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EDITORIAL

Regulation of
disinfection by-products

At the Water Quality Technology Conference of the
American Water Works Association in San Diego in
mid-November, an EPA official announced a new time
track for regulation of disinfection by-products (DBPs).
DBPs are compounds such as trihalomethanes and halo-
acetic acids that are formed during the treatment of
drinking water with chlorine, ozone, and other disinfec-
tants. The announcement followed a period of several
years in which the agency gave signals to the drinking-
water industry that the maximum contaminant level
(MCL) for trihalomethanes would probably be lowered
from its present value of 0.10 mg/L and that other
MCLs for DBPs would be promulgated. As a result,
many utilities either have converted their treatment
plants or are in the process of studies to do so. The most
popular option that seemed to be emerging was the com-
bination of preozonation and postchlorination or
postchloramination.

The new position of the agency is apparently based on
pressure from various quarters to balance the risk of
chemical contamination of water (by potentially carcino-
genic DBPs) with the risks of microbial contamination
caused by inadequate disinfection. What the agency now
is saying is that it needs more time to evaluate these
chemical and microbiological risks so that it can pro-
pose regulations that will ensure safe drinking water
from both perspectives.

No one can seriously question this strategy on scien-
tific grounds. If the agency feels that it does not have the
information available to propose rational and effective
regulations, it should not propose them. What informed
people are asking is, What does the agency plan in the
way of research to improve the science on which new
regulations are based? In San Diego there were ques-
tions about the use of models to compare microbiologi-
cal and chemical risks: Are these models now available,
or must they be developed? What data will be used to
validate these models? Hardly any detailed microbiolog-
ical data on water distribution systems are available be-
cause of the reliance of the agency on the coliform sur-
rogate in the past. Moreover, few new data are available
to show how alternative disinfectants will affect distri-
bution system quality. Will EPA sponsor basic research
to develop more meaningful microbiological indicators
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and to utilize these in studies of distribution systems us-
ing alternative disinfectants, or will the agency simply
pick another surrogate such as Giardia and use pilot
scale data to compare treatment regimes?

In evaluating themical risks, will the agency include
mechanistic considerations in its models for cancer, or
will 1t continue to use the linear extrapolation, no-
threshold effect models? What new data does the agen-
cy plan to obtain in its health effects research program
to address the lack of detailed study of most DBPs? Will
chemical exposure studies be expanded to include distri-
bution systems that use alternative disinfectant regimes?
How will such studies be controlled?

Another issue that was raised has to do with the im-
pact of the new regulations on small distribution sys-
tems. EPA is apparently concerned that there will be an
impact on small water supplies if they are brought un-
der the new regulations. Is this concern based on water
quality considerations, economics, or politics? Indeed,
one wonders to what extent all of the new interest in
microbiological risks reflects new approaches within a
reorganized Office of Water. One also wonders whether
the approach will change again if the faces change in a
future administration.

Most of all, given that EPA has slashed the budget for
drinking-water research and dismantled a part of its pro-
gram in Cincinnati, how does the agency plan to carry
out all of this research, which is needed to rationally
compare microbiological and chemical risks? Will the
new models be mere exercises in hand waving?

Since 1974, the American people and the American
water industry have looked to EPA for leadership in de-
veloping new standards for drinking-water quality, and
countries around the world have followed our lead. If
we are to reevaluate our position on disinfection by-
products, let it be based on sound science, thorough re-
search, and meaningful, verified models.

A Alase
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an Vollmer is the lab
director for Waste
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New York.

Vollmer and his team sup-
port Waste Stream’s remedia-
tion operation by performing
critical point-in-time analysis
on soil samples from prospec-
tive remediation projects.
Old industrial sites and land-
fills contaminated by crude
oil, coal tar, benzene, and
other volatile aromatics.
Waste that has been
buried — and often
reburied — for decades.

“When we remediate
asite, we don’t just haul it
away,” Vollmer says. “We elim-
inate it. And the method we

use means that we just can’t
afford downtime. Ever.”

Testing is done with Perkin-
Elmer gas chromatographs.

Waste Stream performs the
remediation by spraying the
site with bacteria which use the
contaminant as their carbon
source. The bacteria “eat” the
contaminant.

“But some ‘bugs’ work better
than others,” Vollmer explains.
“So first, we do a treatability
study. We introduce different
bacteria to soil samples, and
test the samples at seven-day
intervals for three weeks. Then
we compare those data to see
what kind of degradation rates
we’re getting. Data handling is
the crux of the matter.”

Data handling is done with
a PE Nelson data station.

In a sample treated with bac-
teria, the contaminant con-
centration changes constantly.

Testing complex
soil samples for
aromatic hydrocar-
bons contributes to
a heavy sample
schedule.

Timing is critical. You can’t
stop the bugs.
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Bioconcentration

Dear Sir: We read with great interest
Mace Barron’s comprehensive discus-
sion on factors influencing bioconcen-
tration (ES&T, November 1990, p.
1612). Predicting accumulation of con-
taminants in aquatic organisms is not
only of scientific concern, but plays a
vital role in the development of environ-
mental regulations as well. Barron’s ar-
ticle is especially timely in light of
EPA’s soon-to-be-released guidance
document on bioconcentratable sub-
stances.

The current EPA risk assessment for-
mula for establishing water quality crite-
ria uses a bioconcentration factor to pre-
dict aquatic organism accumulation of
contaminants and subsequently, human
exposure to contaminants. Implicit in
this methodology is the assumption that
aquatic organisms accumulate contami-
nants only via bioconcentration (diffu-

Bl
LETTERS

sion across the gill membrane). How-
ever, as Barron mentioned, strong hy-
drophobes (like dioxin and certain
PCBs) are not bioavailable to aquatic or-
ganisms via bioconcentration. Rather,
the important uptake route for these sub-
stances is ingestion of contaminated
food and sediment. In order to correctly
predict aquatic organisms contaminant
levels of hydrophobic compounds, the
ingestion uptake pathway cannot be ig-
nored.

Continued focus on the bioconcentra-
tion of strongly hydrophobic substances
points to a significant gap in the meld-
ing of scientific research and regulatory
needs. In order to develop scientifically
sound water quality criteria for these
pollutants, any risk assessment formula
(which functions as a predictor of fish
tissue contaminant levels) must consider
the ingestion uptake route. For this to

occur: (1) greater emphasis must be
placed on development of accumulation
factors which predict aquatic organism
accumulation of contaminants via the
ingestion route; and (2) regulators must
begin to focus on effluent solids when
regulating strongly hydrophobic com-
pounds.

We have proposed an alternative to
the standard water quality criterion risk
assessment formula, which considers
aquatic organism ingestion of hydropho-
bic contaminants (/). We hope that this
serves to stimulate further research and
discussion in this area.

Reference

(1) Rifkin, E.; LaKind, J. J. Toxicol. Environ.
Health, in press.

Judy LaKind
Rifkin & Associates
Columbia, MD 21044

Schnoor named associate editor

Continuing the overall high quality of
ES&T, Editor William Glaze has ap-
pointed Jerald L. Schnoor as associate
editor to replace Philip C. Singer, who
will continue his teaching and research
assignments at the University of North
Carolina—Chapel Hill.

Schnoor is professor in the Depart-
ment of Civil and Environmental Engi-
neering at the University of Iowa in
Iowa City. He was chair of the depart-
ment for five years and chose to contin-
ue research and teaching in environmen-
tal engineering.

He received his Ph.D. from the Uni-
versity of Texas at Austin in 1975. His
research specialty is inorganics of aquat-
ic systems.

6 Environ. Sci. Technol. Vol. 25, No. 1, 1991

Schnoor teaches graduate courses in
environmental systems modeling, envi-
ronmental chemistry, and water quality.
A major focus of his research is water
quality modeling and aquatic chemistry,
especially the effects of acid deposition,
ground water toxics and pesticides, and
global climate change.

Schnoor is a traveler who keeps in
contact with the environmental commu-
nity. He visited Alaska and invited ex-
perts to contribute to ES&T’s oil spill
series; he visited Hungary recently to
participate in environmental cleanup; he
visits EAWAG and maintains associa-
tions with researchers there; and he will
chair the Gordon Research conference
on water in June 1992.

Schnoor: Liaison with water reviewers
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INTERNATIONAL

The British government has pub-
lished its first comprehensive sur-
vey of all aspects of environmental
concern in a White Paper issued
Sept. 25. After discussing general
principles and objectives, the White
Paper deals with the U.K.’s approach
to domestic and international prob-
lems such as global climate change,
stratospheric ozone depletion, acid
rain, pollution control, and land use
planning and conservation. The docu-
ment also stresses the need “‘to find
the right balance between regulation
and market mechanisms’’ and main-
tains that ‘‘responsibility for the envi-
ronment is not a duty for government
alone.”” ES&T’s U.S. readers who
desire more information on the White
Paper, entitled ‘“This Common Inher-
itance,”” should contact Roger D. Jen-
nings, First Secretary (Science and
Technology), British Embassy, 3100
Massachusetts Ave., N.W., Washing-
ton, DC 20008.

The United States refused to join
other industrialized nations in mak-
ing a commitment to limit emissions
of so-called greenhouse gases. Repre-
senting the United States at a United
Nations conference in Geneva, John
Knauss, administrator of the National
Oceanic and Atmospheric Administra-
tion, acknowledged the need to devel-
op a program to reduce greenhouse
gases. He added, however, ‘“We just
don’t believe in targets ... we are not
prepared to guarantee our projec-
tions.”” Currently, the United States
generates 22% of the world’s carbon
dioxide emissions. Germany has com-
mitted itself to a 30% reduction of its
CO, emissions by 2005. Other Euro-
pean countries, Australia, and Japan
have pledged to stabilize or reduce
emissions of greenhouse gases by
2000. Negotiations on a worldwide
treaty to control greenhouse gas emis-
sions are scheduled to begin in Wash-
ington in February.

FEDERAL

Attorney General Dick Thornburgh
announced Nov. 5 the first-ever fed-
eral indictment against a company
for violations of the Safe Drinking

Eoctl
CURRENTS

Water Act (SWDA). Weatherbee Sup-
ply Inc. (Bowling Green, KY) and its
president, Glenn Weatherbee, are
charged with 10 counts of willfully
constructing and operating five under-
ground injection wells to inject fluids
into a source of drinking water with-
out first obtaining an EPA permit.
They also are accused of falsifying an
application for an injection permit by
understating the number of wells they
intended to construct and operate.
Each violation of the SDWA carries a
maximum penalty of three years’ im-
prisonment and a $250,000 fine for
an individual and a maximum fine of
$500,000 for the corporation.

EPA administrator William Reilly
signed regulations Oct. 31 that cov-
er permits for stormwater dis-
charge. He signed them under a court
order (Williams v. EPA). The new
rules require more than 100,000 in-
dustrial plants, 173 cities, and 47
counties to obtain permits designed to
limit discharges of storm water runoff
that contains pollutants such as oil,
grease, pesticides, and debris. James
Elder, director of EPA’s enforcement
and permit operations, says that these
regulations, actually released Nov. 5,
represent a first phase and that more
nonpoint source rules will be issued
in a few months.

Bush signs Clean Air Act

On Nov. 15, President Bush signed
the Clean Air Act of 1990. Among
the new law’s provisions are limits on
automotive emissions of 0.25 g/mi for
hydrocarbons (HC) and 0.4 g/mi for
NO,. Limits under the old law were
0.41 g/mi for HC and 1 g/mi for NO,.
Moreover, gasoline sold in the *‘dirti-

0013-936X/91/0925-9$02.50/0 © 1990 American Chemical Society

est’’ cities must be reformulated to
reduce toxic emissions by 15% by
1995 and by at least 20% by 2000.
The new law also mandates maximum
achievable control technology
(MACT) for emitters of 189 airborne
toxics by 2003. Emissions of SO,
must be reduced to 8.9 million tons
per year by 2000, a 10 million-ton
reduction from 1980 levels. Carbon
tetrachloride and methyl chloroform
essentially become forbidden solvents
by 2000 and 2002, respectively, and
recycling of chlorofluorocarbons in
air conditioners and refrigerators must
begin in 1992.

EPA announced Nov. 13 that it has
revised the Superfund Hazard
Ranking System (HRS) to improve
accuracy in assigning priorities to
hazardous waste sites for placement
on the National Priorities List (NPL).
The revised HRS addresses surface
water contamination that may affect
the human food chain, potential as
well as ambient-air contamination,
and possible threats to drinking-water
wells. Other revisions include the
consideration of soil, as well as other
media, as a path of exposure; the con-
sideration of chronic and carcinogenic
threats as well as acute toxicity; and
improved precision in considering the
migration of certain contaminants
through groundwater and air. Sites
currently on the NPL need not be
reassessed. The revised HRS will af-
fect new sites, most likely beginning
in early 1991. Hazard evaluation for
the NPL also is addressed in ES&T
1990, 24(12), 1778.

The National Library of Medicine
(NLM) has placed the Chemical
Identification File (ChemID) on
line; it’s a ‘‘directory assistance’’
program for users who need to re-
trieve biomedical and toxicological
information about chemicals from
NLM data bases. ChemlID also pro-
vides information from other selected
resources. The computer data base
contains records on more than
180,000 chemicals—according to an
NLM spokesperson, a small fraction
of the 10 million substances cited in
the literature, but one that ‘‘encom-
passes the core set of chemicals of
biomedical and toxicological
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interest.”” Online charges for ChemID
average $30 per connect hour. For
more information telephone (301)
496-6193 or (800) 638-8480.

EPA has issued the first emissions
certificate for a vehicle designed to
run on M85, a blend of 85% metha-
nol and 15% unleaded gasoline. The
vehicle is a Chevrolet Lumina which
also can use unleaded gasoline. Ac-
cording to EPA studies, the use of
M85 will reduce emissions of toxic
pollutants and smog precursors by
30-40%. These studies, however, still
engender controversy among scientists
and engineers in the field of automo-
tive emissions.

An EPA survey of the nation’s com-
munity drinking-water wells indicates
that 10% of them are contaminated
with pesticides. In addition, 4% of rural
domestic drinking-water wells may con-
tain detectable residues of at least one
pesticide. Nevertheless, fewer than 1%
have pesticide levels above which hu-
man health is considered threatened.
More than 50% of the nation’s wells,
however, contain nitrates, with about
1.2% of the community wells and 2.4%
of rural wells showing levels above the
10-ppm level established to protect hu-
man health. To conduct the survey, EPA
sampled 1347 wells nationwide and in-
cluded wells in each state.

STATES

Carlsbad, NM, will be the site of
limited experimental disposal of
mixed low-level radioactive and haz-
ardous wastes. Under the terms of a
permit EPA issued to the Department
of Energy Nov. 1, a maximum of
8500 drums of mixed waste may be
placed in DOE’s Waste Isolation Pilot
Plant (WIPP), located in Carlsbad.
That number represents 1% of
WIPP’s total capacity. Also, the waste
must be readily retrievable in case
WIPP proves unsuitable for perma-
nent disposal of wastes. Moreover,
DOE must monitor the air within
WIPP and test wastes for hazardous
compounds and flammable gases be-
fore their placement in the plant. If
DOE ultimately decides that WIPP is
a suitable facility, it must get a new
permit from EPA to continue using
the site. For more on mixed waste
disposal, see ES&T 1990, 24(8),
1140.

Kentucky Gov. Wallace Wilkinson
signed an order that forbids creat-
ing new landfills or expanding exist-
ing ones in the state. Issued Oct. 19,
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the order remains in effect at least
until a special session of the legisla-
ture is convened to consider stricter
solid waste rules, including limits on
wastes imported from out of state. In
addition, existing landfills may accept
no more than 5% by weight or vol-
ume of the amount of wastes they
accepted between July 1989 and June
1990, unless they have contracts dat-
ed before Oct. 19 that require a great-
er amount, or unless cognizant offi-
cials find that more capacity is
needed to take wastes generated in
Kentucky. Gov. Wilkinson wants the
legislature to mandate a comprehen-
sive program for managing solid
wastes. ‘I don’t want Kentucky to be
a dumping ground for out-of-state
wastes,”” he added.

Solid waste management facility
operators in Minnesota must devel-
op plans for handling household
hazardous wastes, under rules pro-
posed Oct. 8 by the Minnesota Pollu-
tion Control Agency (MPCA). By
June 30, 1992, facility operators must
show how they will handle wastes
such as antifreeze, oils, paints, and sol-
vents. They also must explain how they
will take part in county management
programs and provide the public with
information that is consistent with coun-
ty household hazardous waste education
programs. In addition, MPCA proposed
rules Nov. 1 that would regulate the
disposal of used batteries, thus bringing
the rules into conformity with federal
regulations.

Response training at CHMR site

The University of Pittsburgh now
has a 10-acre training complex for
chemical emergency responses. Lo-
cated in Harmarville, PA, the facility
provides response training for situa-
tions such as railroad car derailments,
chemical spills, abandoned waste
sites, tanker truck rollovers, and de-
contamination processes. Major
course categories include hazardous
waste operation, emergency response,
occupational health and safety, and
environmental compliance. The site is
managed by the university’s Center

for Hazardous Materials Research
(CHMR) and was dedicated Sept. 21.

The Zimmer Generating Station
(Moscow, OH) will be the first nu-
clear plant to be converted to a
coal-fired power plant. The 1300-
MW plant is scheduled to go on
stream in June 1991 at a budgeted
cost of $3.6 billion. Spokespersons
for American Electric Power Service
(AEPS), the project manager, say the
plant will remove a minimum of 91%
of the SO, produced during coal com-
bustion and 99.8% of fly ash or par-
ticulate matter. The air pollution con-
trol system will produce a granular
material “‘suitable for placement in
Zimmer’s landfill.”” But why convert
the plant at all? Because of fierce
local opposition to a nuclear plant,
uncertainty of the technology in-
volved, and management’s desire not
to abandon more than $1.7 billion
already invested in the plant whose
construction had been stopped back in
1982.

AWARDS

The 1991 Innovative Radon Mitiga-
tion Design Competition is under
way. It is open to any individual or
group of individuals who have devel-
oped a practical or theoretical innova-
tive design for radon mitigation.
Deadline for submission of entries is
Jan. 31, 1991. The grand prize is
$4000; second prize is $3000; third
prize is $1500. There also are prizes
for a theoretical design and a stu-
dent’s design. For more information
and an entry form, contact Ruth Ben-
nett, Innovative Radon Mitigation
Design Competition, Association of
Energy Engineers, 4025 Pleasantdale
Road, Suite 420, Atlanta, GA 30340;
phone (404) 447-5083.

SCIENCE

How do acid rain, ozone, and other
air pollutants damage pine forests?
To answer this question, a team of
scientists from the Lawrence Liver-
more National Laboratory and other
organizations are using a portion of
the U.S. Forest Service facility near
Chico, CA, as the world’s largest out-
door laboratory for controlled studies
of air pollution effects. The object of
the study is all parts of ponderosa
pine trees and seedlings; this species
covers more than 4.5 million acres
(1.8 million ha) in California. The
scientists are using various types of
apparatus, including a specially devel-
oped branch exposure chamber to
measure effects of specific amounts




of chemicals on trees. The equipment
and methods include gas exchange,
radioactive isotopes, enzymatic as-
says, and electron microscopy.

There is no evidence of excess oc-
currence of cancer among persons
living near nuclear power facilities,
according to results of a two-year
study by the National Cancer Insti-
tute. The study, Cancer In Popula-
tions Living Near Nuclear Facilities,
assessed mortality from 16 types of
cancer in people living in 107 coun-
ties in 34 states, near 62 nuclear facil-
ities. Cancer mortality was found to
be no higher in those counties than in
292 counties without nuclear facili-
ties. In fact, the risk of death from
leukemia actually was found to be
lower. Leukemia was emphasized
because of its short latency period,
which averages about five years.
Moreover, no adverse health effects
were demonstrated for exposures be-
low 10 rem, a level thousands of
times higher than that permitted by
the Nuclear Regulatory Commission
for a hypothetical person standing at
the fencepost of a nuclear plant 24
h/day for one year.

Why haven’t contaminants from a
uranium mill tailings pile migrated
to groundwater? Doctoral candidate
Patrick Longmire believes that a
unique interaction among groundwa-
ter, contaminants, and the surrounding
soil at a site outside Maybell, CO, is
forming a natural geochemical barrier.
He hopes that what he learns may
lead to the design of a cost-effective
geochemical that can prevent chemi-
cal and radioactive wastes from mi-
grating to groundwater. Longmire
presented his findings at the annual
meeting of the Geological Society of
America in Dallas, TX, in late Octo-
ber. He has been conducting his re-
search for the Los Alamos National
Laboratory (Los Alamos, NM).

If the world’s climate warms as
much as some fear, world food sup-
plies could be substantially reduced,
according to a report, Climate Change
and World Agriculture, released by
the United Nations Environment Pro-
gramme and the International Institute
for Applied Systems Analysis (Laxen-
burg, Austria). The report projects
increases in global mean temperatures
by 1.1 °C by 2030 and by 4 °C by
2090. Because of warmer, dryer con-
ditions, losses in agricultural produc-
tion could run as high as 10-30% in
‘‘breadbasket’’ regions such as the
American Midwest, the Soviet
Ukraine, the Argentine pampas, and

the Australian wheat belt. These loss-
es would not be offset by gains in
other areas, according to the report.

TECHNOLOGY

Warshawsky (1) and Gressel show weed
killer's action

It may become possible to reduce
herbicide use substantially because
of a new weed-fighting strategy de-
veloped at the Weizmann Institute of
Science (WIS, Rehovot, Israel). Sci-
entists Jonathan Gressel, Yosef
Shaaltiel, and Abraham Warshawsky
devised a chemical agent that breaks
down a weed’s natural defenses
against herbicides. These defenses
usually consist of enzymes that act as
shields against the herbicides’ hydrox-
yl radicals that kill the weeds. The
weeds’ enzymes must work in the
presence of certain trace metals. The
WIS researchers use a chelator to re-
move the trace metals, thereby ren-
dering the weeds’ defensive enzymes
inoperative. Moreover, they found a
way to make their chemical work
synchronously with the herbicide. The
scientists estimate that with their
chemical, herbicide applications may
be reduced by 50-75%.

Methane can be converted to other
valuable hydrocarbons without the
production of unwanted carbon di-
oxide, thanks to a catalyst that con-
sists of a ternary mixture of calcium,
nickel, and potassium oxide. When
methane and oxygen are passed over
the catalyst at 600 °C, about 10-12%
is converted to higher paraffins and
olefins that, in turn, can be used to
make gasoline or chemical feedstocks.
Methane is the principal component of
natural gas, which the United States has
in relative abundance. Researchers at the
Lawrence Berkeley Laboratory, where
the work is being done, add that they
operate their process with steam ‘‘which
no one else has done,” and that conven-
tional processes that produce by-product
CO, work at 750850 °C. Moreover,
unconverted methane can be recycled
with no need for expensive CO, scrub-
bing steps.

BUSINESS

Environmental performance certifi-
cation of companies could be the
wave of the future, says Gilbert
Hedstrom of Arthur D. Little (Cam-
bridge, MA). Certification could be a
way to assure stockholders, custom-
ers, the government, and the public
that a firm is environmentally respon-
sible. Hedstrom points out, however,
that standards used for certification
need to be defined. Also, he asks,
“‘Should certification cover the audit
process only, the environmental,
health, and safety (EHS) management
systems, or the company’s overall
EHS performance?’’ Hedstrom adds
that although certification handled
internally rather than by an outsider
would be less costly, ‘‘the down side
would be the likely perception that
the certification lacks objectivity.”” A
final issue involves the kind of infor-
mation to be released for certification,
he notes.

Merck & Co. (Rahway, NJ), a ma-
jor chemical manufacturer, an-
nounced Nov. 1 a set of ambitious
emission control goals. Among these
goals is a 90% reduction of emissions
of suspected carcinogens in Merck’s
worldwide operations by the end of
1991; a total elimination of those
emissions or the application of best
available technology by the end of
1993; and a 90% worldwide reduction
of all environmental releases of toxic
chemicals by the end of 1995. Merck
spokesman John Doorley says that his
company is undertaking these tasks
‘‘even though our emissions are well
below permitted limits.”” He adds that
Merck will increase efforts to con-
serve energy, recycle renewable re-
sources, and find ways to prevent
generating waste.

U.S. companies wanting to do envi-
ronmental business with Southeast
Asian countries and firms would do
best to initially concentrate on waste-
water and solid waste management,
hazardous waste control, air pollution,
and environmental assessments and
modeling, according to the U.S.—
ASEAN Council for Business and
Technology. The countries involved
are Brunei Darussalam, Indonesia,
Malaysia, the Philippines, Singapore,
and Thailand. For more information
on Southeast Asian markets and semi-
nars on this topic, contact Ernest
Bower at U.S.—~ASEAN Council,
Suite 650, 1400 L St., N.W., Wash-
ington, DC 20005; (202) 289-1911;
Fax: (202) 289-0519.
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The Alaska oil spill:
Its effects and lessons

On March 24, 1989, a serious environ-
mental accident occurred. It was not a
human tragedy of the magnitude of the
methyl isocyanate leak at Bhopal, India,
or of the Chernobyl nuclear disaster in
the Soviet Union. However, the oil spill
in Prince William Sound, Alaska,
soaked and killed plants and animals
over 2,000 miles of shoreline and 500
miles away. Some 30,000 dead birds of
90 species were retrieved within the first
four months following the spill. Scien-
tists continue to research the long-term
effects on bird hatching success, fish
spawning, and mammal bioaccumula-
tion of hydrophobic organics. Reason-
able people differ in their interpretation
of these results, the magnitude of the
long-term damage, and estimates of re-
covery time. In the series of articles be-
ginning in this issue, the leading author-
ities who were involved with the
cleanup effort and scientific studies will
report their results for the first time.

When the Exxon Valdez broke open
on Bligh Reef and spilled 11.2 million
gallons of crude oil, a unique environ-
mental insult occurred, It was the largest
oil spill ever recorded in the United
States and one of the largest in the
world. Prince William Sound is in a
cold-water region where reproduction
rates for animal and plant life are
slow—an ecologically sensitive area as
well as an area of renowned scenic
beauty, national parks, and national for-
ests. Fifteen-foot tides made control of
the spill difficult. The spill presented lo-
gistical, technical, and scientific chal-
lenges never before encountered.

Legal and jurisdictional duties were
complicated—the U.S. Coast Guard was
in charge of overseeing spill cleanup;
the Alyeska Pipeline Service Company
was responsible for immediate spill re-
sponse under the Oil Spill Emergency
Response Plan; Exxon was in charge of
directing and paying for the cleanup;

14 Environ. Sci. Technol., Vol. 25, No. 1, 1991

and the Alaska Department of Environ-
mental Conversation (ADEC), in con-
formance with state law, had jurisdiction
over water quality and fisheries. The
spill tested the ability of government
and industry to cooperate on a scale
rarely encountered in the United States
and required a tremendous amount of re-
sources. Exxon has spent some 2 billion
dollars to date; more than 100 lawsuits
are outstanding. Damage assessments
have not been completed and will re-
main in the courts for several years.

In this series, the following five arti-

cles will be presented in the January—
March issues.
* ‘‘Alaska’s Response to the Exxon Val-
dez Spill”” by Dennis Kelso and Mar-
shall Kendziorek, Alaska Department
of Environmental Conservation. Kelso
is the Commissioner of Alaska’s De-
partment of Environmental Conserva-
tion and was in charge of the state’s
efforts, especially shoreline cleanup
and surveys.

*“The Exxon Valdez Oil Spill: Initial
Environmental Impact Assessment’’
by A. K. Maki, Exxon Company.
Alan Maki led Exxon’s cleanup re-
sponse and scientific studies.

*‘Oil Spill Response Capabilities in
the U.S.”” by William Westermeyer,
U.S. Congress, Office of Technology
Assessment (OTA). Westermeyer
wrote the 1989 OTA ‘‘Report on Oil
Spill Response Technology.”

‘‘Fate and Transport of the Exxon
Valdez Oil Spill”” by J. A. Galt, W. J.
Lehr, and D. L. Payton, National Oce-
anic and Atmospheric Administration
(NOAA). Jerry Galt, of NOAA’s Se-
attle Hazardous Materials Section, di-
rected mathematical modeling of the
fate and transport of the oil and its
constituents.

‘‘Bioremediation of the Alaska Oil
Spill”” by P. H. Pritchard, EPA, Gulf
Breeze Environmental Research Labo-

ratory. ‘‘Hap’ Pritchard headed

EPA’s bioremediation efforts and re-

lated research studies.

The oil spill at Prince William Sound
was caused by human error and was
largely preventable. We hope to learn
from these disasters so we do not have
to relive them. This series in ES&T re-
ports the first comprehensive technical
data on the Exxon Valdez oil spill, its
impacts, and some lessons learned.

Jerald Schnoor

The outline of this series was written by
Jerald L. Schnoor, who suggested and
coordinated the articles and encouraged
officials and scientists to contribute to
the series. Schnoor is on the ES&T ad-
visory board and is codirector of the
Center for Global and Regional Envi-
ronmental Research at the University
of lowa Department of Civil and Envi-
ronmental Engineering. After visiting
Alaska last May, Schnoor was in the en-
viable position of inviting the most ap-
propriate, credible, and reliable offi-
cials to share their information in this
series.
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Alaska’s response to the
Exxon Valdez oil spill

Dennis D. Kelso
Marshal Kendziorek
Alaska Department of

Environmental Conservation
Juneau, AK 99811

When the tanker Exxon Valdez ripped its
hull on Bligh Reef in Alaska’s Prince
William Sound, spilling nearly 11 mil-
lion gallons of crude oil, it also shattered
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the confidence of many Americans in
the technology and management sys-
tems used to prevent and respond to
spills. The March 1989 oil spill killed
more wildlife than any spill in history:
an estimated 100,000-300,000 sea birds,
thousands of marine mammals, and hun-
dreds of bald eagles (/). The spill dis-
rupted the herring and salmon harvests
of commercial and subsistence fisheries
that had consistently supported commu-

nities in the spill area. In villages scat-
tered along more than a thousand miles
of the affected coastlines, the spill dev-
astated subsistence fishing, hunting, and
gathering—essential parts of the rural
economy and Native American culture.

Oil on the beaches also impaired rec-
reation and local tourism businesses.
The immediate impacts were magnified
by uncertainties about the future: What
would be the long-range effects of the
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spill on the health and productivity of
the damaged ecosystems? Would the
shorelines return to their original condi-
tion? How long would it take? No one
really knew the answers. And people
throughout the country were asking an-
other hard question: What can we do to
make sure this never happens again?

The sense of national urgency in-
creased as a swarm of smaller spills fol-
lowed the Exxon Valdez disaster: The
World Prodigy ran aground off Provi-
dence, Rhode Island; an Exxon pipeline
spilled oil into Arthur Kill between New
York and New Jersey; the American
Trader punctured its hull near Hunting-
ton Beach, California; the Mega Borg
caught fire and spilled oil in the Gulf of
Mexico; and vessel collisions in the
Houston ship channel produced multiple
spills. Even worse, this series of spills
was not an anomaly. According to the
Alaska Oil Spill Commission, oil dis-
charges the size of the Exxon Valde:z
spill occur somewhere in the world ev-
ery year (2); on average, a spill of a
million gallons happens every month
(2).

Anatomy of the response

This spill response had three phases:
immediate containment and recovery of
oil from the water; emergency removal
of oil from the shoreline; and long-term
shoreline treatment to remove oil. In ad-
dition to the direct spill response, state
and federal agencies also initiated natu-
ral resource damage assessment and res-
toration efforts.

Phase 1: Containment and recovery
of oil from the water. Effective re-
sponse requires immediate action to
contain and recover as much oil as pos-
sible before the oil spreads and becomes
even more difficult to collect. Rapid re-
moval of oil helps limit damage to wild-
life and other natural resources by mini-
mizing contact with the oil and by
reducing the amount that reaches shore
or other sensitive areas. In addition to
protecting natural resources by remov-
ing oil from the environment, defensive
measures—booms, skimmers, and other
equipment—can be used to exclude the
oil from the most sensitive areas.

One of the technologies that had been
identified in the oil spill contingency
plan for Prince William Sound was use
of chemical dispersants. This technique
also had been preapproved by the state
of Alaska for use in a large section of
Prince William Sound bordering the
tanker lanes (Figure 1). Several condi-
tions must exist for a dispersant applica-
tion to be effective:

» Weather and sea conditions must be
energetic enough for mixing to take
place but not so rough as to preclude
use of the application equipment.

« Adequate equipment must be in place
to apply the dispersant.

Enough dispersant must be readily
available for application. Based on a
commonly used chemical:surface area
ratio of 1:20, it would have been nec-
essary to apply more than 500,000
gallons of dispersant.

The oil must be relatively unweath-
ered.

In the first days, weather and sea con-
ditions were not favorable for dispersant
use. Initial trial applications of disper-
sants were unsuccessful either because
of misapplication or because of the lack
of wave action to help mix and distrib-
ute the dispersant. A successful applica-
tion occurred on the evening of the third
day as the weather began to change.
Nonetheless, dispersants did not make a

(g

By the fourth day
[after the spill], the
state had developed a
geographic
information system
on site for mapping
the movement of the

2

substantial contribution to the response,
largely because Exxon and Alyeska
lacked adequate quantities of dispersant
and application equipment to cover the
more than 90 square miles the spill then
covered.

The same weather changes that con-
tributed to the successful dispersant ap-
plication on Day 3 also were the begin-
ning of a wind storm that continued for
10 to 12 hours, lasting into the morning
of the fourth day. These winds ground-
ed aircraft, delaying further dispersant
application for several hours. By the
time the wind subsided, the oil covered
more than 175 square miles, extending
southwest almost 40 miles from the
grounded Exxon Valdez . Heavy seas be-
gan the process of converting the fresh
crude oil into an emulsion referred to as
mousse (Figure 2). Once this emulsion
has formed, dispersants are not effective

even if other conditions are suitable.

Exxon’s request to burn a portion of
the oil slick was approved immediately
by the state of Alaska. An Exxon con-
tractor ignited oil that had been gathered
in a curve of fire-resistant boom. Be-
tween 15,000 and 30,000 gallons of oil
burned, less than 0.27% of the spilled
cargo. Subsequent efforts to ignite the
oil were unsuccessful, apparently be-
cause of the evaporation of many of the
volatile fractions of the crude oil. Be-
cause of the safety risks and the possi-
bility of releasing the one million barrels
of crude oil still on board the tanker, no
attempt was made to ignite the oil in the
vicinity of the tanker.

Difficulties

The immediate containment and re-
covery phase of this spill response re-
vealed several problems: the approved
spill response plan was not followed; the
available technology proved insufficient
for the task; there was a severe lack of
equipment available in time to do the
job; and even the best technology could
not perform without effective logistics
and management.

Effective spill response requires rap-
idly deploying considerable amounts of
equipment, personnel, and other re-
sources. Although Exxon eventually
brought in large quantities of equipment,
precious time was lost because these re-
sources were not available in the region.
For nearly three days after the ground-
ing, calm seas and low winds were ideal
for mechanical recovery, but the lack of
response resources seriously hampered
the containment and recovery; while the
oil was pooled and drifting slowly away
from the ship, recovery totaled only
3000 barrels of oil mixed with substan-
tial quantities of water (3).

The adequacy of mechanical recovery
technology was also a problem. The ef-
ficiency of the oil removal equipment
was substantially below its ‘‘name-
plate’’ rating. Some difference had been
anticipated, but the efficiency was dra-
matically lower than what had been
promised in the oil spill contingency
plan. It quickly became apparent that the
technology available for removal of oil
from the water was being overwhelmed
by the magnitude of the spill. Some of
the technology—certain skimmers, for
example—did perform as predicted, but
much of the equipment simply could not
handle the oil.

In some of the response activity, man-
agement was as much a problem as were
limitations of the hardware. For exam-
ple, observers noted that the skimmers
performed acceptably if they were work-
ing in the oil slick. However, if spotters
in aircraft were not providing direction,
the skimmers often had difficulty stay-
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ing in the heavy oil. Skimmers operating
on the edge of or outside the slick were
much less efficient than if they had been
properly directed.

Observers also reported that some
equipment collected oil effectively but

became temporarily useless once filled.
Skimmers that traveled three hours to
offload accumulated oil and another
three hours back to the skimming site
were essentially out of service for six
hours. Barges and pumps were often un-

available for offloading collected oil.
Virtually none of the equipment could
operate at night. These and many other
examples demonstrated that technology
and response capacity are only part of
the picture. Logistics and management
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problems hampered the performance of
well-established technologies.

The early days of the response were
plagued by more oil than the equipment
on site could handle and persistent prob-
lems with deployment and operation of
the equipment that was available. How-
ever, during this particularly difficult
time, some notably effective tools were
developed. One was the successful spill-
tracking technology that was put togeth-
er and adapted on site. Beginning virtu-
ally at dawn of the first day, the state’s
oil spill overflight team mapped the spill
from the air. When personnel arrived
from Exxon and the National Oceanic
and Atmospheric Administration
(NOAA), they also began tracking oper-
ations. In the first few days, new maps
were drawn several times a day. As the
spill spread out and drifted to the south,
more time was required to complete an
overflight, but mapping continued
throughout the daylight hours as long as
oil was observed in the water.

Maps were then digitized and entered
into a small, flexible network of micro-
computers. By the end of the fourth day,
the state had developed a geographic in-
formation system (GIS) on site for map-
ping the movement of the slick. This
GIS provided ‘‘real time’’ maps to re-
sponse managers and the public. The
mapped data showed hourly changes in
the spill and provided a reference point
for subsequent stages of the response.
The maps supplied not only graphic rep-
resentation but also precise data on dis-
tance, extent, and trajectory. Figures |
and 2 were taken directly from this GIS
data base. Mapping data were shared
with Exxon, other state and federal
agencies, and the public. These maps
provided much of the information on
which early response decisions were
based.

Once the winds had blown the oil to-
ward Knight Island, three to four days
after the initial grounding of the Exxon
Valdez , the priority changed from con-
tainment and recovery in the vicinity of
the tanker to removing as much oil as
possible from the moving slick before it
hit shore. Exxon mobilized large
amounts of equipment and personnel at
very substantial cost, but there was little
to show for the effort.

As the oil began coming ashore, state
officials and local people stepped out-
side their normal roles to respond. The
objective was to protect three salmon
hatcheries and a bay particularly impor-
tant for commercial fisheries. Although
these areas were designated for action to
exclude oil in the site-specific oil spill
contingency plan, the work had not yet
been done. Consequently, the state and
local people put in place their own de-
fensive measures for these sensitive lo-

cations. The Department of Environ-
mental Conservation scraped together
skirted booms, borrowed a ‘‘skycrane’’
helicopter from the Alaska National
Guard, and sent staff to join Prince
William Sound fishermen who brought
fishing vessels, crews, and local knowl-
edge. Exxon agreed to support the ef-
fort. The resulting boom deployment—
and constant vigilance and mainte-
nance—kept oil out of these critical
areas.

Within a few days, the state teamed
up with local residents again. This time
they pushed low-tech oil spill response
equipment to the limit and pioneered
some adaptations. First, they borrowed a
ferry from the Alaska Marine Highway,
converted it to a floating oil spill opera-
tions base, and staffed it with fishermen
and other volunteers. Using the most ba-
sic equipment—skiffs, sorbent booms
and pads, hand-thrown oil snares, and
buckets—they picked up oil and oily de-
bris. Because no skimmers were reliably
available, they came up with a ‘‘new”’
technology. The state’s contractor ob-
tained a vacuum truck normally used to
pump drilling muds and other heavy flu-
ids in Alaska’s North Slope oil fields.
The cleanup crew mounted the truck on
a barge, dropped the big vacuum hose
over the side, and sucked up the oil cor-
ralled by the skiff crews. The idea
worked, and ‘‘Miss Piggy,”” as the first
of these units was dubbed, soon proved
herself among the most productive of
the spill response technologies.

The inadequacy of available technolo-
gies to deal with a spill of this magni-
tude has been documented by the Con-
gressional Office of Technology
Assessment (OTA), which observed
“‘historically, it has been unusual for
more than 10-15% of oil to be recov-
ered from a large spill ...”" (4). OTA
predicts that improvements in technolo-
gy and response capability should make
it “‘feasible to do much better, but it is
unlikely that the technical improvements
will result in recovery of even half the
oil from a typical large spill”’ (emphasis
in original) (4). In the Exxon Valdez
spill, the combination of technology
limitations and management problems
made the outlook for removal of oil
from the shoreline seem bleak.

Phase 2: Emergency removal of oil
from the shoreline. Once oil began hit-
ting the beach, trouble was everywhere.
Still containing relatively high concen-
trations of aromatics, the crude oil
moved onto the beach with waves and
tides. The oil slipped between the rocks
deep into the beach matrix and drifted
back into the water and onto other
beaches. The impacts on organisms
stemmed not only from crude oil’s toxic
components but also its mechanical ef-

fects: it simply smothered animals or de-
stroyed the thermal-regulating capability
of fur and feathers. Intertidal organisms
that had escaped the impacts of the oil
while it was floating on the water now
faced serious threats. Even forest-dwell-
ing animals that frequented the beach
were at risk. People who used the beach-
es—village subsistence shellfish har-
vesters, for example—worried about the
oil’s effects on their foods and the im-
pairment of recreational uses of the
beaches.

To determine where and how much
oil was impacting the shoreline, the state
sent field teams, led by a coastal geolo-
gist experienced in oil spill response, to
evaluate the places where oil was com-
ing ashore. Using low-level, slow-flying
helicopters, the teams surveyed shore-
lines to determine the extent and degree
of oiling. Where oil appeared to be
present, the crews landed to take sam-
ples and compile detailed profiles of
beach geomorphology, oiling, and other
physical observations. The information
was then added to the GIS data base,
and real-time maps were generated (Fig-
ure 3). This information was provided to
Exxon, the Coast Guard, NOAA, and
state and local officials for use in mak-
ing spill response decisions. The shore-
line survey data continue to provide a
baseline for shoreline treatment activi-
ties, additional survey efforts, damage
assessment studies, restoration planning,
and day-to-day natural resource man-
agement decisions.

By the time the oil had contacted
shoreline beyond Prince William Sound,
Exxon had acquired a large workforce
and a formidable array of equipment.
But the task had become even more
complicated. The spill had impacted
more than a thousand miles of coastline
by the end of the summer of 1989.
Shoreline characteristics varied marked-
ly over that distance, as did the consis-
tency and behavior of the oil. Shoreline
treatment became a difficult, labor-
intensive operation.

A variety of techniques were tried.

anual removal—using shovels, buck-
ets, and absorbent materials—was useful
in some situations, despite the enormity
of the task and the slow pace of the
technique. High-pressure hot water
spray was used on some shorelines, de-
spite fears that oil might be driven deep-
er into gravel or cobble beaches or that
the hot water itself would cause substan-
tial damage. Low-pressure, cold water
flushing, called the deluge system, was
also used to lift oil and move it into the
water near shore where it could be
skimmed or collected by absorbent or
oleophilic materials. Various water tem-
peratures were tried as well in an at-
tempt to find the most effective cleanup
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FIGURE 2
Geographic information system map showing degree of oiling, representative area
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method. In short, the technology was
largely invented and fabricated as the
shoreline effort proceeded.

The oil soaked deep into the intersti-
tial spaces of loosely aggregated beach-
es, in some instances as deep as 70 cm
(5) (Figure 4). Although the oil was still
moving with the waves and tides, some-
times oiling new areas or reoiling oth-
ers, over time the mobility of the oil
changed along with its chemical charac-
teristics. As weeks passed, the lighter
components of the crude oil continued
to evaporate. Mousse patties, tarballs,
and tarry clumps of debris became fa-
miliar features from Prince William
Sound to the Kodiak archipelago and the
Alaska Peninsula, nearly 500 miles from
the grounding site. At the surface of the
oiled beaches throughout the entire spill
area, stiff asphalt patches and mats de-
veloped, while oil buried beneath the
beach surface remained relatively fluid.
Slicks formed in the water, and sheens
drifted with each tide. Although animals
were dying from the effects of the oil
well into the summer of 1989 (1), the
acute injury stage was passing into the
chronic exposure stage. The response
moved from the emergency removal
phase into long-term treatment, although
no clear line marked the transition.

