. analyzer such as is in general use,
no additional equipment is needed. The NO. analyzer can
be subsequently used for analysis.

The NO. and PAN data obtained from air analysis show
a very high relative accuracy; this is particularly valuable
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A Passive Sampler for Formaldehyde in Air Using 2,4-Dinitrophenylhydrazine-Coated
Glass Fiber Filters
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• A method utilizing diffusive sampling of formaldehyde
in air has been developed. A glass fiber filter, impregnated
with 2,4-dinitrophenylhydrazine (DNPH) and phosphoric
acid and mounted into a modified aerosol-sampling cas­
sette, is used for sampling by controlled diffusion. The
formaldehyde hydrazone formed is desorbed and deter­
mined by high-performance liquid chromatography with
UV detection. The sampling rate of the sampler was de­
termined to 61 mL/min, with a standard deviation of 5%.
The sampling rate is independent of formaldehyde con·
centrations between 0.1 and 5 mg/m3 and sampling times
between 15 min and 8 h. The sensitivity of the diffusive
method is approximately 0.005 mg/m3 (5 ppb) in an 8-h
sample, and the reproducibility is better than 3%.

Introduction

Formaldehyde is an important industrial chemical, a
well·known irritant, and a suspected carcinogen (1). Oc­
cupational exposure occurs in the range 0.1-5 mg/m3

formaldehyde in air (2), and levels of 0.01--0.1 mg/m3 are
often found in offices and homes (3). Consequently, sen·
sitive and reliable methods for determining formaldehyde
in air are required.

A number of analytical methods for the determination
of airborne formaldehyde have been published, including
spectrophotometric (4-6) and chromatographic methods.
One of the most rapid and sensitive methods is high­
performance liquid chromatography on the 2,4-dinitro­
phenylhydrazone of formaldehyde, a method used by
several investigators (7-9). For sampling of ambient air,
absorber solutions have been most frequently used; these
are not suited for field work, however, especially not in
personal monitoring. We have previously reported the use
of XAD-2 coated with 2,4-dinitrophenylhydrazine (DNPH)
for the sampling of several aldehydes, including form­
aldehyde, acrolein, and glutaraldehyde (8, 10, 11). Other
workers have subsequently used other DNPH-coated solid
sorbents (9, 12-15). We recently reported an improved
method, utilizing DNPH-coated glass fiber filters. In this
sampling system, air can be sampled at a rate of up to 1
L/min, affording a sensitivity of about 0.001 mg/m3 (1
ppb), on the basis of 50-L air sample (16). Coated filters
of the same type were tested for diffusive sampling (16).
We now report an extensive evaluation of this passive
sampler. We have determined the sampling rate and the
effect of formaldehyde concentration, sampling time, air
velocity, and air humidity on the sampling rate. The

sampler has also been evaluated in the field.

Experimental Section

Chemicals. Solvents used were methanol (Merck, p.a.)
and acetonitrile (Rathburn, HPLC grade S). Form­
aldehyde 2,4-dinitrophenylhydrazone was prepared from
formaldehyde (Merck, 37%, p.a.), 2,4-dinitrophenyl­
hydrazine (DNPH) (Fluka, p.a.), and concentrated HCI
and recrystallized twice from ethanol, mp 166°C.

Coated Filters for Active Sampling. The coated
filters were prepared according to a previously described
procedure (16). This procedure was modified to include
glycerin in the coating solution. The filters were coated
in the following manner: To 300 mg of DNPH·HCI, re­
crystallized twice from 4 M HCI and dried for only a few
minutes, was added 0.5 mL of 85% phosphoric acid
(Merck, p.a.), 1.5 mL of 20% glycerin (May & Baker, p.a.)
in ethanol, and 9.0 mL of acetonitrile. The 13 mm diam­
eter glass fiber filters, organic- and binder-free (type AE,
0.3-l'm pore size, SKC, Inc.), were immersed in the solution
for a few seconds. The filters were then allowed to dry for
2 h at room temperature, after which they were stored in
a desiccator over saturated sodium chloride solution to
assure constant relative humidity. It is possible to store
the filters in this way for several months. Filters coated
in this manner contain approximately 2 mg of DNPH. The
filters were used in two-section polypropylene filter holders
(No. 225-32, SKC, Inc.), and the collection efficiency of
the filters was determined as previously described (16).