Phase 3: Long-term treatment of
oiled shorelines. Long-term treatment
began during the summer of 1989, con-
tinued throughout the 1990 summer
field season, and is expected to carry
into 1991 or beyond. As the oil became
more viscous in Prince William Sound
and the other areas affected by the spill,
untested technologies were proposed by
Exxon. The U.S. Coast Guard, the state
of Alaska, and Exxon expressed sharply
different perspectives regarding both the
overall goal and the levels of acceptable
risk to the oiled habitats.

For example, Exxon requested ap-
proval in 1989 to use Corexit 9580 M2,
a kerosene-based solvent that the com-
pany hoped would lift oil from rock sur-
faces. For Exxon, the risks of toxic side
effects were fully justified by the possi-
bility of faster, more effective removal.
In 1989, the toxicity data on Corexit
9580 M2 were sketchy. Exxon proposed
to apply the compound to low-lying,
cobble beaches by spraying the rocks
with Corexit, flushing the beach with
water, and recovering the Corexit—oil
mixture in the near-shore marine envi-
ronment. When Exxon attempted to use
Corexit, however, observers reported
that an unrecoverable plume was visible
beyond the containment area (6).

Although Corexit appeared to cut the
oil, problems with application of the
chemical and recovery of the resulting
oil-Corexit mixture prompted state and
federal agencies evaluating its perfor-

FIGURE 3

Beach transect data, Smith Island, August 15, 19897
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mance to decide that Corexit 9580 M2
should not be approved for general use.
Under federal law, use of chemicals in
oil spill response must be approved by
the Regional Response Team (RRT), a
technical group that includes staff from
the state of Alaska as well as federal
agencies (7). Decisions of the RRT are
made by consensus and can be overrid-
den only by the commandant of the U.S.
Coast Guard.

In 1990, Exxon proposed a different
approach for the use of Corexit 9580
M2. The company requested approval
for a site-specific, ‘‘spot washing’’ ap-
proach, in which a limited amount of the
solvent would be used to treat high-an-
gle rock faces. The RRT approved a se-
ries of tests and two were conducted.

The first Corexit application showed
some oil-dissolving capabilities. How-
ever, containment was inadequate, and
water temperatures were not properly
regulated to allow meaningful compari-
son between the use of Corexit with
warm water and the use of hot water
alone. The second trial was more effec-
tive than the first at dissolving oil but
the oil freed by the solvent action was
not recovered from the environment to
the extent required by the RRT’s ap-
proval criteria. Consequently, the RRT
denied the general use of Corexit 9580
M2.

During the 1989 field season EPA be-
gan field tests of Inipol EAP-22, an
oleophilic liquid fertilizer developed by
a French firm subsequent to the 1978
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Amoco Cadiz oil spill off France. Inipol
is intended to stimulate the growth of
naturally occurring populations of oil-
degrading bacteria. Another fertilizer
proposed was Customblen, a granular
slow-release product. EPA designed ex-
periments to evaluate the effectiveness
of fertilizer addition in Prince William
Sound conditions. In addition, studies of
toxicity and eutrophication were con-
ducted. The state of Alaska also con-
vened an independent panel of scientists
to review the results of this work. The
panel determined that the results were
inconclusive. However, in order to facil-
itate the 1989 cleanup effort, ADEC
approved the conditional application
of Inipol and the granular fertilizer
Customblen. The state stipulated that appli-
cation of the fertilizer must be accompanied
by a scientific monitoring program de-
signed to answer unresolved questions.

Three study sites were selected as rep-
resentative of surface and subsurface oil.
The monitoring program had three com-
ponents. EPA conducted work on the
toxicity of the two fertilizers at the study
sites. ADEC, in conjunction with the
University of Alaska at Fairbanks, did
microbiological work to determine the
activity rates of the oil-degrading bacte-
ria. Exxon was responsible for the
chemistry to quantify the amount and
characteristics of the oil.

Results to date from the bioremedia-
tion monitoring program have shown
that toxicity does not appear to be a
problem in the water column. However,
higher concentrations resulting from
increased application amounts would
approach potentially toxic levels of am-
monia and butoxyethanol (8). Microbio-
logical results (9) reveal a two- to three-
fold increase in the activity of oil
degraders as measured by the conver-
sion of '“C-labeled phenanthrenes into
C'*0, in laboratory analyses of sedi-
ment samples from the field. Exxon’s
chemistry data are available only from
samples taken prior to application of the
fertilizers. Results of the other analyses
have not been released as of this writing.

Fertilizer application appears to en-
hance biodegradation of hydrocarbons
on the sites monitored. With proper ap-
plication of fertilizers, a pulse of in-
creased biological activity has been ob-
served (9). Periodic reapplication of
fertilizers can sustain this elevated deg-
radation rate, but the upper limit re-
mains at two to five times (9, /0) the
natural rate. Extrapolations based on the
monitoring data indicate that the bacte-
ria can degrade 5-10 g of hydrocarbons
per kilogram of beach sediment over the
course of a year. This rate of biodegra-
dation must be considered in light of the
amounts of oil present on different
beaches, which range from near zero to
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more than 50 g/kg of beach sediment.
This rate also indicates that it could take
as long as 10 years for biodegradation to
break down the oil in some areas, as-
suming that the oil remains suitable for
biodegradation, an assumption that may
not be warranted.

Bioremediation can serve as either a
primary removal method or as a second-
ary ‘“‘polishing’’ technique. At higher
concentrations, additional time and sus-
tained periodic applications of fertilizer
are needed to achieve maximum oil re-
moval. One approach frequently used in
Prince William Sound in 1990 was to
pretreat heavily oiled areas mechanical-
ly and manually to reduce hydrocarbon
concentrations. The combination of ade-
quate pretreatment and enhanced bio-
degradation can significantly reduce the
amount of time required to achieve the
lowest hydrocarbon concentrations pos-
sible with this technology.

For example, in Sleepy Bay on La-
touche Island a *‘lens’’ of heavy subsur-
face oil was first removed using a
tracked backhoe. Then fertilizers were
applied to complete the work with biore-
mediation. A second technique, tilling
the beach sediments, was used during a
rising tide to flush oil from sediments.
In some areas ‘‘oil snare’’ booms of
oleophilic material were anchored
downslope on the site in an attempt to
collect the freed oil. A third method was
combined tilling and fertilizer applica-
tion. This combination mixed fertilizer
with beach material and helped bring oil
nearer the surface where bioremediation
could be more effective.

The timely removal of as much oil as
is technologically possible is critical to
users of coastal resources. For village
residents, intertidal and subtidal plants
and animals are important subsistence
food sources. Oil on beaches not only
threatens to contaminate these foods, it
also interferes with gathering and pro-
cessing the resources. The removal of
oil is also crucial for commercial and
recreational users.

Impacts on natural resources are not
always obvious. Acute mortality or oth-
er gross impacts are only part of the pic-
ture. For example, the 1990 run of pink
salmon to Prince William Sound spawn-
ing streams was strong. This suggests
that massive mortality of salmon fry did
not occur in the 1989 brood year. This
encouraging salmon return is consistent
with the brief exposure of these anadro-
mous fish to the oil. The majority of
wild (nonhatchery) salmon fry were
hatched and reared in the stream beds
upriver from the oiled marine environ-
ment. The salmon fry’s outmigrating be-
havior moved them through the oiled in-
tertidal areas, exposing them to the
contamination for relatively short peri-

ods. Hatchery fish were kept penned in
areas protected by booms and released
at times that would minimize their expo-
sure to oil contamination. In order to
protect the subsequent spawning of wild
stocks, a high priority was given to the
cleanup of contaminated anadromous
fish streams during the 1989 and 1990
field seasons.

Unlike the migratory salmon, resident
species may face a different risk from
chronic low-level exposure. Observa-
tions following the 1989 field season
showed that although some oil may re-
main in surface material or be buried in
subsurface sediments, much of it ulti-
mately is transported into subtidal sedi-
ments by storm tides, high-energy
waves, and other erosive forces. Current
research indicates that chronic exposure
to these hydrocarbons may harm the
health and reproduction of intertidal and
subtidal fishes (/7). Samples of pink
salmon fry (Oncorhynchus gorbuscha),
halibut (Hippoglossus stenolepsis), kelp
greenling (Hexagrammus decagram-
mus), and three species of intertidal fish-
es (Anoplarchus purpurescens, Xiphister
atropurpureus, and Pholis laeta) taken
from Prince William Sound were ana-
lyzed for the induction of cytochrome
P-450E. Cytochrome P-450 dependent
monooxygenases are enzymes that per-
form a significant role in the metabolism
of several organic compounds. Cy-
tochrome P-450E is induced by hydro-
carbons, including many of those found
in oil. P-450E is an enzyme that cata-
lyzes the reactions induced by these hy-
drocarbons.

Studies have shown that elevated lev-
els of P-450E correspond to long-term
chronic effects in fish (/2). Metabolism
of organic compounds may, in some
cases, form active carcinogenic deriva-
tives and may interfere with reproduc-
tive success (/3). The samples exposed
experimentally to oiled sites showed
significantly higher levels of cy-
tochrome P-450E than the samples from
unoiled sites. This experiment indicates
that induction of P-450E is taking place
in areas oiled by the Exxon Valdez spill
(14). Although the fraction of oil now
present may no longer be acutely toxic,
this study suggests a significant bio-
chemical consequence that may adverse-
ly affect the organisms exposed to the
inducing agents.

More work remains to be done to
evaluate the long-term impacts of the
spill, particularly chronic sublethal ef-
fects. As the experiments with nonmi-
gratory fish have shown, there is the po-
tential for such effects on some
populations. However, effects on indi-
vidual species lead to larger questions
about the long-term effects of the oil
spill on the ecosystems. Until these ef-



fects are more fully understood, the pru-
dent course is to remove oil using com-
binations of the available technologies
with appropriate safeguards and scientif-
ic monitoring. In light of shoreline con-
ditions observed in beach surveys fol-
lowing the 1990 summer field season,
additional treatment to remove oil may
be needed in 1991.

Natural resource damage assessment
studies are now being conducted under
the direction of state and federal agency
heads designated as Natural Resources
Trustees in accordance with federal law
(15, 16). The Trustees guide the Natural
Resources Damage Assessment
(NRDA), under which 72 state and fed-
eral studies were initiated to assess inju-
ries and quantify spill damages. Ulti-
mately, a damage claim will be
presented to Exxon and other responsi-
ble parties, which will include *‘lost-
use’” and restoration costs.

Recovered funds must be used to re-
store, replace, or acquire the equivalent
of the injured resource. A state—federal
interagency planning team is developing
a restoration program concurrently with
the damage assessment process (/7).
Once the oil removal work has ended
and restoration funds are available, ei-
ther as a result of an NRDA claim or
settlement that avoids extended litiga-
tion, the restoration program can be im-
plemented.

Restoration can include direct mea-
sures such as enhancing the productivity
of anadromous fish streams through the
placement of egg boxes or construction
of spawning channels. Changes in man-
agement practices, such as adjustments
to fishing and hunting seasons, can help
restore injured resources. Restoration
can also occur indirectly, through, for
example, protection of upland habitats
adjacent to injured coastal habitats. Pre-
vention of further degradation to the re-
sources injured by the spill is essential
to long-term recovery of the area envi-
ronment.

Conclusion

The primary lesson of the Exxon Val-
dez spill is that oil spill prevention and
response technologies need substantial,
sustained research and development.
There must be adequate amounts of
equipment in place in time to properly
respond to an oil spill. Management sys-
tems need to be improved so they effec-
tively use these technologies. The com-
bination of inadequate technology,
insufficient amounts of response equip-
ment, and ineffective management of
the available resources produced serious
problems in the initial response. Exxon
eventually deployed large amounts of
equipment and personnel. By the time
the long-term shoreline treatment phase

began, Exxon had also improved the
management of its operations. However,
at that point, much of the damage had
already occurred. The extent of injury to
natural resources is now being assessed
through scientific studies. Based on the
results of these studies, the final step in
the response will be restoration projects
which are now in the planning stage.

In light of the experience with the
Exxon Valdez spill, state and federal
laws have been strengthened to provide
better prevention measures, response
planning, and in-region cleanup capaci-
ty. As with most pollution problems,
prevention—through both management
and technology—should be the first line
of defense.
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The Exxon Valdez oil spill: Initial
environmental impact assessment

FIGURE 1
(a) Smith Island, Prince William Sound, April 1989

Alan W. Maki
Exxon Company, U.S.A.
Anchorage, AK 99519-0409

The March 24, 1989, grounding of the
Exxon Valdez on Bligh Reef in Prince
William Sound, Alaska, was unprecedented
in scale. So too was Exxon’s response to
the oil spill and the subsequent shoreline
cleaning program, including the employ-
ment of more than 11,000 people, utiliza-
tion of essentially the entire world supply
of containment booms and skimmers, and
an expenditure of more than two billion
dollars. In the days immediately following
the Valdez spill, Exxon mobilized a mas-
sive environmental assessment program. A
large field and laboratory staff of experi-
enced environmental professionals and in-
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Part 2 of a five-part series

ternationally recognized experts was as-
sembled that included intertidal ecologists,
fishery biologists, marine and hydrocarbon
chemists. This field program to measure
spill impacts and recovery rates was initiat-
ed with the cooperation of state and federal
agencies. Although the agencies subse-
quently foreclosed cooperation in most of
these studies because of litigation concerns,
this comprehensive assessment program
continues today. Through the end of 1989,
this program has resulted in well over
45,000 separate samples of water, sedi-
ment, and biota used to assess spill impacts.

It is the intent of this paper to provide
initial observations and preliminary conclu-
sions from several of the 1989 studies.
These conclusions are based on factual, sci-
entific data from studies designed to objec-
tively measure the extent of the impacts

from the spill. Data from these studies indi-
cate that wildlife and habitats are recover-
ing from the impacts of the spill and that
commercial catches of herring and salmon
in Prince William Sound are at record high
levels. Ecosystem recovery from spill im-
pacts is due to the combined efforts of the
cleanup program as well as natural physi-
cal, chemical, and biological processes.
From all indications this recovery process
can be expected to continue.

Design of the assessment program

In early 1990 Environmental Science
& Technology completed a four-part se-
ries on the state of the science of eco-
toxicology and ecological risk assess-
ment (/—4). This series reviewed the
development and current regulatory ap-
plications of the ecological risk assess-
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FIGURE 1
(b) Smith Island, June 1990

ment paradigm based on sequential
comparisons of environmental fate
(chemistry) data and biological effects
data. Much of this literature is the basis
for the Technical Information Docu-
ments (5, 6) being used by the regulato-
ry agencies and supports the ‘“Type B”’
natural resource damage assessment
rules promulgated under Section 301 (C)
of the Comprehensive Environmental
Response, Compensation, and Liability
Act (CERCLA).

The environmental fate-and-effects
approach also forms the backbone of the
Exxon Valdez environmental impact as-
sessment program as discussed in these
pages. Each of the studies was carefully
designed to accurately measure hydro-
carbon concentrations in the environ-
ment and within specific biological
components as well as measure ob-
served biological effects at individual
trophic levels. For each program, envi-
ronmental fate data complemented ef-
fects data to ensure that a fate-and-
effects correlation could be developed to
assess the likelihood of impacts.

Shoreline habitat

As a result of the grounding of the
Exxon Valdez, some 258,000 barrels of
crude oil were released into the water.
Winds of more than 70 mph on the third
day after the grounding rendered con-

tainment of oil on the water impossible,
with the result that shoreline habitat in
the southwestern segment of Prince
William Sound was impacted. During
the next few weeks more than 1100
miles of shoreline in south-central Alas-
ka were impacted by oil to varying de-
grees (Table 1). These shoreline areas
represented the habitat most obviously
impacted by the spill where floating oil
and mousse (oil-water emulsion) were
washed ashore and deposited in intertid-
al areas. Indeed, it was these areas that
were the focus of the two-billion-dollar
cleanup program during 1989 and 1990.

It is important to point out that, at the
very worst, slightly more than 10% of
the shoreline habitat in Prince William
Sound and the Gulf of Alaska was im-
pacted by oil, thus leaving 85-90% of
the regional shoreline untouched by oil
(Table 1). Predictably, the percentage of
impacted areas dropped significantly to
approximately 1% of the shoreline areas
in 1990 as a result of both the cleaning
program and natural weathering. This
effect can be seen most dramatically in
the accompanying photographs of heavi-
ly impacted shoreline in 1989 and the
comparatively clean state in the spring
of 1990 (Figure 1).

Shoreline oiling data are the results of
the 1990 spring shoreline assessment
wherein 20 separate teams, each consist-

ing of state of Alaska, federal agency,
and Exxon representatives, surveyed
more than 1200 miles of shoreline in
Prince William Sound and the Gulf of
Alaska. A total of 822 miles of shoreline
assessed had no oil; 115.6 miles con-
tained oiling in <3-6 m or wider bands.
In addition, 5071 pits were dug to deter-
mine the extent of subsurface oiling.
Subsurface oil (oil deeper than 10 cm)
was found in 733 (14%) of the pits dug.
The locations recommended for 1990
summer cleaning were widely scattered
and generally confined to short lengths
of shoreline; all identified areas received
attention during the summer.

Biota. The shorelines of southern
Alaska are predominantly large rocks,
boulders, and cobbles with less than
10% of the area characterized as soft
substrate. This rocky intertidal zone is
an extremely harsh habitat. Plants and
animals living there have evolved to
cope with a highly unstable substrate,
extremely forceful breaking waves, and
wide seasonal and diurnal ranges in pho-
toperiod and temperature. As a result,
many of these areas have naturally low
species density and diversity.

Barnacles, mussels, and rockweed
(Fucus) are the best indicator species for
visually estimating the biological condi-
tion of these intertidal habitats. They are
good indicators of trends in recruitment
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and loss caused by oil or other natural
phenomena. In order to assess spill im-
pacts on shorelines, these species and
the intertidal communities in Prince
William Sound and the Gulf of Alaska
have been sampled via counts of species
density, percent cover, species diversity,
and photographic surveys of intertidal
biota.

Results from the shoreline surveil-
lance program indicate that although
species densities were lower on heavily
oiled shorelines, and high local mortali-
ties occurred where oil coverage exceed-
ed 90%, the species compositions of
communities are similar to those that
would be expected on comparable
shorelines in the absence of oil. Even
where oiling remains in sheltered, soft
substrate areas, the spring and summer
growing season of 1990 confirmed that
continued recovery was under way (Fig-
ure 2). Thus, intertidal invertebrates and
plants do survive on oiled shorelines, a
point that supported spill researchers’
conclusions that further extensive, intru-
sive shoreline cleaning efforts were un-
warranted (7).

This recruitment trend also has been
observed in several studies of other
spills worldwide that showed that shore-
line biota recovered in impacted areas
within a few years after the spill (§).

Shoreline field-monitoring data sup-
port the following conclusions:

» The amount of oil remaining on the
shoreline has continued to decrease
since the summer of 1989. There are
few oiled shores remaining.

The major impact to intertidal com-
munities was a decrease in the num-
bers of individuals of each species and
not a decrease in the species composi-
tion of the communities. The intertid-
al communities are intact.

Intertidal plants and animals were
found settling and surviving on shore-
lines throughout Prince William
Sound and the Gulf of Alaska
throughout the 1989 and 1990 grow-
ing seasons.

Even where residual oil remains on a
few shorelines, biological recovery is
taking place.

Water quality

Within six days of the spill, Exxon
initiated an extensive water quality sam-
pling program in Prince William Sound
to help assess possible impacts on the
marine biological community by mea-
suring hydrocarbon concentrations in
the waters of the Sound. Water samples
were collected from March through Oc-
tober 1989 at 35 offshore locations.

More than 2300 water quality samples
have been analyzed to date. Figure 3 is a
plot of the average polycyclic aromatic hy-
drocarbon (PAH) concentrations through-
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TABLE 1
Alaskan coast impacted by Exxon Valdez oil
Oil- Total July Total
impacted coast 1990 oil- coast
Total coast, impacted, impacted with oil,
coast May 1989 May 1989 coast July
Area (miles) (miles) (%) (miles)® 1990 (%)
Prince William Sound 3061 357 1.6 915 3.0
Gulf of Alaska 6345 732 115 241 0.4
Total (miles) 9406 1089 115.6

2Joint Exxon/Agency Spring Shoreline Assessment Teams (SSAT) report. Wide (>6 m), moderate
(3-6 m), and narrow (<3 m) oiling widths combined.

FIGURE 2
Biological growth in Prince William Sound, spring and summer 1990

Barnacle growth on oil-stained rock



out the year. The three curves represent the
averages of different sites. The solid line
represents the three sites with the highest
concentrations. These are three bays that
were heavily oiled. Note that the average of
these three worst bays peaked at only 7%
of the Alaska state water quality standard.
The average of all primary sites has a max-
imum value of about 1/50th of the state al-
lowable limit for aromatics in water (9).

These data all confirm that average
hydrocarbon concentrations measured in
the water column for the more toxic
components have consistently been well
below state of Alaska standards and are
10-1000 times lower than levels lethal
to plants and animals living in the water
column, including commercially impor-
tant fish species.

Fisheries

Pacific herring. Annually, millions
of herring enter Prince William Sound
to spawn in early April. This spawning
period determines the commercial her-
ring fishing season which had a 1988
value of $12 million. The Valdez spill
occurred approximately three weeks pri-
or to the peak of the Pacific herring
spawn. Concern regarding potential im-
pacts to the herring resulted from the
fact that herring deposit their eggs on
kelp in the intertidal and shallow subtid-
al zones in Prince William Sound.

Results of aerial surveys flown by
Alaska Department of Fish and Game
field biologists confirm that both 1989
and 1990 spawning activity was compa-
rable to historical averages for the years
immediately preceding the spill (Figure
4). These data provide convincing evi-
dence that herring spawning activity has
been neither impaired nor delayed dur-
ing the period when highest potential
existed for exposure to spilled oil.

These conclusions were further sub-
stantiated by the results of the 1990
commercial herring fishing season
wherein 8300 tons of herring were har-
vested during the 20-minute season
opening on April 12th—an all-time
record catch for the sac roe fishery.
Record harvests were also achieved in
the gill net and wild roe-on-kelp fishery
seasons, thus minimizing concerns over
long-term impacts on this important
commercial fish species.

Pink salmon. The Prince William
Sound salmon harvest is dominated by
pink salmon and was worth approxi-
mately $63 million in 1988. Data col-
lected during the critical life stages of
the pink salmon population show no sig-
nificant oil-related effects.

An extremely healthy and vigorous
zooplankton bloom supported the spring
1989 release of more than 600 million
fry from the commercial fish hatcheries
of Prince William Sound. Outmigrating

FIGURE 3
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FIGURE 4
Prince William Sound fish production
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fry and juveniles in 1989 were apparent-
ly not impacted, and many juvenile
salmon were observed in both oiled and
unoiled nearshore areas. Similarly, field
experiments with caged juveniles noted
no differences in survival between oiled
and unoiled sites. When the 1989 adults
returned to spawn in the streams flowing
into Prince William Sound, several
streams had abnormally large numbers
of returning fish. Also, no differences
were evident in the spawning utilization
of streams in oiled areas versus unoiled
areas. Subsequent experiments in the
fall with the incubation of eggs buried in
gravel at several oiled and unoiled sites
demonstrated similar survival and hatch-
ing rates between these sites, thus mini-
mizing concerns over oil effects on this
sensitive life stage.

Pink salmon have a short two-year
life cycle. In the summer of 1990, those
young salmon that left their native
streams in April 1989, just after the
spill, returned to spawn. The reported
harvest through September 12, 1990,
was 35.1 million fish taken, with an ad-
ditional 8.9 million taken from hatchery
stocks. This makes the 1990 commercial
catch an all-time record, ahead of the
1987 record level by about 14 million
fish and 163% ahead of the pre-season
forecast for cumulative harvest. This
strong run consists of both hatchery and
wild-stock production (Figure 4).

In summary, there have been no indi-
cations of any significant pink salmon
kills or effects on spawning activity re-
lated to oil exposure.

Shellfish and subsistence fisheries.
Shellfish and crustaceans constitute a
much less significant but still important
part of Alaskan commercial, subsis-
tence, and recreational fisheries. Several
species of clams, mussels, crabs, and
shrimp occupy the spill-impacted areas.
Following the spill, a cooperative pro-
gram was initiated between the Alaska
Department of Fish and Game, the Na-
tional Oceanic and Atmospheric Admin-
istration (NOAA), Exxon, and the sub-
sistence communities to examine
subsistence food safety in the spill-
impacted areas. As of July 1990, more
than 1300 samples of fish and shellfish
have been collected in seven sampling
cycles representing 23 species of fish
and shellfish from 13 subsistence re-
source areas. They are being tested for
aromatic hydrocarbons, the toxic com-
ponents of crude oil most likely to be
assimilated by shellfish.

The results of the chemical analyses re-
ceived from the NOAA Seattle laboratory
are very encouraging (Figure 5). Contami-
nant levels in all the fish and most shellfish
were extremely low compared to data for
fish and shellfish from a control site at the
village of Angoon, outside the spill-impact-
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ed area. Except for shellfish taken from
Windy Bay and from Kodiak Harbor, all
food resources sampled showed safe hy-
drocarbon levels.

A Toxicological Expert Committee
consisting of representatives of the Food
and Drug Administration, the National
Institute of Environmental Health Sci-
ences, NOAA, the National Marine
Fisheries Service, the Alaska Depart-
ment of Public Health, and various uni-
versity and industry toxicologists re-
viewed the data and filed a consensus
report. The committee concluded that
finfish from anywhere in the study area
are safe to eat in unlimited quantities,
and except for those taken from obvi-
ously oiled shores, shellfish are also safe
to eat (10).

Wildlife: Initial impacts

Some 36,000 bird mortalities were
documented between March and Sep-
tember 1989. Although some of these
were natural mortalities, no doubt exists
that a significant number were caused
by the spill. More than 1000 sea otter
and 153 bald eagle mortalities were ini-
tially attributed to the spill. Although
there was an extensive effort to recover
dead birds and animals, actual mortali-
ties were likely higher. When the above
mortality figures are compared with total
populations in the spill-impacted area—
more than 10,000,000 sea birds; more than
30,000 sea otters; and 5000 eagles—
indications are that recolonization has been
rapid and robust, as it has been following
other spills throughout the world (8).

Furthermore, extraordinary measures
were taken to rescue and care for birds
and otters that were impacted. From the
period of March through September
1989, Exxon organized the largest and
most comprehensive bird and sea otter
rescue and rehabilitation programs ever
attempted. Facilities for the holding,
cleaning, and care of oiled birds and ot-
ters were built at Valdez, Seward, Hom-
er, Kodiak, and Anchorage. During the
program, more than 140 boats and 5 air-
craft were used to retrieve oiled birds
and otters from remote locations
throughout Prince William Sound and
the Gulf of Alaska.

Some 71 species of birds were han-
dled during the six-month program.
More than 1600 birds were brought in
live for treatment with a release rate for
the sea birds of 50%. Given the time of
year of the spill, the climate, the remote-
ness of the site, and the logistics, this
survival and release rate compares fa-
vorably with the 30-60% range of re-
lease rates seen in other spills. At its
maximum, the bird program employed
some 400 bird rescue personnel; this ef-
fort cost more than $25 million.

Teams were hired to work in Prince

William Sound and Kodiak to collect
eagles from heavily impacted areas to
determine the need for potential rehabil-
itation. These capture teams caught 114
eagles; only 16 required treatment. (An
additional 23 eagles caught by others
not associated with the capture teams
were also treated).

The staff of the otter centers grew to
more than 320 specialists and volunteers
at all three locations. From March 30
until September 15, 357 sea otters were
treated and held at the centers; 223
(62%) were rehabilitated and released or
placed in aquariums. Expenditures for
this effort exceeded $18 million.

Wildlife monitoring program

As noted, in spite of the best efforts
by all parties, many birds died. To as-
sess overall population-level impacts,
comprehensive wildlife monitoring pro-
grams were initiated after the spill and
are ongoing.

Bird monitoring. Results of Exxon
and agency winter, spring, and summer
wildlife monitoring programs are very
encouraging. There have been no docu-
mented reports of oil or sheens affecting
populations of birds or marine mam-
mals, and there have been no confirmed
mortalities attributable to oil since Sep-
tember 1989. Additionally, wildlife ob-
servations in Prince William Sound in-
dicate that significant numbers of birds
from 45 different species occupy previ-
ously heavily oiled areas and appear to
be unaffected by existing conditions.
Species diversity and density are similar
for both oiled and unoiled areas.

The findings of the winter wildlife
population surveys are most encourag-
ing. These surveys of oiled areas in
Prince William Sound show that bald
eagle sightings have consistently in-
creased since the summer of 1989. Data
from cooperative U.S. Fish and Wildlife
Service eagle surveys throughout the
summer of 1990 indicate that 1031 of
2030 nests (51%) in the spill area were
active and that 61 of 75 previously ac-
tive nests (81%) in Prince William
Sound cleanup sites produced an aver-
age of 1.4 eaglets per nest, thus match-
ing historical productivity statistics for
this area. It is recognized these data do
not allow definitive statements of eagle
population dynamics, but they do pro-
vide conclusive evidence that animal life
is present in habitats previously impact-
ed by the oil spill.

Mammal monitoring. Results of the
winter mammal monitoring program in-
dicate the presence and successful repro-
duction of mink and river otters in both
oiled and unoiled bays of Prince
William Sound. Sea otters are present in
all areas in apparently equal numbers in
oiled and unoiled bays.
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Although census results of sea otters
often vary widely, the Prince William
Sound population has been generally es-
timated at 5000 to 6000 (//), with some
recent estimates being as high as 9000.
The Prince William Sound population
was believed to be less than 50 individ-
uals when commercial harvesting of this
species ended in 1911. The population
has increased very rapidly in recent
years, and field surveys of 550 miles of
oiled shorelines counted more than 350
sea otters. This survey covered about
one-sixth of the total Prince William
Sound shoreline. It indicates that otter
populations are approaching pre-spill
densities (//) and provides convincing
evidence of sea otter recolonization of
previously heavily oiled areas.

In summary, the monitoring data for
mammals indicate that environmental
conditions have improved enough that
the spill should have no further substan-
tive impacts on wildlife. Recovery is
well under way.

Conclusions

A recently published Congressional Re-
search Service report (12) carefully reviews
the extent of environmental impacts from
several previous oil spills worldwide and
concludes that ““To date, pollution from
offshore petroleum activities has not ap-
peared to be a significant threat to the sur-
vival of various species ... Despite short-
term media attention to the catastrophic
nature of major spill events, the chemicals
contained in petroleum have long been part
of the marine environment and physical
impacts are likely to be temporary in the
dynamic natural flux of the coastal environ-
ment.”’

Available data to date for the Valdez
spill are consistent with the observations
made in this report. Samplings of petro-
leum aromatic hydrocarbon concentra-
tions in the waters of Prince William
Sound clearly demonstrate that average
levels have remained well below expo-
sure levels known to cause acute and
chronic effects to sensitive aquatic life.
Field counts of plants, fish, and mam-
mals from throughout the spill area pro-
vide convincing data that wildlife spe-
cies are surviving and reproducing, thus
confirming that biological recovery is
rapidly taking place.
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Until recently, the main task for river
pollution control in populous industrial-
ized regions has been to mitigate the ef-
fects of gross pollution, usually as mea-
sured in terms of biochemical oxygen
demand (BOD) and suspended solids
(SS). What has become of increasing
concern, however, is not only the mean
fixed level of water quality to be
achieved in the future, but also the oper-
ational problem of maintaining, or im-
proving upon, this baseline condition in
the face of a more readily apparent tem-
poral variability of types and levels of
pollution (/). The latter can be achieved
only through effective control of all ele-
ments of the urban river system (Figure
1) and, in particular, of the wastewater
treatment plant.

Effective control of the dynamic be-
havior of a unit process, or of the entire
treatment plant, depends on three fac-
tors: the ability to observe the state of
the process and its response to various
perturbations (i.e., monitoring); the abil-
ity to relate unambiguously causes (in-
puts, controls) to effects (outputs, re-
sponses); and the capacity to act, that is,
to manipulate the causes (control inputs)
to correct undesirable effects or to bring
about more desirable effects. The focus
of this review is on the second of the
above three factors—the ability to relate
causes to effects, or the acquisition and
assembly of process knowledge. For
this, a dynamic, unsteady-state model is
the most natural form of representation.

The primary purpose of this review is
to evaluate the current status of model-
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FIGURE 1
The water quality system

Rainfall runoff
s l‘ """"""""" 1
I B '
I Sewer network '
1 - (0 I
1 \ I |
: Storm Storm |

overflow overflow Wastewater

1 treatment 1
| Direct !
| discharge | |
| Solid wastes
| (1) |

Purification 1
1

and supply
1 of water Treated I
| effluent 1
1 I
| Abstraction ) !
I L

Upstream ) 4] Downstream
Receiving ;

T water body
1 |
1 T
[ T R |

ing wastewater treatment units and to
identify those models that would be of
most use in studying and advancing the
operation of these units in the wider
context of river quality management (/-
5). We summarize the principal contri-
butions to this field for the most com-
monly encountered unit processes of
treatment (Figure 2) and outline the ave-
nues for further research.

For each of the unit processes shown
in Figure 2, there may be different ob-
jectives for the development of a dy-
namic model, different ways of depict-
ing the model, and a variety of means
for testing its adequacy. For example,
design, operation, and real-time control
are three different objectives that will
require different ways of expressing the
dynamics of a process. In any of these
applications, there are bound to be
tradeoffs among the needs for accuracy,
simplicity, and expediency (6, 7). In
broad terms, we can distinguish four
types of models for the description of
process dynamics (8): linguistic models
(i.e., models based typically on the *‘IF-
THEN’’ rules of mental reasoning),
time-series or black-box models,
lumped-parameter models (i.e., ordinary
differential equations), and distributed-
parameter models (i.e., partial differen-
tial equations). Although each has a par-

ticular advantage for a specific purpose,
the majority of the models developed for
wastewater treatment systems have been
of the lumped-parameter form.

Research into the development of dy-
namic models of wastewater treatment
processes has a history of some 20
years; nevertheless, no comprehensive
surveys have appeared in the open liter-
ature since the tutorial paper of Andrews
(9) and the review paper by Olsson (/0)
were published. There have been, how-
ever, papers of a more specific review
nature; for example, on the modeling of
biological unit processes (/1, /2) and on
the identification, estimation, and con-
trol of these processes (/3-16). The col-
lection of papers in the recently edited
volume by Patry and Chapman (/7) also
provides an overview, with special ref-
erence to the application of expert sys-
tems.

Storm sewage retention

The retention of storm sewage is im-
portant not only for the control of com-
bined sewer overflows to receiving wa-
ters but also for the manipulation of the
influent flow to the treatment plant. Al-
though storm tanks are widely used (at
least in Europe) and always are cited as
one of the most immediate means of
solving the problem of combined sewer

overflows, few dynamic models have
been proposed for simulating their de-
tailed behavior on an event basis. Stud-
ies have tended to examine the long-
term performance of stormwater
retention basins in preliminary assess-
ments of urban runoff impacts (/8). The
few dynamic models proposed until now
have dealt almost exclusively with the
description of the dynamic sedimenta-
tion mechanism alone. These models
usually consist of a set of two ordinary
differential equations: one for volume
variation within the tank and one for the
balance of SS (19, 20). More sophisti-
cated models (two and three dimen-
sions) have also been proposed (21).

Interest in the dynamic behavior of
storm tanks is also derived from the op-
portunities for controlled pumping of
the stored storm sewage back to the
treatment works after an event, both
quickly enough to avoid overlap with
the following event and smoothly
enough to avoid impairment of the nor-
mal treatment efficiency of the plant.
Lessard and Beck (22) have proposed a
model to describe the four modes of be-
havior identified for these tanks (filling,
dynamic sedimentation, quiescent set-
tling, and drawing) and to examine the
impacts on the plant of returning the
stored storm sewage.

Primary sedimentation

Many scientists believe that the dy-
namic behavior of primary sedimenta-
tion processes is too complex to be
modeled properly: the characteristics of
the influent are highly variable; particle
sizes and corresponding settling veloci-
ties are varied; there are subtle flow and
density currents in the tank; and scour-
ing phenomena and the effects of tem-
perature cannot necessarily be neglect-
ed. Nevertheless, many models have
been proposed, ranging from simple
time-series models (23-25) to lumped-
parameter models (26-28) and distribu-
ted-parameter models (29-32). Not sur-
prisingly, the simpler lumped-parameter
models have been criticized on the
grounds that they do not satisfactorily
represent behavior (33), and the distrib-
uted-parameter models have been criti-
cized for their excessive complexity (34).

There is no doubt that the fundamen-
tal nature of particle settling may be
considered to be extremely complex and
essentially probabilistic, according to
the theoretical studies of Iordache and
Corbu (35) on the effects of particle in-
teraction during settling. However, as
Alarie et al. (36) have indicated in re-
sponse to criticisms of their paper, if the
prediction capabilities of a relatively
simple mechanistic model applied to
real-world problems are fairly good,
why make the model more complicated
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FIGURE 2
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just for the sake of sophistication? In
fact, simple lumped-parameter models
have proven to be reliable (26, 28).

Secondary treatment

Suspended-growth processes. The
activated sludge process forms the heart
of many wastewater treatment plants. It
consists of a biological reactor and a
solid-liquid separator. The objectives of
the performance of these two units are
diametrically opposed: the aerator’s is to
bring the biomass (sludge) into as inti-
mate a contact as possible with its sub-
strate (sewage); the clarifier’s is to sepa-
rate the sludge from the treated sewage
and to thicken the sludge before it is re-
cycled to the aerator. The presence of
this recycle loop emphasizes the need
for a good understanding of the interac-
tion between the aerator and the clarifier
if process control is to be successful. A
vast volume of research has been con-
ducted on the dynamics of the activated
sludge unit, dominated by work on the
biological behavior of the aeration
basin.

The biological reactor. During the
last 20 years, attention has been focused
on the modeling of carbonaceous oxida-
tion and the processes of nitrification
and denitrification. Notable contribu-
tions include those of Busby and An-
drews (37), Poduska and Andrews (38),
Ekama and Marais (39), Dold et al.(40),
Clifft and Andrews, (4/) and van Haan-
del et al. (42). They have proposed a
wide range of models for these aspects
of behavior during treatment, culminat-
ing in the publication of the Internation-
al Association on Water Pollution Re-
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search and Control (IAWPRC) Task
Group model (43). This latter represents
the state of the art in modeling the acti-
vated sludge process; it subsumes much
of the earlier work.

Other mechanisms also have been ad-
dressed through the development of dy-
namic models:

The behavior of dissolved oxygen
(DO). Predominant interests have been
not so much fundamental knowledge
(44, 45), but rather control system de-
sign and on-line estimation and forecast-
ing in association with the aeration-DO
control loop (4648). It is significant
that the JAWPRC Task Group report,
which is so concerned with basic under-
standing, reveals little new thinking on
the behavior of the DO profile. In gen-
eral, the tendency has been to assume
that changes in DO concentration are the
net result of almost every other reaction
taking place in the aerator; therefore,
these other reactions have been the sub-
jects of primary research activities. For
the same reason, it is not surprising that
the dynamics of DO have become the
best-studied subject of on-line estima-
tion and control applications. Many of
these applications have been reviewed
elsewhere (15, 16).

Sludge bulking. This is a common op-
erational problem in many activated
sludge plants. Its consequences are a
significant loss of sludge biomass
through the clarifier effluent, and it is
now widely agreed that the growth of
filamentous species of microorganisms
is a primary cause of sludge bulking.
For modeling, it is necessary to assume
that at least two species of organisms

are present: one floc-forming and one
filamentous, to simulate the subtle types
of interactions that may lead to sludge
bulking (49-55). Factoring in these or-
ganisms amounts merely to an extension
of the system’s description and can be
accommodated without difficulty into
the general form of the activated sludge
model.

Nevertheless, model representations
of the formation (and consequences) of
sludge bulking are still in their infancy.
The diversity of its causes, as well as the
number of microorganisms known to be
associated with its occurrence, is likely
to make progress slow. The wealth of
qualitative empirical knowledge of the
associated phenomena, however, predis-
poses the subject to the fruitful applica-
tion of less conventional approaches,
which are being explored for the
purposes of the design (56) and opera-
tional management of activated sludge
units (57).

Biological removal of phosphorus.
This has also attracted interest, and
Bundgaard et al. (58) have proposed an
appropriate extension of the IAWPRC
model. Adding this additional feature to
the model results in an increase in the
number of processes simulated from 8 to
17, and almost certainly will lead to
practical difficulties in the calibration of
the extended model and the estimation
of its many parameters. Early work has
been completed on the use of a linguis-
tic model for assessing biological phos-
phorus removal (59).

The primary thrust of the research on
modeling the activated sludge process
has been directed toward the develop-
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ment of lumped-parameter models. Most
of this research has treated the particu-
late microbial floc and the liquid as a
single-phase system, although in reality
the two phases are separate. This largely
reflects the dominance of an interest in
the microbial nature of the process, with
a concern for detailed mass transfer con-
siderations (necessitating distributed-
parameter models) developing only rela-
tively recently (60, 6/). At the other end
of the spectrum, however, input-output
time-series models of the activated
sludge process have been the subjects of
steady, but modest, interest over the
years (62-68).

The detail, completeness, and synthesis
of the IAWPRC model have undeniably
been significant contributions. Neverthe-
less, it is surely not appropriate for every
purpose of model application—no model is
uniquely and universally best—and in a
number of practical respects, the develop-
ment of the IAWPRC model thus far has
certain shortcomings (69). Larger models,
such as the IAWPRC model, contain many
parameters that are unknown and must be
evaluated with reference to field data. In
terms of control theory, the IAWPRC mod-
el suffers from a lack of identifiability; that
is, many combinations of parameter esti-
mates will fit the data equally well and con-
siderable uncertainty will attach to these es-
timates (8—/15). More basic research will be
required before the successful development
of models that can portray accurately the
biogenic and inhibitory interactions among
the various organic substrates (70). In this
respect, the dynamic modeling of the re-
moval of heavy metals in the activated
sludge process is yet another possible area
for expanded research.

Above all, we now need to confront
most of the lumped-parameter models of
the activated sludge process with rigor-
ous tests of their identifiability against
comprehensive sets of field data from
full-scale plant installations. There is a
danger of a widening gap between theo-
ry and practice in the modeling of
wastewater treatment plant processes—a
gap that sooner or later becomes appar-
ent (and unacceptable) in almost all
areas of mathematical modeling (71).

The secondary clarifiers. Although
the literature on the dynamics of second-
ary sedimentation is not comparable in
quantity with that on the activated
sludge aerator, it is nevertheless abun-
dant. Much research has been carried
out on the many aspects of sedimenta-
tion in the activated sludge process; yet
there is no coherent theory to describe
the dynamics of particle settling, despite
advances in understanding at a basic
level (72).

The behavior of the secondary settler
generally is viewed in terms of two in-
dependent functions—clarification and

thickening; the term ‘‘independent’
means here that no obvious relation ex-
ists between the two. The sludge blanket
level can be viewed as an element that
links these two component mechanisms,
some studies having demonstrated the
importance of the sludge blanket to clar-
ification (72, 73). Other studies, howev-
er, flatly refute this (74, 75).

Most models of the clarification proc-
ess are empirical and are based on statis-
tical relationships identified from field
data or bench-scale experiments (76).
Having reviewed all the major models,
Hill (75) has found that the most impor-
tant variables are flow-related variables
and the concentration of SS in the mixed
liquor. Although such empirical models
may be used to predict gross changes in
clarification behavior, they are not ade-
quate for describing performance accu-
rately at low concentrations of effluent
suspended solids (77). Using time-series
analysis of continuously monitored ef-
fluent data, Olsson and Chapman (78)
have identified some simple input—
output models whose parameter esti-
mates illuminate the time-varying char-
acter of sludge settling, indicating
significant differences of behavior be-
tween decreases and increases in flow
rate. The model parameters varied grad-
ually as a function of changing floc
properties and instrument drift. Al-
though the parameters of such models
do not have any strict physical interpre-
tation, they nevertheless can be used for
on-line monitoring and fault detection.

On balance, the thickening function of
the secondary clarifier has received
more attention than clarification. The
first major contribution to the descrip-
tion of continuous thickening was made
by Bryant (79), whose model divided
the sludge blanket into a series of 20
constant-volume continously stirred tank
reactor (CSTR) elements. Most subse-
quent models have been based on Bry-
ant’s model and have simulated the
blanket as a series of n layers with vari-
able or fixed volumes (44, 75, 77, 80).
Other work has concentrated on achiev-
ing a more accurate representation of the
theoretical behavior of an ideal slurry
(81, 82). It has given rise to complex
models with relatively complicated
boundary constraints, whose computa-
tion requires the manipulation of multi-
ple layers of varying thickness and con-
centration (83). Such models certainly
would not be appropriate for the design
of control systems, as observed by Steh-
fest (84), who has developed a lumped-
parameter model consisting of two vari-
able-volume CSTRs. The three state
variables of his model are sludge blan-
ket height, mean solids concentration
above the blanket, and mean solids con-
centration below the blanket.

More complex models using finite-
difference solutions of a partial-
differential equation representation have
been proposed (85-87). Arguably, the
advantage of such schemes is that they
do not require the imposition of artificial
constraints for agreement with a steady-
state analysis.

It is difficult to say which models of
clarification and thickening would con-
stitute the state of the art in the dynamic
simulation of the secondary clarifier
tank. Some observations, however, are
that:

Settlers are usually conceptualized as
two different and independent pro-
cesses (clarifier and thickener), an as-
sumption that has yet to be unequivo-
cally supported.

The models generally have not been
evaluated with reference to sound ex-
perimental work at plant scale; this
is especially true for the thickener
models.

Clarification models are based mostly
on empirical relationships, are there-
fore strongly site specific, and are un-
able to characterize sludge blanket en-
trainment into the clarifier overflow.
There has been some debate as to
whether solids flux theory, which is
known to provide a reasonable de-
scription of thickening, albeit qualita-
tively(88), can predict the sludge blan-
ket level (86). However, recent
analysis of a first-order, partial differ-
ential equation representation—solved
by the method of characteristics—has
demonstrated that solids flux theory
can describe the dynamics of the
sludge blanket (89).

That no simple and reliable model has
yet emerged is probably a reflection of
the nature of the process itself. So many
factors such as side water depth, inlet
position, and sludge removal mechanism
can influence a model, including funda-
mentally the behavior of the biological
reactor, which affects sludge settling
characteristics. Also, there is a lack of
experimental data on the dynamic per-
turbation of the process that would al-
low one to uncouple the behavior of the
clarifier from that of the aerator and
identify each as a separate unit.

Because the biological reactor plays
such an important role in the clarifica-
tion—thickening process, one could ar-
gue that as long as the aerator model
does not incorporate items to differenti-
ate between floc-forming and bulking
sludges, attempts to elaborate more so-
phisticated models of the clarifier are
doomed to failure. Moreover, once the
flocs have been formed in the aeration
unit, it is not apparent how, or whether,
the approximation of a simple settling
velocity could be used to characterize
the retention or separation of entrapped
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microparticles in the settling floc mesh.
According to Sheintuch (90), the con-
struction of a quantitative model for this
purpose would appear to require, among
other components, the determination of
the boundaries of microbial population
shift and an accurate description of
polymer production. A more appropriate
objective might be to develop a simpli-
fied model based on solids flux theory
and to establish its limitations with re-
spect to its departure from the ideal and
its applicability to real activated sludge
(83).

Attached-growth processes. Trick-
ling filters and rotating biological con-
tactors are among the processes of at-
tached-growth, or biofilms, most
commonly found in wastewater treat-
ment plants. Until now, most research
on them has been focused on modeling
detailed features of the growth of the
biofilm rather than on attempting to de-
scribe the process as a whole.

In an earlier review of the state of the
art in the modeling of biological fixed
films, Grady (9/) drew this conclusion:
‘It is clear that a complete and general
mechanistic model for biofilms, which
can be used to simulate the performance
of a broad range of fixed film processes,
has not yet been developed.”” Since
Grady’s review, however, the results
from substantial research into the mod-
eling of fixed film processes have been
published, and many simulation models
have been proposed (92-95). Such pub-
lications accurately reflect the revival of
interest in attached-growth processes, at
least in the case of trickling filters, al-
though the models are not nearly as au-
thoritative as the IJAWPRC model of
suspended-growth processes.

The inherent two-phase nature of
fixed-film processes and the complexity
of the mechanisms of film loss (slough-
ing) present difficulties of mathematical
expression that will not be easily over-
come. When contrasted with the virtual
absence of any corresponding process
field data, models of the daunting com-
plexity of 19 ordinary and 10 partial dif-
ferential equations, for example (92),
can be regarded as merely hypothetical
explorations intended to generate pre-
liminary insights. Although they are
able to quantify in greater detail the
transformation of soluble organic mat-
ter, ammonia, and nitrate by multiple
species of bacteria, these models remain
largely speculative (96).

Few, if any, dynamic models have
been developed for the purposes of
operational control of attached-growth
processes, although that presented re-
cently by Gujer and Boller (97) for ro-
tating biological contactors and, to a
lesser extent, those by James (98, 99)
for trickling filters, look promising. Gu-
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jer and Boller’s work is especially nota-
ble because it incorporates both the mi-
croscopic features of substrate transport
and reaction within the biofilm and the
macroscopic features of bulk liquid flow
past the film. The vast majority of mod-
els, however, are not dynamic, and it is
important to reflect on why this should
be so. For example, there are the diffi-
culties of modeling the biofilm, the
widespread belief in the relative stabili-
ty and good performance of these unit
processes, and the lack of opportunity
for process control. This latter is per-
haps the most important; the control of
biofilm processes has been regarded pri-
marily as a matter of handling contin-
gencies (/00).

The plant operator has relatively little
direct control over any of the internal
process-state variables, either singly or
collectively; other than the output efflu-
ent quality, there are no easily accessi-
ble indicators comparable with, for in-
stance, the mixed liquor suspended
solids (MLSS), DO, and sludge blanket
height of an activated sludge unit. The
operator is therefore constrained to the
exercise of less direct (external) forms
of control, such as altering the angular
velocity of a contactor unit; changing
the hydraulic loading of the contactor or
filter unit; providing forced-draft venti-
lation of a filter or in-channel aeration
of a contactor; or recycling effluent to
decrease the influent soluble BOD con-
centration, if not the mass loading of or-
ganic material (/07). It is hardly surpris-
ing, therefore, that studies oriented
toward process control are entirely ab-
sent from the literature.

The curiosity, then, is that these pro-
cesses, such as the trickling filter, which
have long epitomized the view that
treatment plants achieve steady, accept-
able performance without active opera-
tional intervention, have yet attracted
much detailed attention with respect to
their microscopic biofilm dynamics. In-
deed, the curiosity is sharpened by the
fact that published time series of hour-
by-hour, day-to-day performance in the
field, which might reveal the practical
problems of process control, if any, are
virtually nonexistent (those of Cazelles
and Bacquet [/02] are the only excep-
tion). The same is true of the humus
tanks that provide separation and set-
tling of the detached biofilm flocs: Ex-
amination of their dynamic behavior ap-
pears to have attracted no attention
whatsoever.

Sludge treatment

The treatment of the sludges separat-
ed from the liquid wastes, that is, from
the primary and secondary clarifiers (or
humus tanks), is normally carried out
using the processes of thickening (grav-

ity and/or flotation), digestion (aerobic
or anaerobic), and dewatering. Much
less research has been devoted to the dy-
namic behavior of sludge treatment pro-
cesses than to the processes of the liquid
train of treatment. Interest has been
largely restricted to the process of anaer-
obic digestion alone, despite its reputa-
tion of being difficult to operate, and
prone to failure.

The biological stabilization of sludges
can be achieved through either aerobic
or anaerobic processes. The former was
more popular during the 1960s when the
requisite energy input was inexpensive
and readily available. The popularity of
aerobic processes declined throughout
the 1970s to the extent that anaerobic
digestion began to dominate as the pre-
ferred method of solids destruction. Cur-
rently, aerobic digestion is used primari-
ly in small plants where its disadvantage
of higher energy consumption is offset
by simplicity of operation and lower
capital cost. This waning of interest in
the process itself is doubtless the reason
for few publications on models of its dy-
namic behavior (/03-105). Neverthe-
less, increasingly stringent restrictions
on the options for sludge disposal may
signal a renewed enthusiasm for applica-
tions of the process, at least in its ther-
mophilic form (/06), and operation at a
higher temperature in turn generally im-
plies a greater requirement for careful
process control.

In contrast, justification for the use of
anaerobic digestion is usually based on
the benefit of energy production, in the
form of methane gas, which outweighs
the process’s disadvantages of presumed
difficulties of operation. Frostell (/07)
has defined the desirable performance of
anaerobic digestion in the following
terms: a consistent achievement of a
high degree of waste stabilization, a
maximal conversion of waste to meth-
ane, and a minimal production of excess
solids at the highest possible concentra-
tion.

Practical control of the anaerobic proc-
ess is directed at detection and preemp-
tive suppression of instabilities (/07).
For this reason, the dynamic modeling
of the process clearly should be of con-
siderable assistance in predicting short-
term failure with a view to implement-
ing corrective control actions. Almost
all of the pioneering work on the dy-
namic modeling of anaerobic digestion
has been done by Andrews and his co-
workers (/08-113). Their model con-
sists of three phases (biological, liquid,
and gas), and assumes that the feed
sludge has been solubilized and convert-
ed to volatile acids before its entry into
the digester, so that only the methano-
genic stage of the process is simulated.
This simplification may not be appropri-



ate in all cases, however, and multiple-
species models, comprising acid-
forming (facultative heterotrophs) and
methane-forming (obligate anaerobes)
bacterial cultures have since been devel-
oped (114-117).

Many authors have used the Andrews
model and its derivatives to evaluate the
performance and control of anaerobic
digesters (//8-121). Further refine-
ments of description have been proposed
by Torre and Stephanopoulos (/22)
whose model has the following features:
All three basic steps of anaerobic diges-
tion—hydrolysis, acidogenesis, and
methanogenesis—are accounted for; re-
lationships between acid-forming bacte-
ria (lumped into a single species) and
methane formers are identified, together
with some basic properties of commen-
salism (i.e., living with, or in, another
organism, but not to the detriment of the
two participating bacterial species); and
three distinct groups of methanogenic
bacteria are considered, each acting on a
different substrate, such as acetic, propi-
onic, and butyric acids.

For the most part these models have
only been evaluated against data from
bench-scale digesters. There has been
little work with data from full-scale
plants and consequently few studies in
time-series analysis. One notable excep-
tion consists of results for the gas pro-
duction dynamics of the digesters at
Norwich Sewage Works (/5). For the
lumped-parameter conceptual models,
the same problems of a lack of model
identifiability, as noted for the activated
sludge process, can be expected.

The plant as a whole

The extent of this review furnishes
evidence of the substantial interest in
describing the dynamic behavior of the
unit processes of wastewater treatment.
The activated sludge process alone has
attracted most of this attention in terms
of model development (/23-126). In
contrast there have been few studies on
the integration of the constituent unit
process models into a description of the
plant as whole. This is understandable
because such a task is considerably
more challenging. Other reasons, how-
ever, account for this absence of sus-
tained investigation. Primary treatment
has generally been considered to have
little significance for the exercise of proc-
ess control; operation of the activated
sludge aerators incyrs the greatest cost,
and is therefore the prime target for effi-
cient process control; and the treatment
and disposal of sludge have not been
viewed as matters of urgent concern un-
til very recently (/27).

In retrospect, then, the work of An-
drews and his colleagues has been of a
pioneering character because it seeks to

achieve the goal of a dynamic model for
the plant as a whole. In practice, howev-
er, as with the few other studies, it has
been restricted largely to the liquid treat-
ment train alone (37, 44, 79, 128-131).

In addition, software packages for
simulating the dynamic behavior of
wastewater treatment plants have only
recently become available (7, 43, 132).
Not surprisingly, their scope and capa-
bilities are hardly comparable with the
much more mature software market that
already exists for contaminant fate and
transport models, as discussed, for ex-
ample, by Ambrose et al. (/33).

Likely paths of innovation

Many forces will shape the nature of
innovation in the design and operation
of municipal wastewater treatment
plants in the near future. For the time
being, with environmental issues high
on the political agenda, the pressure for
innovation will doubtless be increased.
In Europe, for example, nutrient remov-
al, disinfection (in association with pol-
lution of bathing waters), and sludge
treatment and disposal are some of the
areas in which progress must be expect-
ed. These may not require an under-
standing of dynamic behavior for the
purposes of process control, but there
are clear indications that they will. Sub-
jecting the liquid waste stream to alter-
nating aerobic, anoxic, and anaerobic
conditions for the biological removal of
nutrients is likely to be facilitated by a
good understanding and control of aera-
tion rates (105, 134, 135). A final stage
of disinfection of the clarified effluent
may perform optimally only if the prior
removal of suspended solid matter—es-
pecially sensitive to the transient, dy-
namic perturbations of storm events—
has been successful. The increasing
difficulties of sludge disposal are likely
to sharpen the desirability of operating
policies for primary and secondary treat-
ment that minimize their production of
sludge. In short, the assumption of a
steady state in the behavior of wastewa-
ter treatment processes is, strictly speak-
ing, a fiction. Any novelty associated
with the subject of dynamic modeling of
these processes is derived from the fact
that steady-state models have simply be-
come the norm in the classical problem
of process design.

Innovation is therefore needed to help
us escape the confines of steady-state
design analyses. Specifically, within the
context of river basin management, con-
trol of the effects of stormwater surges
and seasonal policies for the removal of
ammonium are likely to be among the
primary agents of change (3, 4). For
each of the groups of unit processes re-
viewed herein, further developments in
dynamic modeling can be expected to be

stimulated along the following lines:

Storm retention and primary sedi-
mentation. Filling and withdrawal strat-
egies for storm sewage retention tanks,
and the rates and timing of flows be-
tween storm and primary settling tanks,
are matters that are central to stormwa-
ter management and amenable to greater
variety and flexibility than hitherto as-
sumed. The increasing popularity of
chemical flocculant addition for the pur-
poses of advanced single-stage treat-
ment and disinfection (/36) will open up
an alternative means of control and ex-
pose a possible sensitivity of such treat-
ment to the dynamic perturbations of
storm events.

Suspended growth processes. The
abilities to vary the location at which the
settled sewage is fed to the aerator basin
(step-feed), and likewise to vary the
point of return of the recycled sludge
(step-sludge); to exercise intermittent
storage of the sludge (/37); to alter the
volumetric capacity of the aerator and
its aerobic and anoxic subunits; and to
vary the spatial distribution of aeration
rates (/35) collectively create a substan-
tial capacity for effective real-time con-
trol of these processes. This has imme-
diate implications in several directions:
protecting the sludge mass from wash-
out during the transient increase in hy-
draulic loading from storm sewage
(step-feed); altering the sludge loading
pattern in the suppression of a bulking
sludge (step-sludge); and, as already
noted, tailoring aeration patterns to the
needs of biological nutrient removal.
The sensitivity of nitrification of ammo-
nium to elevated hydraulic loadings may
well lead to a separation of the nitrifying
and non-nitrifying functions required of
the several aeration channels that usual-
ly constitute an activated sludge system.
Extensions of the multiple-species mod-
els, necessary for the study of a bulking
sludge, are under consideration from the
point of view of degradation of wastes
previously thought to be resistant to bio-
logical treatment.

Attached-growth processes. The
current revival of interest in the trickling
filter (/38), the association of attached-
growth processes with the biological
restoration of contaminated soils, and
the fact that so little work on the dynam-
ics of these systems has been undertak-
en in the past lead one to expect consid-
erable advance into this largely
uncharted territory.

Secondary clarification. The inevita-
ble consequence of any strategy of sup-
pressing stormwater overflows is the
greater retention of sewage within the
sewer iletwork and its subsequent chan-
neling to the treatment plant. This will
increasingly impose greater average hy-
draulic and suspended solids loadings
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on the secondary clarifier, and require a
better understanding of the nature of
clarification and its interaction with the
sludge blanket.

Sludge treatment. The dynamics of
sludge treatment are naturally slower
than those of the unit processes for treat-
ing the liquid stream, and accordingly of
less obvious relevance. However, any
strategic shift of interest to the greater
use of elevated operating temperatures
for the destruction of solids by thermo-
philic digestion is likely to enhance the
concern for process stability and reliable
process control. Moreover, interactions
between the sludge and liquid treatment
lines are already known to be significant
and highly dynamic. Torpey et al. (/39)
have reported an improved destruction
of solids from the recycling of thermo-
philically digested sludge through an
aerobic activated sludge unit, and
Lessard and Beck’s (28) study of prima-
ry clarifier dynamics shows clearly the
highly transient input perturbations re-
sulting from the recycling of sludge lig-
uors. More systematic examination and
exploitation of these interactions will
probably be accelerated in the near fu-
ture; the tendencies of liquid treatment
units to generate sludge, and of the dis-
posal costs of this sludge to increase rel-
atively rapidly, lend strong support to
such speculation.

The dynamic modeling of wastewater
treatment process remains in good
health. When it has suffered in the past,
it has been the result of a widely held
belief that operational control is ren-
dered redundant by a good process de-
sign and that good process design can be
based solely on the analysis of steady
states. We now have a better apprecia-
tion of the fact that neither of these prem-
ises is strictly true, and this must be a
liberating influence.

A balance must be struck, however. It
would be easy to make the prognosis
that today’s models will become tomor-
row’s ever more complex models. We
expect that as more constituent hypothe-
ses are incorporated into models, the
less fallible will be their predictions. Af-
ter all, if everything of conceivable rele-
vance has been included in the model,
how could its results possibly be wrong?
With respect to the activated sludge proc-
ess, the problem is that these results can
indeed be wrong—or at least uncertain
and ambiguous—precisely because of
the inclusion of too many constituent
hypotheses. What has been true in the
study of the activated sludge process
may well be reflected in future studies
of the dynamics of attached-growth proc-
esses. It is vital that the tendency to-
wards model complexity be tempered by
a more exhaustive examination of the
extent to which such models can be
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identified against field data from inten-
sive, specialized monitoring exercises.
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RECUILATORY FOCUS

The momentary politics
of the environment

Alvin L. Alm

Voter unwillingness to pass a substantial
number of environmental initiatives or
bond issues in the last election has
raised questions about the depth of pub-
lic support for environmental programs.
Most notably, voters turned thumbs
down on initiatives in the two largest,
and generally pro-environment, states of
California and New York. With the
economy weakening, some fear (or
hope) that the steam has gone out of the
environmental juggernaut.

The most prominent environmental
loss occurred in California, where the
so-called ‘‘Big Green’’ initiative was
soundly rejected by 63% of the voters.
The Big Green initiative was an ex-
tremely complex proposal, covering ev-
ery issue from banning certain pesticides
to precluding the cutting of mature for-
ests.

Actually, there are some explanations.
Complex initiatives all did poorly in
California. The Big Green initiative was
radical by any standard and lost the sup-
port of moderates. It promised more
government intervention at a time when
voters were cynical about government’s
role. It promised higher costs as the
economy was deteriorating. Moreover,
the campaign against the initiative was
well-heeled and skillful, featuring
former U.S. Surgeon General Koop
who, in fatherly tones, said the initiative
was unnecessary. The opponents were
able to tie the Big Green initiative to
Tom Hayden, an extremely liberal state
representative from Santa Monica,
thereby lessening its appeal to moder-
ates. In essence, Big Green was proba-
bly the wrong initiative, with the wrong
sponsor, at the wrong time.
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The New York initiative was a better
test of voter sentiment. Although a New
York Times poll indicated that 80% of
the voters were willing to pay almost
any price for environmental improve-
ment, the $2 billion New York bond is-
sue to fund a host of environmental im-
provements was narrowly defeated. This
result seemingly indicates that the polls
do not reflect voter sentiment or that
voter sentiment has changed. The New
York vote, however, must be viewed in
context. The failure of the New York
bond proposal was tied strongly to anti-
tax sentiment. Governor Cuomo, whose
own plurality fell from 65% of the vote
in 1986 to 53% in 1990, has raised New
York taxes by a billion dollars in each
of the last two years. The state’s serious
economic deterioration, coupled with re-
cent tax increases, helped kill the bond
issue. Even with such a negative back-
drop, the vote was close: 51 to 49%.

The failure of environmental propos-
als in California, New York, and in oth-
er states does not necessarily represent a
long-term rejection of environmental in-
itiatives. The 1990 election is something
of an anomaly in every respect. The
president’s acquiescence to tax increases
created a firestorm. Congressional diffi-
culties in reaching agreement on the
budget compounded the cynicism over
government, and a declining economy
added to voter frustration. Voters were
in an ugly mood and did not favor pro-
posals that would have resulted in great-
er taxes or more government.

The real issue is whether public sup-
port for environmental initiatives will be
rekindled in the future. Environmental
expenditures and restrictions are rapidly
increasing. During the next decade, total
environmental expenditures by the pub-
lic and private sectors will increase dra-
matically. By the next century, accord-
ing to EPA Administrator Bill Reilly,
the United States will spend 2.7% of its
GNP on restoring and maintaining envi-
ronmental quality. If the New York vote
were considered the basis for a mandate,
the public would not tolerate expendi-
tures of this magnitude.

In my opinion, the commitment to en-

vironmental programs will be forthcom-
ing. First, one must remember that sup-
port for any policy issue will wax and
wane. But public support of environ-
mental issues has been extremely strong,
eclipsed only by concern over drugs
and, recently, the economy. Second,
support for national legislation is stron-
ger than state bond issues or complex
referenda, which are not subject to the
give and take of the legislative process.
Because the costs and local economic
effects of national legislation are more
obscure, it is easier to pass. Even as vot-
ers were pondering state initiatives, the
highly controversial Clean Air Act was
finally enacted. Finally, if history is a
guide, even an economic downturn will
not greatly affect national environment
support. During the last recession in
1981-1983, the public and the Congress
demanded bigger environmental budgets
and stronger enforcement.

Even if general support for environ-
mental programs is sustained, there is a
lesson to be learned from the 1990 elec-
tion. First, the electorate cannot be tak-
en for granted. Second, initiatives must
be sensible and must be capable of gar-
nering the support of moderates. Envi-
ronmental proponents are unwise to sup-
port radical, overly complex proposals.
Third, they must gauge other sweeping
voter sentiments, such as hostility to
taxes or government. Although one can
argue that the failed initiatives in 1990
do not constitute a rejection of environ-
mental values, that argument will wear
thin if environmental proposals fare
poorly in 1992. The lesson of 1990 is
clear. Environmental proponents must
develop proposals that appeal to a broad
range of voters and they must work hard
to get them passed.

Abvin L. Alm is director and senior vice-
president for energy and the environment
for Science Applications International
Corp., a supplier of high-technology prod-
ucts and services related to the environ-
ment, energy, health, and national security.
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BOOKS

Bioenergy and the Environment.
Janos Pasztor and Lars A. Kristoferson,
Eds. Westview Press, 5500 Central
Ave., Boulder, CO 80301. 1990. 409
pages. $39.95.

Biomass fuels are the second largest
sources of energy worldwide (fossil fu-
els are the largest). They include wood,
animal and crop wastes, and alcohol.
What is their effect on the environment?
This book suggests that bioenergy sys-
tems are less damaging than fossil fuels
because their impacts are many, but
small. Fossil fuels have fewer impacts
but they affect much larger areas.
Bioenergy and the Environment presents
several papers that examine specific bi-
omass fuels and their effects on the en-
vironment.

Wastewater Biology: The Microlife.
Water Pollution Control Federation, 601
Wythe St., Alexandria, VA 22314-1994.
1990. $40 ($30 for WPCF members).

Wastewater Biology describes the
ecology and the beneficial and detrimen-
tal roles of microorganisms in wastewa-
ter treatment. The book reviews life
forms, including coliform, filamentous
microorganisms, free-living nematodes,
wastewater parasites, rotifers, protozoa,
and pathogens. Aids to identification
and procedures for examining these life
forms also are presented.

Pesticides in the Soil Environment:
Processes, Impacts, and Modeling.
H. H. Cheng, Ed. Soil Science Society
of America, Book Order Dept., 677 S.
Segoe Rd., Madison, WI 53711-1086.
1990. 554 pages. $36.

Pesticides in the Soil Environment ex-
plores the pathways of pesticides from
their entry through retention, transport,
and transformation processes. The im-
pact of pesticides also is discussed.

Total Exposure Assessment Method-
ology. Order Code VIP-16. Air & Waste

Management Association, P.O. Box
2861, Pittsburgh, PA 15230. 1990. 682
pages. $70 ($45 for association mem-
bers).

Topics include human activity pat-
terns and exposure pathways, microen-
vironmental field studies, implications
of dose in health effects studies, biolog-
ical monitoring, human exposure assess-
ment, and research needs and policy im-
plications.

Upgrading of Wastewater Treatment
Plants. W. Hegemann, W. Bischofs-
berger, and E. Engelmann, Eds. Perga-
mon Press, Maxwell House, Fairview
Park, Elmsford, NY 10523. 1990. ix +
324 pages. $113, paper.

Although a number of topics are con-
sidered, the emphasis is on nutrient re-
moval, especially nitrogen and phospho-
rus, and on oxygen transfer and aeration.
Papers and posters presented include ni-
trification and denitrification in com-
bined activated sludge systems; upgrad-
ing oxygen transfer in the activated
sludge process; and facilitating nitrogen
removal without tank expansion. The
book results from the International As-
sociation on Water Pollution Research
and Control’s symposium of the same
name held in Munich, Germany, in Sep-
tember 1989. The editors say that be-
cause many problems need to be solved,
another symposium will be organized,
probably to be held in 1992.

Agricultural Chemical News. W. T.
Thomson, Ed. Thomson Publications,
P.O. Box 9335, Fresno, CA 93791. Pe-
riodical. $80/year; $100/year, foreign.

Agricultural Chemical News is de-
signed to keep the reader up to date on
matters such as new registrations of ag-
ricultural chemicals, including biocides,
new regulations, and new use patterns.

NEW
MICROWAVE
DIGESTION
BOMBS

PAT. PENDING

Now in two sizes,
23 ml and 45 ml.

The speed and convenience
of microwave heating can now
be applied to the digestion of
inorganic, organic, or biological
materials in a Teflon Lined Bomb.
The new Parr Microwave
Digestion Bombs have been
designed to combine the advan-
tages of closed high-pressure and
high temperature digestion with
the requirements of microwave
heating. Many samples can be
dissolved or digested with less
than one minute heating times.
As with all Parr Digestion
Vessels, careful design and test-
ing effort have gone into the
safety and sealing aspects of this
unique vessel and operating
environment.

Call or write for Bulletin 4781
with complete technical details.

PARR
INSTRUMENT
COMPANY

211 Fifty-third Street
Moline, IL 61265
Phone: (309) 762-7716
Telex: 270226

CIRCLE 12 ON READER SERVICE CARD
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Radon in the Environment. M. Wilk-
ening. Elsevier Science Publishing, P.O.
Box 882, Madison Square Station, New

In 1890, industrial testing was simple —
If the canary lived, air quality was acceptable.

Modern industrial \
air emissions testing is complex.

Today you need ENTROPY.
PROVIDING INDUSTRY WITH STATE-OF-THE-ART TESTING SERVICES SINCE 1972

ENTROPY

COMPREHENSIVE AIR EMISSIONS TESTING

Call Pete Watson, Director of Sales 1-800-486-3550

ENTROPY ENVIRONMENTALISTS, INC.
P.0. BOX 12291 - RESEARCH TRIANGLE PARK, NC 27709-2291

CIRCLE 3 ON READER SERVICE CARD

INTERNATIONAL SYMPOSIUM
ON
CALCIUM MAGNESIUM ACETATE: ("CMA")

An Emerging Bulk Chemical for Environmental Applications
May 14-16, 1991

Center for Biotechnology Engineering
Northeastern University
342 Snell Engineering Center
Boston, MA 02115

"CMA" or Calcium Magnesium Acetate is a new bulk chemical emerging on the
world market. Two major uses for this chemical identify it as being used in
multimillion ton quantities in the near future. One use is as an organic
biodegradable noncorrosive deicing salt, already established by the U.S. Federal
Highway Administration as the road salt selected to replace sodium chloride. The
second major use for CMA is as an additive to coal-fired combustion units such as
those used by electrical utilities in order to bind sulfur.

Co-sponsors include:

® Chevron Chemical Company ® Federal Highway Administration
® Electric Power Research Institute @ Massachusetts Audubon Socier%yv
® Environmental Protection Agency e Massachusetts Dept. of Public Works

CALL FOR ABSTRACTS: 1 PAGE
DUE: February 1, 1991

Presented papers will be published in a“special {opical issue of Resources,
Conservation and Recycling, an International Journal published jointly by Elsevier
Science Publishers, B.V., Amsterdam, The Netherlands and Pergamon Journals
Ltd., Oxford, Great Britain.

WRITE: Donald L. Wise, Ph.D.
Cabot Professor of Chemical Engineering
Director, Center for Biotechnology Engineering

617-437-2992 (TEL); 617-437-2501 (FAX)

CIRCLE 8 ON READER SERVICE CARD
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York, NY 10159. 1990. 138 pages
$69.25.

Topics include radioactivity, radon and
its decay products in the atmosphere, sourc-
es of radon, radon in water, indoor and out-
door radon, and health effects.

Biological Markers of Environmental
Contamination. John F. McCarthy and
Lee R. Shugart, Eds. Lewis Publishers,
2000 Corporate Blvd., Boca Raton, FL
33431. 1990. 600 pages. $69.95, U.S.;
$83, foreign.

Biological Markers reviews the use of
biological markers in animals and plants
to evaluate ecological and health effects
of contamination. Topics include testing
for genotoxicity, disease biomarkers,
oncogenes, and sentinel species (species
that suffer effects first, thus giving early
warning of contamination).

The Changing Atmosphere: The Glo-
bal Challenge. John Firor. Yale Univer-
sity Press, 92A Yale Station, New Ha-
ven, CT 06520. 1990.

Will nature eventually cleanse the at-
mosphere of pollutants put there by hu-
mans? Is the greenhouse effect the in-
vention of doomsayers? Emphatically
not, according to the author, who be-
lieves that experts’ warnings should be
taken very seriously. He adds, however,
that although it would be nearly impos-
sible to halt the spread of chemicals into
the air, steps to slow pollution are feasi-
ble and often economically beneficial
(cutting use of fossil fuels, for example).

CRC Handbook of Chemistry and
Physics, 71st ed. David R. Lide, Ed.
CRC Press, 2000 Corporate Blvd., Boca
Raton, FL 33431. 1990. 2384 pages.
$99.50; $117, foreign.

The CRC Handbook is the well-
known compendium of properties of
many inorganic and organic chemicals.
Environmental material has been added
to this edition of the handbook. This in-
cludes threshold limit values for air-
borne contaminants (in the workplace),
properties of priority organic pollutants,
permissible quarterly intake of radionu-
clides, chemical carcinogens, and han-
dling and disposal of chemicals in labo-
ratories.



AIR POLLUTION

Toxic pollutant destruction. The Elec-
troincinerator system is designed to de-
stroy most airborne toxic chemicals,
odors, bacteria, and viruses at ambient
temperatures in a single pass. Electroin-
cinerator Technologies 99

Diesel exhaust purifier. PTX-Ultra is
designed to purify exhaust from diesel-
powered equipment in mines and indoor
construction and to reduce gas odor and
levels of CO and sulfate responsible for
eye, nose, and lung irritations. En-
gelhard 102

HAZARDOUS MATERIALS

Plastics recycling. System is designed
to recycle used plastics such as high-
density polyethylene (HDPE) and poly-
ethylene terephthalate (PET). One was
installed in Southern California in De-
cember, with provision for expansion to
other plastics and to increased HDPE/
PET recycling. John Brown 105

Inhibiting groundwater contamina-
tion. ‘‘Modular Flooring Systems’' are

Need more information about any items?
If so, just circle the appropriate numbers
on one of the reader service cards bound
into this issue and mail in the card. No
stamp is necessary.

Companies interested in a listing in this
department should send their release di-
rectly to Environmental Science and Tech-
nology, Attn: Products, 1155 16th St.,
N.W., Washington, DC 20036.

el
PRODUCTS

designed to provide positive secondary
containment for storing, transporting,
and dispensing hazardous materials and
to prevent their reaching groundwater.
Cost is said to be a fraction of conven-
tional ‘‘dike’’ systems. P&D System-
technic 107

INSTRUMENTS

UST monitoring. TLS-350 under-
ground storage tank (UST) monitor is
designed to provide in-tank leak detec-
tion and interstitial, vapor, and ground-
water monitoring in accordance with ap-
plicable EPA regulations. System is
computer-compatible. Veeder-Root

108

Carbamate analysis. Carbamate Analy-
sis system is designed to analyze N-
methylcarbamate pesticides in raw
source water and drinking water accord-
ing to EPA Method 531.1, Revision 3.0,
by high-performance liquid chromatog-
raphy. Millipore/Waters 109

Personal CO detection. DEAD/STOP
indicator badge warns when the level of
carbon monoxide in a breathing area ap-
proaches or exceeds the maximum al-
lowable under federal regulations. Tra-
cor Atlas 110

Sulfur and chlorine analysis. MCTS-
130/120 automated sulfur and chlorine
analyzer also analyzes for nitrogen in
aqueous, hydrocarbon, and solid sam-
ples. Rosemount Analytical 112

Benchtop quadrupole GC/MS/DS.
The TRIO-1 S is a benchtop instrument
designed to produce library-searchable
El+ spectra with samples as small as
10 pg. VG Instruments 118

VOC analysis. Model 2000 concentra-
tor with Model 2010 canister manifold
measures volatile organic carbons in a
fully automated manner. System sup-
ports PCs. Entech

Environmental analyses. Systems are
available for organic and inorganic anal-
ysis by ion, high-performance liquid,
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and supercritical fluid chromatography.
They can be configured for current and
future needs. Dionex 124

SERVICES

Guide to service firms. 1991 EI Envi-
ronmental Services Directory provides
information about ~4500 environmental
service firms in the United States. Head-
ings include asbestos, laboratories, con-
sultants, and emergency response. Envi-
ronmental Information 131

Biological pest control. Company has
expanded its production of the insect-
killing microbe Bacillus thuringiensis.
Sandoz Crop Protection 136

STANDARDS

Asbestos references. Two new asbestos
analytical reference materials help fulfill
NIOSH requirements for daily analyses
of reference materials and blanks and
help monitor laboratory proficiency.
Ask about TechChek and LabTrack. Fo-

rensic Analytical Specialties 141

WATER TREATMENT

Wastewater treatment controls. DCI
system is designed to provide advanced
computer graphic control for wastewater
treatment systems. Fischer & Porter

143

Lead removal. LeadOUT-10 filter uses
a proprietary alumina-based filter medi-
um to reduce lead levels in drinking wa-
ter to < 4 ppb; EPA’s maximum con-
taminant level, now 50 ppb, is expected
to be lowered to 5 ppb. Filter is de-
signed to remove other heavy metals as
well. Selecto 148
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Dr. William H. Glaze
Editor
University of
North Carolina

Dr. Walter Giger
Associate Editor
(Europe)
EAWAG

Dr. Ronald A. Hites
Associate Editor
Indiana University

ES&T Editor William H. Glaze has appointed Jerald L. Schnoor
associate editor (water). Schnoor replaces Philip C. Singer, who
has served with distinction as associate editor since July 1983.
Schnoor, who is well known in the water quality field, will be in
charge of manuscripts concerning water. He also will act as liai-

i

Dr. Jerald L. Schnoor
Associate Editor (water)
University of lowa

ES&T’s 1991
Advisory Board

Dr. Joe Suflita
Associate Editor
University of Oklahoma

Dr. John H. Seinfeld
Associate Editor (air)
California Institute of
Technology

son with reviewers in this field. For more information about
Schnoor, see page 6 of this issue. Otherwise, the editorial and ad-
visory boards remain the same for 1991 as they were in 1990.
Board members serve three-year terms. The last year of each
member’s term is noted in parentheses.

.
Dr. Roger Atkinson Dr. Joan M. Daisey Dr. Fritz H. Frimmel Dr. George Helz Dr. Ralph Mitchell
University of Lawrence Berkeley Technical University University of Harvard University
California, Riverside Laboratory of Munich Maryland (1991)
(1993) (1991) (1992) (1992)

Dr. Walter J. Weber, Jr.
University of
Michigan
(1991)

Dr. Joseph M. Norbeck
Ford Motor Company
(1992)
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Dr. Alexander J. B. Dr. Richard G. Zepp

Zehnder EPA
Agricultural (1991)
University
of Wageningen
(1991)
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Editorial Policy

Environmental Science & Technology reports on aspects of the
environment and its control by scientific, engineering, and politi-
cal means. Contributed materials may appear as feature articles,
critical reviews, current research papers, research communica-
tions, and correspondence. Central to the evaluation of all contri-
butions is a commitment to provide the readers of ES&T with sci-
entific information and critical judgments of the highest quality.
For the convenience of authors, the specific nature of each type
of contribution is outlined below.

Feature articles. A manuscript submitted for publication as a
feature article should present useful discussion and opinion on
important research directions in environmental science; develop-
ing technology; environmental processes; and social, political, or
economic aspects of environmental issues. Each manuscript un-
dergoes review by qualified peers as well as by the editors for the
purpose of balance and elimination of inappropriate bias. Review
criteria include significance of the scientific issue or process de-
scribed, quality and succinctness of the text, and identification of
potential research needs. Strict requirements for documentation of
results, completeness of data, and originality, such as those appli-
cable to research manuscripts, are not included in the review cri-
teria for feature articles. Four copies are required.

Views. A manuscript submitted for publication as a view
should be objective, not an advertisement for a product or meth-
od, and should comment on a timely event or development.
Views are not news items, but insightful commentaries on timely
environmental topics. The manuscript should be about 1000
words long. The manuscript will be reviewed by members of the
ES&T advisory board or reviewers to judge the suitability of its
publication in ES&T.

Critical reviews. Critical reviews are thoroughly documented,
peer-reviewed assessments of selected areas of the environmental
science research literature for the purpose of identifying critical
research needs. Criteria for acceptability include current impor-
tance of the field under review, thoroughness of the literature
coverage, clarity of text, and adequacy of research need identifi-
cation.

Current research papers. The research pages of ES&T are
devoted to the publication of critically reviewed papers concerned
with the fields of water, air, and waste chemistry, and with other
scientific and technical fields that are relevant to the understand-
ing and management of the water, air, and land environments.
Contributed research papers, in general, describe complete and
fully interpreted results of original research.

Environmental Science & Technology seeks to publish papers
of an original and significant nature. Originality should be evi-
denced by new experimental data, new interpretations of existing
data, or new theoretical analysis of environmental phenomena.
Significance will be interpreted with respect to the breadth of im-
pact of the reported findings. Manuscripts reporting data of a rou-
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tine nature that do not offer heretofore unavailable important in-
formation or do not substantially augment already available data
will be declined publication in ES&T. The scope of the reported
data in ambient monitoring studies should be such that broad
conclusions applicable to more than the particular local scale are
possible.

All research articles emphasizing analytical methodology for
air or water analysis must include substantial application to envi-
ronmental samples. ES&T faces some overlap with other journals
in this area, and articles that do not contain, in the editors’ judg-
ment, a significant emphasis on environmental analysis will be
returned to the authors for submission elsewhere.

Manuscripts should be prepared with strict attention to brevity.
The vast majority of articles are expected to be fewer than four
published pages. Processing time will be shortened if the editors
do not have to return manuscripts to be condensed.

Research Communications. Research Communications are
short research reports describing results of unusual significance.
The subject of the communication should be of such importance
and the report of such quality that rapid publication is warranted.
Communications are expected to be preliminary reports that will
be followed by a more detailed publication. The communication
should be no longer than two printed pages including figures, ta-
bles, and references. Every effort should be made to keep the
length substantially below this maximum, such as by avoiding a
lengthy introductory section. The Experimental Section should be
as brief as possible, giving only essential details. An abstract
should be sent with the communication for publication in Chem-
ical Abstracts but it will not be published in ES&T. See Current
Research Author’s Guide for directions for preparation of Ab-
stract. Communications will be reviewed expeditiously and pub-
lished as rapidly as possible. To ensure prompt attention to their
manuscript, authors should consider sending Communications by
FAX to the ACS manuscript office (FAX# 202-872-6325) or
sending it by express courier. A FAX number for return commu-
nications should be included, if available. If minor revisions are
required, manuscripts will be returned to authors as expeditiously
as possible and should be returned to ACS headquarters within
two weeks. The need for major revision is just cause for rejection
of the Communication.

Correspondence is a significant comment on work published
in the research section of ES&T. Comments should be received
within six months of date of publication of the original article.
The authors of the original article ordinarily will be allowed to
reply.

Send manuscripts to: Environmental Science & Technology,
1155 16th St., N.W., Washington, DC 20036. Address feature
manuscripts to: Managing Editor; research manuscripts to Manag-
er, Manuscript Office. Include a signed copyright transfer form; a
copy appears on the inside back cover of the January issue.
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Peer review in ES&T

Characteristics of ES&T

ES&T stands out among American Chemical Society journals
in that it combines both a magazine and a journal. Only one other
ACS publication contains this combination—our sister publica-
tion, Analytical Chemistry. Because of the hybrid nature of our
publication, it serves a large and diverse audience.

Central to the evaluation of all contributions to ES&T is a
commitment to provide our readers with scientific information of
the highest quality. The publication seeks the most significant,
original, and broadly applicable types of articles for its current
research section. A vast number of persons review original manu-
script contributions and indicate in their evaluations the original-
ity and scientific validity of the work, as well as the appropriate-
ness of the material for our publication.

The Editor and Associate Editors, who are located at the Uni-
versity of North Carolina, the California Institute of Technology,
EAWAG, Indiana University, the University of Iowa, and the
University of Oklahoma are fully responsible for all material pub-
lished in ES&T. This policy is a general one applicable to all ed-
itors of American Chemical Society publications. The 10 mem-
bers of the Advisory Board are chosen by the editor to provide
input to ES&T’s operation. The members are chosen to represent
various constituent groups in the research and reader communities
and serve three-year terms. Although the editors seek advice and
help from individuals in the scientific community and from advi-
sory groups, it is ultimately the editors’ responsibility to provide
editorial direction, set editorial policies, and make individual pub-
lication decisions.

The Washington editorial staff handling the current research
section is responsible for the day-to-day operation of the peer re-
view system. All editorial staff members have chemistry or relat-
ed science degrees.

General guidelines and overall editorial policies set by the ed-
itor form the basis for evaluating reviewers’ comments on re-
search articles submitted for the current research section.

A look at peer review

Each manuscript submitted to the current research section isre-
viewed by a staff editor and, on the basis of its content, assigned
to one of the associate editors or to the editor (hereafter called
technical editor). The subject matter of the manuscript determines
which editor will receive the file. The technical editor is respon-
sible for the manuscript—including choosing reviewers; evaluat-
ing the content of the paper; taking into account the comments of
reviewers; and communicating ultimate acceptance or rejection to
the corresponding author. The staff editor in Washington assists
in this process by screening papers initially to determine whether
papers may fall outside of ES&T’s scope, by monitoring the
progress of the review process, and by carrying out a final check
of accepted manuscripts for appropriate format and style.

Beginning in January 1990, reviewers are picked by the techni-
cal editors. Three reviewers are carefully selected for each paper,
based on the subject matter of the paper, the experts available in
a given area, and the editorial staff member’s knowledge of the
habits of proposed reviewers. Thus, known slow reviewers are
avoided when possible. Potential reviewers for each paper are
identified through various means, one of which involves a com-
puter search of subjects that reviewers have indicated are their
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areas of expertise. Reviewers are normally asked to respond with-
in three weeks, and if they are late, reminders are sent. Late re-
view notifications are generated and dispatched as mailgrams on
a weekly basis.