Coated Filters for Diffusive Sampling. To 300 mg
of DNPH·HCI was added 6 mL of 8.5% phosphoric acid
and 25 mL of acetonitrile. A 0.5-mL portion of the solution
(5 mg of DNPH) was added with a 0.5-mL Voll pipet to
each 37 mm diameter glass fiber filter, organic- and
binder-free (type AE, 0.3-l'm pore size, SKC, Inc.). The
filters were dried for 30 min at room temperature and
conditioned in the same way as the filters for active sam­
pling.

Dosimeter for Diffusive Sampling. The coated filters
for diffusive sampling were used in a modified 37-mm filter
holder, shown in Figure 1. One section of the standard
two-section cassette (No. MOO37AO, Millipore Corp., MA)
was cut into two parts, and one part was used as the front
section of the sampler to create a controlled diffusion
barrier consisting of an uncoated glass fiber filter between
two stainless steel grids (No. 7908/B30, Casella London
Ltd., G.B.), according to Figure 1. The other part of the
section was pasted on a piece of polyacrylic ester plastic
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Table I. Recovery of Formaldehyde
2,4-Dinitrophenylhydrazone from
2,4-Dinitrophenylhydrazine-Coated Filters Containing 3%
Glycerin, after Drying the Filters in an Air Flow of 0.2
L/min and 2% Relative Humidity before Exposure to
Formaldehyde Vapor

Stainless steel grid

Glass fiber filter

DNPH-Coated glass fiber filter

drying time, min recovery, %

30 95
120 96
300 90

RSD,%" Nb

Figure 1. Fitter casselle for 37-mm filters modified for diffusive sam­
pling.

aRSD = relative standard deviation. b N = number of experi­
ments.

Figure 2. Apparatus for formaldehyde generation: (A) paraform­
aldehyde; (B) mixing chamber; (C) IR detector; (0) gas dispersion
bottles wilh water; (E) valves; (F) flow regulators; (G) needle valve; (H)
mixing chamber; (I) testing chamber; (J) door; (K) port.

equipped with a clip. The front cross-sectional area of the
sampler was 7.1 cm2

, and the length of the controlled
diffusion path was 10 mm.

Generation of Standard Atmospheres of Form­
aldehyde. Formaldehyde was generated in a dynamic
system by decomposition of paraformaldehyde at 25-30
cC. The generation system is described in Figure 2.
Pressurized clean air, regulated by flow regulator Fl
(20-160 mL/min), was passed through a V-tube containing
paraformaldehyde (A) and thermostated at 25-30 cC,
depending on the formaldehyde concentration required.
The formaldehyde generated was further diluted by clean
air regulated by F2 (2-25 L/min). After the mixing
chamber B, part of the formaldehyde containing air was
split off (C) to a Miran lA portable air analyzer (Foxboro
Co.) for determination of the formaldehyde concentration
prior to the second dilution step. The dilution in the
second step was controlled by flow regulators F3 (0.4-4
L/min) and F4 (15-160 L/min). The use of humidified
air for dilution enabled different relative humidities to be
attained. Air with a certain relative humidity was gen­
erated by passing clean air through one to four gas-dis­
persion bottles (D) containing water, according to Figure
2. By varying the flow through the regulators F5 (4-40
L/min) and by selecting the number of bottles by means
of the three valves E, the relative humidity of the air
passing through F4 could be varied between 2 and 95%.
Minor adjustments were made with needle valve G. The
humidified air and the formaldehyde gas were mixed in
a mixing chamber (H), and the gas stream was led into the

G

F5

testing chamber (1). The chamber (70 x 48 x 900 mm)
was made of PTFE and equipped with six removable doors
(J) and seven ports for active sampling (K). The relative
humidity in the chamber was monitored with a Humicap
relative humidity meter (Vaisala OY, Helsinki, Finland).
Air velocity was measured with a thermoanemometer (type
641N, Wilh. Lambrecht KG, Gottingen, West Germany)
2 mm above the diffusion barrier (face velocity).