Also beginning in January 1990, reviews will be sent directly
to the technical editor to whom the paper has been assigned. If the
reviewers do not agree on the disposition of the paper, or if the
technical and scientific strengths or shortcomings of the work
have not been adequately addressed, an additional reviewer may
be selected. The reviews (usually at least two) are used by the
technical editor in making the final decision about the disposition
of the manuscript. Letters communicating the decision proceed
directly from the office of the technical editor to the correspond-
ing author.

If the technical editor has recommended revision of the manu-
script, the staff editor goes over the paper carefully in a ‘‘pre-ed-
it’” check to aid the author in revising the manuscript.

Tips for authors of papers submitted to ES&T

Prepare your paper with the audience of the publication in
mind. Papers prepared for other journals are likely to need some
revision to make them suitable for ES&T.

Clearly state in the introduction the purpose of the work and put
the work in perspective with earlier work in the area. This may
appear obvious, but authors often fail to clearly state the pur-
pose and significance of their work.

Write concisely. The vast majority of articles are expected to be
fewer than five published pages. Long manuscripts are looked
at much more closely and critically both by reviewers and edi-
tors. Do not repeat information or figures or tables that have
appeared elsewhere. Use illustrative data rather than complete
data where appropriate.

Suggest names of possible reviewers for your paper. You may
also suggest the names of persons whom you do not want to re-
view the paper. The editors try to use at least one reviewer who
has been suggested by authors. This cannot be assured, howev-
er, since specific reviewers may not be available for reviewing
or may already be overloaded.

Follow the Current research author’s guide, published in every
January issue.

.

If your manuscript is rejected

Read the reviews carefully. If the reviewers have ‘‘missed the
point,”” as authors often claim, consider how the presentation
can be clarified and improved to make the point clear. If re-
viewers have not understood, it is unlikely that readers will un-
derstand.

Is the manuscript, after all, more suitable for another journal?
Is the work sufficiently complete, or do you need to do more
work before seeking publication?

If you feel strongly that the paper has not been judged fairly,
then carefully revise the manuscript taking into account the re-
viewers’ criticisms and send the manuscript to the office of the
technical editor with a rebuttal letter asking that the manuscript
be reconsidered. Provide an itemized list of changes made in
the manuscript in response to reviewer comments, as well as
objective rebuttals to the criticisms with which you do not
agree.



Current research author’s guide

This manuscript preparation guide is published to aid authors in
writing, and editors and reviewers in expediting the review and
publication of research manuscripts in Environmental Science &
Technology, including full research articles and communications.
For a detailed discussion with examples of the major aspects of
manuscript preparation, please refer to The ACS Style Guide
(1986).

Title

Use specific and informative titles. They should be as brief as
possible, consistent with the need for defining the subject of the
paper. If trade names are used, give generic names in parentheses.
Key words in titles assist in effective literature retrieval.

Authorship

List the first name, middle initial, and last name of each author.
Omit professional and official titles. Give the complete mailing
address where work was performed. If present address of author
is different, include the new information in a footnote. In each
paper with more than one author, the name of the author to whom
inquiries should be addressed carries an asterisk. The explanation
appears on the contents page.

Abstracts

An abstract, which will appear at the beginning of each paper,
must accompany each manuscript. Authors’ abstracts frequently
are used directly for Chemical Abstracts. Use between 100 and
150 words to give purpose, methods or procedures, significant
new results, and conclusions. Write for literature searchers as well
as journal readers.

Text

Consult a current issue for general style. Assume your readers
to be professionals not necessarily expert in your particular field.
Historical summaries are seldom warranted. However, documen-
tation and summary material should be sufficient to establish an
adequate background. Divide the article into sections, each with
an appropriate heading, but do not oversectionalize. The text
should have only enough divisions to make organization effective
and comprehensible without destroying the continuity of the text.
Keep all information pertinent to a particular section within that
section. Avoid repetition. Do not use footnotes; include the infor-
mation in the text.

Introduction. Discuss relationship of your work to previously
published work, but do not repeat. If a recent article has summa-
rized work on the subject, cite the summarizing article without
repeating its individual citations.

Experimental. Apparatus: List devices only if of specialized
nature. Reagents: List and describe preparation of special reagents
only. Procedure: Omit details of procedures that are common
knowledge to those in the field. Brief highlights of published pro-
cedures may be included, but details must be left to literature cit-
ed. Describe pertinent and critical factors involved in reactions so
that the method can be reproduced, but avoid excessive descrip-
tion.

Results and discussion. Be complete but concise. Avoid non-
pertinent comparisons or contrasts.

Manuscript requirements

Five complete legible copies of the manuscript are required.
They should be typed double or triple spaced on 22 x 28 cm pa-
per, with text, tables, and illustrations of a size that can be mailed
to reviewers under one cover. Duplicated copies will be accepted
only if very clear.

If pertinent references are unpublished, furnish copies of the
work or sufficient information to enable reviewers to evaluate the
manuscript.

In general, graphs are preferable to tables if precise data are not
required. When tables are submitted, however, they should be
furnished with appropriate titles and should be numbered consec-
utively in Roman numeral style in order of reference in the text.
Double space with wide margins, and prepare tables in a consis-
tent form, each on a separate 22 x 28 cm sheet.

Submit original drawings (or sharp glossy prints) of graphs,
charts, and diagrams prepared on high-quality inking paper. All
lines, lettering, and numbering should be sharp and unbroken. If
coordinate paper is used, use blue cross-hatch lines because no
other color will ‘‘screen out.”’

Typed lettering does not reproduce well: Use black India ink
and a lettering set for all letters, numbers, and symbols. On 20 x
25 cm copy, lettering should be at least 0.32 cm high. Lettering
on copy of other sizes should be in proportion. Label ordinates
and abscissas of graphs along the axes and outside the graph
proper. Do not use pressed wax for numbering or lettering.

Photographs should be supplied in glossy print form, as large
as possible, but preferably within the frame of 20 x 25 cm. Sharp
contrast is essential.

Number all illustrations consecutively using Arabic numerals in
the order of reference in the text. Include a typed list of captions
and legends for all illustrations on a separate sheet. If drawings
are mailed under separate cover, identify by name of author and
title of manuscript. Advise editor if drawings or photographs
should be returned to the author. Color reproduction is possible
provided the author bear all incremental charges. An estimate of
these charges will be given upon request. A letter acknowledging
the author’s willingness to defray the cost of color reproduction
should accompany.

Nomenclature

Nomenclature should conform with current American usage. Inso-
far as possible, authors should use systematic names similar to those
used by Chemical Abstracts Service or IUPAC. Chemical Abstracts
nomenclature rules are contained in Appendix IV of the current
Chemical Abstracts Index Guide. A list of ring systems, including
names and numbering systems, is found in the Ring Systems Hand-
book, American Chemical Society, Columbus, OH, 1988.

Use consistent units of measure (preferably SI).

If nomenclature is specialized, include a ‘‘Nomenclature’’ sec-
tion at the end of the paper, giving definitions and dimensions for
all terms. Write out names of Greek letters and special symbols
in margin of manuscript at point of first use. If subscripts and su-
perscripts are necessary, place them accurately. Avoid trivial
names. Trade names should be defined at point of first use (regis-
tered trade names should begin with a capital letter). Identify
typed letters and numbers that could be misinterpreted, for exam-
ple, one and the letter “‘l,”” zero and the letter “‘O.”’
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Formulas and equations

Chemical formulas should correspond to the style of ACS pub-
lications. Chemical equations should be balanced and numbered
consecutively along with mathematical equations. The mathemat-
ical portions of the paper should be as brief as possible, particu-
larly where standard derivations and techniques are commonly
available in standard works.

Safety

Authors are requested to call special attention—both in their
manuscripts and in their correspondence with the editors—to
safety considerations such as explosive tendencies, precautionary
handling procedures, and toxicity.

Acknowledgment

Include essential credits in an ‘‘Acknowledgment’ section at
the end of the text, but hold to an absolute minimum. Give meet-
ing presentation data or other information regarding the work re-
ported (for example, financial support) in a note following Liter-
ature Cited.

References

Literature references should be numbered and listed in order of
reference in text. They should be listed by author, patentee, or
equivalent. In the text, just the number should be used, or the
name should be followed by the number. ‘‘Anonymous’’ is not
acceptable for authorship. If the author is unknown, list the refer-
ence by company, agency, or journal source. Do not list referenc-
es as ‘‘in press’’ unless they have been formally accepted for
publication. Give complete information, using abbreviations for
titles of periodicals as in the Chemical Abstracts Service Source
Index, 1907-84.

For periodical references to be considered complete, they must
contain authors’ surnames with initials, journal source, year of is-

sue, volume number, and the first and last page numbers of the
article. Consult The ACS Style Guide for reference style.

Supplementary material

Extensive tables, graphs, spectra, calculations, or other materi-
al auxiliary to the printed article will be included in the microfilm
edition of the journal. Identify supplementary material as to con-
tent, manuscript title, and authors. Three copies of the supplemen-
tary material, one in a form suitable for photoreproduction, should
accompany the manuscript for consideration by the editor and re-
viewers. The material should be typed on white paper with black
typewriter ribbon or printed on high quality (300 dpi) laser print-
er. If individual characters for any of the material, computer or
otherwise, are broken or disconnected, the material is definitely
unacceptable.

Figures and illustrative material should preferably be original
high-contrast drawings or good prints of originals. Optimum size
is 22 x 28 cm. Minimum acceptable character size is 1.5 mm. The
caption for each figure should appear on the same piece of copy
with the figure. Be sure to refer to supplementary material in text
where appropriate.

Supplementary material may be obtained in photocopy or mi-
crofiche form at nominal cost. Material of more than 20 pages is
available in microfiche only. Photocopy or microfiche must be
stated clearly in the order. Prepayment is required. See instruc-
tions at the end of individual papers.

The supplementary material is abstracted and indexed by
Chemical Abstracts Service.

Subscribers to microfilm editions receive, free, the supplemen-
tary material in microfiche form from individual papers in any
particular issue. For information, contact Microforms Program at
the ACS in Washington, DC, or call (202) 872-4554.

Research Communications. Please refer to Editorial Policy
for guidelines on research communications.

CIRCLE 13 ON READER SERVICE CARD
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SSIFIED SEC

BROWARD COUNTY
FLORIDA
EXEMPT SERVICE OPPORTUNITY

DIRECTOR, OFFICE OF
NATURAL RESOURCE PROTECTION
$59,598 - $88,801

Broward County, Florida (population 1.3M—
County Seat Fort Lauderdale) has a beautiful
environment and wants it protected and en-
hanced. To help bring that about, the Broward
County Board of County Commissioners has
approved a strengthened Office of Natural Re-
source Protection reporting directly to the
County Administrator. The County is seeking a
very experienced, innovative, and dedicated
director to lead a staff of 130 in enforcing envi-
ronmental protection regulations and in devel-
oping pro-active policies for the future.

The director will be a seasoned professional
with at least seven years of recent experience
in the field, at least four years of which will be
responsible management and administrative
experience. The new director will have at least
a four-year college degree with a major in en-
gineering, chemistry, environmental science
or a related field, although a graduate degree
and other examples of leadership in the pro-
fession will be very desirable.

Resumes are subject to public disclosure in
accordance with Florida's Public Records Act.
Resumes and a salary history must arrive not
later than 5:00 p.m., Friday, January 11, 1991.

Broward County Personnel
Governmental Center
Room 50
115 S. Andrews Avenue
Fort Lauderdale, FL 33301
EQUAL EMPLOYMENT OPPORTUNITY M/F/H/V

ENVIRONMENTAL ENGINEERING
FACULTY

New Mexico Institute of Mining and Tech-
nology is seeking qualified applicants for a
tenure-track assistant or associate profes-
sor level faculty position in Environmental
Engineering. The position is open January
1991 but will remain open until filled. Strong
qualifications in air quality and hazardous
waste management and computer applica-
tions are desired. The successful candidate
will teach undergraduate courses in Envi-
ronmental Engineering including air pollu-
tion engineering and will be expected to ini-
tiate research programs. A Ph.D. in Civil
Engineering, Environmental Engineering or
related discipline is required. Good commu-
nication skills, both oral and written, are es-
sential. Experience in Environmental Engi-
neering is desirable. Send resume to New
Mexico Institute of Mining & Technology,
Human Resources Box C-046, Socorro,
New Mexico 87801.
AAEOE

CAREER OPPORTUNITIES NATIONWIDE
A ablew
opelalng b dems.' & scientists ¥e
soughtwith the following disciplines: Water/Waste water * Hydroged-
ogy" SolidWaste* Health & Salety * Goetech * Air Quality * Chemistry
* Industrial Hygiene * Many Others positions. Contact Peter Ansara for
confidential consideration. 413-733-0791 Fax 413-731-1486 or send
resume to: A.B.F., P.O. Box 239, West Springfield, MA 01090.

All fees employer paid.

Leadership
Excellence
Innovation

environment issues.

opportunity employer.

Environmental Scientist/Analyst
SERIl is the nation’s leading laboratory for the research and
development of renewable and alternative energy sources. The
Energy and Environmental Analysis Division is seeking qualified
applicants for the position of Environmental Scientist/Analyst to
perform scientific analysis of environmental factors, regulations,
and policies affecting the development and use of renewable
energy conversion and energy-efficient technologies. Examples
include studies on full-fuel cycle analysis of conventional, renew-
able, and demand-side energy technologies and the role of
renewable energy technologies in reducing greenhouse gas emis-
sions. Applicants must have undergraduate or graduate degrees in
physical or biological science and experience working on environ-
mental assessment and/or policy analyses related to energy/

We offer an excellent compensation and benefit program. For
immediate consideration, please send resume to: Human
Resources Office, E2600-EEA, 1617 Cole Bivd., Golden, CO 80401.
Women and minorities are encouraged to apply. We are an equal

- N
- 1@»
o K,

Solar Energy Research Institute

?

COLORADO SCHOOL OF MINES
Golden, Colorado

FACULTY POSITIONS IN
ENVIRONMENTAL ENGINEERING

Colorado School of Mines Department of
Environmental Sciences and Engineering
invites applications for tenure track posi-
tions at the Assistant Professor rank with an
anticipated start date of August 1991. Ar-
eas of specialization are open but individ-
uals whose research interests are in haz-
ardous/industrial waste treatment or in the
transport and fate of contaminants are es-
pecially encouraged to apply.

Successful applicants must possess a
Ph.D. in environmental engineering or a re-
lated engineering field and a commitment to
graduate level teaching and research. Pro-
fessional registration and academic or in-
dustrial experience are desirable.

The selection process will continue until
such time as positions are filled. Applicants
should submit a resume, academic tran-
scripts, examples of research output, and
the names and addresses of three refer-
ences to:

COLORADO SCHOOL OF MINES
Environmental Sciences Search Committee

P.0. Box 69, Golden, CO 80402

AN EQUAL OPPORTUNITY/AFFIRMATIVE ACTION EMPLOYER
Minorities and Females Encouraged To Apply

SUBSURFACE
CONTAMINANT
TRANSPORT

The Department of Civil Engineering at the
University of Washington seeks candidates
for a tenure-track faculty position beginning
Autumn, 1991, in the general area of sub-
surface contaminant fate and transport.
Some capability in both experimental in-
vestigation and modeling of such processes
is desirable, although strong candidates
with experience in only one of these areas
are also encouraged to apply. The appoint-
ment will be at the Assistant Professor lev-
el. In addition to conducting and directing
research in the specified areas, the suc-
cessful candidate will have teaching re-
sponsibilities in undergraduate and gradu-
ate engineering courses.

Those interested in applying should send a
resume and the names of three references
to the Chair of the search committee, Mark
Benjamin, at the following address:

Dr. Mark Benjamin
Department of Civil Engineering FX-10
University of Washington
Seattle, WA 98195
Consu:lerahon of appllcatlons will begin on

March 1,

The Uni ity of i is an eqt ity, affir-
mative action employer. Applications Imm women and
underrepresented minority groups are encouraged.

Environ. Sci. Technol. Vol. 25, No. 1, 1991 49



SSIFIED SECTIO

~ ENVIRONMENTA

PROFESSIONALS

Our Growth is Your Opportunity

engineering and a minimum of 3-8
years experience. Knowledge of regu-
latory requirements and excellent com-
munication skills are essential, as are
skills in planning, impact assessment,
and project management. You must be
aU.S. citizen.

We offer competitive salaries, generous
benefits, and excellent growth opportu-
nities. If you are interested in working
with a team of professionals, send
resume in confidence to:

NUS Corporation
Savannah River Center
Dept. ES-15SH

900 Trail Ridge Road
Aiken, SC 29803

NUS Corporation, one of the nation’s
leading consulting firms specializing in
environmental, safety, and nuclear
safety services, has immediate open-
ings in its Aiken, SC office. These
opportunities call for experienced pro-
fessionals with the ability to provide
responsive and innovative solutions for
our clients. Positions include:

+ Regulatory Compliance
Supervisor

« Environmental
Scientists/Engineers

« NEPA Specialists

- Waste Management Specialists

« Environmental Health Physicists

« Socioeconomic/Cultural

SCIENTIFIC/TECHNICAL

SENIOR RESEARCH
POSITIONS

The U. S. Environmental Protection
Agency (EPA) is seeking highly qualified
candidates for senior research positions at
our environmental research laboratories in
the following locations: Narragansett,
Rhode Island; Research Triangle Park,
North Carolina; Athens, Georgia; Gulf
Breeze, Florida; Cincinnati, Ohio; Duluth,
Minnesota; Las Vegas, Nevada and Corval-
lis, Oregon. The person filling one of these
positions will report directly to the Labora-
tory Director.

Depending on the specific position, ap-
plicants should have an advanced degree
(doctorate preferable) in one of the follow-
ing areas: ecological sciences, health sci-
ences, environmental sciences, physical
sciences, engineering or mathematical sci-
ences; and several (at least seven) years
experience as a principal investigator and
direct experience with scientific assess-
ments for environmental issues. Applicants
must also meet the technical qualifications
described in the Vacancy Announcement.

To obtain a copy of the Vacancy An-
nouncement for the position in which you

Resources Specialist
« Risk Assessment Specialist

ance; assess impacts; perform
appraisals; and plan, prepare, and
review program documentation.

You need a BS or MS in science or

These environmental professionals will
review and evaluate regulatory compli-

NUS

CORPORATION

GA Halliburton Company

An equal opportunity/affirmative action employer.

are interested, a copy of the Federal Appli-
cation Form (SF-171), and a description of
each laboratory, call or write Ms. Chaunta
Gladney, U.S. EPA, Executive Resources
and Speclal Programs Division, PM-224,
Room 3910, 401 M Street S.W., Washing-
ton, D.C. 20460, (202/382-3328).
APPLICATIONS MUST BE POSTMARKED
BY: February 28, 1991.
EPA IS AN EQUAL EMPLOYMENT
OPPORTUNITY EMPLOYER

U.S. ENVIRONMENTAL
PROTECTION AGENCY

RESEARCH GRANTS

The U.S. Environmental Protection
Agency (EPA) is accepting proposals to
conduct basic investigative research in
the general areas of biology, health,
chemistry, physics, engineering or so-
cioeconomics. The Agency is interested
in proposals focusing on any aspect of
pollution identification, characterization,
abatement or control, or which address
the effects of pollutants on human health
or the environment. Proposals will also be
accepted which investigate the social or
economic consequences of environmen-
tal policy. Applicants successfully pass-
ing competitive peer review will receive a
research grant for up to three years. Non-
profit institutions and state or local gov-
ernments are encouraged to apply.

For more information, write to:

Research Grants Program
Office of Research and
Development, RD-675
U.S. Environmental Protection Agency
401 M Street, S.W.
Washington, D.C. 20460
Or call: 202-382-7445

HEAD OF DIVISION OF ENVIRONMENTAL SCI-
ENCES: School of Public Health, Columbia Univer-
sity. The Division offers a Masters and a Doctorate
of Public Health. The position requires a productive
researcher and inistrator, as well as

with a strong concern for teaching. The Division
has major teaching and research programs in (1)
cellular and molecular mechanisms of carcinogen-
esis, mutagenesis and tumor promotion, (2) molec-
ular epidemiology, (3) occupational health (with an
AMA-accredited residency), and (4) risk assess-
ment- ication and envir policy.
Send curriculum vitae to Dr. Eugene Litwak, Divi-
sion of Sociomedical Sciences, Columbia Univer-
sity School of Public Health, 600 W. 168th Street,
New York, NY 10032. Columbia University takes
affirmative action towards equal opportunity.

ENVIRONMENTAL/CHEMICAL ENGINEERS
NATIONWIDE opportunities with consulting and
operating companies in Environmental Engineer-
ing, | Waste, Remediati Air Quality,
Landfill Design, Hydrogeology, Wastewater Treat-
ment. Fees are company paid. Send resume to:
JAMES E. IANNONI & ASSOC.
P.O. Box 66, Hampton, CT 06247
203-455-0151

GRADUATE STUDY in ENVIRONMENTAL SCI-
ENCE AND ENGINEERING at the Oregon Graduate
Institute. Highly qualified, strongly motivated stu-
dents sought for exciting research programs in
transport and fate of organic and inorganic contami-
nants, atmospheric chemistry and physics, aquifer
remediation, microbial ecology and physiology, bio-
degradation, biogeochemistry, analytical environ-
mental chemistry, numerical modeling, estuarine
and coastal studies, elemental cycling in terrestrial
ecosystems. Intensive research experience, state-
of-the-art instrumentation, maximum faculty-student
i ion. Research assi ips with tuition re-
mission available to qualified Ph.D. applicants.
Write: Carl D. Palmer, Department of Environmen-
tal Science and Engineering, 19600 N.W. Von Neu-
mann Dr., Beaverton, OR 97006, (503) 690-1196.
(Closing date 4/1/91). Affirmative Action/Equal
Opportunity Employer.

CLASSIFIED
ADVERTISING RATES

Unit 1-T  3-T 6-T 12-T 24-T
1inch $130 $125 $120 $115 $110

(Check Classified Advertising
Department for rates if adver-
tisement is larger than 10”.)
SHIPPING INSTRUCTIONS:
Send all material to

Environmental Science & Technology
Classified Advertising Department
500 Post Road East
P.0. Box 231
Westport, CT 06881
(203) 226-7131/Fax (203) 454-9939
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We Create An
Environment For Growth.

Is restoring the planet vital to you? Are you anxious to find real-life solutions to real-life problems — affordable
and effective ways we can preserve our environment and keep America technologically competitive?

If so, you can make a major impact as a member of our team at Battelle, Pacific Northwest Laboratories. Our
staffincludes 3,500 scientists, engineers and specialists with widely diverse capabilities and internationally rec-
ognized expertise. They work individually and in multidisciplinary teams to attack problems affecting waste
disposal, environmental restoration, global change, human health and energy resources. And their efforts make
Battelle a leader in technical innovation and a steward of the environment.

We currently offer research opportunities in the following areas:

¢ Regulatory Analysis ¢ Geochemistry ¢ Risk and Safety Assessment
* Global Climate Change * Microbiology ¢ Organic Chemistry

 Site Characterization ¢ Ecophysiology ¢ Aquatic Toxicology

¢ Health Physics ¢ Environmental Economics ¢ Technological Assessment
¢ Oceanography ¢ Energy Planning ¢ Hydrology

Working at our Laboratories in Richland, Washington, you can enjoy big-city amenities and a small-town lifestyle.
The community offers affordable housing, quality education, pleasant climate and year-round recreational
opportunities.

Help us in deploying strategies that will protect the earth’s resources. Fax/send your resume to: Battelle, Pacific
Northwest Laboratories, Staffing Center, Dept. RZ40, PO Box 1406, Richland, Washington 99352. FAX #
(509) 376-9099. We are an Equal Opportunity Employer. U.S. Citizenship Required.

S %Battelle

...Putting Technology To Work
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CLASSIFIED SECTION

UNIVERSITY OF
CALIFORNIA AT BERKELEY

DEPARTMENT OF
CIVIL ENGINEERING

The University of California at Berkeley, Depart-
ment of Civil Engineering, invites applicants for a
tenure-track assistant professor position in EnvI‘

FACULTY POSITION IN
ENVIRONMENTAL ENGINEERING
CLARKSON UNIVERSITY

The Department of Civil and Environmental Engineer-
ing at Clarkson University invites applications for a
tenure-track position in Environmental Engineering to
begin July 1991. Duties of the position include teach-
ing at the graduate and undergraduate level and con-
tinued active participation in research and cognate
ly activities. The rank of the position is open,

ronmental Engineering in the area of
transformations and transpon in environmental
systems. This position requires an engineer lamll-
iar with the fundamentals of ther

and outstanding recent Ph.D. recipients will be con-
sidered. Preference, however, will be given to appli-
cants with a proven record of accomplishment in their

chemical and biological kinetics and fluid mechan-
ics to address pollutant fate in air, water, or soil
systems. Desirable areas of expertise include, but
are not limited to the following: adsorption from
gas and aqueous phases onto solids, photochemis-
try in gas and aqueous phases, aerosol or hydrosol
dynamics, contaminant partitioning in multimedia
systems, and advanced oxidation procedures for
contaminant destruction. The successful candi-
date will be responsible for teaching undergradu-
ate and graduate courses in environmental engi-
neering and must show potential for high quality
research in this field. An engineering background
and a doctoral degree in an appropriate field are
required. Pending budgetary approval.

The position will be available July 1, 1991.

Interested persons should apply in writing by
submitting a resume, statement of interests, list of
publications, and names and addresses of refer-
ences. Applications must be submitted by March
1, 1991. Apply to:

Search Committee for faculty position

in Environmental Engineering
c/o Prof Keith C. Crandall, Chair
Department of Civil Engineering
Room 760 Davis Hall
University of California
Berkeley, CA 94720

The University of California is an Equal Opportunity,
Affirmative Action Employer.

area, which should relate directly to environ-
mental engineering: environmental chemistry, water
or p , bi i ing,
waste air quality engi

ing, and mathematical modeling of aquatic systems in
surface and subsurface environments. Review of ap-
plications will begin January 1, 1991 and will continue
until the position is filled. Send a current resume plus
the names of at least three references to Dr. Norbert
L. Ackermann, Department of Civil and Environmen-
tal Clarkson lam, NY
13699-5710. Clarkson University is an Affirmative
Action/Equal Opportunity Employer. POS. #233.

POSTDOCTORAL RESEARCH
ASSOCIATE

ENVIRONMENTAL
ENGINEERING/CHEMISTRY

Postdoctoral research associate in environ-
mental engineering or chemistry. One position
is available immediately. The work is focussed
on the determination of toxic organic contami-
nants, e.g. PCBs, PAHs, and mirex in bottom
sediments from the Milwaukee Harbor Estuary.
Analysis for radionuclides such as Pb-210 and
Cs-137 will also be carried out. New analytical

DEPARTMENT OF CIVIL ENGINEERING
AND MECHANICS, University of Wisconsin-
Milwaukee invites appllcations 1or a tenure
track position in Envir ing
at the rank of Assistant Professor. Candidates
should have a Ph.D. in Civil/Environmental
Engineering with emphasis on water pollution
control. Preference will be given to individ-
uals with expertise in the areas of hazardous
and toxic waste management, treatment and
remediation systems, and modeling. Respon-
sibilities include (a) teaching undergraduate
and graduate courses, as well as graduate
student supervision; (b) securing funding for
and carrying out sponsored research in one of
the porary areas of pollution control
and remediation; (c) producing scholarly pub-
lications. Resumes with at least three refer-
ences should be sent to: Dr. Gabor M. Karadi,
Professor and Chair, Department of Civil En-
ing and M L y of Wis-
in-Mil Mil L
53201, before March 1, 1991. The starting
date for the position is the Fall Semester
1991 that begins on August 26. University of
Wisconsin-Milwaukee is an equal opportuni-
ty, affirmative action employer.

instr ion (GC/MSD and GC/MS) and ex-
cellent facilities are available for this project.
Candidates should have a Ph.D. in an appropri-
ate discipline and be expenenced in the chem-

DEAN

School of Natural Resources
The University of Michigan

Applications and nominations are invited for
the position of Dean of the School of Natural
Resources at the University of Michigan. The
Dean is the chief academic and administrative
officer of the School and reports directly to
the Academic Vice President. The School of
Natural Resources is an interdisciplinary, re-
search-oriented, professional school, focus-
ing on research and the development of poli-
cies and management programs that promote
the conservation, protection, and sustainable
use of natural resources. In addition, the
School educates practitioners and research-
ers who will seek these ends. The School's
activities include instruction at the undergrad-
uate, master’s, and doctoral levels and an ac-
tive research program. Faculty interests are
diverse: Resource Ecology and Management,
Resource Policy and Behavior, and Land-
scape Architecture. The School is committed
to an integrative, interdisciplinary, problem-
solving approach in collaboration with related
disciplinary departments and professional
schools.

The Dean provides leadership in program
planning, development, and evaluation. Quali-
fications should include an earned doctorate,
a distinguished record appropriate for a ten-
ured appointment in the School, and the abili-
ty to generate funds for programs at the local,
state, national, and international levels. The
committee will begin reviewing candidate
files on February 4, 1991. Applications and
nominations should be sent to: Professor Bur-
ton Barnes, Chair, School of Natural Re-
sources, Dean Search Advisory Committee,
The University of Michigan, 520 E. Liberty,
Ann Arbor, Ml 48104-2210. A non-discrimi-
natory, affirmative action employer.

ical analysis for envirc cc
Competitive salary. Send letter of application
and names of three references to: Dr. Erik R.
Christensen, Deparlmenl of Civil Engineering
and M of W Mil-
waukee, Milwaukee, WI 53201.

UWM is an equal opportunity/affirmative action employer.

GROWTH POSITIONS
330 000-$70,000+
ings for Engil Sci-
entists, Chemists, Geolog-sls Ind. Hygienists in operat-
ing and A&E companies. All fees company paid. Con-
tact: Gordon Hassell, V.P., Longberry Employment
Service, Inc., 650 Main Place, P.O. Box 471, Niles, OH
44446, (216) 652-5871 — Fax (216) 652-3683.

TOXIKON ENVIRONMENTAL SCIENCES
106 Coastal Way, Jupiter, FL 33477
(407) 575-2477

Toxikon Environmental Sciences is one of
the nation's leading contract facilities which
conducts laboratory and field ecotoxicity
studies and provides counsel to the chemical
industry. We presently have immediate open-
ings in our Florida facility. Positions include:
Envi I Toxi gl Education
and experience in freshwater ecology con-
ducting aquatic field studies and preparing
ecological risk assessments.

Fate Chemist—Education and experience
in conducting chemical fate tests in the lab-
oratory and field.

Aquatic Toxlcologist—Education and expe-
rience in conducting aquatic toxicity studies
with freshwater and saltwater algae, fish and
invertebrates.

Salaries will be commensurate with educa-
tion and experience. Submit resume to ad-
dress listed above. EOE.

CLASSIFIED
ADVERTISING
RATES

Unit 1-T 3-T 6-T 12-T 24-T
1inch $130 $125 $120 $115 $110

(Check Classified Advertising
Department for rates if adver-
tisement is larger than 10”.)
SHIPPING INSTRUCTIONS:
Send all material to

Environmental Science & Technology
Classified Advertising Department
500 Post Road East
P.O. Box 231
Westport, CT 06881
(203) 226-7131
FAX: (203) 454-9939
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CLASSIFIED SECTION

:

ENVIRONMENTAL
PROFESSIONALS

ICF Kaiser Engineers, Inc., widely recognized
for our excellence in the investigation, manage-
ment, and minimization of hazardous and
radioactive wastes, has opportunities available
for qualified professionals interested in apply-
ing their expertise to a variety of challenging
public and private sector projects. Our rapidly
expanding practices offer unique domestic and
international assignments, talented and knowl-
edgeable professionals, and unlimited advance-
ment potential. Current opportunities include:

PROJECT MANAGER — Requires 5-10
years of environmental experience in such
areas as property transfer and compliance
audits, industrial waste management, RI/FS,
and remedial design. Must also have thorough
knowledge of RCRA and CERCLA, excellent
communication skills, and business develop-
ment capabilities.

AIR SPECIALIST — Requires 3-7 years of
experience in air permitting, testing, exposure
assessments, data analyses, audits, control
design, and modeling. Positions available in
Chicago, Denver, and Fairfax, Virginia.
ENVIRONMENTAL CHEMISTS —
Requires 1-5 years of environmental lab experi-
ence, including multimedia sample analysis,
data review and validation, and QA/QC proce-
dures. Familiarity with CLP a plus.

Various junior-, mid-, and senior-level positions
are also available for experienced
Environmental Geologists, Hydrogeologists,
and Environmental and Chemical Engineers.

All interested candidates should possess a
Bachelor’s or advanced degree in a relevant
field, environmental experience or training, and
strong oral and written communication skills.
Enjoy excellent salary and benefits. Qualified
candidates should send their resume with geo-
graphical preference to:

ICF KAISER

ENGINEERS
Personnel - CHES
PO. Box 2606
Fairfax, VA 22031-1207

Fairfax, VA  Pittsburgh, PA  Chicago, IL
Edison,NJ]  Ft. Lauderdale, FL

Equal Opportunity Employer

—

ENVIRONMENTAL RESEARCH

PROVIDE ENVIRONMENTAL RESEARCH
EXPERTISE FOR PHARMACEUTICAL
RESEARCH AND DEVELOPMENT.

The Environmental Research Laboratory at Smith-
Kline Beecham, one of the world’s largest pharmaceu-
tical research and development companies, is
responsible for insuring that chemicals and processes
used in or produced by drug development and manu-
facturing do not endanger the environment. We cur-
rently have two positions available in this critically
important group.

ASSOCIATE SENIOR INVESTIGATOR

You will plan and initiate projects to meet the envi-
ronmental analysis requirements of R&D projects and
IND/NDA submissions; create models for predicting
the environmental behavior of chemicals; develop and
test waste treatment/minimization strategies for spe-
cific, problematic chemicals; and create reports related
to IND/NDA submission.

Requirements include a Ph.D. in analyti-
cal, physical or environmental chemistry with 1-3
years' experience, or M.S. degree with 5 years; excel-
lent planning and communication skills; facility with
computers and office automation systems. We prefer
supervisory and environmental fate and effects testing
experience.

MANAGER, ENVIRONMENTAL
ANALYTICAL LABORATORY

You will manage the environmental analytical labora-
tory to provide full environmental analytical support
for new product development, including design of
sampling and assay protocols; coordination of in-
house and contract analyses; and development of new
analytical methods. You will also provide analyrical
support for Environmental/Assessment documenta-
tion for IND/NDA submissions by developing physi-
cal/chemical property and environmental fate and
effects assays.

Requirements include a Ph.D. in Chemis-
try with 1-3 years’ experience or an M.S. in Analytical
Chemistry with 5 years; experience in environmental
analytical chemistry; proven statistical skills; knowl-
edge of FDA and EPA GLP guidelines; facility with
computers and lab automation systems; the ability to
critically read and interpret scientific literature; and
excellent interpersonal skills and the ability to work
well with all levels of personnel.

SmithKline Beecham offers highly com-
petitive salaries and an excellent benefits package. To
apply, please send your resume to: Central Employ-
ment, SmithKline Beecham, 1510 Spring Garden St.,
Philadelphia, PA 19101. We are an Equal Opportunity
Employer, M/F/H/V.

S13
SmithKline Beecham
Pharmaceuticals
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“TREATMENT BY DESIGN”

WE FOCUS ON SOIL &
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* Bioremediation
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® Chemical Fixation
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Removal of NO, and SO, from Flue Gas Using Aqueous Emulsions of Yellow

Phosphorus and Alkali

David K. Liu, Di-Xin Shen, and Shih-Ger Chang*

Applied Science Division, Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

B Aqueous emulsions of yellow phosphorus (P,) have been
shown to be effective in removing NO from flue gas in a
simple wet scrubber. Factors influencing NO removal
efficiencies include the concentration of P, used, the tem-
perature and pH of the aqueous emulsion, and the con-
centration of O, in flue gas. When limestone was added
to the phosphorus emulsions, up to 100% removal effi-
ciencies of both NO and SO, could be achieved. The NO
absorbed can be converted to ammonium, nitrite, and
nitrate ions, whereas the P, consumed can be recovered
as a mixture of hypophosphite, phosphite, and phosphate.
The stoichiometric ratios for NO removal by P, (i.e., moles
of P consumed per mole of NO removed) were measured
to be 0.5 when bisulfite was absent and 0.8 when bisulfite
was also present in the scrubbing liquor.

Introduction

The combustion of fossil fuels in power plants generates
flue gas containing SO, and NO,. These sulfur and ni-
trogen oxides can be oxidized in the atmosphere to form
sulfuric and nitric acids, respectively, resulting in the
production of acid rain. Currently, only a small fraction
of all power plants in the world has installed flue gas de-
sulfurization (FGD) scrubbers (I). The majority of these
scrubbers involves wet limestone (CaCO,) processes, which
utilize aqueous slurries of limestone to neutralize the
sulfurous and/or sulfuric acids produced from the disso-
lution and oxidation of flue gas SO, in scrubbing liquors.
The resulting solid slurries containing CaSOg-!/,H,0 and
gypsum (CaS0,2H,0) can then be hauled away for dis-
posal.

The wet FGD scrubbers described above are very effi-
cient in the removal of SO, from flue gas. However, they
are incapable of removing NO because of its low solubility
in aqueous solutions. Research efforts to modify existing
wet FGD processes for the simultaneous control of SO, and
NO, emissions have led to several new approaches to en-
hance NO, absorption in scrubbing liquors. These include
the oxidation of NO to the more soluble NO, using oxi-
dants such as O; and ClO, (2) and the addition of various
iron(II) chelates to the scrubbing liquors to bind and ac-
tivate NO (2-9). Despite high removal efficiencies of both
S0, and NO,, none of these methods has been demon-
strated to be cost effective to date.

We report herein a new approach for the simultaneous
removal of NO, and SO, from flue gas. This process, which
utilizes aqueous emulsions of yellow phosphorus (P,) and
an alkali in a simple wet scrubber, is capable of efficiently
scrubbing both NO, and SO, from flue gas and converting

0013-936X/91/0925-0055%02.50/0 © 1990 American Chemical Society

them to potentially valuable fertilizer chemicals including
phosphate, nitrate, and sulfate, thus avoiding the need for
disposal of solid and/or liquid wastes. A preliminary cost
analysis (10, 20) of this phosphorus-based process showed
that it may provide a cost-effective alternative to a con-
ventional FGD system used in conjunction with selective
catalytic reduction (SCR) for simultaneous SO, and NO,
control.

Experimental Section

The removal efficiency of NO from flue gas by aqueous
yellow phosphorus emulsions was studied by using a
bench-scale gas scrubber. In a typical experiment, 1.0 g
of yellow phosphorus (mp = 44.1 °C) was melted in 0.2 L
of water at 60 °C in a Pyrex reaction column (50 mm i.d.
X 210 mm). The pH of the aqueous emulsion was gen-
erally between 3 and 4. Yellow phosphorus globules were
dispersed in water upon the bubbling of a gaseous mixture
containing ~550 ppm NO, 4% O,, and the balance N,
through the fritted disk at the bottom of the reaction
column at a flow rate of 0.8-1.0 L min~'. The gas mixture
was passed through a condenser (length 390 mm), a gas
washing bottle containing 0.2 L of a 0.2 M NaOH solution,
a second condenser (length 200 mm), and finally a liquid
nitrogen/ethyl acetate cold trap. The NO and NO, con-
centrations in the outlet gas were measured by a Ther-
moelectron Model 14A chemiluminescent NO, analyzer.
The pH of the scrubbing liquor and the NaOH absorber
solution after the experiment were generally about 1.5 and
12.5, respectively. The NO- and P,-derived products in
the spent solution in the scrubber as well as the NaOH
absorber were determined by ion chromatography (IC). A
Dionex 2101i ion chromatograph equipped with a con-
ductivity detector and Dionex AS3 and AS4 anion sepa-
ration columns was used for such analyses. The eluant
used was either Na,CO; (3.5 or 5.3 mM) or a mixture
containing 4.0 mM Na,COs, 2.0 mM NaOH, and 0.5% v/v
CH,CN.

The simultaneous removal of NO and SO, using yellow
phosphorus and limestone (CaCO3) was studied with a
reactor different from the one described above, as shown
in Figure 1. This jacketed reactor has a volume of ~1.2
L (110 mm i.d. X 130 mm) and has adaptors for a ther-
mometer, a pH electrode, and an addition funnel. A 0.3%
w/w phosphorus/5.0% w/w CaCOj slurry with a total
volume of ~0.9 L was dispersed by a magnetic stir bar,
and the flue gas mixture containing 560 ppm NO, 2900
ppm SO,, 10% O,, and balance N, was bubbled into the
slurry by using a fritted gas disperser. The reaction tem-
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Figure 1. Laboratory-scale apparatus for the simultaneous removal
of nitrogen and sulfur oxides from flue gas using yellow phosphorus
and limestone.

perature was maintained at 55 °C, whereas the pH of the
slurry dropped from 7.5 at the beginning of the experiment
to 4.2 after 3 h. The solid and liquid phases in the scrubber
and absorber were separated after the experiment by
suction filtration. The dried solids were analyzed by laser
Raman spectroscopy using a Coherent Innova argon ion
laser, a Spex 1403 double spectrometer, and a Spex Da-
tamate computer. The liquid phases were analyzed for
various oxy acid salts of N, S, and P by IC as described
above. In addition, the analyses of nitrogen—sulfur com-
pounds were carried out using a Dionex AG4 guard column
with 12.0 mM Na,COj; eluant or a Dionex AS4 anion
separation column with 1.5 mM NaHCOj; eluant (11). The
analysis of ammonium ion was carried out by the phenate
method (12).

The stoichiometric ratios for NO removal by phosphorus
were measured in a closed reaction system. A 1.0-L
round-bottom flask containing 0.25 mg of P,, 0.1 g of
CaCO;, and 60 mL of deionized H,0 was evacuated and
refilled with 1 atm of a gas mixture consisting of 500 ppm
NO, 10% O,, and the balance N,. The reaction mixture
was stirred magnetically at 50 °C until all phosphorus had
been consumed (~4 h). The composition of the reaction
mixture was analyzed at regular time intervals by IC to
determine the concentrations of various NO- and P,-de-
rived anions. Control experiments were carried out with-
out the added P, in order to determine the extent of NO
oxidation by O, under similar experimental conditions.

Results and Discussion

Removal of NO by Phosphorus Emulsions in a Wet
Scrubber. The passage of the simulated flue gas mixture
through the scrubbing column containing molten phos-
phorus creates a fine yellow phosphorus dispersion in
water. When O, is present in the flue gas, a dense white
fume is produced, which could lead to a significant re-
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Figure 2. NO removal efficiency of P, emulsions as a function of O,

concentration in flue gas. Reaction conditions were as follows: T =
60 °C; pH(initial) = 3.0; Py, = 550 ppm; 0.5% w/w P,.

sponse from the chemiluminescent NO, analyzer if left
unchecked. This is believed to result from the chemilu-
minescence produced by the incomplete oxidation of P,
(13). This interference decreased substantially when the
concentration of O, in the flue gas was increased, consistent
with the more complete oxidation of P, to P,0,, under
those conditions. The use of a NaOH absorber and a liquid
nitrogen/ethyl acetate cold trap coupled with monitoring
of the scrubbed flue gas in the NO, mode on the chemi-
luminescent analyzer (which involves passage of the the
gas mixture through a stainless steel column at 650 °C half
of the time) can totally eliminate such interference. In
industrial applications where the scrubbing liquor is re-
cycled, the capture of phosphorus oxide vapor as well as
NO,/N;03/N,0, from NO oxidation (see below) would be
much more efficient than our laboratory scrubbing column
and the use of an absorber downstream may be unneces-
sary.

With proper precautions taken to suppress the phos-
phorus oxide interference with the chemiluminescent NO,
analyzer, the removal of NO from a simulated flue gas
stream upon bubbling through an aqueous phosphorus
emulsion can be observed. We found that the NO removal
efficiency (i.e., percent of flue gas NO removed) is affected
by such factors as the O, concentration in the flue gas, the
amount of P, used, and the temperature and pH of the
aqueous emulsion.

The influence of the O, content of flue gas on NO re-
moval efficiency of a yellow phosphorus emulsion is shown
in Figure 2. We found that the presence of O, is essential
for the removal of NO by yellow phosphorus emulsions,
and that the NO removal efficiency of a phosphorus
emulsion increases as the O, content of the simulated flue
gas mixture increases from 0% to 20% by volume. It is
therefore apparent that the removal of NO by P, proceeds
via an oxidative pathway (see section on mechanistic
aspects below), as opposed to the reductive mechanisms
generally found with metal chelate additives (3-6).

The effect of the amount of added P, on NO removal
efficiency has been studied, and the results are shown in
Figure 3. The initial NO removal efficiencies reached
~90% when 2.0% w/w P, was used. When the same
experiment was performed using only 0.25% w/w P,, the
initial NO removal efficiency decreased to ~50%. Our
results indicate that more added P, ensures better mixing
with flue gas, resulting in higher P, vaporization rates and
increased NO removal efficiencies.
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Figure 3. NO removal efficiency of P, emulsions as a function of
yellow phosphorus added. Reaction conditions were as follows: T =
60 °C; pH(initial) = 3.0; Py, = 550 ppm; Po, = 4%.
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Figure 4. NO removal efficiency of P, emulsions as a function of
temperature of the scrubbing liquor. Reaction conditions were as
follows: pH(initial) = 3.0; Pyo = 550 ppm; Po, = 4%; 0.5% w/w P,.

The removal of NO by yellow phosphorus is also de-
pendent upon the temperature of the emulsion, as shown
in Figure 4. The initial NO removal efficiencies were
found to be higher at higher temperatures. For instance,
the initial NO removal percentage was increased from 78 %
to 98% when the temperature of the emulsion was raised
from 50 to 75 °C. The increase in NO removal efficiencies
at higher emulsion temperatures can be attributed to the
increase in P, vapor concentration in the absorber under
such conditions.

The influence of pH on the effectiveness for NO removal
of a yellow phosphorus emulsion has been examined for
the pH range of 3.0-9.0, and the results are shown in
Figure 5. Whereas the initial NO removal efficiency ap-
pears to be higher at lower pH, the efficiency decreases
much more sharply for the lower pH emulsion until after
~2 h, the original higher pH emulsion would absorb more
NO. On the basis of these results, it may be concluded
the general decline of NO removal efficiency at longer
reaction times shown in Figures 2-5 is due to the increasing
acidity, which favors the formation of HNO, and hence
NO and NO, (see eqs 6 and 8 below) from the dissolved

% NO Removal

0 60 120 180
t (min)
Figure 5. NO removal efficiency of P, emulsions as a function of the

initial pH of the scrubbing liquor. Reaction conditions were as follows:
T =60 °C; Py, = 550 ppm; Py, = 4%; 0.5% w/w P,.
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Figure 6. Simultaneous NO and SO, removal from flue gas by using

an aqueous P, emulsion also containing CaCO,. Reaction conditions

were as follows: T = 55 °C; pHiinitial) = 7.5; Py, = 560 ppm; Pgo,

= 2900 ppm; Po, = 10%; 0.3% w/w P,; 5.0% w/w CaCOs.

Table I. Removal Efficiences of NO and P/NO
Stoichiometric Ratios as a Function of NO Concentration®

max % NO av % NO

NO, ppm P, added,g removal removal P/NO ratio®
60 0.31 100 100 4.5
430 0.40 100 76 2.6
720 0.56 93 84 2:7
1700 0.32 61 40 1.2
2000 0.60 47 29 1.5

2These experiments were carried out at 50 °C with 11-12% O,
in the simulated flue gas. The reaction times were 2 h, and the
initial and final pH values were ~7.0 and ~4.0, respectively.
®The P/NO ratios were determined by IC according to eq 1.

NO,™ in the scrubbing liquor. However, high NO removal
efficiency may be sustained for a long period of time with
the addition of an alkali to the scrubbing liquor (Figure
6).

To explore the possible application of this P,-based
approach to the treatment of NO emission from other
sources, such as smelters, nitric acid plants, and municipal
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Figure 7. Concentrations of NO- and P,-derived anions in a closed
P,/NO reaction system as a function of time. Reaction conditions were
as follows: T = 50 °C; Py, = 500 ppm; Po, = 10%; 0.04% w/w
P4 0.17% w/w CaCOj.

incinerators, we have studied the NO removal efficiency
of phosphorus emulsions at various concentrations of NO.
The reaction conditions and results of such experiments
are listed in Table I. Our results indicate that in addition
to flue gas clean-up, aqueous yellow phosphorus emulsions
can also be employed for the control of low-level NO
emissions (<100 ppm) such as those from natural gas
boilers and high-level NO emissions (>2000 ppm) such as
those from nitric acid plants.

Simultaneous NO/SO, Removal by the P,/CaCO;,
System. We found that yellow phosphorus emulsions do
not react with HSO;™ at any appreciable rate under the
reaction conditions used in our NO removal experiments.
The simultaneous removal of NO, and SO, from a simu-
lated flue gas mixture can be achieved by the inclusion of
an alkali such as limestone in the scrubber. Also, limestone
can be used in the place of NaOH in the absorber down-
stream. For instance, when 0.95 L of a 0.3% w/w P, and
5.0% w/w CaCOj slurry at 55 °C and pH 7.5 was used as
the scrubbing liquor and 0.2 L of a 5.0% w/w CaCO;
suspension was used in the absorber, ~95% of the 560
ppm NO and ~100% of the 2900 ppm SO, introduced can
be removed for at least 3 h (Figure 6).

Determination of Reaction Products and P/NO
Stoichiometric Ratios. The contents of the spent solu-
tions in the scrubbing column and the NaOH absorber
after NO absorption experiments were analyzed by IC. It
was determined that all the NO removed from the simu-
lated flue gas can be recovered as a mixture of nitrite
(NO,") and nitrate (NOy"), whereas all the yellow phos-
phorus consumed was converted to a combination of hy-
pophosphite (H,PO,"), phosphite (H,PO,"), and phosphate
(H,PO,"). The mass balance of N and P was studied in
a closed reaction system, and the effectiveness of NO re-
moval of a phosphorus emulsion can be expressed as a
P/NO ratio where

[HyPO,7] + [HoPO57] + [HyPO,T]

P/NO = M
/ [NO;] + [NOy ]

The results of such a typical measurement (see Experi-
mental Section for detailed conditions) involving 0.25 mg
of P, and 500 ppm NO are shown in Figures 7and 8. In
this experiment, ~9 times more NO,  than NOj3; was
found, and most of the P, was recovered as H,PO,", along
with some HyPO;3™ and H,PO,™ (Figure 7). A P/NO ratio
of 0.5 = 0.1 can be calculated from eq 1, meaning that 1
mol of P, can remove 8 mol of NO. Control experiments
without yellow phosphorus indicated that NO removal via
oxidation by O, to form NO, accounted for <10% of the
total NO removed when yellow phosphorus was present.
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Figure 8. Percentage NO removal and P/NO ratio in a closed P,/NO
reaction system as a function of time. Reaction conditions were as
follows: T = 50 °C; Py = 500 ppm; Po, = 10%; 0.04% w/w P,;
0.17% w/w CaCOg.

The effect of flue gas SO, on the P/NO ratio has been
studied. When 0.92 mM HSOj;™ (corresponding to ~3000
ppm flue gas SO,) was added to the above closed reaction
flask containing 0.25 mg of P4 and 500 ppm NO, a P/NO
ratio of 0.8 was obtained, compared to 0.5 in the absence
of HSO,~. Also, ~75% of the HSO;™ was oxidized to SO,
during the course of the reaction.

Other factors influencing the P/NO ratio were found to
be the same as those affecting NO removal efficiency, i.e.,
O, concentration in the flue gas, concentration of P, used,
and temperature of the scrubbing liquor. We have studied
each of these factors qualitatively under flow conditions
identical with those used to study NO removal efficiencies.
In these experiments, the unspent P, was recovered from
the scrubber and weighed while the amount of NO re-
moved was determined from the flue gas NO concentra-
tion, average percent NO removal and the reaction time.
These experiments were only qualitative because of the
difficulty associated with recovering all the unspent P, and
consequently the P/NO ratios found were generally much
higher than those from closed experiments using IC to
determine P/NO. The results showed that low P/NO
ratios were obtained at high O, concentration, low P,
concentration, and low emulsion temperature. Under such
conditions, O, is present in excess of P, and complete
oxidation and utilization of P, can occur, resulting in lower
P/NO ratios. It is interesting to note that the experi-
mental parameters we have examined, i.e., O, and P,
concentrations and emulsion temperature, affect the P/NO
ratio and NO removal efficiency in exactly opposite
manners. Therefore, actual reaction conditions can be
chosen depending on whether high NO removal efficiency
or low P/NO ratio is desired. In reality, the scrubber
operating conditions are likely to be chosen as a compro-
mise between reasonably high NO removal efficiencies and
reasonably low P/NO ratios.

An interesting finding concerns the distribution of NO-
and P,-derived products as a function of the relative
amounts of NO and P, present in the closed reaction
systems described above. If an excess of P, is used, NOs
is the primary NO-derived product. For example, when
3.7 mg of P, and 500 ppm NO ([P]:[NO] = 8) were used
in the above closed experiment, the NO;~/NO,™ ratio ob-
tained was ~5:1. However, if the amount of P, used is
roughly equal to or less than the amount of NO present,
NO, becomes the dominant product. As shown in Figure
7, when 0.25 mg of P, and 500 ppm NO ([P]:[NO] = 0.5)
were used, the NO3”/NO,™ ratio became ~1:9. Interest-
ingly, the trend H,PO,~ > H,PO;~ > H,PO, remained the
same, despite the difference in the amount of P, used.

The reaction products from the NO/SO, removal ex-
periment using P,/CaCO; (Figure 6) were also examined.
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Figure 9. Ion chromatograms of 25X diluted spent scrubber and absorber solutions from the simultaneous NO and SO, removal experiment
with P,/CaCO; using (a) 5.3 mM Na,CO; eluant and (b) 4.0 mM Na,CO,/2.0 mM NaOH/0.5% v/v CHCN eluant.

The solid collected from the scrubber after the reaction
was analyzed by laser Raman spectroscopy and was shown
to contain CaSO,-2H,0, in addition to unused CaCO; and
yellow phosphorus. In the absorber downstream, only
unused CaCOj; was detected. No CaSOs!/,H,0 precipitate
was detected in the solid collected from either the scrubber
or the absorber. The liquid phase in both the scrubber
and the absorber were analyzed by IC, and the results are
shown in Figure 9. It was found that both the scrubbing
liquor and the absorbing solution contain NO,~, NO;-,
HSO;, SO,*, H,PO,~, H,PO5", and H,PO,". Since the
amount of NO,~ and NOj;™ recovered could only account
for ~50% of the NO absorbed and a substantial amount
of HSO;™ was present in the scrubbing liquor, a search for
nitrogen-sulfur compounds was conducted. Indeed, we
found that ~40% of the NO absorbed could be accounted
for by the formation of the nitrogen-sulfur compounds
hydroxyimidodisulfate (HIDS) and imidodisulfate (IDS)
in the slightly acidic (pH ~4) scrubbing liquor. We also
found that both HIDS and IDS could subsequently be
hydrolyzed to NH,* when the pH of the scrubbing liquor
was decreased to 1.5 or below. The formation of nitro-
gen-sulfur compounds via the reaction of NO,” and HSO5"
in scrubbing liquor and their hydrolysis reactions have
been well studied (I4). Therefore, the use of yellow
phosphorus emulsions for combined NO, and SO, removal
results in the conversion of undesirable NO to NH,*, NO;,
and NO,, all of which are desirable chemicals for the
manufacture of fertilizers (15).

Mechanistic Aspects of the NO Absorption Reac-
tion. The mechanism of NO removal by yellow phos-
phorus is presently under investigation. It appears that
the reaction between P, and O, can take place in both the
aqueous phase and the gas phase. The reaction in the
aqueous phase would involve the oxidation of P, by O,,
which occurs on the surface of the phosphorus globules.
Therefore, parameters that control the dispersion of
molten phosphorus in water such as liquid to gas ratio,

reactor design, temperature, and additives that change the
dielectric constant of the aqueous phase would affect the
P, oxidation and hence the NO removal rate. In the
gaseous phase, O, would react with P, vapor evolved from
the aqueous emulsion of yellow phosphorus at elevated
temperature. Under thermal equilibrium conditions, the
concentration of P, is ~420 ppm at 55 °C and 1 atm (I6).
Therefore, the concentration of P, at the temperature of
wet FGD scrubbing liquors is approximately the same as
that of NO (~500 ppm) in flue gas. The reaction of O,
and P, results in the production of O and O (eqs 2 and
3). Given that the reaction rates for P, + Oy and P, + O
are about the same order of magnitude (17) and the con-
centration of Oy in flue gas (~5%) is substantially higher
than that of O, it is likely that most of the P, is oxidized
by O, (18). On the other hand, the oxidation of NO to NO,
(egs 4 and 5) may be effected by either O or O5. The NO,
thus produced can either react with another molecule of
NO to form N,Oj (eq 6) or dimerize to form N,Oy (eq 7).
Both N,O3; and N,O, are much more soluble in water
compared to NO, and their dissolution in water leads to
the formation of nitrous and nitric acids (eqs 8 and 9).
Therefore, the removal of NO by P, in the gas phase may
be summarized by the following equations:

P,+0,—~P0+0 (2)
0+0,+M—0;+M 3)
NO+O0+M—NO,+M 4)
NO + 0; — NO, + 0, (5)
NO + NO, + M — N,0, + M (6)
NO, + NO, + M — N,0, + M (7)

N,0; + H,0 — 2HNO, (8)
N,0, + H,0 — HNO, + HNO, )

where M is a another molecule, which remains unchanged
after the reaction. The proposed mechanism is consistent
with the finding that O, is required for the NO absorption
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reaction and can account for the findings that NO removal
efficiency is higher with increased O, concentration in flue
gas, larger amount of P, used, and increased temperature
of the scrubbing liquor. Also, both NO,~ and NO;s™ pro-
duction in the spent scrubbing liquor and absorbing so-
lution can be explained by this reaction scheme. The
mechanism for the oxidation of phosphorus to various
phosphorus oxy acids appears to be rather complicated,
and intermediates such as PO, PO,, P,0, and P,O are
believed to be present in the oxidation of P, by O, (18, 19).
The kinetic and mechanistic studies of phosphorus oxi-
dation under our reaction conditions are currently under
way.

Conclusions

We have discovered that both NO, and SO, in flue gas
can be removed by use of an aqueous emulsion containing
yellow phosphorus and an alkali such as limestone in a
simple wet scrubber. The factors affecting NO removal
efficiency of this system include the concentration of P
used, the temperature and the pH of the aqueous emulsion,
and the O, concentration in the flue gas. Furthermore, we
found that emissions containing NO at either very low
(<100 ppm) and very high (>2000 ppm) levels can also be
treated efficiently with yellow phosphorus emulsions.
Finally, when CaCO, was used in conjunction with yellow
phosphorus in the wet scrubber, up to 100% NO and SO,
removal efficiencies can be accomplished.

The reaction products in the removal of NO by phos-
phorus emulsions were determined to consist of NO,",
NOj-, Hy,PO,7, HyPO4, and Hy,PO,~. Therefore, the spent
scrubbing liquor would be useful in the formulation of
fertilizers. The stoichiometric ratios for NO removal by
phosphorus were measured by closed experiments to be
as low as 0.5 when HSO;" is absent and 0.8 when HSO3~
is also present in the scrubbing liquor. Based on the facts
that no expensive equipment or chemical engineering
processes are involved, and that the spent scrubber liquor
contains valuable fertilizer chemicals and thus does not
require waste disposal, this yellow phosphorus approach
presents a potentially cost-effective method for the si-
multaneous removal of NO, and SO, from flue gas (10).
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Analysis of Alkyl Nitrates and Selected Halocarbons in the Ambient
Atmosphere Using a Charcoal Preconcentration Technique

Elliot Atlas*'" and Sue Schauffler'

Department of Oceanography, Texas A&M University, College Station, Texas 77843

B A method has been developed to measure >C,4 alkyl
nitrates and C,—C, halocarbons, such as perchloroethylene
and bromoform, in ambient air. The method preconcen-
trates analytes on a 5-mg charcoal trap from multiliter
volumes of air. Analytes are desorbed from the charcoal
with a small volume of solvent and are analyzed by high-
resolution gas chromatography with electron capture de-
tection. Laboratory and field tests have been performed
to evaluate method precision, analyte breakthrough, and
compound recovery from the charcoal. Tests verified that
the sampling/analytical system is free from artifact for-
mation under clean to moderately polluted conditions, but
further tests are required for areas of high concentrations
of hydrocarbons, NO,, and oxidants. The method allows
measurement of halocarbons and >Cj alkyl nitrates at
concentrations in the pptv range.

Introduction

Hydrocarbon and nitrogen oxide (NO,) emissions are
known to have a significant impact on the chemistry of
urban atmospheres (I, 2). Photochemical reactions of
hydrocarbons and NO, contribute to the formation of
ozone, peroxyacetyl nitrate (PAN), and other reactive
chemical species in the urban atmosphere. Transport of
reactive hydrocarbons and NO, combined with emission
of natural hydrocarbons in rural and remote areas also can
produce a significant impact on the chemistry of the clean
troposphere (3-7). To fully understand the chemical in-
teractions and transformations of carbon species and NO,,
it is necessary to measure the full range of reactants and
products. One of the potentially important products that
form from the interaction of hydrocarbons and NO, are
alkyl nitrates (RONO,) (8, 9).

Alkyl nitrates are formed in the atmosphere during the
OH-radical-initiated oxidation of alkanes in the presence
of NO, (NO + NO,). The mechanism proposed for the
formation of alkyl nitrates involves the reaction of an
alkylperoxy radical with NO to form an alkyl nitrate (10,
11). The reaction mechanism favors the formation of
secondary alkyl nitrate species over primary and tertiary
alkyl nitrates of a given carbon chain length. Also, the
yield of akyl nitrates from the oxidation of alkanes in-
creases with carbon chain length. For typical atmospheric
conditions, the yield of alkyl nitrates increases from <1.4%
for ethane to 33% for octane (12). More complex multi-
functional nitrates also may form during the oxidation of
unsaturated hydrocarbons (13-16).

Even though alkyl nitrates have been observed in smog
chamber studies (17), there have been few actual mea-
surements of these compounds in the ambient atmosphere
(18) and different techniques have been utilized. A few
reports identified alkyl nitrates in air samples from dif-
ferent locations (19-21), but only recently have there been
more systematic studies of alkyl nitrates in the atmosphere.
Bubhr et al. (22) reported the concentrations of alkyl ni-
trates in rural Pennsylvania using whole air samples and
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packed column gas chromatography with electron capture
detection. Flocke et al. (23) used a cryogenic concentration
technique to measure alkyl nitrates in ambient air in
Germany. In their technique, samples are separated by
capillary gas chromatography; selective detection of ni-
trogen compounds is obtained with a chemiluminescence
detector. Techniques to measure different organic nitrates
in the workplace atmosphere also have been reported
(24-26). The technique we describe here has been suc-
cessfully applied in different environments, ranging from
the Arctic to the tropics, and has been shown to be useful,
with some limitations, to measure >Cs alkyl nitrates and
selected halocarbons at concentrations in the pptv to
sub-pptv range (27, 28). Our procedure is based on pre-
concentration of alkyl nitrates on charcoal, solvent ex-
traction, and quantitation by capillary gas chromatography
with electron capture detection. Also, the method can be
used to measure several halocarbons, such as perchloro-
ethylene and bromoform, in ambient air, but this report
will emphasize the measurement of alkyl nitrates.

Experimental Section

Sampling and Preconcentration. The charcoal ad-
sorbent tubes contain a nominal 5 mg of charcoal in a glass
tube (65 mm X 6 mm o.d. X 2 mm i.d.). The charcoal bed
itself is typically 2-3 mm long. For these studies, the tubes
were obtained from Tekmar Co. (Cincinnatti, OH). The
normal configuration for air sampling is as follows. Two
charcoal tubes are connected in series by a Cajon Ultra-
Torr (or equivalent) connector. For automatic sample
collection, the tubes are connected to an electrically ac-
tuated Valco eight-port valve (Valco Inc., Houston, TX).
The flow path of the valve isolates and seals the ends of
each set of charcoal tubes when they are not in the sample
line. This configuration prevents contamination of the
adsorbent tubes before and after the sample collection
period. The valve is actuated at preselected times with
an automatic timer. A Teflon-coated diaphragm pump
(KNF Neuberger Inc., Princeton, NJ) or a metal bellows
pump (Metal Bellows Co., Sharon, MA) draws air through
the charcoal tubes and through a mass-flow meter. The
output of the mass-flow meter is recorded on a strip-chart
recorder to obtain an integrated flow measurement during
the sample period. Typical flow rates through the system
described here are in the range of 125-250 mL/min, de-
pending on the pump and length and diameter of tubing
used to connect the system. For samples in the clean
troposphere, sample sizes ranging from 1 to 100 L have
been used. A schematic of the sampling system is shown
in Figure 1.

Extraction. Prior to sampling, adsorbent tubes are
precleaned with methanol, followed by repeated rinsing
with benzene. No heat treatment of the charcoal is nec-
essary. Adsorbent tubes are stored with a small volume
of benzene covering the charcoal bed. Immediately after
sampling, the adsorbent tubes are extracted with 30-50
uL of redistilled benzene. It has been found that most
commercial brands of high-purity benzene contain traces
of trichloroethylene and tetrachloroethylene, which can
be removed by distillation. Best results are obtained when
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Figure 1. Schematic of air sampling system and charcoal trap.

the still is protected from contamination by room air with
a charcoal or other filter. Prior to extraction of the sample,
an internal standard containing 30 ng of 1,2-dichloro-
benzene is added to the charcoal bed in 3 uL of a benzene
solution. Next, 10-15 uL of benzene is used to extract the
charcoal bed. This is accomplished by placing a rubber
or Teflon bulb at the end of the glass sample tube and
gently squeezing and releasing the bulb to move the solvent
plug back and forth a minimum of 20 times through the
charcoal bed. The solvent is removed by using a 10-uLL
syringe and the extraction is repeated a total of three to
five times. We have found it convenient to store the ex-
tract in glass capillary tubes, which can be heat sealed if

Cs Cs

Cs

the sample is not to be analyzed immediately. Before the
capillary tube is sealed, it is necessary to freeze the solvent.
We have found that failure to freeze the solvent prior to
sealing the tube may add artifacts to the sample extract.

Gas Chromatography/Quantitation. Sample ex-
tracts are analyzed by high-resolution, fused-silica capillary
gas chromatography with electron capture detection. A
Varian 3500 capillary gas chromatograph with splitless
injector and %3Ni electron capture detector was used for
most analyses. Injector temperature was 125 °C and the
detector was 275-325 °C. The oven temperature program
was 40 °C (3 min), 3 °C/min to 120 °C, and then 10
°C/min to 175 (or 225) °C. A 50-m, 310-um-i.d., 1-um film
thickness nonpolar column (Hewlett-Packard, HP-1) was
used for separation. Helium was used for carrier gas at
16 psi (~30 cm/s), and nitrogen was the detector make-up
gas at 20 mL/min. These conditions allowed separation
of alkyl nitrates from C; to C;. A chromatogram of an air
sample extract from the Canadian Arctic is shown in
Figure 2.

Quantitative standards of alkyl nitrates were prepared
from compounds synthesized in the laboratory (29) or from
compounds commercially available. Standards for all
possible C3-C; alkyl nitrates have not yet been prepared,
but qualitative standards of a number of nitrates were
synthesized in a laboratory test chamber described below.
Analyte quantitation in the samples was achieved by using
an internal standard method. Chromatographic data were
stored and analyzed by a Varian DS654 data system, which
allowed interactive, graphical reintegration and baseline
modifications.

Laboratory Test Flow System. The effect of alkanes,
nitrogen oxides, and other reactive compounds on the
analysis of alkyl nitrates was tested in a flow system shown
in Figure 3. The system was constructed of glass and
stainless steel. For our experiments, we added potentially
reactive compounds to an air stream of either purified
cylinder air or outside ambient air. Total flow rate of air

Ce G : ChONO:

Detector Response —»

A A )
CHBrCl CCls CHBr3

L

A A
Internal Standard C:Cls

Figure 2. High-resolution electron capture gas chromatogram of air sample from the Canadian Arctic. Note that most peaks with electron capture
response are alkyl nitrates. Chromatographic conditions are given in the text.
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Figure 3. Schematic of laboratory system for testing artifact formation.

62 Environ. Sci. Technol., Vol. 25, No. 1, 1991

Mixing Chamber

U Tube

Toggle Valve
Alkane Inlet
Charcoal Trap

Flow Meter

Needle Valve NO, Instrument

Pump



Table 1. Percent Recovery of Alkyl Nitrates and Selected Halocarbons from Microcharcoal Adsorbent Tubes

amt added, pg 200 400 600
n 3 3 3
nitrates
isopropyl
n-propyl 92 94 95
2-butyl 110 116 114
n-butyl 89 91 94
3-pentyl 105 104 108
2-pentyl 104 101 104
n-pentyl 86 88 90
halocarbons
CHBr,Cl 98 97 98
C,H,Br, 88 90 92
CHBr, 101 99 100
C,Cl,
CyCly
1,1,1,2-CL,C,H,
1,1,2,2-C1,C,H, 80 81 82
C,HCly
CyClg

av +SD
1000 600 600
2 1 1
83 107 96 95 12
86 97 82 91 6
98 105 102 108 7
87 99 88 91 5
97 107 98 103 5
96 105 100 102 8
84 98 84 88 5
91 102 107 99 5
80 101 64 86 13
92 104 105 100 5
97 106 102 6
97 106 102 6
103 110 107 5
99 85 85 8
99 31 65 48
101 91 96 il

through the system was ~2 L/min. Hydrocarbons were
added to the system from a 1000 ppm gas mixture of C,—Cg
alkanes (Scott Specialty Gases, Plumsteadville, PA) or
from pure liquid alkane (C; and Cg) in glass diffusion tubes.
NO was added from a standard mixture of 9.33 ppm NO
in Ny (Scott Specialty Gases). The source of NO, was a
permeation tube with a release rate of 1715 ng/min (VICI
Metronics, Santa Clara, CA). The concentrations of NO
and NO, were measured with a ThemoElectron NO, de-
tector (Waltham, MA). Hydrogen peroxide was added to
the system from an aliquot of 37% H,0, placed in a test
tube in the flow stream. The concentration of H,O, in the
gas phase was not measured. Gas flows were controlled
by needle valves and were monitored with mass-flow me-
ters.

Recovery Experiments. To evaluate recovery of an-
alytes from charcoal traps, 1-4 uL solutions of alkyl ni-
trates and halocarbons dissolved in benzene were added
to a flowing gas stream. The compounds were allowed to
evaporate at room temperature, and the gas stream was
passed through a charcoal cartridge to collect the vola-
tilized compounds. Charcoal cartridges were extracted and
analyzed as previously described. Total amounts of analyte
spiked into the gas stream ranged from 200 to 1000 pg per
compound. The presence of microliter amounts of solvent
in the gas stream did not appear to affect the collection
of analytes by the charcoal.

Results and Discussion

Recovery Tests. Recovery of alkyl nitrates and selected
halocarbons from charcoal tubes is given in Table I.
Several sets of experiments were conducted using different
amounts of analyte and different charcoal tubes. Average
recovery of all nitrates was 97 %, with a range from 88 to
108%. Similarly, most halocarbons tested showed excel-
lent recovery from the charcoal tubes. Ethylene dibromide
had somewhat lower and more variable recovery compared
to other organobromine compounds. Pentachloroethane
also had anomalously low and variable recovery compared
to other chloroethanes. The level of analyte spike used
in our tests was comparable to amounts found during
“normal” sampling. A 600-pg spike corresponds to at-
mospheric concentrations of ~3-6 pptv (depending on the
compound) in a 20-L sample.

The recovery of analytes reported here is based on the
recovery of analyte relative to the internal standard added

prior to extraction. Because of the small volumes of sol-
vent used in the extraction and the potential for errors due
to volume measurement, use of the internal standard
method is required to obtain the most consistent results.
The excellent and nearly uniform recovery of a range of
analytes at low concentrations suggests that the internal
standard used here (1,2-dichlorobenzene) serves as an
appropriate monitor of compound desorption from the
charcoal. Absolute recovery of analyte and internal
standard depends primarily on the amount of solvent and
number of extractions of the charcoal bed. Desorption of
the charcoal trap with 3 X 10 uL of benzene yields typical
(absolute) recoveries of from 70 to 85%. Increasing the
total extraction to 5 X 10 uL improves absolute recovery
to 80-95%. However, marginal improvements in recovery
with increasing volumes of solvent will dilute the concen-
tration of analytes in the final extract and decrease the
overall analytical sensitivity.

Our normal procedure is to extract the charcoal trap as
soon as possible after sampling. However, circumstances
may occur that make it necessary to store the traps prior
to extraction. A set of experiments was conducted to
determine the effect of storage on recovery of analytes. A
series of sample tubes was spiked with alkyl nitrates and
halocarbons as described above and the tubes were sealed
with Swagelok fittings containing Viton O-rings. Sample
tubes were covered with aluminum foil and stored either
in a freezer or at room temperature. The results of these
experiments are given in Table II. These experiments
indicate loss of 30-40% of most analytes over a 48-h period
at room temperature. In these experiments, ethylene
dibromide and pentachloroethane showed greater loss than
the other test compounds. With the exception of these
latter compounds, it appears that alkyl nitrates and hal-
ocarbons collected on charcoal traps may be stored at room
temperature for approximately 6 h with no noticeable
effects. Freezing the sample tube improved recovery of
analytes. Though some initial recoveries seemed low, the
samples stored frozen remained reasonably intact for at
least 1 month.

Breakthrough/Trapping Studies. Factors that can
affect the retention of organic compounds on the charcoal
trap include temperature, humidity, flow rate, sample
volume, other organics in the air, and the physical con-
dition of the charcoal in the trap (30, 31). Since all ambient
sampling utilizes two traps in series, we evaluated break-
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Table II. Effect of Storage Time and Temperature on Percent Recovery of Alkyl Nitrates and Selected Halocarbons from

Microcharcoal Adsorbent Tubes

room temp frozen
storage time, h 2 6 26 48 48 144 288 720
n 2 2 1 2 2 2 1 3
nitrates
isopropyl 91 103 83 63 73 77 89 85
n-propyl 91 100 77 65 71 86 91 89
2-butyl 104 110 86 73 81 94 93 102
n-butyl 96 105 30 69 i 93 86 93
3-pentyl 102 104 82 72 79 95 94 99
2-pentyl 101 102 81 73 80 96 93 105
n-pentyl 91 90 75 70 70 91 84 93
halocarbons
CHBr,Cl1 103 111 88 75 82 95 96 108
C,H,Br, 2 73 48 30 61 78 67 82
CHBr, 105 108 88 74 80 98 93 105
C,Cl, 123
1,1,1,2-Cl,C,H, 108 108 85 73 83 96 95
1,1,2,2-C1,C,H, 88 90 73 47 70 88 77 85
C,HCly 14 9 1 1 26 25 13 24
CyClg 93 84 69 69 7 92 80 99

through of test compounds through the first trap under
a variety of actual sampling conditions and for a large
number of different traps. In Table III we compare the
amount of analyte collected on the first trap to the total
amount of analyte collected in the first and second traps.
Despite the small quantity of charcoal used in the trap,
the retention of alkyl nitrates and halocarbons from
multiliter volumes of air was generally excellent. Break-
through of isopropyl nitrate was observed in samples
collected in St. Petersburg, FL, and in many samples
collected in the Shenandoah Mountains. At both these
sites, ambient humidity was high and/or air temperatures
were also relatively high (~28-30 °C). Other alkyl nitrates
were effectively retained during sampling. Of the halo-
carbons, dibromochloromethane was observed most often
in the back-up traps. The presence of small quantities of
perchloroethylene in the back-up traps was usually com-
parable to amounts seen in blank traps. In addition to
breakthrough experiments using normal sample volumes
and several liters to several tens of liters of air, we also
tested breakthrough of compounds for sample sizes of
several hundred liters. For example, at Mauna Loa, HI,
less than 5% breakthrough of isopropyl nitrate was ob-
served in a sample containing 244 L of air. All other
measured compounds showed less breakthrough.
Because of potential breakthrough of analytes through
the charcoal trap, we recommend that at least two traps
be used in series for normal ambient air sampling. This
allows one to make a reasonable estimation of collection
efficiency for actual sampling conditions. There are three
reasons analytes may be found in the back-up collection
trap. Breakthrough of compounds from the first trap into
the second trap due to desorption or incomplete adsorption
is the first reason. As noted, a number of factors can
influence this process, and not all factors can be measured
or evaluated for every sample and every individual trap.
We are still in the process of defining the effect of water
vapor and temperature on the collection (and extraction)
efficiency of the microcharcoal trap. Also, as traps are
repeatedly used and reused, collection efficiency may be
lost (though we have not yet observed this “aging” effect).
The second reason analytes may be found on a back-up
trap is carryover from prior sampling. Carryover from
prior samples is a possibility since it is our normal pro-
cedure to alternate front and back traps for sampling.
Such carryover might be recognized by appearance of all
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Table III. Average Collection Efficiency (%) of Alkyl
Nitrates and Selected Halocarbons on 5-mg Microcharcoal
Adsorbent Traps under Normal Field Collection
Conditions®

Mauna
Loa Shenandoah Mts gt pete.  Arctic
n 67 19 [ 36 3
vol, L 25 34 19 18 50
nitrates
isopropyl 86 (10) 60(24) 85(6) 55(20) 99 (0)
n-propyl 96 (8) 77(15) 79 (5) T4(19) 98 (0)
2-butyl 89(10) 97(2) 97(4) 91(10) 99 (1)

n-butyl 97(4) 98(8) 97(8) 98(3)

3-pentyl 98(12) 98(4) 99(2) 93() 97(3
2-pentyl 92 (17) 99 (2) 99 (1) 96 (4) 98 (2)
n-pentyl 100 (0) 100 (0) 93 (7) 97 (4)
halocarbons

CHBr,Cl 80 (16) 83(18) 95(7) 67(13) 98 (2)
C,H,Br, 97 (10) 82 (19) 100 (0)
CHBr, 99 (4) 99 (3) 100 (0) 94 (4) 98 (2)
C,Cl, >88 (8) 95(6) 98 (1) >87(4) 99 (1)
1,1,1,2- 91 (16) 100 (0) 100 (0) 84 (14) 98 (3)
CLC.H,

1,1,2,2- 99 (6) 83 (20) 100 (0)
C1,C,H,

CyClg 100 (0) 100 (0) 100 (0) 96 (6) 96 (4)

2Collection efficiency is calculated from the amount of analyte
collected on the front trap divided by the total analyte concentra-
tion in the top + bottom trap. Standard deviation is given in
parentheses.

analytes at reduced concentration in the back-up trap.
This effect is rarely observed since sufficient clean-up of
traps is obtained between sample collections. Alternately,
a full range of compounds in the back-up trap may result
from channeling of air through a poorly packed or damaged
front trap. Our experience thus far indicates that a trap
must be visibly damaged before noticeable channeling will
occur. The third reason is related to artifacts or contam-
inants introduced during sample processing. The most
common contaminants observed in our studies are per-
chloroethylene and trichloroethylene. These are most
often associated with contamination of the extraction
solvent or contamination by the laboratory atmosphere.
Rarely do we note background contamination from alkyl
nitrates.

Reproducibility. Sampling and analytical precision



Table IV. Comparison of Replicate Samples Collected at Different Locations on the Island of Hawaii®

analyte concn, pptv

C,-alkyl nitrates

halogenated compounds

location i-Cy n-Cy 2-C, n-C, 3-Cy
sea level 3.2 1.1 2.5 0.15 0.37
3.0 1.1 2.5 0.17 0.36
sea level 32 1.0 2.3 0.11 0.41
3.1 1.0 2.3 0.15 0.35
sea level 33 1.1 2.5 0.21 0.49
3.8 1.2 27 0.27 0.30
sea level 4.0 1.3 3.2 0.20 0.49
4.3 1.3 3.5 0.20 0.44
coast
150 m 46 13 2.9 0.16 0.43
3.9 1.2 3.1 0.19 0.53
1500 m 4.2 1.8 3.2 0.22 0.55
4.1 1.3 3.2 0.20 0.43
MLO
168 L 1.7 0.54 1.2 0.09 0.17
25 L av 1.6 0.52 1.2 0.06 0.18
MLO
80 L 3.5 0.98 3.4 0.20 0.47
25 L av 3.6 0.99 8.5 0.15 0.50
MLO
25 L av 1.5 0.53 1.3 0.07 0.22
MLO
151 L 1.1 0.41 0.88 0.08 0.16
25 L av 1.3 0.47 0.99 0.05 0.12
MLO
80L 21 0.60 1.8 0.14 0.44
25 L av 1.5 0.52 1.6 0.09 0.38
MLO
244 L 0.93 0.33 0.53 0.05 0.07
25 L av 0.78 0.38 0.53 0.02 0.05

2.C,

0.48
0.60
0.563
0.41
0.62
0.42
0.64
0.51

0.45
0.58
0.569
0.56

0.36
0.33

0.717
0.72

0.42

0.28
0.28

0.72
0.65

0.23
0.14

CHBr,Cl  CHBr, CHBr, Cl, CyCl
0.41 0.27 45 9.1 0.30
0.41 0.27 4.1 9.0 0.30
0.30 0.19 25 8.6 021
0.32 0.20 2.6 9.2 0.30
0.46 0.28 3.3 10.2 0.30
0.49 0.32 35 163 0.30
1.0 0.36 8.9 11.0 0.34
11 0.41 103 12.0 0.38
0.14 0.08 0.68 9.8 0.26
0.15 0.12 0.72 95 0.33
013 0.10 0.44 10.8 0.36
0.13 0.10 0.41 106 0.32
0.12 0.06 0.22 5.4 0.23
0.12 0.05 0.22 3.9 0.28
0.12 0.08 0.32 9.1 0.18
0.16 0.07 0.33 7.2 0.21
0.11 0.06 0.21 45 0.27
0.08 0.05 0.17 46 0.22
0.11 0.06 0.19 3.1 0.26
0.12 0.07 0.23 6.0 0.13
0.11 0.07 0.21 40 0.25
0.07 0.05 0.13 45 0.20
0.11 0.05 0.14 3.0 0.25

aThe first six sample pairs were collected simultaneously and were approximately equal volumes (~12 L). The sample replicates at MLO
were collected over the same time interval at locations approximately 15 m apart and by using different sample intervals. The larger volume
samples were collected with no inlet line prior to the adsorbent. The results of the long sample are compared to the average of three to eight

shorter samples taken over the same time interval.

was tested by replicate analysis of standard solutions and
by the analysis of paired samples. During the month-long
field experiment at Mauna Loa, standards were run rou-
tinely along with samples during the experiment. A
suitable calibration was obtained to account for changes
in sensitivity during the time of the experiment. With the
appropriate standardization, standards were recalculated
to determine variability associated with quantitation. Over
a range of concentration from ~0.05 to 10 pptv, the av-
erage error of alkyl nitrate measurement was estimated at
+(0.1 £ 8%) pptv. For the halocarbons the error was
estimated at +(0.1 + 5%) pptv. Replicate analyses of air
samples, even at low or sub-pptv concentrations, indicates
that these are reasonable estimations of the overall pre-
cision of the sampling and analytical technique (Table IV).
These data also show that the materials used in the inlet
system (glass, Teflon, stainless steel) have no measurable
effect on the analysis of simple alkyl nitrates and halo-
carbons.

Artifact Formation. One of the problems often en-
countered in the analysis of atmospheric constituents is
artifact formation due to reaction between the analyte and
other chemical constituents normally present in the air.
Artifact formation may be a particular problem for sec-
ondary species, such as alkyl nitrates, formed from in-
teractions of reactive chemicals in the atmosphere. A
number of tests were performed in the laboratory and in
the field to evaluate artifact formation, which might occur
when the charcoal preconcentration technique described
here was used. Tests involved addition of possible reactive
chemical species in different combinations and concen-
trations into a flow stream, and subsequent measurement

of alkyl nitrate formation. These tests are summarized
below:

Addition of up to 500 ppb NO, and 100 ppb NO to
ambient air in College Station, TX, or to purified cylinder
air with added hydrocarbon produced no measurable alkyl
nitrate artifacts.

Similar tests of NO addition were conducted in the clean
air conditions of Mauna Loa, HI. Addition of NO from
a standard cylinder into a glass sample manifold increased
ambient NO from ~15 to 1000 pptv. No increase in alkyl
nitrate concentration was found to occur with the increased
NO.

Alkyl nitrates could be produced when an oxidant (hy-
drogen peroxide) was added to the air stream containing
either NO or NO, and hydrocarbons. Presumably the
reaction forming alkyl nitrates may proceed via OH radical
production from H,0, on glass surfaces (32).

Passing the reactive air stream (NO, NO,, H;0,) through
a glass-wool filter coated with sodium thiosulfate removed
oxidants from the airstream and eliminated the formation
of alkyl nitrates.

In tests on the campus of Texas A&M University, am-
bient air spiked with hydrocarbon (C; or Cg), and no ad-
ditional oxidant, was capable of forming measurable
quantities of alkyl nitrates. Hexyl nitrates appeared to
be more easily formed than pentyl nitrates in these tests.
Interestingly, alkyl nitrate formation was measured during
both daylight and nighttime hours at this location. Alkyl
nitrate formation was eliminated by passing the airstream
through thiosulfate-coated filters prior to the addition of
hydrocarbon. The hydrocarbon concentration in the
spiked airstream was not measured, but it is estimated at
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ppm or higher concentrations. The process of nitrate
formation also may be related to the surface-catalyzed OH
radical production from ambient H,0,.

Similar tests adding pentane and hexane to ambient air
at alternate sites in College Station, TX (away from
Campus traffic), as well as at sites in St. Petersburg, FL,
and Mauna Loa, HI, gave no measurable production of
pentyl or hexyl nitrates.

Ambient air sampled at the Texas A&M University
campus with and without a thiosulfate filter had equal
concentrations of alkyl nitrates. Hydrocarbon addition to
the same airstream showed alkyl nitrate “artifacts” could
be formed. This experiment indicates that under “normal”
conditions, artifact formation is not a significant problem.
Typical ambient conditions were NO, ~50 ppb and Og
~20-40 ppb. Hydrocarbon concentrations were not
measured in these experiments, but they are expected to
be in the ppb range (33).

In summary, our experiments indicate that in moder-
ately polluted and clean air conditions the collection of
alkyl nitrates on charcoal produces no measurable artifacts
due to interactions of reactive precursors. This collection
technique has not been applied to highly reactive atmo-
spheres such as heavily polluted urban atmospheres.
Further tests are required to evaluate artifact formation
under these conditions.

Gas Chromatography. One of the advantages of the
charcoal preconcentration technique is that volatile ana-
lytes are easily preconcentrated into a small volume of
solvent for analysis by conventional gas chromatography.
No gas sampling valve or cryogenic enrichment apparatus
is required for the analyses described here. Excessive
temperatures in the chromatographic system, though, can
have an effect on the analysis of alkyl nitrates. We found,
for example, that increasing the injector temperature de-
creased the system sensitivity to alkyl nitrates (presumably
because of thermal decomposition of nitrates in the in-
jection port), but detector temperature had little effect on
the analytical sensitivity. Presumably, on-column injection
may provide a better method for sample introduction to
the GC system.