Personal Sampling. Personal sample pumps (Model
223-3, SKC, Inc.) with a flow of 200 mL/min were used
for active sampling in a dissection room of a hospital.
Parallel samples were taken with the diffusive samplers.

Liquid Chromatography. The formaldehyde 2,4-di­
nitrophenylhydrazone was eluted from both 13- and 37­
mm filters by shaking for 1 min with 3 mL of acetonitrile
in a 4-mL glass vial. The solution was filtered through a
Millex-SR filter, and 10 ILL was injected into the liquid
chromatograph. Details of the liquid chromatographic
determination were described previously (16). The hy­
drazone was detected at 365 nm with a detection limit of
approximately 0.5 ng (signal to noise ratio 4:1), corre­
sponding to 0.07 ng of formaldehyde,

Results and Discussion

Active Sampling. As previously reported, the recovery
of gas-phase-generated formaldehyde as 2,4-dinitro­
phenylhydrazone from 13-mm DNPH-impregnated filters
ranges between 81 and 103% (16). The lowest recovery
was observed when formaldehyde was generated at 20%
relative humidity (16). The reaction between form­
aldehyde and DNPH on coated filters is incomplete in
extremely dry atmospheres, i.e., below 10% relative hu­
midity. This problem was solved by adding glycerin to the
coating solution, resulting in better retention of water.
Table I shows the recovery of formaldehyde hydrazone
from coated filters exposed to a flow of dry air at 200
mL/min for various periods before exposure to form­
aldehyde vapor. As the table shows, recovery is still 90%
after 5 h of a flow of 200 mL/min at 2% relative humidity.

The active sampling method was used as reference
method in all experiments with the diffusive sampler. The
DNPH-coated 13-mm glass fiber filters used in the active
mode permitted determination of formaldehyde down to
approximately llLg/m~ in a 50-L air sample. The form­
aldehyde blank of 0.05 ILg/filter corresponds to 1 ILg/m3

in a 50-L air sample.
Passive Sampling. Passive sampling has several ad­

vantages. No pumps are needed, wbich facilitates handling
in the field. Sampling can be performed by junior per­
sonnel, and it is often possible to obtain integrated con­
centration values over long periods. Most methods for
passive sampling employ the principle of controlled dif­
fusion (17). Controlled diffusion is achieved by placing
the adsorbent in one end of a tube (Palmes' tube) (18) or
by using a diffusion barrier. Since the adsorption process
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Table III. Effect of Relative Humidity on Sampling Rate of
Diffusive Sampler'

'Formaldehyde concentration 5 mg/m' and race velocity 0.3
m/s. bRH = relative humidity. 'RSD = relative standard devia­
tion. d N ;;; number of experiments.
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Table II. Effect of Formaldehyde Concentration on
Sampling Rate of Diffusive Sampler"

HCHO concn, sampling time. sampling rate.
mg/m' min mL/min RSD. % N'

'Relative humidity 20% and race velocity 0.3 m/s. bRSD =
relative standard deviation. c: N ;;; number of experiments.

Figure 3. Effect of sampling time on sampling rate of diffusive sampler:
formaldehyde concentration 5 mg/m'. relative humidity 50%. and face
velocity 0.3 m/s. The dotted line represents a sampling rate of 61
mL/min. Each point represents at least three determinations.
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formaldehyde concentration 1 mg/m'. relative humidity 50%. and
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sampling rate of 61 mLimin w~h a standard deviation of 5%. Each
point represents at least three determinations.

sampling rate of the sampler at different formaldehyde
concentrations with sampling times of 15 and 240 min and
with a relative humidity of 20%. As the table shows, the
sampling rate is not influenced by the formaldehyde con­
centration within the range studied. Since the sampling
rate is contant, there are no saturation or adsorption effects
of the diffusion barrier or sampler walls.