Since no chemical separation techniques are applied to
the extract to isolate alkyl nitrates, separation of analytes
from potential interferences must be accomplished with
high-resolution chromatography. Using a nonpolar col-
umn, we have found that C4—Cg alkyl nitrates are well
separated from most common halogenated compounds
found in ambient air. Indeed, with the exception of a few
common halocarbons, most of the compounds found to
have electron capture response in our samples are alkyl
or multifunctional nitrates. Because of the large number
of isomers of >C; alkyl nitrates, identification and sepa-
ration of all 2C; RONO, species becomes difficult with
GC/ECD. However, positive identification of alkyl nitrates
is possible with negative ion chemical ionization (NICI)
GC/MS (27), and this technique may be the method of
choice for sensitive and specific detection of RONO,.
Table V lists the elution order and retention times of alkyl
nitrates and halogenated compounds under typical con-
ditions described above. (See also Figure 1.) Because both
alkyl nitrates and halogenated compounds have excellent
electron capture response, the method described here is
useful for simultaneous monitoring of both classes of
compounds. Though responses of individual compounds
are different, our system is capable of detecting a minimum
of 0.2 pg of most of the alkyl nitrates and halocarbons
discussed in this report. If this amount represents 5% of
the total sample collected on the charcoal trap, the limit
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Table V. Elution Order and Relative Retention Time of
Alkyl Nitrates and Halocarbons on Nonpolar (HP-1)
Capillary Column®

retentn time, RRT

compound min (C,Cly)
isopropyl nitrate 8.71 0.653
methylene bromide 8.94 0.670
dichlorobromomethane 9.07 0.680
trichloroethylene 9.11 0.683
n-propyl nitrate 9.30 0.697
2-butyl + isobutyl nitrate 11.26 0.844
dibromochloromethane 11.96 0.897
ethylene dibromide 12.42 0.931
n-butyl nitrate 13.11 0.983
perchloroethylene 13.34 1.000
2-isopentyl nitrate (?) 14.52 1.088
1,1,1,2-tetrachloroethane 14.72 1.103
3-pentyl nitrate 15.40 1.154
2-pentyl nitrate 15.57 1.167
hydroxypropyl nitrate (isomer) 16.10 1.207
bromoform 16.17 1.212
n-isopentyl nitrate 16.29 1.221
1,1,2,2-tetrachloroethane 17.27 1.295
hydroxypropyl nitrate (isomer) 17.64 1.322
n-pentyl nitrate + 2-methylpentyl nitrate 18.32 1.373

isomer

2-methylpentyl nitrate isomer 18.74 1.405
3-methylpentyl nitrate isomer 19.80 1.484
3-methylpentyl nitrate isomer 20.02 1.501
hexyl nitrate (3-hexyl?) 20.23 1.516
hexyl nitrate (2-hexyl?) 20.93 1.569
pentachloroethane 21.53 1.614
2-methylhexyl nitrate isomer 23.58 1.768
2-methylhexyl nitrate isomer 24.06 1.804
3-methylhexyl nitrate isomer 24.22 1.816
2-methylhexyl nitrate isomer 24.42 1.831
2-methylhexyl nitrate isomer 24.66 1.849
3-methylhexyl nitrate isomer 24.87 1.864
heptyl nitrate isomer 24.96 1.871
heptyl nitrate isomer 25.36 1.901
cyclohexyl nitrate isomer 25.77 1.932
heptyl nitrate isomer 25.96 1.946
hexachloroethane 26.86 2.019

2Relative retention time is computed with perchlorethylene as
reference peak; chromatographic conditions given in text.

of detection is approximately 4 pg/compound. In a 10-L
air sample, this amount corresponds to <0.1 pptv for all
the analytes discussed here.

Additional Comments on Organic Nitrate Mea-
surement. The method described here has proven to be
a useful technique for analysis of a variety of compounds
at trace levels in the atmosphere. However, there are some
limitations to the method that should be mentioned and
some different approaches that are being evaluated. The
first obvious limitation to the technique is that it cannot
be used to measure methyl and ethyl nitrate. Because the
technique uses benzene as the extraction solvent, the more
volatile methyl and ethyl nitrates cannot be separated and
detected by the chromatographic system described above.
Different solvents (e.g. higher boiling) may allow separation
of C, and C, nitrates, but the retention of methyl and ethyl
nitrate on charcoal has not been tested, and under certain
conditions even Cj; nitrates are not well retained by
charcoal. Both methyl and ethyl nitrates have been
identified in ambient samples, so it may be important to
determine their concentration in addition to the higher
molecular weight >C; alkyl nitrates. Several alternate
methods may be used to measure C; + C, nitrates. One
method utilizes cryogenic preconcentration of whole air
samples and separation on a chromatographic column of
suitable polarity (18, 22, 23). A second method currently
under evaluation in our laboratory utilizes a solid adsor-



bent (Tenax or Carbotrap) and thermal desorption. In
spite of potential problems of thermal degradation of ni-
trates, the method appears promising for C,—-C; nitrates.
At this time, though, not all nitrates are unambiguously
separated from halocarbons by using a variety of GC
columns or combinations of columns.

A second aspect to the analysis of organic nitrates in the
ambient atmosphere is related to the measurement of
multifunctional nitrate compounds. Peroxyacyl nitrates
(PAN and others) are an important class of organic nitrates
that requires special protocols because of its thermal la-
bility (34); they will not be considered here. However, a
variety of other nitrates with polar substituents (alcohols,
ketones, carboxylic acids) of increasing complexity are
predicted to form during the oxidation of unsaturated
hydrocarbons (8, 34, 35). The behavior of these compounds
in any normal sampling system has not yet been fully
tested. Our samples from the Shenandoah Mountains
revealed the presence of several hydroxypropyl nitrates,
and possibly other polar nitrates. These compounds were
not well extracted from the charcoal by using benzene. A
more polar mixture (10% methanol-benzene) improved
extraction of these (and possibly other) nitrate species.
Anderrson et al. (24) also reported poor recovery of other
organic nitrate compounds including nitroglycerin and
ethylene glycol dinitrate from charcoal using carbon di-
sulfide. Increased recoveries of these compounds were
obtained from XAD-2 resin. Further studies on polar
nitrate compounds are necessary to determine the sig-
nificance of atmospheric transformations and products of
hydrocarbon oxidation. For polar and multifunctional
nitrate species, a suitable solid adsorbent/solvent system
may have advantage over a gas-phase concentration system
since polar organic may suffer adsorption losses in a gas-
phase system.
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W A series of laboratory tests were conducted to evaluate
whether denitrification would be a suitable alternative for
biorestoration of an aquifer contaminated with JP-4 jet
fuel. Microcosms were prepared from both uncontami-
nated and contaminated aquifer material from the site, in
an anaerobic glovebox, amended with nitrate, nutrients,
and aromatic hydrocarbons, and incubated under a ni-
trogen atmosphere at 12 °C. With uncontaminated core
material, there was no observable lag period prior to re-
moval of toluene whereas 30 days was required before
biodegradation commenced for xylenes, ethylbenzene, and
1,2,4-trimethylbenzene. An identical test with contami-
nated aquifer material exhibited not only much longer lag
periods but decreased rates of biodegradation; benzene,
ethylbenzene, and o-xylene were not significantly degraded
within the 6-month time period even though active de-
nitrification occurred at this time. First-order biodegra-
dation rate constants ranged from 0.016 to 0.38 day™ for
uncontaminated core material and from 0.022 to 0.067
day! for contaminated core material. Tests with indi-
vidual compounds in uncontaminated core indicated that
benzene and m-xylene inhibited the basal rate of deni-
trification. These data demonstrate that several aromatic
compounds can be degraded under denitrifying conditions,
but rates of biodegradation may be lower in material
contaminated with JP-4 jet fuel.

Introduction

Leaking underground storage tanks are a major source
of groundwater contamination by petroleum hydrocarbons.
There are approximately 1.4 million underground tanks
storing gasoline in the United States, and some petroleum
experts estimate that 75000-100000 of these tanks are
leaking (I). Gasoline and other fuels contain benzene,
toluene, and xylenes (collectively known as BTX), which
are hazardous compounds regulated by the U.S. Environ-
mental Protection Agency (2). Although these aromatic
hydrocarbons are relatively water-soluble, they are con-
tained in the immiscible bulk fuel phase, which serves as
a slow-release mechanism for sustained groundwater con-
tamination. Pump-and-treat technology alone is econom-
ically impractical for renovating aquifers contaminated
with bulk fuel, because the dynamics of immiscible fluid
flow result in prohibitively long time periods for complete
removal of the organic phase (3, 4). Biorestoration, in
conjunction with free product recovery, has been recom-
mended as a viable treatment alternative and involves
enhancing the activity of the native subsurface bacteria
to degrade fuel hydrocarbons through addition of nutrients
and other compounds. Aerobic biorestoration has been
shown to be effective for many fuel spills (5, 6). However,
success is often limited by the inability to provide sufficient
oxygen to the contaminated intervals due to the low sol-
ubility of oxygen (7, 8). This problem can be partially
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overcome by using hydrogen peroxide to provide greater
quantities of oxygen to the active zone, but this also has
disadvantages, including the toxicity of hydrogen peroxide
to subsurface microorganisms and its reactivity with in-
organic species such as ferric iron (5, 6, 9). Anaerobic
processes, once thought to be ineffective for biodegradation
of aromatic compounds, have now been clearly established
in the fate of these contaminants (10, 11). However, it is
still not clear to what extent anaerobic processes can be
successfully used in biorestoration of contaminated
aquifers.

Nitrate can also serve as an electron acceptor; this results
in anaerobic biodegradation of organic compounds asso-
ciated with the processes of nitrate reduction and deni-
trification (12). Because nitrate is much more soluble than
oxygen, it may require less time and hence be more eco-
nomical to restore fuel-contaminated aquifers under de-
nitrifying rather than aerobic conditions. This is especially
true when one considers that much of the oxygen that is
supplied to the subsurface, whether as gaseous oxygen or
hydrogen peroxide, can be lost prior to being transported
to the contaminated zone of interest through degassing and
reaction with inorganic species.

Several oxygenated hydrocarbons, typical of interme-
diates of metabolism of fuel hydrocarbons, can be degraded
under denitrifying conditions. These include cyclohexanol
and cyclohexanone (13), phenol and cresols (14-16), and
benzoic and hydroxybenzoic acids (17-19). Less estab-
lished is the biodegradation of reduced aromatic fuel hy-
drocarbons under denitrifying conditions, and reports are
often conflicting. Bouwer and McCarty found no utiliza-
tion of ethylbenzene and naphthalene by sewage mi-
croorganisms incubated under anoxic conditions with ni-
trate (20), and Tschech and Fuchs demonstrated that pure
cultures of denitrifying pseudomonads that degraded
phenol could not degrade toluene (16). In contrast, Zeyer
et al. showed that toluene and m-xylene could be miner-
alized under denitrifying conditions in laboratory aquifer
columns (21). The m-xylene-adapted microorganisms
could also degrade several oxygenated intermediates but
were unable to utilize benzene, ethylbenzene, o- and p-
xylene, or naphthalene (22). Mihelcic and Luthy, however,
were able to demonstrate naphthalene biodegradation
under denitrifying conditions (23, 24). Major et al., using
aquifer material, observed biodegradation of benzene,
toluene, and all three xylene isomers under denitrifying
conditions (25). It therefore appears that BTX biodeg-
radation under denitrifying conditions can be influenced
by several undefined factors, and that site-specific studies
are required prior to implementing a nitrate-based reme-
diation for fuel-contaminated aquifers.

This report describes a series of laboratory tests that
were conducted to evaluate whether denitrification would
be a suitable alternative for biorestoration of a shallow
water table aquifer contaminated with JP-4 jet fuel at
Traverse City, MI. The use of nitrate to promote biological
removal of fuel aromatic hydrocarbons is being investigated
for the jet fuel spill through an on-going field demon-
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stration project in cooperation with the U.S. Coast Guard
and the U.S. Air Force.

Experimental Section

Field Site and Sampling. The aquifer is composed of
thick glacial deposits with the upper portions containing
an upper sand and gravel unit and an underlying clay unit
(26). The water table varies seasonally and ranges from
3.7 to 5.5 m below the land surface with a seepage velocity
of 1.5 m day™!. Extensive subsurface coring was carried
out by EPA personnel to better define the horizontal and
vertical extent of contamination and to provide samples
for chemical analyses and laboratory microcosms. Core
samples were obtained by aseptic sampling techniques
under nonoxidizing conditions to prevent oxygen intrusion
and thus better maintain the microbial community
structure and chemical integrity of the cores (27). The
cores were collected in sterile Mason jars with the field
anaerobic glovebox described by Leach et al. (27) and were
sealed to prevent aeration upon removal from the glovebox.
The core samples were placed on ice and transported to
the laboratory for storage at 12 °C. Subsamples were
aseptically obtained from the cores in an anaerobic
glovebox and were analyzed for fuel carbon and JP-4
content according to the method developed by Vandegrift
et al. (28).

Microcosm Preparation. Two composite core samples
were used to prepare microcosms for denitrification
studies. Uncontaminated core was obtained downgradient
from the fuel spill and had no detectable JP-4 (50 mg/kg
detection limit). Uncontaminated core was used for most
of the microcosm tests because it represented the primary
treatment zone in the field demonstration project. In
addition, contaminated core was obtained adjacent to the
source area of the original spill. A previous test had shown
that replicate microcosms could not be consistently pre-
pared from highly contaminated core because of the loss
of volatile hydrocarbons during sample preparation.
Therefore, the most contaminated core, which contained
1000 mg/kg JP-4, was degassed in the airlock of the
anaerobic glovebox to draw off the more volatile com-
pounds. This core was then mixed with the other con-
taminated cores and the composite sample was again de-
gassed as above.

Microcosms were prepared aseptically in an anaerobic
glovebox to preclude intrusion of oxygen. All preparations
were made when the atmospheric oxygen concentration
in the glovebox was less than 10 ppm (v/v) as measured
by an oxygen monitor. Test chemicals were reagent-grade
and all glassware and preparation supplies were sterilized.
Dilution water, used to prepare stock solutions and to
transfer core material, consisted of distilled water which
was then sterilized and aseptically purged with nitrogen
gas.

Specific preparation methods varied for the individual
tests. In the initial tests, replicate samples contained 17.0
g of uncontaminated core material in 12-mL serum bottles.
Core material was rinsed into the serum bottles with a
small quantity of water and each sample was amended
with nutrients to provide solution concentrations of 100
mg/L NH, N and 20 mg/L PO, P. These small micro-
cosms were further amended with potassium nitrate to
yield 30 or 75 mg/L NO; N; controls contained 250 mg/L
mercuric chloride and 500 mg/L sodium azide as biocides
to inhibit microbial growth. Each microcosm was then
spiked with an aqueous stock containing benzene, toluene,
ethylbenzene, m-xylene, p-xylene, o-xylene, and 1,2,4-
trimethylbenzene to yield final solution concentrations of
2-7 mg/L for each compound. Immediately after spiking,

the microcosms were filled and sealed without headspace
by using Teflon-lined butyl rubber septa. The samples
were then placed in an anaerobic pressure chamber prior
to removal from the glovebox and the chamber was sub-
sequently pressurized to 10 psi with nitrogen; this was done
to further reduce the possibility of oxygen leakage and
subsequent aerobic reactions. Microcosms were incubated
anaerobically in the dark at 12 °C, the temperature of the
groundwater at Traverse City. This test was set up with
the contaminated core as well. In addition, one set of
samples received the nitrate and nutrient amendments but
no combination BTX spike. This was done to evaluate
background nitrate removal.

For the next test, individual hydrocarbons were evalu-
ated in microcosms prepared with uncontaminated core.
These microcosms were constructed to be repeatedly
sampled and were prepared by adding 25.0 g of core ma-
terial to 60-mL serum bottles equipped with Teflon Min-
inert valves. Each set consisted of duplicate samples with
a single control containing 250 mg/L mercuric chloride.
Nutrients were added as before and nitrate concentrations
were adjusted to 50 mg/L NO; N. Benzene, toluene,
ethylbenzene, m-xylene, and o-xylene were added as in-
dividual compounds in aqueous solution to the respective
sets; final concentrations ranged from 16 to 22 mg/L for
the separate analytes. Volumes were adjusted to allow a
minimum headspace, and the samples were incubated in
the dark at room temperature in the anaerobic glovebox.

The final test was conducted with toluene to better
define the role of the denitrifying bacteria in aromatic
hydrocarbon degradation. Replicate microcosms were
constructed with 75.0 g of uncontaminated core material
in 160-mL serum bottles and were amended with 10 mg/L
NH, N and 10 mg/L PO4 P. These were then separated
into four treatment groups: (1) nitrate only, (2) toluene
only, (3) nitrate and toluene, and (4) controls. Microcosms
within each group were amended with 30 mg/L NO3 N
and/or 25 mg/L toluene; controls received both nitrate and
toluene, 250 mg/L mercuric chloride, and 500 mg/L so-
dium azide. These microcosms  were filled without
headspace, sealed with Teflon-lined butyl rubber septa,
and incubated in the dark at room temperature in the
glovebox.

Sampling and Analysis. Three replicates from each
set were sacrificed at designated time intervals. Each
microcosm was mixed and centrifuged at 1500 rpm for 30
min to clarify the supernatant. For those tests requiring
repeated sampling, the microcosms were mixed and al-
lowed to settle overnight. The sample volume was not
replaced for the microcosms equipped with Mininert
valves. To prevent accumulation of headspace in the final
test, the septum was removed and the sample amount was
replaced with sterile 2-cm3 Pyrex glass rods prior to re-
sealing with the unpunctured septum.

The volatile aromatic hydrocarbons were analyzed by
purge-and-trap gas chromatography using an OI 4460
sample concentrator and an HP 5890 GC with cryogenic
cooling and a photoionization detector. Hydrocarbons were
purged onto a Tenax trap for 12 min at 30 °C followed by
a 4-min dry purge and desorbed for 4 min at 180 °C.
Samples were chromatographed on a 30 m X 0.25 mm
megabore DB-1301 capillary column with a 1.0-um film
thickness. The injector temperature was 200 °C and the
oven temperature was programmed from —80 (4 min) to
30 °C (0.05 min) at 50 °C/min and then to 150 °C at 8
°C/min with a flow rate of 10 mL/min. The PID detector
was set at 230 °C with medium lamp intensity. For BTX
analysis, this technique does not distinguish between
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Table I. Kinetic Parameters for Biodegradation of Monoaromatic Hydrocarbons in Microcosms with Uncontaminated and
Contaminated Core at 12 °C Using Low (30 mg/L NO; N) and High (75 mg/L NO; N) Doses of Nitrate

nitrate

treatment

compound aquifer material dose

uncontaminated low
high
control
contaminated low
high
control
uncontaminated low
high
control
contaminated low
high
control
uncontaminated low
high
control
contaminated low
high
control
uncontaminated low
high
control
contaminated low
high
control
uncontaminated low
high
control
contaminated low
high
control

toluene

ethylbenzene

m,p-xylene

o-xylene

1,2,4-trimethylbenzene

rate +95%

C® to,? constant, confidence
mg/L day day™! interval

5.35 0 -0.163 -0.190, -0.137

5.29 0 -0.151 -0.167, -0.135

5.58 0 -0.00182 -0.00635, +0.00271
5.15 49 -0.0224 —0.0265, —0.0183
5.90 49 -0.0350 -0.0389, —0.0312
5.18 49 0.000246 -0.00208, +0.00257
3.34 28 -0.0158 -0.0241, -0.00749
3.24 28 -0.0652 —0.0948, -0.03566
3.19 28 -0.00157 -0.0112, +0.00807
453 0 -0.00174 -0.00288, —0.00060
4.20 0 -0.00229 -0.00324, -0.00133
4.42 0 -0.00213 -0.00309, -0.00118
5.63 28 -0.178 -0.216, —0.140

5.20 28 -0.381 -0.408, —0.354

5.95 28 -0.00353 -0.0211, +0.0141
6.46 62 0.000429 -0.00163, +0.00249
7.26 62 -0.0665 —-0.0695, -0.0636
6.95 62 0.00103 -0.00028, +0.00234
2.99 28 -0.0184 -0.0295, -0.00723
2.77 28 -0.0164 -0.0275, -0.00524
2.79 28 -0.000523 -0.0121, +0.0110
4.88 0 -0.00166 -0.00274, —0.00058
4.55 0 -0.00234 -0.00324, -0.00142
4.75 0 -0.000954 -0.00186, —0.00005
1.20 28 -0.148 -0.178, -0.118

1.11 28 -0.270 -0.295, -0.245

1.41 28 -0.000843 -0.0152, +0.136
2.79 62 0.00315 -0.00520, +0.0115
3.06 62 -0.0422 -0.0515, —0.0328
3.18 62 0.000478 -0.00443, +0.00538

9 Initial concentration at ¢,. ®Time used for beginning acquisition of rate data.

m-and p-xylene; these are therefore reported collectively
as m,p-xylene. The quantitation limit for these compounds
was 1-25 ug/L based on the sample amount available.

Samples were also analyzed for aqueous nitrate, nitrite,
and ammonia concentrations by standard EPA methods
(29). Selected microcosms were examined for microbial
counts by using a direct counting method with acridine
orange as described by Ghiorse and Balkwill (30). For the
final test, microcosms from each treatment group were
sacrificed on days 0, 3, 5, and 7 for analysis of interme-
diates of aromatic hydrocarbon metabolism. The contents
were acidified to pH < 2 with sulfuric acid and extracted
for 18 h with methylene chloride in a Soxhlet extractor.
The solvent was dried with sodium sulfate and concen-
trated to 100 uL by using a Kuderna-Danish evaporator
and nitrogen. The extracts were analyzed with a Finnigan
4615 gas chromatograph/mass spectrometer with separa-
tion done with a 29 m X 0.32 mm i.d. DB-5 fused-silica
column. The GC oven was programmed from 40 (2 min)
to 205 °C at 8 °C/min using a helium flow of 40 cm/s.
External standards were prepared from hypothesized in-
termediates, including benzoic acid, phenol, cresols, hy-
droxybenzoic acids, and catechol, and quantitation was by
internal standard addition. Detection limits were ap-
proximately 0.1 mg/L for the phenols, 1.0 mg/L for cat-
echol and benzoic acid, and 75 mg/L for hydroxybenzoic
acids.

Results

In the first tests, microcosms were prepared with both
uncontaminated and contaminated core material, spiked
with a combination of selected monoaromatic hydro-
carbons, and incubated under denitrifying conditions. For
the uncontaminated core, biodegradation and nitrate re-
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moval were observed for each of the compounds with the
exception of benzene (Figure 1). However, some of the
labile compounds were removed more quickly than others,
and different degradation profiles were observed. There
appeared to be no observable lag period prior to the re-
moval of toluene, whereas approximately 30 days was re-
quired before active biodegradation commenced on the
xylenes, ethylbenzene, and 1,2,4-trimethylbenzene. The
test period was 56 days; by this time, toluene, m,p-xylene,
and 1,2,4-trimethylbenzene were degraded to below 25
pg/L. With one exception from among the three replicates,
ethylbenzene was also completely degraded under the
high-nitrate dose. Biodegradation occurred but was
especially slow for o-xylene; the other two isomers were
much more susceptible to microbial attack under deni-
trifying conditions.

Biodegradation of the substituted benzenes varied for
the individual compounds and was not clearly zero or first
order (Figure 1). For purposes of comparison, reaction
rates were assumed to be first order and the reaction was
considered to commence after the observed lag period.
Kinetic data for this and the subsequent test using con-
taminated core were derived for the labile compounds
(Table I). First-order rate constants ranged from a low
of 0.016-0.018 day™ for o-xylene to a high of 0.18-0.38
day™! for m,p-xylene and were not significant in the cor-
responding controls. Rates of removal were significantly
greater with the high-nitrate dose for ethylbenzene, m,p-
xylene, and 1,2,4-trimethylbenzene. Nitrate removal was
evident in both cases as was nitrite accumulation toward
the end of the test (Figure 2). The rate constant for
nitrate removal ranged from 0.016 to 0.033 day™ for the
first 45 days; afterwards, nitrate was undetectable in the
low-dose samples and did not appreciably decline in the
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Figure 1. Removal of aromatic hydrocarbons in microcosms with uncontaminated cores at 12 °C using 30 (low), 75 (high), and 30 mg/L NO,

N with biocides (control). Mean of three replicates with standard error.

high-dose samples. Total microbial numbers by direct
count increased only slightly from 9.8 X 107 to 1.4 X 108
cells/g.

This test was repeated using contaminated instead of
uncontaminated aquifer material. In contrast to the
previous test, there was no significant removal of most of
the aromatic hydrocarbons during the first 60 days (Figure
3). Only after an extended lag period was there a decline
in total solution concentrations of toluene, m,p-xylene, and
1,2,4-trimethylbenzene. There was a significant decrease
in toluene concentrations in the low and high nitrate dose
samples after 50 days and in m,p-xylene and 1,2,4-tri-
methylbenzene in the high nitrate dose samples after 60
days.

First-order rate constants were calculated for those
compounds that were degraded and revealed that, in ad-

dition to the extended lag period, biodegradation rates
were 3-7 times lower in the contaminated core than in the
uncontaminated core (Table I). There was a gradual in-
crease in concentrations of the less soluble aromatic hy-
drocarbons in the microcosms that had not been spiked
with BTX; aqueous concentrations of 1,2,4-trimethyl-
benzene, m,p-xylene, and o-xylene rose from approximately
10 ug/L to 100, 70, and 60 ug/L, respectively, in 160 days.
This is probably a result of slow release of BTX from the
residual hydrocarbon phase. Benzene, toluene, and
ethylbenzene concentrations remained below 20 ug/L
throughout the test.

Although total BTX removal was inhibited in this test
compared to that observed with uncontaminated aquifer
material, nitrate removal was enhanced relative to the
previous test (Figure 4). Nitrate was rapidly removed
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Table II. Removal of Aromatic Hydrocarbons and Nitrite Accumulation in Denitrifying Microcosms Spiked with the

Individual Compounds®

aromatic substrate

nitrite (NO, N)

microcosm test, time,
compd added days inocultd control inocultd control
benzene microcosoms 0 19.8 £ 1.2 20.5 0.1 £ 0.0 <0.05
7 182 £ 0.1 b 0.1 £+ 0.0 0.6
14 179 £ 0.3 20.8 0.1 £ 0.0 0.9
28 176 £ 0.2 b 0.4+ 04 1.5
37 192 £ 0.5 213 0.3 +0.2 1.9
63 179 £ 0.3 194 0.2 £ 0.2 2.7
toluene microcosms 0 22.7 £ 0.1 22.1 0.3 0.2 <0.05
7 0.00 £ 0.00 18.3 8.0+ 5.8 0.1
14 0.00 £ 0.00 19.0 7.4 %43 0.2
28 0.00 £ 0.00 16.1 29+ 3.7 0.2
37 0.01 £ 0.01 154 2.0 + 2.7 0.3
63 0.02 £ 0.01 11.0 0.5 + 0.6 1.5
ethylbenzene microcosms 0 22,7 £ 0.3 21.6 <0.05 <0.05
7 13.7 £ 0.4 19.6 1.3:% 0.7 0.2
14 0.00 18.7 6.9 £+ 82 0.6
28 0.07 £ 0.02 175 <0.05 14
37 0.10 £ 0.01 18.8 <0.05 2.2
63 0.15 £ 0.1 11.0 <0.05 5.7
m-xylene microcosms 0 b b <0.05 <0.05
i 15.7 £ 0.1 159 0.1+ 0.0 0.1
14 15.3 £ 0.6 16.7 0.1 £0.0 0.1
28 14.6 £ 0.2 16.6 0.83%0.2 0.3
37 17.2 £ 02 16.7 0.4 £ 0.1 0.3
63 142 £ 04 b <0.05 0.7
o-xylene microcosms 0 241+ 14 21.4 0.1 £ 0.0 <0.05
7 19.1 £ 8.0 18.9 0.2:£:0.1 <0.05
14 16.3 £+ 3.6 20.0 0.1 £ 0.0 0.1
28 142 £ 2.5 19.1 0.1+0.1 0.2
37 159 £ 29 214 <0.05 0.3
63 132 & 3.7 19.8 <0.05 0.8

%Data are mean of two replicates with standard error for the inoculated samples and single samples for the controls. All concentration
units are milligrams per liter aqueous concentrations. ®No data available.
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Figure 2. Nitrate removal and nitrite accumulation in microcosms using

uncontaminated core amended with BTX and 30 (low), 75 (high), and

30 mg/L NO, N with biocides (control). Mean of three replicates with

standard error.

from solution in samples containing the low-nitrate dose,
requiring that these microcosms be periodically respiked
to maintain appreciable concentrations of the electron
acceptor in solution. To maintain equivalent conditions
among the four sets, all of the microcosms were respiked
at these times as well. Nitrate removal was similar in the
low-dose samples with and without the BTX spike, indi-
cating that the added aromatic compounds were not in-
creasing the nitrate demand significantly.

Nitrite concentrations initially ranged from 8.2 + 1.9 to
8.9 = 0.5 mg/L NO, N in all of the inoculated samples,
indicating that denitrification occurred during the first
sampling period. However, nitrite concentrations rapidly
dropped and remained below 0.5 mg/L NO, N throughout
the test. The only exception occurred for the high nitrate
dose samples at the end of the test; nitrite concentrations
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rose to 8.9 £ 5.7 mg/L NO, N and then to 13.4 £+ 4.3 mg/L
NO, N after 84 and 161 days, respectively. Microscopic
examination revealed numerous bacteria present as rods
either singly or in aggregates. Small oil droplets were also
visible in the stained smears prepared for direct micro-
scopic counts. Direct counts remained relatively constant
in the range from 5.2 X 108 to 2.1 X 10° cells/g before and
after the test, with no significant differences based on the
various treatment levels.

Five aromatic compounds were selected for further
evaluation and added individually to microcosms prepared
from uncontaminated core material. Initial concentrations
ranged from 16 to 22 mg/L in solution. These microcosms
were incubated at room temperature and were periodically
sampled rather than sacrificed. Rapid biodegradation of
toluene and ethylbenzene occurred under these conditions,
although significant concentrations of ethylbenzene re-
mained throughout the 63-day study (Table II). Toluene
was removed to below detection limits within 7 days; this
corresponds to a first-order rate constant of >1.1 day.
Similarly, ethylbenzene was degraded at a rate significantly
higher than that observed previously, with a first-order rate
constant of 0.55 day™'. As observed in the previous test
with uncontaminated core, o0-xylene was only slowly de-
graded and benzene was recalcitrant (Table II). In contrast
to the previous test, m-xylene was recalcitrant when added
as a single compound at an initial concentration of 16
mg/L.

The uncontaminated core material exhibited a basal rate
of denitrification even without the presence of added hy-
drocarbons (Figure 5). Addition of toluene or ethyl-
benzene resulted in removal of the substrate aromatic
compound, and this accelerated the consumption of ni-
trate. Although a low rate of biodegradation of o-xylene
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Figure 3. Removal of aromatic hydrocarbons in microcosms with contaminated core at 12 © C using 30 (low), 75 (high), and 30 mg/L NO3 N

with biocides (control). Mean of three replicates with standard error.

was also observed, this had no significant effect on deni-
trification. Surprisingly, m-xylene was not only recalcitrant
but also appeared to inhibit the basal rate of denitrifica-
tion. This was observed with benzene as well, although
the effect on nitrate removal was not as pronounced
(Figure 5). For the inoculated samples, nitrite accumu-
lation was transitory and only appeared at the beginning
of the test (Table II).

In the final test, there was no toluene removal from any
of the viable microcosms unless nitrate was present (Figure
6). Similarly, there was little nitrate removal or nitrite
accumulation in the viable microcosms unless toluene was
present (Figure 6). Ammonia nitrogen levels also dropped
by 1.6-2.3 mg/L NH; N in the toluene plus nitrate-

amended samples relative to the other treatment groups.
The following stoichiometric relationships were used to
calculate how much of the toluene removal could be at-
tributed to mineralization:

C.Hj + 7.2H* + 7.2NO,” — 7CO, + 3.6N, + 7.6H,0
C.Hg + 18NO,” — 7CO, + 18NO,” + 4H,0

Nitrate removal and nitrite accumulation were corrected
for those samples not receiving toluene, and it was assumed
that the nitrate that did not account for nitrite production
was completely denitrified. Based on these calculations,
the additional nitrate removal in the toluene-amended
microcosms was sufficient to account for 72% of the tol-
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uene being mineralized. No intermediates of toluene
metabolism were detected. Phenol, cresols, and benzoic
acid were present in the original microcosm supernatants
at concentrations corresponding to less than 20, 2, and 200
ug/L, respectively, in all samples including controls.
Hydroxybenzoic acids and catechol were not detected; the
detection limit corresponded to 1 ug/L for catechol and

TOLUENE
40

NITRATE-NITROGEN

75 pg/L for the hydroxybenzoic acids. There were no other
compounds detected in the toluene plus nitrate treatment
group that were not also present in the other treatment
groups.

Discussion

Data from the initial tests indicate that indigenous
microorganisms in uncontaminated aquifer material at
Traverse City are capable of degrading monoaromatic
hydrocarbons, with the possible exception of benzene,
under denitrifying conditions. Biodegradation of toluene
did not occur without the presence of nitrate and nitrate
removal was minimal without the presence of toluene over
a 10-day incubation period. Assuming that the nitrogen
demand for cell synthesis is being met by the ammonia
nitrogen that was consumed, stoichiometric relationships
indicate that 72% of the toluene removal can be attributed
to mineralization on a theoretical basis. This agrees with
other estimates that 25-30% of the amount of organic
carbon required for energy can be required for cell syn-
thesis by denitrifying bacteria (31). Although this does
not prove that denitrifying bacteria are responsible for
toluene biodegradation, it is strong presumptive evidence.
It is also likely that the other aromatic hydrocarbons are
also being degraded by denitrifying bacteria.

The initial tests were conducted at a relatively low in
situ temperature of 12 °C, and in most cases, a significant
lag period occurred prior to the onset of active biodegra-
dation for those aromatic compounds that were degraded.
Hence it is possible that the more recalcitrant compounds
may have required an extended adaptation period. Ad-
aptation can be defined as a change in the microbial com-
munity that is brought about by exposure to a selected
substrate and results in more rapid utilization of that
substrate. One explanation for the observed adaptation
period is that addition of nitrate stimulated oxidation of
organic substrates other than the fuel hydrocarbons in the
initial phase of the test. Denitrifying bacteria are diverse
and hence can exhibit a widespread metabolic potential.
Even deep subsurface sediments can contain enough or-
ganic carbon for denitrification to proceed, and in some
cases, exogeneous carbon sources have no stimulatory ef-
fect (32). Both the uncontaminated and contaminated core
materials used in these tests supported basal rates of
denitrification without the addition of carbon sources.
However, it is not known whether the microorganisms that
were responsible for BTX biodegradation were actively
metabolizing the indigenous carbon sources at this time.
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Figure 6. Toluene removal, nitrate removal, and nitrite accumulation in microcosms using uncontaminated core with various amendments. Mean

of three replicates with standard error.
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The longer lag period observed with the contaminated
core material is consistent with the hypothesis of metab-
olism of indigenous organic carbon, but the effects of
toxicity of the components of JP-4 or metabolic byproducts
should also be considered. Evidence for this is given by
the decreased basal rate of denitrification in uncontami-
nated core microcosms upon exposure to either benzene
or m-xylene. These compounds were present at concen-
trations similar to those that would be found in fuel-con-
taminated aquifers at equilibrium. It should be noted,
however, that the inhibition of denitrification observed in
this particular test results from an effect on the general
denitrifying population and may not be specific to those
microorganisms responsible for BTX biodegradation.

Kinetic data on BTX biodegradation by denitrifying
bacteria is scarce in the literature. Zeyer et al. (21) re-
ported a pseudo-first-order rate constant of >0.45 h™! for
mineralization of m-xylene in a column containing aquifer
material at 30 °C. Other studies generally report the
disappearance of the parent compound, which ranges from
several days to several months, depending upon the com-
pound under study and the environmental conditions (20,
23-24). Biodegradation of the aromatic hydrocarbons in
these microcosm tests, using both uncontaminated and
contaminated aquifer material, was not clearly zero or first
order based on the resolution of the available data. This
is not unexpected considering the potential diversity of the
active microflora and the potential presence of alternate
substrates. In the uncontaminated core, first-order reac-
tion rates ranged from 0.016 to 0.38 day™ and were gen-
erally enhanced under conditions of greater nitrate
availability. The corresponding rates appeared to be 3-7
times lower in microcosms prepared with contaminated
core material. In the next test, toluene and ethylbenzene
were degraded at much higher rates than those observed
previously. There are several possible reasons to account
for this, including the use of higher concentrations, incu-
bation at a higher temperature, and more efficient utili-
zation of a single versus multiple substrates. But it is
surprising that m-xylene was much more recalcitrant in
this test compared to the previous experiments. This
reaffirms that caution should be applied when the results
based on sole substrate studies are extrapolated to situa-
tions where multiple substrates prevail.

Benzene biodegradation under denitrifying conditions
is enigmatic; some studies report benzene to be recalcitrant
(20-22) whereas other studies indicate that benzene is
rapidly degraded (25, 33, 34). In some of these latter
systems, the possibility of oxygen intrusion into micro-
cosms cannot be discounted based on available information
concerning the experimental design, but it is also possible
that subsurface microbial populations and previous ex-
posure differ sufficiently to account for the discrepancy.
Benzene is a major problem from a regulatory standpoint
and therefore its fate under denitrifying conditions requires
more evaluation. However, it should be noted that the
problem of benzene recalcitrance may be overestimated
for field situations that will be undergoing biorestoration.
The laboratory study was conducted under strictly anae-
robic conditions, and it is doubtful that oxygen penetration
will be prohibited to the same extent under field condi-
tions. Because benzene is rapidly oxidized under aerobic
conditions, there may be sufficient oxygen available to
initiate the degradative sequence and result in complete
mineralization as oxygen becomes depleted and denitri-
fication begins. Further work is needed in this area to
better assess the potential for nitrate-based biorestoration
of fuel-contaminated aquifers.
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Mechanism of Pentachloroethane Dehydrochlorination to Tetrachloroethylene

A. Lynn Roberts and Philip M. Gschwend*

Ralph M. Parsons Laboratory, Department of Civil Engineering, Massachusetts Institute of Technology, Cambridge,

Massachusetts 02139

B The dehydrochlorination of pentachloroethane to tet-
rachloroethylene was investigated to gain insight into
mechanisms of hexachloroethane reduction as well as
structure-reactivity relationships for polyhalogenated
alkanes. Although the absence of deuterium exchange
excludes the possibility of an (E,cg)g mechanism, several
factors suggest the transition state possesses considerable
carbanion character: the reaction is insensitive to buffer
catalysis, exhibits a moderately large solvent kinetic isotope
effect, and only displays a neutral mechanism at low pH.
Though our results cannot rule out a stepwise (E,cp); or
(E;cp)ip sequence, we believe CHCI,CCl, reacts via a con-
certed mechanism based on a comparison of its dehydro-
halogenation kinetics with proton-exchange rates for
CHCl; and CHCI,CF3;. Pentachloroethane reported in the
reduction of hexachloroethane to tetrachloroethylene is
unlikely to result from carbanion protonation. Rather, it
may be diagnostic of free-radical reduction mechanisms.
Because pentachloroethane reacts relatively rapidly, future
studies of hexachloroethane reduction should consider
whether pentachloroethane represents a reaction inter-
mediate instead of dismissing it as a minor side product.

Introduction

Reductive dehalogenation and dehydrohalogenation
reactions dominate the transformation of many poly-
halogenated alkanes in aqueous systems. Of the two
classes, reductive dehalogenation is the less well studied,
and its mechanisms in complex environmental samples are
poorly understood. Recent studies have attempted to
amend this by investigating biologically mediated and
abiotic reductive transformations; several have emphasized
the reduction of hexachloroethane to tetrachloroethylene
(1-5), although little progress has been made in elucidating
the actual reaction pathway(s). Investigations of hexa-
chloroethane reduction by Fe(II) porphyrins (6), rat liver
microsomal preparations (7), or microorganisms in
groundwater samples (8) have noted pentachloroethane
as a minor product. This could conceivably be generated
either via hydrogen atom abstraction by a pentachloroethyl
radical (formed by a one-electron reduction of hexa-
chloroethane) or via protonation of a pentachloroethyl
carbanion (resulting from a net two-electron reduction),
as shown in Figure 1. Pentachloroethane can itself react
to tetrachloroethylene, albeit via dehydrochlorination;
several possible mechanisms could involve a pentachloro-
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ethyl carbanion intermediate. Understanding the details
through which this elimination reaction proceeds should
provide some basis for weighing the relative likelihood of
the potential hexachloroethane reduction pathways. In
addition, knowing the rate at which pentachloroethane
reacts should prove useful in assessing whether it repre-
sents a side product or a reaction intermediate. Finally,
comparing the kinetics of pentachloroethane elimination
to rates for other polychlorinated ethanes should provide
substantial insight into the influence of structural factors
on reactivity in this class of important environmental
contaminants.

Dehydrohalogenation mechanisms for pentachloro-
ethane such as the E; and the (E;cg) anion mechanisms can
be ruled out by the observed dependence of reaction rate
on pH (among other factors). Reactions exhibiting sec-
ond-order kinetics can occur by two different classes of
mechanism (9), referred to as E, and E,cg (Figure 2); the
latter path is frequently ignored by introductory organic
chemistry textbooks. In the E; mechanism (Figure 2a),
proton loss and halide ion elimination occur in a concerted
fashion, whereas E,cp reactions (Figure 2b) are charac-
terized by the initial formation of a carbanion interme-
diate. Depending on the relative rates of reprotonation
and elimination steps, this carbanion can either revert to
starting material via a reversible proton-transfer step
[(E;cp)r mechanism] or proceed to form the olefin with
little reprotonation [(E;cg); mechanism]. Closely related
to the (E,cp)g mechanism is the (E,cg);, mechanism, the
difference being that in the latter case, ‘ile free carbanion
is not formed, but remains intimately associated as an ion
pair or hydrogen-bonded pair with the conjugate acid of
the former base, as designated by the intermediate

[HOH--C(R'R?»)-C(R?R4)-Cl]

in Figure 2b. These mechanisms are kinetically indistin-
guishable: all are characterized by a first-order dependence
on the concentration of the effective base, as indicated in
Figure 2.

A key question is whether pentachloroethane reacts via
an (E;cp)g or an (E;cg);, mechanism. If so, any penta-
chloroethyl carbanion formed during the reduction of
hexachloroethane would be expected to undergo proton
transfer to form pentachloroethane. Conversely, if pen-
tachloroethane were to react via an E, or an (E;cp);
mechanism, this implies a pentachloroethyl carbanion is
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Figure 1. Potential pathways for the reduction of hexachloroethane
to pentachloroethane and tetrachloroethylene, and for the dehydro-
chlorination of pentachloroethane to tetrachloroethylene.

so unstable under ambient conditions that either it is
unlikely ever to be formed (whether from hexachloroethane
or pentachloroethane) or at least it should decompose to
tetrachloroethylene rather than persist long enough to
become protonated. In this case, any pentachloroethane
produced from hexachloroethane might be diagnostic of
a free-radical reduction pathway.

Most simple alkyl halides are believed to react via con-
certed E, mechanisms, although many exceptions exist. A
number of compounds have been shown to undergo pro-
ton-exchange reactions, indicative of (E,cp)r-like mecha-
nisms. These include di- and trihaloethylenes (10-12),
haloforms (13-18), and several pentahaloethanes (all
1,1,1-trifluoro-2,2-dihaloethanes; ref 19). These substrates
are all characterized by acidic hydrogens and unfavorable
leaving groups. Pentachloroethane also has an acidic hy-
drogen (in terms of the inductive effects of the five chlorine
atoms at the a- and -carbons), but any of the chlorines
bonded to the sp®-hybridized C, constitute a much better
leaving group than the halogens in the above examples.
Whether the latter factor is sufficient to favor the E,
mechanism over an E,cpg mechanism is difficult to predict

a priori. Several chlorinated and brominated substrates
with similar inductive effects at C; may react via E;cp
pathways. An (E,cg); mechanism flas been claimed for
DDT (1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane) and
some of its analogues (20, 21), although this has been
contested by other researchers for reactions under some-
what different conditions (22). Other evidence indicates
several substituted polyhaloethanes, including CgH;CH-
CICF,Cl, CqH;CHBrCF,Br, and CgH;CHBrCH,Br, react
via an (E;cp);, mechanism even in protic solvents (23, 24).
These substrates all contain phenyl substituents capable
of stabilizing a carbanion, but some stabilization might also
be expected from the chlorines in pentachloroethane. One
researcher (25) has even gone so far as to question the
prevalence of E, reactions, suggesting that E,cp reactions
may be much more common than previously recognized.

Walraevens et al. (26) studied the reaction of penta-
chloroethane in water at high pH via conductivity mea-
surements. They suggested the absence of significant
buffer catalysis and the negative value computed for the
activation entropy might reflect an E;cp mechanism,
without conducting further tests to support this hypoth-
esis. Although Walraevens et al. were not specific, in all
probability they envisioned an (E,cg)g mechanism; other
E,cg mechanisms, which had only very rarely been de-
scribed at the time their study was conducted, are more
likely to be subject to buffer catalysis.

In the present study, we have measured parameters
required to model the transformation of pentachloroethane
under environmental conditions (near-ambient tempera-
tures and low to moderate pH). Very recently, Jeffers et
al. (27) and Cooper et al. (28) published results of similar
kinetic experiments without, however, proposing any
mechanistic interpretation. These two studies confirm our
measured activation parameters, and the study of Jeffers
et al. (27) provides evidence of a neutral dehydrochlo-
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Figure 2. Potential mechanisms of HCI elimination from pentachloroethane. (a) E, mechanism: concerted elimination of HCI. (b) E;cg mechanisms:

initial formation of a carbanion intermediate.
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rination reaction not observed in our experiments. The
primary objective of the present study was to obtain ev-
idence concerning the mechanism by which pentachloro-
ethane reacts to permit us to evaluate its significance when
observed during hexachloroethane reduction. This study
complements our continuing investigations of poly-
halogenated alkane reduction mechanisms, both by mi-
croorganisms in anoxic groundwater and by reduced sulfur
species under clean chemical conditions and in sulfide-rich
natural waters (8).

Materials and Methods

Reagents. Dehydrochlorination rates were measured
in buffered systems containing one or more of the following
reagent-grade salts: sodium benzoate, sodium acetate,
sodium dihydrogen phosphate, disodium hydrogen phos-
phate, sodium sulfide, and sodium tetraborate deca-
hydrate. Buffer solutions were prepared with the appro-
priate salt or salts plus sufficient HCI to bring the pH
approximately to the pK, of the buffer acid. Although the
buffers used are generally fairly dilute, concentrations are
high enough relative to initial pentachloroethane levels that
we expect at most a 3% change in the hydroxyl ion con-
centration during the course of the reaction (<0.2% for
the most of the buffers used). Ionic strength was adjusted
as required with NaCl. Mercuric chloride (10 mg/L) was
added to inhibit microbial activity for all but the hydrogen
sulfide buffer and the D,0 buffer used for the isotope-
exchange experiment. For the latter experiment, D,O
(99.9%) was obtained from Cambridge Isotope Laboratory,
Woburn, MA. Otherwise, aqueous solutions were prepared
with high-purity (>15 MQ/cm) deionized distilled water
prepared with a Milli-Q water system (Millipore Corp.,
Bedford, MA).

Determinations of pH were performed at the appro-
priate temperature with an Orion Model SA 720 pH/ISE
meter and an Orion Ross combination pH electrode. For
the experiment in D,0, the pH meter was calibrated
against buffers in normal water, and the meter reading
converted to pD as described by Perrin and Dempsey (29).
Hydroxyl ion activities were computed from pH mea-
surements by using pK,, values of 13.9965 at 25 °C and
13.6801 at 35 °C. The OD™ ion activity was obtained by
using a pK of 14.869 at 25 °C (30). For determining sec-
ond-order rate constants, OH~ or OD~ concentrations were
calculated from ion activities by using activity coefficients
estimated from the extended Debye-Hiickel relationship
for solutions with I < 0.05 and from the Davies equation
for solutions with I = 0.1 equiv/L.

Stock solutions of CHCl,CCl; (96%) (Aldrich) and
Cl,C=CCl, (98%) (MCB) were dissolved in methanol for
spiking experimental flasks and preparing aqueous
standard solutions. For most experiments, either CCl;F
(99+ %) or Cl,C=CHCI was included to establish the in-
tegrity of our glass reaction vessels against losses of volatile
compounds. For the isotope-exchange experiment, a stock
solution of CHCI,CCl; was prepared in CH;0D (99.5+%)
immediately prior to use. All halogenated compounds were
used as received without further purification. Gas chro-
matography (GC) and combined gas chromatography/
mass spectrometry (GC/MS) analyses of the CHCL,CCly4
indicated it contained low levels (~2%) of Cl,C=CCly;
corrections were generally not required for this contami-
nation.

For most experiments, samples were analyzed via cold
on-column direct aqueous injection electron capture de-
tection gas chromatography (31), using external aqueous
standards prepared freshly each day from methanol stock
solutions. For the isotope-exchange experiment and the
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buffer catalysis experiment conducted at pH 4.6, in which
analyses were conducted of hexane extracts, standards
were prepared by diluting alkyl halides directly into hex-
ane.

Glassware. Most experiments were performed in
three-necked round-bottom flasks (250-mL nominal vol-
ume) fitted with ground-glass stopcock adapters or stop-
pers. Aqueous standards were prepared by spiking stock
solutions into 20- or 50-mL glass syringes filled with water.
A 50-mL glass syringe was also used as a reaction vessel
for the isotope-exchange experiment instead of a three-
necked flask to permit removal of relatively large aliquots
for solvent extraction without creating headspace.

Kinetic Experiments. After reaction vessels were filled
with buffer solutions, leaving minimal headspace to pre-
vent volatilization (generally <1-mL headspace to 300-mL
total volume), they were transferred to water baths to reach
thermal equilibrium (either at 24.9 + 0.09 °C or 35.0 £+ 0.18
°C). Reaction vessels were then spiked with 7-100-uL
aliquots of CCLF or Cl,C=CHCI plus CHCI,CCl; in
methanol (or 7.5 uL of CHCL,CCl; in CH30D) to give initial
pentachloroethane concentrations of 0.5-50 uM. The re-
sulting methanol concentration (less than 1.5 X 10™* mol
fraction) is too small to influence reaction rates. After an
initial mixing period and sampling, reaction vessels were
returned to the water baths for incubation in the dark.

Aliquots were periodically removed for analysis. In most
cases, only a few microliters of solution were removed for
injection directly onto the GC column. For some exper-
iments, however, a preliminary dilution step was required.
To quench reactions that proceeded rapidly at high pH
(>8), 100-uL samples were diluted into 2-mL samples of
dilute HCI to lower the pH below pH 6. Samples were
then stored on ice for a few hours until analyses could be
completed. Experiments conducted at pH 8 with and
without a dilution step showed no significant differences.
For the experiment conducted with the H,S buffer, 100-uL
sample aliquots were diluted into 2 mL of deoxygenated
deionized water prior to direct aqueous injection analysis.
This enabled us to avoid the electron capture detector
quenching we have observed at high (H,S) concentrations.
For the buffer catalysis experiments conducted at pH 4.6,
which required relatively concentrated buffers, direct
aqueous injection GC was not used to avoid baseline
problems we have encountered with such solutions.
Rather, 100-uL aliquots were periodically removed from
the reaction vessels and extracted with 1 mL of hexane.
One-milliliter samples were also extracted with 0.5 mL of
hexane (containing 1,1,1,2-tetrachloroethane as an internal
standard) for GC/MS analysis in the isotope-exchange
experiment.

For most experiments, efforts were made to monitor the
reaction over at least 2-3 half-lives to ensure tetrachloro-
ethylene was in fact the sole product. At pH <5, however,
where half-lives were very long (>100-1900 days), incu-
bations were only monitored for 9 or 10 weeks.

Data Analysis. For each experiment, monitoring
CHCI,CCl; disappearance and Cl,C=CCl, appearance
permitted independent estimates of pseudo-first-order rate
constants. These were generally obtained by fitting the
CHCI,CCl; data via a regression of the form In (CHCI,C-
Cly) = In (CHCI,CCly)g — Rt Or via a nonlinear fit of the
Cl,C=CCl, data to an equation of the form (Cl,C=CCl,)
= (CHCLCCly)o[1 — exp(—kgt)]. At low pH (<5), Cl,C=
CCl, data were fit to (Cl,C=CCl,) = (CHCl,CCly),[1 -
exp(—kypt)] + (Cl,C=CCly), to incorporate the small
amount of Cl,C=CCl, present as a contaminant in the
CHCI,CCl;. For the Cl,C=CCl, regressions at low pH, the



Table I. Results of Dehydrochlorination Experiments Conducted at Low Ionic Strength (0.005 equiv/L) in H,0

from CHCI,CCl,

from Cl,C=CCl,

pH mM buffer Ne Eoper 871

R? Rober 871 R? predicted k> s7!

25 °C Results

4.15 2.5 (benzoate)p 10
4.71 2.5 (acetate)p 10
7.09 2.5 (POy)y 10
7.94 1.25 (POy)r + 1.25 (BOy)p 11
7.98 1.67 (POy)r + 1.67 (BOy)y 11
9.10 2.5 (BOy)p 17

1.41 X 1078
3.35 X 1078
3.28 X 10°¢
2.90 X 10
3.02 X 107
4.39 X 107

4.19 X 107
1.14 x 1078
3.59 X 1076
3.75 X 105
4.07 X 108
4.60 X 107

0.5386
0.8849
0.9996
0.9845
0.9975
0.9991

0.9612
0.9865
0.9806
0.9772
0.9923
0.9982

4.20 X 107°
1.53 X 108
3.66 x 107
2.59 X 107
2.84 X 10
3.75 X 107

35 °C Results

4.14 2.5 (benzoate)p 10
4.68 2.5 (acetate)p 10
7.06 2.5 (POy)r 7
7.90 1.25 (POy)r + 1.25 (BOy)y 15

9N, number of samples. ®See text.

3.70 X 1078
9.83 X 1078
2.03 x 10°®
1.44 X 107

0.9016
0.9666
0.9937
0.9988

2.48 x 1078
8.62 X 1078
2.07 X 107
1.43 X 10

2.20 X 1078
7.74 X 1078
2.53 x 107
1.53 X 10

0.9865
0.9906
0.9939
0.9949

(CHCI1,CCly), value used was constrained to equal the value
determined from the regression to the CHCl,CCl; data. In
all other cases, parameters were independently obtained
to avoid assumptions concerning product distribution.

Gas Chromatography. GC analyses were performed
with a Carlo-Erba Fractovap Series 2150 or a Carlo-Erba
HRGC 5160 unit equipped with a cold on-column injector,
a 30 m X 0.32 mm i.d. thick film (5-um cross-linked SE-30
equivalent) fused-silica capillary column (Restek Corp.,
Bellefonte, PA), and a %Ni electron capture detector.
Concentrations were determined by comparing peak areas
for samples to those measured for external standards.
Because the detector response was nonlinear, standards
were analyzed each day generally at five or more concen-
trations spanning the ranges measured in the samples, and
a calibration curve was obtained by fitting the responses
to a curve of the form (area) = a(picomoles)®.

GC/MS Analyses. GC/MS measurements of hexane
extracts were conducted with a Hewlett-Packard Model
5995 gas chromatograph/mass spectrometer. The column
used was a 30-m, thin-film (0.25 um) fused-silica capillary
column with a nonpolar DB-5 (cross-linked SE-54 equiv-
alent) phase (J&W Scientific, Folsom, CA). The mass
spectra were recorded under electron impact ionization at
70 eV. For most analyses, only the following ions were
monitored to maximize sensitivity: m /e 116-119, 133, and
164-172. Complete scans (m/e 59-210) were, however,
performed on selected samples to confirm the identity of
the transformation product.

Results

Reaction Rate vs pH. Example results of our exper-
iments conducted with dilute buffers are shown in Figure
3. Pentachloroethane transformation under the conditions
studied is relatively rapid, in many cases occurring over
a period of hours to weeks. As shown in Figure 3a, con-
centrations of the CCL;F tracer used to validate our reac-
tion vessel subsampling technique displayed no tendency
to decrease even over as long a period of 63 days. This
compound is much more volatile (H = 3.65 mol L};;,/mol
Ll atery Tef 32) than either C1,C=CCl, (H ~ 0.5-0.7; refs
33 and 34) or CHCl,-CCl; (H =~ 0.09; ref 33). The dis-
appearance of CHC1,CCl; can thus be attributed solely to
chemical transformation, rather than volatilization. Rate
constants obtained at low buffer concentrations are sum-
marized in Table I, along with information concerning
buffer compositions. As demonstrated by the data in this
table, transformation rates are strongly dependent on pH.

At pH <5, kg, values obtained from the pentachloro-
ethane data appear somewhat larger than those obtained
from the tetrachloroethylene data. One explanation for
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Figure 3. Example time courses showing transformation of penta-
chloroethane to tetrachloroethylene at 25 °C at (a) pH 4.15, (b) pH
7.09, and (c) pH 7.98. Note variations in scales. Symbols represent
measured concentrations. Solid lines represent model fits or (in the
case of CCl;F data) mean concentration. Dashed lines represent
predicted values.

this apparent discrepancy might simply lie in difficulties
associated with making precise estimates of reaction rates
from parent compound disappearance at relatively early
times. Because pentachloroethane reacts very slowly at
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low pH and 25-35 °C, it is difficult to obtain a very ac-
curate estimate of its reaction rate from the pentachloro-
ethane data, which display relatively small changes. For
these experiments, the tetrachloroethylene data (which
exhibit much larger changes) provide a more precise es-
timate. Despite the apparent discrepancy in observed rates
at low pH, rate constants obtained from model fits to the
tetrachloroethylene data still predict pentachloroethane
concentrations quite well, as indicated on Figure 3a.
An alternative explanation for the apparent discrepancy
in kg, values might be that at low pH, pentachloroethane
is reacting via some mechanism in addition to dehydro-
chlorination, such as perhaps a nucleophilic substitution
reaction. In such a case, the integrated rate expression for
pentachloroethane can be written as

(CHCLCCLy) = (CHCLCCly), exp[—(kg + ky)t] (1)

where kg refers to the pseudo-first-order rate constant for
dehydrochlorination to tetrachloroethylene and ky to the
corresponding rate constant for the hypothetical substi-
tution reaction. In this case, the observed rate constant
kops would correspond to the sum of kg + ky. Similarly,
the expression for tetrachloroethylene would be given as

(C1,C=CCl,) =
(CHCL,CCly)olkg/ (kg + kn)][1 — exp[-(kg + ky)t]] (2)

At relatively small time, however, exp[-(kg + ky)t] ap-
proaches 1 — (kg + ky)t, and the expression simplifies to

(CL,C—=CCly) ~ (CHCLCCly)gkgt ®)

i.e., the observed rate constant k, corresponds to kg when
product accumulation is monitored at early time. Although
the results of Jeffers et al. (27) indicated quantitative
conversion to tetrachloroethylene under all conditions in-
vestigated, their experiments at low pH were conducted
at substantially higher temperatures than our experiments;
elimination reactions, which frequently exhibit larger ac-
tivation energies than other potential mechanisms such
as substitution reactions, could contribute to a greater
extent at higher temperatures than at lower temperatures.
A polar product might well have been missed by our
analytical technique.

For the experiments conducted at pH 27, there is rarely
any significant difference (at the 95% confidence level)
between k., [or (CHCI,CCl;),] values obtained from the
pentachloroethane data vs those obtained from the tet-
rachloroethylene data. For these experiments, the pen-
tachloroethane data generally provide more precise esti-
mates of rate constants than the tetrachloroethylene data,
as indicated by the R? values in Table I. Rate constants
obtained from model fits to the pentachloroethane data
successfully predict tetrachloroethylene concentrations, as
shown in Figure 3b and c. The close correspondence at
higher pH between predicted and observed concentrations
indicates that tetrachloroethylene represents the predom-
inant if not the sole product of pentachloroethane trans-
formation.

Figure 4 summarizes the relationship between rates
shown in Table I and the pH at which the measurements
were made. A regression on log k, vs log (OH") at 25 °C
yielded a model fit of the form log k., = 1.05 (£0.02) log
(OH") + 1.76 (£0.06), with R = 0.9996 (values in par-
entheses reflect 95% confidence intervals); similarly, at
35 °C the fit is of the form log k. = 1.01 (£0.02) log (OH")
+ 1.97 (£0.06), with R? = 0.9997. In performing the re-
gressions, the values of k., were weighted according to
their estimated standard error as described by Bevington
(ref 35, p 182). Because regressions performed inde-
pendently on k., values obtained from the pentachloro-
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Figure 4. Observed rate constants for low ionic strength experiments
as a function of pH. Solid lines indicate rates predicted from calculated
second-order rate constants; (a) 25 °C results; (b) 35 °C resuits.

ethane data and those obtained from the tetrachloro-
ethylene data gave results that were not significantly
different at the 95% confidence level, rate constants at
each temperature were pooled to yield an improved esti-
mate.

The slopes of the model fits are very close to 1, indi-
cating the reaction of pentachloroethane is first order in
OH" at both temperatures throughout the pH range in-
vestigated; our results do not provide any evidence for a
neutral mechanism involving H,0 as a base. Analysis of
our data assuming the reaction is truly first order in OH~
(again weighting k, values according to their estimated
standard error) provides estimates for the second-order
rate constant kgy- of 27.3 (£0.3) M1 s! at 25 °C and 79.7
(£1.6) M ! s!at 35 °C. Pseudo-first-order rate constants
predicted from this kgy- value are shown in Figure 4 and
also in Table I. Omitting the &, values determined at pH
4.1-4.2 does not significantly affect the magnitudes of koy-
estimates at either temperature. Our results correspond
to a half-life for pentachloroethane of approximately 2.9
days at pH 7, 25 °C. This is somewhat less than the
half-life of 3.5 days calculated from the results of Wal-
raevens et al. (26) or the value of 3.7 days given by Jeffers
et al. (27) and greater than the value of 1.7 days given by
Cooper et al. (28), yet still within the 95% confidence limits
reported by each of these investigators or computed from
their data.

Isotope-Exchange Experiment. To investigate the
possibility of an (E;cg)g mechanism, we conducted an
isotope-exchange experiment in D,0. The buffer used in
this experiment contained 10 mM (PO,)y plus 10 mM
(BOs)y, with an ionic strength of approximately 0.025
equiv/L and pD 8.69. This buffer was spiked to give an
initial pentachloroethane-h concentration of 50 uM. Under
the chromatographic conditions used in GC/MS analyses
of hexane extracts of this buffer, tetrachloroethylene,



Table II. Results of Dehydrochlorination Experiments Conducted at 25 °C in H,0 To Investigate General-Base (Buffer)

from CHCI,CCly

from Cl,C=CCl,

Catalysis®

pH mM buffer Nt Kope 871

6.95 15.3 (HyS)r + 0.5 (PO)r 11 279 X 10
4.61 5 (acetate)p 11 5.32 X 108
4.62 25 (acetate)p 11 1.30 X 1078
4.62 50 (acetate)p 11 2.67 X 1078
4.63 75 (acetate)p 11 3.25 X 1078
4.63 100 (acetate) 11 3.44 X 1078

R? Ropey 87! R? predicted k,° st
0.9989 3.75 X 1078 0.9930 3.04 X 10
0.8443 7.60 X 107° 0.9715 1.45 X 1078
0.1226 1.07 x 108 0.9811 1.48 X 1078
0.5068 9.71 X 107 0.9810 1.50 X 1078
0.7373 8.40 x 107 0.9742 1.51 x 1078
0.8276 8.86 X 107 0.9728 1.53 X 1078

%Jonic strength 0.05 equiv/L for H,S/HS™ buffer and 0.1 equiv/L for acetic acid/acetate buffers. ®N, number of samples. °Predicted

pseudo-first-order rate in absence of buffer catalysis.

100
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Figure 5. Results of isotope-exchange experiment conducted in D,0O
at 25 °C. Solid line through CHCI,CCl, data represents exponential
fit; dashed line through Cl,C=CCl, data shows predicted values as-
suming all CHCI,CCl, is converted to Cl,C=CCl,.

1,1,1,2-tetrachloroethane, and pentachloroethane were all
fully resolved. Lacking a deuterated pentachloroethane
standard, however, we could not be certain that this would
also be the case for pentachloroethane-d and penta-
chloroethane-h; our method of data analysis assumed the
labeled and unlabeled pentachloroethane would coelute.
In analyzing each sample, the ion m/e 166 (corresponding
to 3C13%’C112C,) was used to calculate tetrachloroethylene
concentrations. The ion m/e 117 (**Cl;!%C) was used to
monitor total pentachloroethane. Because pentachloro-
ethane lacks a parent ion, pentachloroethane-h concen-
trations were computed from m/e 165 (**C1,12C,H) [after
correcting for ¥Cl,3C'2C based on *C abundances reported
by McLafferty (36)]. The ion m/e 168 (**Cl;*"C12C,D)
proved useful for calculating pentachloroethane-d con-
centrations (after similar corrections for 33Cl;*’C1'3C2CH
and ¥Cl,%"C1,'2C,).

The results are shown in Figure 5. After an initial
mixing period, pentachloroethane concentrations exhibited
first-order decay; pentachloroethane-h concentrations
computed from m/e 165 were essentially equal to total
pentachloroethane calculated from m/e 117. No trend was
detected in the results for pentachloroethane-d, which
remained at our detection limit. Pentachloroethane-h
disappearance was accompanied by the production of
tetrachloroethylene. The pseudo-first-order rate constant
calculated from pentachloroethane disappearance (3.4 X
107 s7) is not significantly different from the rate constant
calculated from tetrachloroethylene appearance (3.6 X 10®
s71). As in previous graphs, the dashed line through the
tetrachloroethylene data represents a prediction based on
the fit to the pentachloroethane-h data, assuming tetra-
chloroethylene is the sole product of pentachloroethane
transformation. The second-order rate constant kqp- that
can be estimated from the pentachloroethane data (44.2
M s71) is 1.6 times that determined for kqy- at 25 °C,

within the range of solvent isotope effects measured for
E, reactions (37, 38) and slightly larger than reported
kop-/ kou- ratios of ~1.5 for (E,cp); reactions (39). Sub-
stantially larger solvent isotope effects as great as 7.7 have
been reported for (E;cg)g reactions (40).

Buffer Catalysis. Two buffer systems were used to
investigate general-base (buffer) catalysis at 25 °C,
H,S/HS"™ and acetic acid/acetate. Buffer compositions
used and experimental results are summarized in Table
II, along with rates predicted (in the absence of buffer
catalysis) from kgy- and the measured pH.

Initial experiments (using H,S/HS™ as a buffer) failed
to display any buffer catalysis, in agreement with the ob-
servations of Walraevens et al. (26) with phenolate buffers.
The second-order rate constant computed by using the
measured OH™ concentration (25 M s7!) is 8% less than
our estimate of kgy- from the studies conducted in the
absence of bisulfide ion. This discrepancy is within our
estimates of experimental error at this pH, based on du-
plicate measurements at pH 8, 25 °C (Table I), as well as
on the results of preliminary replicate experiments that
were carried out at pH 4-7 (data not included).

Experiments conducted with varying concentrations of
total acetate at pH 4.6 also failed to reveal buffer catalysis.
As with other experiments at this pH, the extent of pen-
tachloroethane transformation during the course of these
incubations was so slight that the tetrachloroethylene data
are considered to provide a better estimate of the dehy-
drochlorination rate. Subtracting the contribution of
kou-(OH") from the observed rates should yield the ace-
tate-promoted rate; no significant trend was discernable
in a regression of these rates vs acetate concentration (R?
= 0.07). This indicates differences in observed rates are
dominated by experimental error rather than by buffer
catalysis. Neglecting any potential contribution from an
acetate-promoted reaction, the kgy- values calculated in
these experiments exhibited a relative standard deviation
of 13%, an estimate of experimental error that can be used
in establishing a lower limit on the Bronsted coefficient

B.

Discussion

Mechanism of Pentachloroethane Dehydrochlo-
rination. Available Tests of Mechanism. Several tests
have been proposed (9, 41, 42) for differentiating between
E, and E,cp reactions: those pertinent are summarized
in Table III. For purposes of the present study, the iso-
tope-exchange experiment provides the most definitive
test. The lack of any detectable conversion of penta-
chloroethane-h to pentachloroethane-d through observa-
tions over more than 1 half-life proves that proton transfer
is not faster than chloride ion elimination, decisively ruling
out an (E;cg)g mechanism.

Many of the remaining tests in Table III can also be used
to distinguish between the various possibilities, yet une-
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Table III. Tests Useful in Differentiating between E, and E;cg Mechanisms of Base-Promoted Dehydrohalogenation

Reactions®

- | N/ _
B™+ H(o)—c—clza—x —= BH(D) +/c:c\ + X

1P
mechanism
test E? (Eicah (Excp)ip (Eicpr
B-protium exchange faster than elimination? no no no° yes
AV* value? negative positive® positive positive
ku/kp 2-8 2-8 1-1.2f 1.08
leaving group element or isotope effect small small to negligible substantial substantial
AS* value® more negative for E, or (Eicp); than for (Eicp)g
susceptible to buffer catalysis? yes yes yes' no

2 Primarily adapted from ref 42. ®Assuming an E, transition state with considerable carbanion character. ¢An example of an (Eicp)ip
reaction accompanied by protium exchange has, however, been described by Koch et al. (24). ¢Results predicted by Brower et al. (41)
¢ Note, however, that Brower et al. (41) measured a negative value for 2-chloroethyl phenyl sulfone, a substrate that appears to react via an
(Eicp); mechanism. /Substantially larger values have been reported for some substrates which nonetheless appear to react via an (EICB)ip
mechanism [e.g., ky/kp = 4.34 for C¢gH;CLBrCH,Br (23)]. #Somewhat larger values have, however, been reported for (E;cp)g-like reactions
[e.g., 1.42 for chloroform (43)]. *Results predlcted by Saunders and Cockerill (9); by analogy, results for (EICB),,, reactions might be assumed
to resemble (E,cp)g results. ‘Only when ion pair assists in removal of leaving group or when first step is rate-limiting.

quivocally identifying the correct mechanism in the ab-
sence of 8-hydrogen exchange still represents a challenging
problem in physical organic chemistry. Although meas-
uring the volume of activation AV*, primary kinetic isotope
effect ky/kp, and leaving group isotope or element effects
might help pinpoint the mechanism, such experiments are
difficult to conduct, requiring measurement of rates as a
function of pressure or synthesis of isotopically labeled
substrates. Moreover, several recent studies indicate the
results of such tests can prove ambiguous, as suggested by
the footnotes in Table III. We therefore restrict our dis-
cussion primarily to the significance of AS* values and
buffer catalysis, since these formed the basis for the sug-
gestion of an E;cg mechanism by Walraevens et al. (26).

Significance of Activation Entropy. Saunders and
Cockerill (9) suggested that activation entropy AS* might
be used to distinguish between E, and E,cg mechanisms.
The slow step in (E;cp)g and (E;cp);, reactions involves
halide ion elimination from a carbanion, a unimolecular
process; in gas-phase reactions, such processes are fre-
quently characterized by positive AS* values. Conversely,
the slow step in E, and (E;cp); reactions involves a collision
and formation of an activated complex between the base
and the substrate, a bimolecular process that (again ig-
noring solvation effects) might be expected to give rise to
negative AS* values. Saunders and Cockerill (9) suggested
that AS* should be more negative for E, or (E,cg); reac-
tions in solution than for (E,cp)g reactions, but cautioned
that this criterion’s reliability had not been tested. Data
for dehydrofluorination of pentahaloethanes (44) [(E;cp)r
reaction] and CgH;CHCICF; (24) [(E,cp);, mechanism]
exhibit positive AS* values of 50-100 J mol™? K in
methanol solution, which might appear consistent with the
predictions of Saunders and Cockerill (9). Other halo-
genated ethanes believed to react via (E;cp);, mechanisms,
such as C4H,CHBrCF,Br, C4H,CHCICF,Cl, p-
CIC¢H,CHCICF,C], and CGH5CHBrCH2Br, however, reveal
smaller AS* values in ethanol or methanol of -8 to 20 J
mol! K (23).

Activation parameters for base-promoted elimination
reactions of chlorinated ethanes are summarized in Table
IV. AH?* values for a given substrate generally agree
closely; this rarely is the case with AS* values, however,
which display considerable scatter, reflecting their rela-
tively small contribution to AG*. Precise measurements
of AS* are notoriously difficult to obtain. Although error
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Table IV. Activation Parameters for Base-Promoted
Dehydrochlorination Reactions of Chlorinated Ethanes in
Aqueous Solution®

AHY, ASY,
substrate kJ mol™ JmolT K1 N ref
CIH,CCH,Cl 824 =70 (120 °C) 2 45
CIH,CCH,CF 938402 -40 5 26
CIH,CCH,CF  95.0 -30 d 46
H3CCHCly* 110 £ 4 -20 5 27
CLHCCH,Clf 913+02 10 5 2
CLHCCH,CF 88+17  -10 4 2
CIH,CCCl¢ 105 +1 40 6 2
CIH,CCCly 983 20 4 27
CLHCCHCl 919403 60 4 9%
CLHCCHCl, 89+ 3 50 11 47
CLHCCHCI 176 %2 3 4
CLHCCCLS  6L1+04 -10 5 2
CL,HCCCly 79 £ 21 40 5 27
CLHCCCl, 75+2 40 6 28
CLL,HCCCly 78 + 2¢ 50 2 this study

%Estimated error limits correspond to twice the estimated
standard deviation unless otherwise noted. ®Number of different
temperatures at which reaction rates were measured. ¢Complete
product information not provided; calculated activation parame-
ters assume Arrhenius parameters correspond entirely to a single
dehydrochlorination reaction. ¢Information not provided. ¢For
reaction to 1,1-dichloroethylene. /One standard deviation.
¢Estimated error limits based on calculated uncertainty in sec-
ond-order rate constants at each temperature.

limits on AS* could be estimated from uncertainties in the
intercepts of the Arrhenius plots, a more meaningful es-
timate of the uncertainty in AS* can approximated as o+
~ gay+/T (48). For the substrates in Table IV, such an
estimation indicates relative errors in AS* are often large,
limiting the usefulness of AS* as a diagnostic test of re-
action mechanism.

The negative AS* value computed for pentachloroethane
by Walraevens et al. (26) stood out in contrast to the
positive values they obtained for most other chlorinated
ethanes, forming part of the reason why these researchers
hypothesized (without further justification of their logic)
that it might react via an E;cg mechanism. Although our
results, being based on measurements at only two tem-
peratures, undoubtedly contain significant uncertainty, our
estimated AS* value of 50 J mol™ K is still substantially



different from the value of ~10 J mol™ K! determined by
Walraevens et al. (26). Moreover, it is virtually identical
with AS? values calculated from the results of Jeffers et
al. (27) and Cooper et al. (28).

With the exception of the AS* value reported for pen-
tachloroethane by Walraevens et al. (26), the AS* values
in Table IV generally increase with increasing substrate
chlorination. Of these substrates, pentachloroethane
(which has the most acidic hydrogen) is the most likely to
react via an (E;cg)g pathway, yet our isotope-exchange
results prove otherwise. The majority of the AS* values
in Table IV are positive even though negative AS* values
might be expected for bimolecular reactions.

Most published studies of elimination mechanisms have
been conducted with charged substrates in aqueous solu-
tion or neutral substrates in organic solvents. Solvation
of neutral molecules by water is sufficiently different that
the results of such experiments should be extrapolated
with care to hydrophobic compounds in aqueous solution.
We do not believe that positive AS* values are inconsistent
with an E, mechanism; both the apparent discrepancy
between the positive AS* measurements and anticipated
values and the general increase in AS* with chlorination
can be explained as resulting from solvation. Smaller ions
being more highly solvated in water than larger ions, there
should be a greater increase in entropy in the activated
complex [HO--H--C(R'R?)_C(R?R*)---Cl]~ as chlorine is
successively substituted for hydrogen in R1-R*, either for
the transition state for an E, reaction or for the corre-
sponding transition state for the first step of an (E;cp);
reaction. At the same time, S° values for the solvated
ground-state substrate H-C(R'R?)-C(R®R*)Cl should de-
crease with increasing substitution as more water molecules
become organized around progressively larger solution
cavities (49). The value of AS*, which reflects the dif-
ference S 0tmmiitinn state (SOOH' + Sosubstraw)ground state should
thus increase with increasing chlorination, as observed.
Although loss of translational and vibrational energy as
two species interact to form an activated complex might
tend to decrease entropy, inclusion of solvation effects can
still result in positive AS* values for bimolecular reactions.
All of this suggests that the sign of the AS* value may not
reliably indicate whether reactions in aqueous solution
occur via E;cg mechanisms: citing a negative AS* value
in support of an E,cg pathway appears tenuous.

Buffer Catalysis in Pentachloroethane Dehydro-
chlorination. The other factor leading Walraevens et al.
(26) to suggest an E,cg mechanism for pentachloroethane
was the lack of observed general-base (buffer) catalysis in
the presence of a phenolate buffer. With PhO~/OH ratios
from 10% to 10%, rates measured at 25 °C were only 1-2
times the rate in the absence of phenolate (interpolated
from measurements conducted at other temperatures). We
have also observed a negligible effect with an even higher
ratio of HS"/OH~ (10%) in our experiments with hydrogen
sulfide/bisulfide buffers. This encouraged us to search for
buffer catalysis in acid—base systems with lower pK, values.

Bronsted and Pedersen (50) noted that the kinetic re-
activity of an acid or base buffer species could be related
to its thermodynamic strength as an acid or base. For
base-promoted processes such as bimolecular elimination
mechanisms, the relationship takes the form

kg- = G(Kyg)™? 4)

where kg- is the second-order rate constant for general-base
catalysis by the base B™, G is a constant for a given sub-
strate, Kyp is the ionization constant for the acid HB, and
the Bronsted coefficient 8 reflects the susceptibility of a
given substrate to general-base catalysis. The parameter

8 is often interpreted as indicating the extent of proton
transfer between the substrate and the base in the tran-
sition state; its value should therefore lie between 0 and
1 (barring complications such as quantum-mechanical
tunneling). Thus, for (E,cg)g and presumably for most
(Eicp)ip reactions (assuming formation of ion pairs gen-
erally proceeds as a rapidly reversible preliminary equi-
librium step), 8 should equal 1, whereas for (E;cp); and E,
mechanisms, 8 should be somewhat less than 1.

It can be difficult to observe buffer catalysis for sub-
strates with high (or low) values of 8. If the enhancement
by a buffer constituent B~ of a base-promoted reaction is
given by the ratio (kp-)(B")/(koy-)(OH") [ignoring any
contribution from ky,o(H;0)], it can be shown (43) that
this ratio is equal to

(kg-)(B") _
(kou-)(OH")

For (Ecp)g or (E;cp);, reactions with 8 = 1, concentrations
of the acidic form of the buffer (HB) as high as 0.1 M
would only produce a 10% rate enhancement. For smaller
values of 3, greater enhancement is predicted for higher
ratios of Kyp/Ky. Although weaker bases are less effective
than OH™ at removing protons, their greater abundance
at low pH can more than compensate for their lesser re-
activity. The lack of substantial catalysis by HS™ or PhO~
thus signifies a high value of 3, but should not be taken
to indicate an (E;cp)g or (E;cp);, mechanism. Unfortu-
nately, eq 5 cannot readily be app;iied to the buffer system
studied by Walraevens et al. (26) to obtain an estimate for
8, because the high buffer concentrations used by these
investigators (0.9 M total phenol) violate the dilute solution
approximations implicit in this expression.

Our studies with acetate buffers were designed to take
advantage of eq 5; the ratio of ionization constants
Kyg/Kw is as large as possible while still permitting re-
action at a rate sufficiently rapid to measure. Our ob-
servations (Table II) do not allow us to determine a precise
B value for this reaction, although we can set reasonable
lower limits on 8. If we assume that the true experimental
error at this pH is equal to the 13% relative standard
deviation we observed in second-order rate constants, then
at the highest acetate concentration, a 8 value of 0.88
should produce a rate increase equivalent to 5 times our
experimental error, while a 8 value of 0.85 should lead to
a 10-fold increase in rate, relative to experimental error.
Thus, the small or negligible effect of added acetate implies
a high 8 value (>0.85).

An estimate for 8 can also be obtained from the ex-
periments conducted in D,0, based on knowledge of the
relative acidities of HOD and DOD. For E, reactions at
25 °C, kgp-/kon- values can be related (37) to 8 via the
expression

(®)

kOD'/kOH' = 212‘9 (6)

When our measurements in D,0 are used, this expression
results in a 8 value of approximately 0.64; the accuracy of
this estimate is very sensitive to errors in kop- or koy-

Finally, estimates of 3 can also be obtained by comparing
the rates of OH™-promoted and neutral elimination reac-
tions. In this case, applying eq 4 results in the expression

ky0/ kon- = 10715748 (M

In addition, the pH below which the neutral reaction
predominates can be related to 8 by the expression

pH* = 15.74(1 - 8) (8)
where pH* is the pH at which ky,o(H;0) = kou-(OH).
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Table V. Calculated pH* and 8 Values for Polychlorinated
Ethanes®

substrate pH* B
H;C;C HCl, 12.48 0.21
CIH,CsC,H,Cl <10.08 >0.36
CIH,C4C,Cly 8.08 0.49
C1,HC4C,H,Cl 4.74 0.70
C1,HC,C HCl, 4.51 0.71
CLLHC,4C,Cl, 3.58 0.77

% Estimates obtained from rates reported by Jeffers and co-
workers (27, 46).

Extrapolating measurements of the rates of the neutral and
base-promoted dehydrochlorination reaction of penta-
chloroethane reported by Jeffers et al. (27) to 25 °C, we
can estimate values of 8 and pH* of 0.77 and 3.58, re-
spectively.

Bronsted Coefficients for Other Polychlorinated
Ethanes: Structure-Reactivity Implications. In ad-
dition to pentachloroethane, the results of Jeffers et al. (27)
can be used to estimate 8 for other polychlorinated
ethanes. Some caveats should however be noted in ap-
plying eq 7 or 8 to this data set. Complete product in-
formation was not generally provided (with the exception
of pentachloroethane); other pathways such as substitution
reactions may have contributed to observed rates. In most
cases, substrate inertness required extrapolating results
from higher temperatures to 25 °C. Nevertheless, this
expression is relatively insensitive to errors in either sec-
ond-order rate constant. Calculated values of 8 and pH*,
summarized in Table V, reveal interesting trends. In-
creasing halogenation clearly produces increasing values
of 8, associated with lower pH* values below which the
neutral reaction predominates. Chlorine substituents on
C; have a markedly greater impact on 8 than substituents
on C,. We can test whether the inductive effects of
chlorine atoms as given by these 3 values contribute in an
additive manner to the “acidity” of the hydrogen via a
linear free-energy relationship. If we ignore steric effects,
such a relationship might be given by the expression

loglo (kOH’/hHQO) = 15.746 = p(naﬂCl + manC]) (9)

where p represents the sensitivity of 3 values to inductive
effects, n the number of chlorine atoms on Cg, and m the
number of chlorine atoms on C,. The parameters a4c) and
o, represent the inductive effects of a chlorine substituent
on Cg and C,, respectively. Applying a multiple regression
to the limited set of data provided by 1,1-dichloroethane,
1,1,1,2-tetrachloroethane, 1,1,2-trichloroethane, 1,1,2,2-
tetrachloroethane, and pentachloroethane results in esti-
mated values of pog; = 4.54 and po,q = 1.16 (R? = 0.995).
That is, the inductive effect of a chlorine atom on Cg is
nearly 4 times as great as that of a chlorine atom on C,,.
This relative effect accords reasonably well with inductive
constants obtained from the study of other systems. For
example, for the polar substituent constant ¢y (with oy for
H defined as 0), values are ~0 for CHg, 0.17 for CH,Cl,
and 0.46 for Cl (51). For the polychlorinated ethanes in
Table V, these inductive effects are primarily expressed
through kqy- values, which tend to increase dramatically
with increasing halogenation.

Implications for Experimental Determination of
Dehydrohalogenation Kinetics. Recent investigations
(e.g., ref 47) have conducted dehydrohalogenation exper-
iments at high (0.1 M) buffer concentrations. Such sys-
tems certainly present advantages in terms of ease of ob-
taining stable pH measurements, but they raise the
question of whether the results are subject to error because
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Figure 6. Theoretical contribution of buffer catalysis to dehydrohalo-
genation rates measured in buffer systems of varying pK, as a function
of substrate pH* and 3. Calculations assume pH of experimental
system equals buffer pK,, with total buffer concentration of 0.10 M;
(@) B <0.5; (b) B =0.5.

of unrecognized buffer catalysis. For any dehydrohalo-
genation experiment, the total rate will be the sum of the
contributions from the OH-promoted, the buffer-pro-
moted, and the neutral reaction, i.e.:

observed rate = koy-(OH") + kg-(B7) + ky,o(H,0) (10)

The relative magnitudes of these terms can be estimated
for any system for a given pH and buffer concentration
from the Bronsted relationship. If we assume experiments
are conducted at a pH equal to the pK, of the buffer
acid-base system, we can plot the contribution of the
kg-(B") term for various values of 8 as a function of the
difference between the pH of the experiment (the pK, of
the buffer) and the pH* value of the substrate, as shown
in Figure 6. Our calculations indicate that buffer catalysis
is most likely to be important in an experiment at pH
values near the pH* value, especially for substrates with
intermediate values of 3. At higher pH, the greater ratio
of OH™ to the conjugate base of the buffer salt makes
significant buffer catalysis less likely, especially as 3 in-
creases, while at lower pH, the much greater abundance
of HyO will cause the ky,o(H;0) term to dominate the rate
expression, particularly for substrates with small values
of 8.

Such an analysis may explain the results of Burlinson
et al. (62), who noted that different buffers varied in their
ability to catalyze the dehydrohalogenation of 1,2-di-
bromo-3-chloropropane. For this substrate, we can esti-
mate (3 and pH* values at 25 °C of 0.6 and 6.9 from their
data obtained at other temperatures. With this 3 value,
1,2-dibromo-3-chloropropane should be more susceptible
to general-base catalysis by buffers with a pK, near 6.9
than by buffers with substantially higher or lower pK,
values. Observations of catalysis in experiments conducted
at pH 6.8-6.9 with H,PO,”/HPO,? buffers (pK, ~7), but
not with H;BO3/H,BO;™ buffers (pK, ~9) at pH 8.9, or



with phthalate buffers (pK, =3, pK,, ~5) at pH 4, agree
qualitatively with these predictions.

Conclusions with Respect to Pentachloroethane
Reaction Mechanism. In terms of understanding the
mechanism of pentachloroethane dehydrochlorination, the
values estimated for the Bronsted coefficient 8 indicate
a high degree of proton transfer in the transition state.
Although we cannot rule our an (E;cg); or an (E;cp);,
pathway from the available data, we still believe the most
likely mechanism is the concerted E, reaction, albeit via
a transition state with considerable E,cg character in the
context of a variable transition-state model. If any sub-
strate reacts via a concerted mechanism, then the simple
chlorinated alkanes of Table IV certainly represent likely
candidates. The absence of any abrupt change in activa-
tion parameters for pentachloroethane (Table IV) might
indicate a common reaction mechanism, although uncer-
tainties in many of the available measurements somewhat
weaken this argument.

Additional evidence in favor of an E, mechanism is
provided by comparing the kinetics of pentachloroethane
dehydrochlorination with rates of proton exchange for
chloroform and 1,1,1-trifluoro-2,2-dichloroethane. In the
case of an E,cg mechanism for pentachloroethane, the rate
of proton removal (&, in Figure 2b) ought to be similar for
all three substrates, under the reasonable assumption that
these are dominated by inductive effects. Using a de-
protonation rate extrapolated from CDCl; reaction with
OH~ in H,0 of 0.202 M s7! (14), and applying the primary
hydrogen isotope effect of 1.42 (43), we can estimate a rate
for the deprotonation of CHCl; by OH™ in HyO of 0.29 M!
s at 25 °C. Available data are insufficient to provide as
precise an estimate of the rate of CHCl,CF; deprotonation
in H,0, but an approximate rate of ~0.2 M s71 for this
reaction can be obtained from data for CDCL,CF; in
methanol (19), noting that CHCL,CF5 proton transfer in
D,0 at 0 °C is 10 times faster than CDCL,CF; deuterium
exchange in methanol at the same temperature. If pen-
tachloroethane were to react via any E,cg mechanism, then
the overall rate of dehydrochlorination could not be any
faster than the rate of this first step in the reaction se-
quence. That pentachloroethane’s reaction is 2 orders of
magnitude faster than the rates of proton exchange for
chloroform and 1,1,1-trifluoro-2,2-dichloroethane suggests
that some other factor, such as partial double-bond for-
mation accompanied by partial carbon-chlorine bond
breakage, is stabilizing the transition state.