Effect of Relative Humidity on Sampling Rate. The
sampler was evaluated at relative humidities of 8, 20, 50,
and 85%. Sampling times of 15 and 240 min were used.
The results are shown in Table III. It can be seen that
the sampling rate is not affected by the relative humidity
of the sampled air.

Effect of DNPH Load on Sampling Rate. The
DNPH load of the filters used for diffusive sampling is
approximately 5 mg. The loading is not critical for the
sampling rate since varying the DNPH load between 5 and
8.5 mg had no effect on the sampling rate.

Effect of Face Velocity on Sampling Rate. The
effect of air velocity on the sampling rate was studied by
varying the face velocity between 0.05 imd 1.0 m/s. The
results of these studies are shown in Figure 4. As shown
in the figure, the sampling rate decreases at 0.05 mls and
increases at 0.7 m/s. However between 0.1 and 0.5 mls
the sampling rate is 61 mL/min with a standard deviation
of 5%. Most diffusive samplers require an air velocity of
approximately 0.1 mls (18), which is maintained under
most personal sampling conditions.

Reproducibility and Sensitivity of Diffusive Sam­
pler. The reproducibility of the diffusive sampling method
was found to be better than 3%. Since the diffusive

6
6
3
6
3

60
59
60
60
62

240
15
15
15

240

0.1
0.2
1.0
5.0
5.0

is reversible, substantial back-diffusion of volatile sub­
stances may occur if the concentration on the adsorbent
becomes too large. To minimize such back-diffusion, most
passive samplers have sampling rates below 10 mL/min.
In the case of a reagent-coated adsorbent yielding a non­
volatile derivative, there is no back-diffusion, and hence,
the size of the sampler is the sole limiting factor for the
sampling rate.

The diffusive sampler developed by us was made from
a commercially available standard 37-mm filter holder,
modified according to Figure 1. The sampler was studied
with the test chamber shown in Figure 2.

Sampling Rate of Diffusive Sampler. If the diffusion
coefficient for formaldehyde is set to 0.16 cm2Is, the sam­
pling rate of the passive sampler is calculated to 68
mL/min, according to Fick's law of controlled diffusion
(19).

The sampling rate was experimentally determined by
exposing six samplers at a time in the test chamber while
six active samples were taken simultaneously with a sam­
pling rate of 100 mL/min. A number of experiments were
performed with different sampling times, different form­
aldehyde concentrations, and different values of relative
humidity and face velocity. A total of 79 experiments with
the passive sampler gave a mean sampling rate of 60.9
mL/min, with a standard deviation of 3.7 mL/min.

Effect of Sampling Time on Sampling Rate. Figure
3 shows the effect of sampling time on the sampling rate.
It can be seen from the graph that the sampling rate is
constant when sampling times between 15 and 420 min at
a level of 5 mg/m3 formaldehyde and a relative humidity
of 50% are used. The dotted line represents a sampling
rate of 61 mL/min.

Effect of Formaldehyde Concentration on Sam­
pling Rate. The diffusive sampler was exposed to form­
aldehyde levels from 0.1 to 5.0 mg/m3• Table II shows the
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Figure 5. Correlation between passive and active personal samples
from the field investigation in a hospital dissection room.

sampler has a sampling rate as high as 61 mL/min, the
sampler can be used for short-time sampling. With a
formaldehyde blank of 0.15 ltg/filter, the sensitivity of a
15-min sample is approximately 0.2 mg/m3. In an 8-h
sample the sensitivity will become 0.005 mg/m3 (5 ppb).

Formaldehyde Blank and Storage Stability of
Diffusive Sampler. It is important to use form­
aldehyde-free acetonitrile in the preparation of filters. If
the filters are prepared according to the procedure de­
scribed, the formaldehyde blank should be less than 0.05
~/ftIter for active sampling, and 0.15Itg/ftIter for passive
sampling, and with a reproducibility of approximately
20%. Since formaldehyde is a ubiquitous contaminant in
man-made environments, care must be taken to protect
coated filters and loaded samplers from formaldehyde
contamination. The unexposed samplers were stored in­
dividually in sealed bags made of laminated aluminum.
The formaldehyde blank of the samplers did not increase
after 2 months of storage in these bags. The sampling rate
of the diffusive sampler was not affected by 2 months
storing of the unexposed sampler. Once formed, the hy­
drazone is stable on the filter since no decrease in recovery
of formaldehyde hydrazone could be noted after storage
of the exposed samplers for 1 month. In all storing ex­
periments the samplers were kept in the aluminum bags
at room temperature.

Field Evaluation of Diffusive Sampler. The sampler
was evaluated in a field investigation-a dissection room
of a hospital-where medical students were dissecting
human organs that had been embalmed with formalin.
The formaldehyde level was 0.I--{).5 mg/m3, and the sam­
pling time was 15-150 min. Personal sampling with dif­
fusive samplers was used in parallel with active sampling
at 0.2 L/min. Good agreement was found between the
results obtained from passive and active sampling. Figure
5 shows the correlation between the active and passive
samples. The coefficient of correlation is 0.959, and the
slope of the line is 0.91.
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Summary
A diffusive sampler using 2,4-dinitrophenylhydrazine­

coated glass fiber filters has been evaluated. It was found
to have a sampling rate of 61 mL/min with a relative
standard deviation of 4 mL/min, In the range 0.1-5 ppm,
the sampling rate was not influenced by formaldehyde
concentration. Relative humidity between 8 and 85% did
not affect the sampling rate, and sampling times between
15 min and 8 h could be used without any change in sam­
pling rate, The sampling rate was found to be constant
in the air velocity range 0.I--{).5 m/s. Reproducibility of
the method was better than 3%. A sensitivity of 5 ppb
was achieved in an 8-h sample and of 0.2 ppm in a 15-min
sample. The sampler has proven very useful for moni­
toring formaldehyde exposure in working environments
as well as homes.

Registry No. DNPH, 119-26-6; HCHO, 50-00-0; phosphoric
acid, 7664-38-2.
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dt'gnTs olkn'd. and
princillal arCilS of research

Statistical Tables
prOVide for each country the number of master"s and
doctoral degrt"t::s conferred in 1981 and 1982-as well as
the numberoffull-time faculty, post-doctoral
appointments, and students enrol:ed in advanced
degree programs.

t19t
~ 800·424·6747

Guide to Chemical
Research Institutions
lists all countries,
universities, and
departments in order of
appearance, providing an
overview of each section.

u.s.!
gTY CANADA EXPORT TarAL

S129.95 S155.95 __
Call(ornla residents. add 6% tax __

AMOUNT ENCLOSED __

Cbemical Research
Vacuities: An International
Directory

I have enrlO5('d a rhN'k ror $ payable to the American
Chemical Sori('ty
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Char!(t' mv ' 1VISA Il MasterCard I I Amrrlean Express

. 1IBarrlayrard I I Acccss
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Si~nalur('---------------­
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Ll YES! Please rush me my copy of the new
international directory!

MAIL THIS ORDER FORM TO: AmcriclUl Chemical Society
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1155 16th Street, N.W.
Washington, D.C. 20036

[ IPlease !lead me more iDformaUon about tbe ACS Directory oj
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Learn how to protect yourself and

'~t~ che;~~:lh:~~~~

Laboratory Safety
and Health '

An Audio Course Produced hy the American Chemical Society

An imponant concern for every industrial and academic
laboratoty is an effective safety and occupational health
program. This new audio course helps you meet this vital need.

With this coutse, you'll become familiar with the basic
guidelines for safe laboratory practices and master prudent
safety methods. You'll also discover the secrets of laboratory
safety and
• be able to minimize your risk of exposure
• know about the law and how it protects you
• effectively use safety equipment and protective facilities

You'll also cover a variety of safety- and health-related topics,
ineluding safety philosophy, federal regulations, occupational
illness, knnwn carcinogens, and more. You'll gain an
understanding of the necessary guidelines for dealing with
accidents in the lab and for making health and safety an
integral part of effective lab practices.

Intended for bench chemists, science teachets, upperelass
undergraduates, graduate students, and others involved with
the use of chemicals, this course will enable management and
supervisory personnel to develop an effective safety program.

Brief Course Outline
• Imroduction: Overview of Course; Safety Philosophy
• Scope of the Problem: Life's Hazards; Hazard vs Risk; Deaths,

Accidents, and Illness
• The Question of Liability: Negligence and the Prudent Person;

Case Studies
• Hazards in the Laboratory: Chemical; Mechanical; Elc((rical;

Radiation; Pressure and Vacuum Operations; Biological; Noise;
Physical

• Working with Chemicals: Ordering; Manipulations; Inventory;
Storage; Waste Disposal

• Safety Rules and Recommended Practices
• Protective Equipment: Glasses, Goggles, and Face Shields; Lab

Coats; Shoes; Hearing Protection; Gloves; Respirators
• Protective anJ Emergency Facilities: Eyewash Fountains; Safety

Showers; Fire Blankets; Fume Hoods; Fire Fighting Equipment
• Responding to Emergencies: Evacuation; Obtaining Assistance;

Temporary Care; Fires; Chemical Spills
• Reporting Incidents and Accidents
• Introduction to Industrial Hygiene and Toxicology
• Federal Regulations: OSHAINIOSH; EPA; NRC
• The Reference Library: Publications; Federal Agencies,

Associations, and Professional Societies
• Summary: The Effective Safety Program

About the Instructor
Dr. James Kaufman is Professor of Chemistry at Curry College
in Milton, Massachusetts, and a laboratory safety consultant.
He authored Laboratory Safety Guidelines when he worked at
Dow Chemical Company and which has been widely
distributed to industry and academe. He is a member of the
ACS Council Committee on Chemical Safety and is active in
the ACS Division of Chemical Health and Safety.

Unit (Catalog No. C-87)
Four cassettes (4.0 hours playing time) and I68-page manual:
$295.00, U.s & Canada; $354.00, export. Additional
manuals: $20.00 each, U.s & Canada; $24.00 each, exporr.

To place your oroer, use the coupon below or CALL
TOLL FREE 80Q-424-6747 and use your credit card or
purchase oroer number. Please use the Priority Code and
Catalog Number when ordering.

No-Risk Guarantee
All ACS Audio Courses come to you with a money-back
guarantee. If you are not completely satisfied, return the course
within ten days for a full refund or cancellation of invoice.

r---------------------------------------
American Chemical Society, Distribution Office, Priority Code

40, 1155 Sixteenth Street, N.W., Washington, DC 20036

Yes! Please send me the following:

Qty. T"ral

Complete coursc(s), Laboratory Safery
and Health ar $295.00 each (U.s. &
Canada) or $354.00 each kxporr).
Catalog No. C-S7 $ _

AJJitional manuals at $20.00 each
(U.S. & Canada) or $24.00 each
(exporr). $ _

TOTAL $ _

o Payment enclosed (make checks payable to the American
Chemical Society.

o Purchase order enclosed. P.O. # -=,...,..__----::- _
Charge my 0 MasrerCarJ 0 VISA 0 American Expres~

o ACCESS 0 Barclaycard 0 Diners Club/Cam
Blanche

Account # _

Expires Interbank # -;;I'"'K"""'""-'J-'A"CC"'E"S""S-',,,-',""""-
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