Implications for Hexachloroethane Transforma-
tion. Our results indicate that pentachloroethane un-
dergoes dehydrochlorination via a bimolecular, pH-de-
pendent reaction at a rate that is rapid relative to other
polychlorinated ethanes. Although we cannot prove this
transformation occurs via a concerted E, mechanism, we
can rule out a stepwise (E;cg)g mechanism and can dis-
count an (E,cp);, mechanism in which reprotonation to
revert to the starting material is much more rapid than
halide ion elimination to yield tetrachloroethylene. Thus,
pentachloroethane occasionally reported from the reduc-
tion of hexachloroethane is not likely to result from pro-
tonation of a free pentachloroethyl carbanion, but rather
is almost certainly produced by hydrogen atom abstraction
by a pentachloroethyl radical. This may be true even for
intermediates stabilized as organometallic complexes in
the active sites of enzymes. On the basis of electron donor
mass balances, Nastainczyk et al. (7) concluded that all
of the pentachloroethane they observed during the re-
duction of hexachloroethane by cytochrome P-450 in rat
liver microsomal preparations resulted from H* abstraction

by a pentachloroethyl radical rather than via carbanion
protonation. Production of pentachloroethane thus might
prove useful as a diagnostic feature for free radical as
opposed to two-electron mechanisms for hexachloroethane
reduction.

Because pentachloroethane dehydrochlorination to
tetrachloroethylene may be rapid, any study of hexa-
chloroethane reduction mechanisms needs to address the
possibility that pentachloroethane might represent a re-
action intermediate. This is particularly true for experi-
ments conducted at high pH or for experiments conducted
at neutral pH if hexachloroethane reduction is relatively
slow. Depending on the relative rates of hexachloroethane
and pentachloroethane transformation to tetrachloro-
ethylene, even minor amounts of pentachloroethane may
signify a role as a reaction intermediate rather than a side
product. In such a case, the reduction of hexachloroethane
to tetrachloroethylene (rapidly becoming entrenched in the
environmental chemistry literature as an example of re-
ductive elimination) might even prove to occur to a sig-
nificant extent via the entirely incidental dehydrochlo-
rination reaction of pentachloroethane. Studies we have
conducted investigating the reduction of hexachloroethane
by microorganisms under reducing conditions in ground-
water (8) revealed traces of pentachloroethane, absent in
poisoned controls. Consideration of the relative rates of
hexachloroethane and pentachloroethane transformation
indicates that even though measured concentrations of
pentachloroethane were very low, a significant fraction of
the transformation pathway—on the order of 20-30% or
more—could still be proceeding via a pentachloroethane
intermediate. Our results should provide parameters
needed by future studies to further address this issue.
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B An in vitro system, the H4IIE rat hepatoma cell
bioassay, was characterized for use in assessing the overall
toxic potency of PCBs, PCDDs, and PCDFs in extracts
from environmental samples. This in vitro bioassay of
cytochrome P450IA1 catalytic activity in the H4IIE cells
in response to planar halogenated hydrocarbons (PHHs)
was repeatable over time and standards were reproducible
among laboratories when dosing conditions were similar.
Three common extraction/cleanup procedures tested had
no adverse affect on the response of the cells and biogenic
interferences were not encountered. Comparison of the
response of the H4IIE cells to extracts was calibrated
against their response to the standard, 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD). This method of cali-
bration proved to be effective for quantitation of known
amounts of PHHs spiked into a sample matrix. The po-
tential utility of this bioassay is as an integrative tool to
assess the toxic potency of complex mixtures of PHHs.
The results of this bioassay can complement chemical
residue analysis and direct the need for such analysis, as
well as aid in the interpretation of biological effects data
from environmental studies.

Introduction

Planar halogenated hydrocarbons (PHHs) are a group
of chemicals with isosteric configurations or structures and
include, among other environmental contaminants, poly-
chlorinated biphenyls (PCBs), polychlorinated dibenzo-
p-dioxins (PCDDs), and polychlorinated dibenzofurans
(PCDFs). PHHs were used industrially for decades or were
contaminants of chemical synthesis and entered the en-
vironment by both intentional and inadvertent release.
The recalcitrant nature of PHHs, along with their inherent
toxic properties and a propensity to bioaccumulate, has
caused concern that these environmental contaminants
may reach concentrations in organisms at the top of the
food chain great enough to elicit toxic effects (I-4). The
problem that scientists face in this respect is the evaluation
of PHH residues that occur in the environment. Currently,
there are analytical techniques to extract, concentrate,
isolate, separate, and quantitate PHHs from environmental
samples (5-9). However, concentrations of PHHs provide
only part of the information necessary to evaluate their
potential for adverse effects on fish, wildlife, and humans.
This is because PHH congeners each have different toxic
potencies (10-13) and the complex interactions of syner-
gism, antagonism, and additivity, which are known to occur
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within mixtures of PHHs (14-24), are not understood
completely at this time. These interactions are not con-
sidered when attempts are made to predict biological ef-
fects from concentrations of PHHs alone.

PHHs are proximate isostereomers, which exert their
toxic effects through the same biological receptor (10-12).
Although differing in potency, PHHs elicit the same suite
of toxicological effects across many phylogenetic lines (12).
The characteristic symptoms of PHH poisoning include
weight loss (wasting syndrome), thymic atrophy, subcu-
taneous edema, immune suppression, hormonal alterations,
P450IA1-associated enzyme induction, and the reproduc-
tive effects of fetotoxicity and teratogenesis (see reviews,
refs 25 and 26). Additionally, there are strong correlations
between the enzyme induction potency of individual con-
geners and their potency for causing effects such as weight
loss and thymic atrophy (27-30). These correlations are
significant (r > 0.90) for both in vivo enzyme induction
potency versus the toxic potency in vivo with rats, and for
in vitro enzyme induction potency in H4IIE rat hepatoma
cells versus the toxic potency in vivo in rats (31). In other
words, the response of the H4IIE cells to the individual
congeners was predictive of the toxic responses of whole
organisms to these PHH congeners. Therein lies the po-
tential utility of this in vitro bioassay as an integrative
bioanalytical tool for screening PHH extracts of environ-
mental samples.

The HAIIE cells were derived from the Reuber hepatoma
H-35 (32) by Pitot and co-workers (33). It is a continuous
cell line and was characterized with regard to aryl hydro-
carbon hydroxylase (AHH) activity by Nebert and co-
workers (34). Besides excellent growth characteristics and
low basal cytochrome P450IA1 activity, they found the
HA4IIE cells to have inducible AHH enzyme activities.
These researchers went on to characterize the AHH in-
duction response of the H4IIE cells to 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD), the prototypic PHH, and
suggested that the H4IIE rat hepatoma cell culture
bioassay might be useful in detecting TCDD (35). They
found that the H4IIE cells are exquisite in their response
to TCDD with a detection limit of 10 fmol.

Simultaneous to the developments of the H4IIE bioas-
say, structure-activity relationships of PHHs indicated
that halogen substitution in the lateral positions of the
dioxin, furan, or biphenyl molecules imparted a greater
receptor affinity, AHH induction potency, and toxicity to
these compounds (10-13). In particular, a strong corre-
lation between AHH or ethoxyresorufin-O-deethylase
(EROD) induction potency in vitro in the H4IIE cells and
the toxic potency in vivo of individual biphenyl (29, 36),
dioxin (37), and furan (28, 30) congeners was observed.
These reports were summarized by Safe (31). The corre-
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lations of —log EDj, (effective dose for half-maximal in-
duction) for weight loss in rats versus —log ECy, for AHH
induction in H4IIE cells and —log EDs, for thymic atrophy
in rats versus —log ECy, for AHH induction in H4IIE cells
had correlation coefficients of 0.93 and 0.92, respectively
(31). These strong correlations between in vitro induction
potency and in vivo toxic potency were critical validations
for the use of this bioassay for prediction of potential
toxicity of PHHs.

The first use of the H4IIE bioassay as a tool for assessing
complex mixtures of PHHs in extracts was by the U.S.
Food and Drug Administration. They performed the in-
itial analytical characterization of the H4IIE bioassay as
an environmental extract assay (37-40). Isooctane (ISO)
as the solvent carrier for extracts or pure compounds op-
timally enhanced bioassay sensitivity (39). A detection
limit of 10 pg of TCDD was reported with the isooctane
solvent carrier system, with an EDj, of 45 pg of TCDD/
plate (0.14 pmol/plate, 28 pM). A quantitation limit for
this solvent system was not reported; however, in subse-
quent publications the limit of quantitation was 25 pg of
TCDD and the linear response range was 25-500 pg of
TCDD/plate (38, 40). Thus, the sensitivity of this bioassay
system for detection of PHHs had been established.

The HA4IIE bioassay has been shown to be a sensitive
tool for detection of PHHs in extracts of environmental
samples (38—-40) and much of the initial analytical char-
acterization was performed by these scientists. However,
due to improvements in PHH extractions, cleanup, and
quantitation techniques in the past 10 years, studies to
confirm and expand on the work already done are neces-
sary if this bioassay technique is to be adapted as a
bioanalytical tool. In this study we reexamine the iso-
octane carrier solvent system, detection and quantitation
limits, and some reference toxicants. Additionally, we
investigate potential endogenous and exogenous interfer-
ences of matrices or extraction protocols. We also inves-
tigate the quantitative ability of the H4IIE bioassay with
spike/bioanalysis experiments. These studies are impor-
tant because to date investigations of this bioassay have
been fragmented and performed in different laboratories.
This is the first study to systematically investigate the
HAIIE bioassay as a quantitative bioassessment tool for
PHHs.

Experimental Section

Extractions and Spike/Bioanalysis Protocols.
Three extraction and cleanup protocols were investigated:
the method used by FDA scientists in the original bioassay
reports (41); an improved method used for PCB analysis,
which utilizes column extractions with dichloromethane
(6); and a modification of this latter method, which results
in extracts that contain PCBs, PCDDs, and PCDFs in one
fraction (42). The PAM procedure (41), which results in
a fraction that contains PCBs without PCDDs or PCDFs,
was used in PCB spike/recovery bioanalysis experiments
with chicken eggs and with environmental waterbird egg
samples. We found extraction efficiencies of the PAM
procedure for [*C]-2,2',4,4’,5,5-hexachlorobiphenyl (PCB
153) were 57-61% from fortified chicken eggs. A second,
more contemporary extraction/cleanup method with di-
chloromethane (DCM), which also results in a fraction that
contains PCBs without PCDDs or PCDFs, was used in
PCB spike/recovery bioanalysis experiments with chicken
eggs and fish samples (6). This method is routinely used
to extract environmental samples for PCB-congener-spe-
cific analysis. The DCM method results in a fraction that
contains PCBs (90-98% recovery efficiency) without
PCDDs, PCDFs, polar pesticides, or most organochlorine
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pesticides (6). A series of TCDD spike/recovery bioassay
experiments were conducted to ensure that PCDDs and
PCDFs were not cocontaminants in the resultant PCB
fraction of the PAM or DCM methods. We were unable
to detect any activity when the TCDD-fortified chicken
egg extracts of either the DCM or PAM procedures were
tested in the H4IIE bioassay (spike concentrations up to
1000 pg of TCDD/g; data not presented). Last, we as-
sessed a modified version of the DCM procedure in which
an acidic silica gel (AS) column cleanup was used after
GPC. This AS procedure was previously described (42).
The resultant fraction contains PCBs with recovery effi-
ciencies of 90-100% for all quantifiable PCBs. External
standardization of the AS procedure for PCDD/PCDF
recovery efficiency had not been described previously.
Therefore, duplicate 10-g portions of chicken egg homo-
genates were spiked with 7 X 103, 21 X 103, 70 X 103, 210
X 10%, or 700 X 10° DPM [*H]TCDD (specific activity
approximately 45 Ci/mmol). The resultant recovery ef-
ficiencies (£SD) were 95.4 + 4.0, 93.2 + 1.0, 96.3 + 0.7, 97.7
+ 3.3, and 103.5 + 3.5%, respectively, with an average of
97.2 + 4.2%. It should be noted that none of the bioassay
results were corrected on the basis of external standard
recovery efficiencies.

A series of experiments were performed in which “clean”
samples were spiked with a PCB (3,3",4,4’-tetrachlorobi-
phenyl, congener 77) or TCDD, extracted, and then ana-
lyzed with the H4IIE bioassay. The sample matrix used
in these studies consisted of chicken eggs from a retail store
because many of the samples we are currently analyzing
are bird eggs. The first spike/bioanalysis experiment was
PCB 77 spiked into chicken eggs at 0.1, 0.5, 1.0, 5.0, 10,
50, and 100 pg/g, extraction with either the PAM (41) or
DCM (6) procedure, followed by bioanalysis of the extracts.
A second spike/bioanalysis experiment consisted of a
TCDD spike of 0.01, 0.1, 0.5, 1.0, or 10 ng/g into chicken
eggs. These eggs were then extracted with the AS protocol
(42), and extracts were subjected to bioanalysis.

PHH standards tested in this study consisted of TCDD,
2,3,7,8-tetrachlorodibenzofuran (TCDF, Ultra Scientific,
Hope, RI) and four PCB congeners (3,3’,4,4"-tetrachloro-
biphenyl, PCB 77; 3,3',4,4’,5-pentachlorobiphenyl, PCB
126; 2,3,3’,4,4’-pentachlorobiphenyl, PCB 105; and
2,3,3',4,4’,5"-hexachlorobiphenyl, PCB 156, Ultra Scien-
tific). Purity of all PHH congeners was confirmed by mass
spectral analysis by Jay W. Gooch, Chesapeake Biological
Laboratory, University of Maryland, Solomons, MD. All
PCB congeners and TCDD were >99% pure. 2,3,7,8-
TCDF contained an impurity, 1,2,7,8-TCDF, at
0.84-1.59%, which was not considered to be significant
based on the relatively low potency of 1,2,7,8-TCDF as
compared to 2,3,7,8-TCDF.

Cell Culture and Bioassay Procedure. The H4IIE
rat hepatoma cells were obtained from the American Type
Culture Collection (ATCC No. CRL 1548). Cells were
cultured in Dulbecco’s modified Eagle’s medium (D-MEM)
base (Sigma, D5030) supplemented with 1X glutamine,
1.5X vitamins (Sigma, M6895), 2X nonessential amino
acids, 1.5X essential amino acids, 1 mM pyruvate, 1000
mg/L p-glucose, 2200 mg/L sodium bicarbonate, 15% fetal
bovine serum (Gibco, 200-6140AJ), and 50 mg/L gentam-
icin. These conditions provided optimal growth and
EROD induction potential of the H4IIE cells. Stock
cultures were grown in 75-cm? flasks at 37 °C in a humi-
dified 95:5 air-CO, atmosphere. New cultures were started
from frozen cells after nine or less passages.

The bioassay conditions were slight modifications of
previous reports (36—-40). Cells, trypsinized from stock



flasks at confluency, were seeded in Petri dishes (15 X 100
mm) at 0.8 X 10%/plate in 10 mL of D-MEM. After a 24-h
incubation, the cells were dosed with extract, an appro-
priate control, or reference compound in 100 uL of iso-
octane. There was no effect of dosing volume between 10
and 150 uL of isooctane when either an extract or standard
(TCDD) was tested. Dosed cells were incubated for 72 h,
rinsed with phosphate-buffered saline (PBS), and then
harvested with cell scrapers (Gibco) into Tris—sucrose
(0.05-0.2 M) buffer, pH 8.0 (37). Cells were then centri-
fuged for 10 min at 5000g and resuspended in Tris—sucrose
buffer, and protein was determined in duplicate (43).
Duplicate EROD determinations, by a modification of the
spectrofluorometric method of Pohl and Fouts (44), were
made with 100-uL aliquots of the standardized (1 mg of
protein/mL) cell suspensions. Briefly, this method has a
final reaction volume of 1.25 mL consisting of 1.0 mL of
NADPH generator system (5 mM glucose 6-phosphate, 5
mM MgSO,, 3.5 mM NADP, and 1.6 mg of bovine serum
albumin/mL in 0.1 M HEPES buffer, pH 7.8), 0.1 mL of
25 units/mL glucose-6-phosphate dehydrogenase
(G6PDH), 0.1 mL of cell suspension (100 ug of protein),
and 0.05 mL of 15 uM ethoxyresorufin (ER) in methanol.
The reaction mixtures (less the ER) were preincubated 10
min at 37 °C, after which reactions were initiated by the
addition of the ER at 10-s intervals. After 10 min, the
reactions were stopped by the addition of 2.5 mL of cold
methanol, again at 10-s intervals. Proteins were allowed
to flocculate for 5 min at 37 °C and then the samples were
centrifuged at 5000g, 4 °C, for 10 min. Resorufin in the
supernatant was determined spectrofluorometrically
(550-nm excitation, 585-nm emission) against a standard
curve, which was calibrated with a resorufin standard each
bioassay. EROD specific activity was calculated as pico-
moles of resorufin formed per milligram of protein per
minute.

Along with each set of extracts, appropriate standards
were analyzed on the same day. All environmental extracts
were calibrated against a TCDD standard curve for cal-
culation of “TCDD equivalents” (TCDD-EQ) in the ex-
tract. The effective doses for half-maximal EROD in-
duction (EDs;) were calculated by probit analysis (45).
Calculations of extract potency for each sample were made
according to eq 1 as reported by Sawyer et al. (46), where

extract potency = TCDD EDj,/extract ED;, (1)

TCDD EDsy, is in picograms per plate, extract EDj is in
microliters per plate, and extract potency is in picograms
of TCDD-EQ per microliter. The calculations to TCDD-
EQ in an environmental sample were not corrected for
extraction efficiencies of the various extraction methods.
Variance estimates were calculated according to eq 2 and

CVr = [(CVg)? + (CVg)?]1/2 (2)

an additive model of variance (47), where CVy is the
coefficient of variation for TCDD-EQ, CVg the coefficient
of variation for extract EDyj, and CVg the coefficient of
variation for standard EDy,. Standard deviations (SD)
were obtained by multiplying the fractional CVy by the
estimated TCDD-EQ of the sample or extract. Goodness
of fit test of a normal distribution for TCDD EDj, values
was according to Kolmogorov-Smirnov (47).

Results and Discussion

The H4IIE bioassay has traits that make it a particularly
useful technique for the determination of PHHs in envi-
ronmental extracts. The basal EROD activity of the H4IIE
cells ranges from 0.5 to 5.0 pmol/mg-min. Isooctane, which
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Figure 1. Frequency distribution of TCDD ED;, values in the H411E
bioassay.

gave optimal response and sensitivity in previous reports
(37-39), was also an ideal carrier in our studies. Solvent
controls had no induction over basal EROD in the H4IIE
cells, nor was there any apparent toxicity as determined
by cell viability or cellular protein. The dosing volume of
extracts or standards was constant at 100 uL (1% media
volume). However, there was no effect of dosing volume
on the inductive response of the H4IIE cell cultures when
volumes between 10 and 100 uL of extracts or standards
were tested. The use of isooctane as a carrier is also
compatible with most chemical residue analysis techniques
for PHHs.

Sensitivity of the H4IIE bioassay is quite exquisite for
PHHs and TCDD in particular. The limit of detection was
10 pg of TCDD (31 fmol) per plate in our studies, which
is the same as that reported by others (35, 37-39). The
coefficients of variation for within bioassay variance of
TCDD EDj, estimates were generally small with an av-
erage of 3.70%. The coefficients of variation associated
with extract EDj, estimates are generally in the range of
5-15%. Precision of this bioassay, therefore, is fairly high
with the final estimates of TCDD-EQ in environmental
samples having coefficients of variation between 10 and
20%. However, this type of precision is only observed
when a TCDD standard curve is run with each set of en-
vironmental samples. Our average ED;, for TCDD over
a 2-year period and 54 standard curves was 55.9 pg/plate
(0.17 pmol/plate), also very similar to the 45 pg/plate (0.14
pmol/plate) EDjy, reported previously with a similar sol-
vent system (39). This demonstrates the reproducibility
of the H4IIE bioassay, even among different laboratories.
The EDg, values for TCDD in this system followed a
normal distribution (p = 0.80, coefficient of skewness =
0.0, coefficient of kurtosis = 3.0) with a range of 30-115
pg/plate and standard deviation of 18.9 pg/plate (Figure
1). This corresponds to a coefficient of variation among
bioassays of 33.8%. If the average TCDD EDj, value with
its 34% CV were used, resultant estimates of TCDD-EQ
would have CV = 40-50%. Therefore, in bioanalytical
applications of the H4IIE bioassay, it is important to run
a TCDD standard with each set of environmental extracts.

Another test of reproducibility with this bioassay is in-
terlaboratory comparisons of other PHH standards. For
this purpose we tested TCDF, PCB 77, PCB 126, PCB 105,
and PCB 156, in addition to TCDD (Table I). A com-
parison of PHH EDj, values from different laboratories
is given (Table II). EDj, values from this study were very
close to those reported by others (39) when isooctane was
used as a carrier solvent (Table II), even when different
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Table I. EDy, Values and Relative Potencies of Selected
PHHs for EROD Induction in the H4IIE Bioassay®

ED5, EDj, relative
compd pg/plate £ SD  pmol/plate £ SD  potency

TCDD  5.59 + 1.89 X 10! 0.17+0.06 1.0

TCDF 8.08 + 0.16 x 10° 26.4 = 0.52 6.4 X 107
PCB 126 2.48 + 0.02 X 10° 759 £ 0.07 22X 102
PCB 156 1.13 % 0.03 X 10° 3120 + 89.9 5.5 X 107
PCB77 2.74 +0.10 X 10° 9370 + 341 1.8 X 1075
PCB 105 7.34 + 0.81 X 10 22500 + 2480 7.6 X 107

@ All bioassays carried out in duplicate except TCDD where n =
54, r = 2-3. EDy, effective dose for half-maximal EROD induc-
tion; potencies are calculated relative to TCDD as (TCDD EDy,,
pmol/plate)/(compound EDg,, pmol/plate).

substrates were used to monitor P450IA1 catalytic activity
of the cells. A large part of this stability is attributable
to the fact that a standardized stock of H4IIE cells is
available at ATCC. Discrepancies begin to appear among
ED;, values when comparisons are made among solvent
carrier systems (39, 48, 49). Isooctane increases the sen-
sitivity of the H4IIE bioassay toward TCDD as compared
to dimethyl sulfoxide (DMSO) (39). EDj, values for
TCDD are 4-10 times less when isooctane was the carrier
as compared to when DMSO was used (Table II). How-
ever, greater sensitivity was not seen with the isooctane
carrier solvent system for all PHHs. There appears to be
little effect of carrier solvent on TCDF or PCB 156 potency
and DMSO seems to result in greater bioassay sensitivity
for PCB 126, PCB 105, and PCB 77 as compared to iso-
octane (Table II). This phenomenon of apparent differ-
ential sensitivity caused by the carrier solvent system may
be due to PHH solubility differences. It should also be
mentioned at this point that the similarities in potency
noted above are based on EDj, values. If effective con-
centration values (ECs,) are compared, there is not a good
agreement between values from different laboratories. The
effective concentration for half-maximal induction, ECg,
is calculated by normalizing the dose per plate to the
volume of media in the plate (ED5y/media volume) and
has been used by some researchers (36, 48). The size of
Petri dish and volume of media used varied among all
laboratories, but the cell densities were fairly constant
between 0.8 X 10° and 1.0 X 106 cell/plate. The fact that
EDjs and not ECys are similar among laboratories, along
with the similarity in cell seeding rates, suggests that most
of the PHH dose is effectively reaching the cells. However,
radiotracer studies are required to understand if differ-
ential solubilities can explain this phenomenon of differ-
ential PHH potencies in the H4IIE bioassay. This also
has implications on calculations of relative potency factors
of PHHs based on their H4IIE cell induction potency. If
ED;, values are more reliable and consistent estimates of
PHH induction potency, as they appear to be, perhaps

EDj, values instead of ECjy, values should be used in
calculation of H4IIE-derived potency factors of individual
PHH congeners relative to TCDD. These potency factors
are being used with increasing frequency (50), in particular
to calculate TCDD-EQ from chemical residue analysis (51,
52).

Use of the HAIIE bioassay for the determination of
TCDD-EQ in environmental samples requires a knowledge
of potential endogenous and exogenous interferences
caused by the matrix or extraction protocols. To address
these issues we examined matrix and procedural blanks
and performed spike/bioanalysis studies. Characterization
of extraction protocols was done to ensure that the frac-
tions known to contain PHHs induced EROD in the H4IIE
cells and fractions containing pesticides did not contain
measurable amounts of inducible materials. The three
extraction procedures tested, PAM (41), DCM (6), and AS
(42), showed no induction with procedural blanks or pes-
ticide fractions and significant induction with PHH frac-
tions from these methods (data not presented). The PAM
characterization was similar to results reported by previous
authors using this method (38). Matrix blanks (unfertilized
chicken eggs, fertilized 10-day-old chicken eggs, salmon
eggs, and rainbow trout flesh), with <0.01 ug of total
PCBs/g, caused no EROD induction in the H4IIE cells at
1-3 g-equiv of sample/plate. This indicated that en-
dogenous substances in these matrices did not cause false
positive responses in the H4IIE bioassay. Because p,p*-
DDE is a major cocontaminant of PCBs in these extraction
procedures, we exposed the H4IIE cells to 10, 100, 1000,
or 10000 ng of p,p-DDE/plate. There was no EROD
induction or cytotoxicity, as measured by cell growth, at
any dose of p,p-DDE.

To assess the ability of the H4IIE bioassay to quantitate
PHHs in biological samples, PHH spike/bioanalysis
studies were conducted. The information to be gained by
these experiments is 3-fold. First, the actual induction
magnitude and dose-response of the extract may be com-
pared with that of the pure congener. Second, the slopes
of the extracted and pure congener dose-response curves
may be compared in a situation where only a single com-
pound is present. Third, a threshold for detection inclusive
of both extraction and bioassay efficiency may be esti-
mated. PAM (41) and DCM (6) extraction methods were
used in combination with the H4IIE bioassay to assess
quantitation of PCB 77 and AS (42) extraction methods
were used to assess quantitation of TCDD.

Extracts of PCB 77 spiked chicken eggs produced a
dose-response curve that was in good concordance with
that seen when PCB 77 was added directly to the cell
cultures (Figure 2). There were similar slopes in all three
cases, indicating no extraction or matrix effects on the
dose-response curves. EDy, values calculated for the ex-
tracts varied less than 25% compared to the standard.
Correction for the extraction efficiency of each method

Table II. Comparison of Reported EDy, Values (pmol/Plate) in the H4ITE Bioassay for Selected PHHs

PHH
ref system assay TCDD TCDF PCB 77 PCB126 PCB156 PCB105
Bradlaw and Casterline (39) ISO AHH 0.14 13.0 10250 6.00
DMSO AHH 1.54
Sawyer and Safe (36) DMSO AHH 0.77 281 1.92 16600 700
DMSO EROD 0.64 708 1.98 7170 960
Sawyer and Safe (48) DMSO AHH 15.6 3540
DMSO EROD 8.1 4000
Zacharewski et al. (49) DMSO AHH 0.73
DMSO EROD 0.51
this study 1SO EROD 0.17 26.4 9370 7.60 3120 22500
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Figure 2. Dose-response relationship of pure and extracted PCB 77
in the H41IE bioassay. DCM (6) and PAM (47) extraction protocols
were tested with clean chicken eggs fortified with PCB 77 at seven
concentrations. Dose to the cells was calculated based on 50 uL (5%)
of a 1-mL extract/plate, spike concentration in chicken eggs, and
100% extraction efficiency.
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Figure 3. Dose-response relationship of pure and extracted TCDD
in the H411E bioassay. The AS (42) extraction protocol was tested
with clean chicken eggs fortified with TCDD. Dose to the cells was
calculated based on a dosing volume (1, 10, 25, or 100 uL) of a 1-mL
extract/plate, spike concentration in chicken eggs, and 100% ex-
traction efficiency.

could reduce these differences among EDg, values.
Spike/bioanalysis experiments with TCDD and the AS
extraction procedure indicated that the H4IIE bioassay
could accurately predict extract potency. Extracted TCDD
produced a similar dose-response curve in the H4IIE cells
compared to that of the standard (Figure 3). Slopes of
the curves were not significantly different, indicating no
extraction or matrix effect on the response of the bioassay.
Extract potency was calculated from observed EDj, values
for each spike concentration, as would be done with en-
vironmental extracts, and these were compared with the
known concentration of TCDD in the extract (Figure 4).
The nominal concentrations of the extracts were 0.1, 1.0,
5.0, 10, and 100 pg of TCDD/uL. The extract at 0.1 pg
of TCDD/uL was below the limit of quantitation, however,
the bioassay predicted extract potency within a factor of
2 for the other concentrations. Predictions of extract
potency by the ED5, method were linear between 1.0 and
100 pg of TCDD/uL and the regression slope of observed
versus expected was not different from 1.0, the ideal. It
is clear from this set of experiments that the H4IIE
bioassay can accurately and precisely determine the po-
tency of PHH extracts. Comparison of extract and
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Figure 4. Observed versus expected potency of TCDD in spike/
bioanalysis experiments. The nominal potency (pg of TCDD/uL) of
extracts was based on the TCDD spike to the chicken egg sample and
an assumption of 100% extraction efficiency. H41IE bioassay derived
potency (pg of TCDD-EQ/uL) based on eq 1 for each of four extracts.

Table III. H41IE Bioassay-Derived TCDD-EQ in
Environmental Samples from the Great Lakes®

sample/site TCDD-EQ, pg/g + SD

chinook salmon, Lake Michigan
dorsal muscle 26.7 (2.9)
eggs 115.8 (5.8)
double-crested cormorant eggs

Green Bay, Lake Michigan 344.1 (25.6)

Beaver Is., Lake Michigan 94.0 (7.9)
Caspian tern eggs

Green Bay, Lake Michigan 281.2 (23.8)

Saginaw Bay, Lake Huron 415.7 (48.1)

Beaver Is., Lake Michigan 49.7 (2.2)
black-crowned night heron eggs, 221.8 (19.7)

Saginaw Bay, Lake Huron

9 All samples collected 1986-1987, composited, and extracted
according to ref 41, except chinook salmon, which were extracted
according to ref 6.

standard ED;s from the H4IIE bioassay is a simple and
accurate method of calculating potencies and associated
error estimates for PHH extracts.

HAIIE bioassay derived TCDD-EQ were determined for
some fish and wildlife samples taken from the Great Lakes
(Table III). The samples were extracted and extracts
subjected to H4IIE bioanalysis. The range of TCDD-EQ
found in these samples is reflective of the values we have
observed in environmental samples in this region. The
precision of these measurements is also typical of the
analytical precision of this bioassay when environmental
samples are tested (CVp = 5-15%). The H4IIE-derived
TCDD-EQ calculations for environmental samples may be
compared with biological effects data and chemical residue
analysis from the samples to help interpret these data. The
utility of this bioassay system is to aid chemical residue
analysis and act as a data reduction tool to help understand
the complex interactions of PHHs. Studies are currently
underway to determine the validity of using this mammlian
bioassay system to predict the toxic potency of PHH
mixtures to avian and fish species.

Summary

Previous studies have used the H4IIE bioassay to esti-
mate the potency of individual PHHs (36, 37), assess en-
vironmental extracts of PHHs (37, 46, 48, 49), and address
the complex interactions of synergism, antagonism, and
additivity (18-21, 24). This is impossible to do by chemical
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residue analysis alone. The H4IIE bioassay has been
shown to be a sensitive bioanalytical tool (35, 37-40, 48,
49) with potential for predicting the toxic effects of PHHs
in whole organisms (31). In this study we demonstrate the
reproducibility of the H4IIE bioassay among laboratories
and its repeatability over time within a laboratory. We
also provide experimental data of its ability to quantita-
tively predict known concentrations of PHHs in biological
extracts. The potential utility of this bioassay is as an
integrative tool, which can complement chemical residue
analysis and biological effects data from environmental
studies. The H4IIE bioassay can also be used to screen
or prioritize chemical residue analysis and thereby save

(19) Bannister, R.; Davis, D.; Zacharewski, T.; Tizard, I.; Safe,
S. Toxicology 1987, 46, 29-42.

(20) Haake, J. M,; Safe, S.; Mayura, K.; Phillips, T. D. Toxicol.
Lett. 1987, 38, 299-306.

(21) Davis, D.; Safe, S. Toxicol. Appl. Pharmacol. 1988, 94,
141-149.

(22) Pluess, N.; Poiger, H.; Hohbach, C.; Schlatter, C. Chemo-
sphere 1988, 17, 973-984.

(23) Pluess, N.; Poiger, H.; Hohbach, C.; Suter, M.; Schlatter,
C. Chemosphere 1988, 17, 1099-1110.

(24) Biegel, L.; Harris, M.; Davis, D.; Rosengren, R.; Safe, L.;
Safe, S. Toxicol. Appl. Pharmacol. 1989, 97, 561-571.

(25) Safe, S. Annu. Rev. Pharmacol. Toxicol. 1986, 26, 371-399.

(26) Whitlock, J. P. Pharmacol. Rev. 1987, 39, 147-161.

valuable time and funds.
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Subchronic Toxicity Study of Ozonated and Ozonated/Chlorinated Humic
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F. Bernard Daniel,* Merrel Robinson, H. Paul Ringhand, Judy A. Stober, Norbert P. Page, and Greg R. Olson

Health Effects Research Laboratory, U.S. Environmental Protection Agency, Cincinnati, Ohio 45268

B Male and female Sprague-Dawley rats were adminis-
tered drinking water containing humic acids either non-
disinfected or following ozonation (Os) or ozonation/
chlorination (O3/Cly) for 90 consecutive days. Test animals
drank either of two concentrations of humic acids, 0.25 and
1.0 g/L total organic carbon (TOC), while controls received
phosphate-buffered, distilled water. No consistent sig-
nificant treatment-related effects were observed in body
weight gain, organ weights, food or water consumption, or
hematological and clinical chemistry parameters. No
target organs were identified from the histopathological
examination of the tissues. The most significant obser-
vation, an increase in liver to body weight ratio for the male
animals in the 1.0 g/L O;3/Cl, humic acid group, was not
observed in any other group, nor was it corroborated via
any biochemical measurements or histopathological
analysis. Kidney lesions, primarily chronic progressive
nephropathy, were a common observation in both controls
and treated groups with no apparent relationship to either
humic acid concentration or the disinfection process.

Introduction

A search for alternative processes to the disinfection of
drinking water by chlorination is underway based on the
concern over hazardous byproducts formed by chlorination.
Ozonation represents an attractive alternative and has
been used to disinfect drinking water in France since 1905.
It is currently in widespread use there and to a limited
extent elsewhere in Europe. In contrast, ozonation has
seen only minor usage in the United States, mainly for the
disinfection of waste streams and for specialized disin-
fection of drinking water supplies e.g., bottled water.

As discussed in the reviews by Anderson et al. (1) and
Carmichael et al. (2), ozone has several advantages over
alternative disinfectants. It is a strong oxidizing agent
reacting with a wide variety of organic compounds and it
is highly effective in controlling algal growth and in the
elimination of microbes, including bacteria, amoebae, and
viruses. In addition, ozone is effective in controlling and
imparting desirable color, taste, and odor to finished water.
It does not produce trihalomethanes (THM) in water as
does chlorination and has, in fact, been shown to lower the
levels of precursor organics that lead to THM formation.

However, there are at least two characteristics about
ozonation that are drawbacks to its use as a nationwide
replacement for chlorination as the predisinfectant for
drinking water: (1) with current technology for application,
it is more costly, and (2) ozone has a rather short half-life
(usually ~20 min) in water. While this latter feature may

* Address correspondence to: Biochemical and Molecular Toxi-
cology Branch, Genetic Toxicology Division, Health Effects Research
Laboratory, U.S. Environmental Protection Agency, Andrew W.
Breidenbach Environmental Research Center, 26 West Martin Lu-
ther King Drive, Cincinnati, OH 45268.

Page Associates, 17601 Stoneridge Court, Gaithersburg, MD
20878.

Pathology Associates, 6217 Centre Park Drive, West Chester, OH
45069.
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be desirable from the viewpoint of human consumption,
it is an undesirable feature, overall, since there is no re-
sidual protection of the water supply to prevent mi-
croorganism growth in the drinking water distribution
system. To compensate for the lack of a residual effect,
it has been proposed that small amounts of chlorine or
chloramine be added to ozone-purified water as postdi-
sinfectants to provide residual protection for the distri-
bution system.

A major concern of the United States Environmental
Protection Agency centers on the relative lack of knowl-
edge regarding the chemical nature of organic reaction
products of the ozonation process and the potential toxicity
of these reaction byproducts. Still less is known about the
health effects associated with byproducts of combined
ozonation and chlorination treatments. This toxicity study
is intended to be a preliminary evaluation of the toxic
effects that might result from a protracted (90-day) in-
gestion of a very high concentration of disinfectant by-
products generated via the reaction of ozone or ozone
followed by chlorine with aqueous humic acids. Thus,
these humic acid solutions represent one approach to the
generation of drinking water disinfection byproducts
(DBP) at levels suitable for toxicological testing.

The rationale for this approach centers about the ob-
servation that a majority of soluble organic materials found
in surface waters are in the form of humic acid or fulvic
acids. These are a heterogeneous and complex group of
compounds, primarily organic acids, probably produced
by oxidative coupling of phenolic and aliphatic organics.

While there have been no studies comparable to those
reported herein, there have been two related studies: one
evaluated the toxic properties of organic concentrates
extracted from drinking water treated with various disin-
fectants in a series of bioassays (3), and the other examined
the 90-day subchronic toxicity of water containing gram
per liter concentrations of humic acids identical with those
reported here which had been previously treated with
chlorine (4). In like manner, this study evaluates the
comparative toxicity of a 90-day exposure to drinking water
containing gram per liter levels of either nondisinfected
humic acids or humic acids that had been ozonated or
ozonated and subsequently chlorinated (ozonated/chlor-
inated).

Methods

Preparation of Test Materials. Three materials were
prepared for administration to the test animals: (a) un-
treated (control) humic acid solutions of 1.0 g/L total
organic carbon (TOC), (b) humic acid solutions of 0.25 and
1.0 g/L TOC that were ozonated, and finally, (c) humic
acid solutions of 0.25 and 1.0 g/L TOC that were first
ozonated and subsequently chlorinated. Phosphate
buffered (0.05 M) distilled water (pH 8.02) was used as the
aqueous vehicle and was administered to the control
groups. The distilled water (conductivity <1 ppm, TOC
<150 ppb) was generated via a Barnstead Thermodrive
still equipped with stainless steel condensing tubes. Stock

Environ. Sci. Technol., Vol. 25, No. 1, 1991 93



solutions of commercial humic acid (Fluka) were prepared
monthly according to the method described in earlier
studies by Meier et al. (5), who had also shown them to
be stable. This stock solution was stored in glass at 4 °C
and was used to prepare, on a biweekly basis, the drinking
water solutions, i.e., 1.0 g/L TOC of humic acid—distilled
water solution, 0.25 or 1.0 g/L TOC of humic acid solutions
ozonated or ozonated/chlorinated.

For ozonation of the humic acid solutions, ozone was
generated by a Griffin Technics Oy generator 117V-5A-
10-60 HZ (Model GTC 0.25 electric discharge air-cooled
type) using aviators grade oxygen (99.5% pure, H,0 <6
ppm, and a dewpoint of -83 to -84 °F). The buffered
distilled water and humic acid solutions were maintained
at a pH of 7-8 during ozonation by dripping 0.5 M sodium
hydroxide into the reaction mixture while continuously
monitoring the pH. The ozone was introduced at a gas
flow rate of approximately 1.8 L/min, at the bottom of the
batch reactor column via a diffusing stone of crystalline
alumina grains (pore size 6 um). The ozone contact time
was 25-30 min for the 0.25 g/L mixture and 105-110 min
for the 1.0 g/L mixture and provided a 1:1 carbon to ozone
ratio by weight. No ozone was detected in the off-gas via
titration of the KI trap solution and under these conditions
no ozone breakthrough occurred. Thus, the ozone dose is
equivalent to the added ozone. Chlorination was accom-
plished within 24 h after the ozonation by adding a stock
chlorine solution (pH 8.0) to the ozonated humic acids
solution at a 1.0:0.35 mole ratio of carbon to chlorine. The
carbon level was based on the measured total organic
carbon.

Animals and Maintenance. Male and female Caesa-
rian-derived Sprague-Dawley rats (Crl: CD BR), con-
firmed free of viral antibodies, bacteria, and parasites, were
obtained from Charles River Laboratories, Portage, MI.
The rats were held in quarantine for approximately 1 week
in a temperature- (20-22 °C) and humidity- (40-60%)
controlled room on a 12-h dark, 12-h light cycle for ac-
climation before treatment. The animals were group
housed (two per cage) in elevated wire mesh cages. All
aspects of the study adhered to the standards and practices
endorsed by the American Association of Accreditation for
Laboratory Animal Care.

Purina certified Chow 5002 (Ralston-Purina Co., St.
Louis, MO) and tap water were supplied ad libitum. An-
imals were individually identified by ear tags and assigned
to vehicle and treatment groups by using a computer-
generated set of random numbers. A color-coded identi-
fication card on the cages identified each treatment group.

Experimental Design. One hundred and twenty rats
were randomly assigned to 12 groups each consisting of 10
animals, either male or female. Each group received one
of the nondisinfected, ozonated, or ozonated /chlorinated
humic acid solutions. The basic experimental design was
to administer the test materials continuously in the
drinking water for a 90-day period with subsequent clinical
examinations and pathology evaluations. The treatment
groups received humic acid solutions via stainless steel,
double-balled sipper tubes. The dosing solutions were
replaced every other day with new solutions, at which time
the volume of water consumed was calculated. Food
consumption was measured once per week.

All rats were observed twice daily for physiological and
behavioral responses and for mortality. Body weights were
recorded prior to randomization, at initiation of dosing,
and weekly thereafter. A final body weight was taken at
necropsy after the animals had been fasted for approxi-
mately 18 h prior to sacrifice.
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Prior to sacrifice, the animals were anesthetized with
pentobarbital (60 mg/kg, I.P.) and blood samples were
collected via cardiac puncture for hematological and serum
clinical chemistry evaluations. Hematology samples were
evaluated by use of a Coulter counter for white blood cell
(WBC) count, red blood cell (RBC) count, hemoglobin,
hematocrit, reticulocyte count, and mean corpuscular
volume (MCV). A WBC differential analysis was per-
formed for lymphocytes, monocytes, eosinophils, and
segmented neutrophils.

Serum clinical chemistry determinations were performed
for glucose, blood urea nitrogen (BUN), creatinine, calcium,
inorganic phosphate (PO,), alanine aminotransaminase
(ALT), aspartate aminotransaminase (AST), lactate de-
hydrogenase (LDH), and total cholesterol.

Blood was collected and the animals were necropsied
with euthanasia accomplished via exsanguination during
anesthesia. The necropsy included gross examination of
the external surface, all orifices, external surface of the
brain, all organs, and the cranial, thoracic, abdominal, and
pelvic cavities. The adrenal glands, brain (including the
brain stem), gonads, heart, kidneys, liver, lungs, spleen,
and thymus were weighed. Gross lesions; mesenteric
lymph nodes, sternebrae, femur (including bone marrow);
thymus; lung and bronchi; stomach; jejunum; colon; liver;
pancreas; spleen; kidneys; adrenals; urinary bladder; testes,
including epididymis; ovaries; uterus; nasal cavity and
nasal turbinates; brain; pituitary; thyroid/parathyroids,
heart; tongue; and esophagus were preserved in 10%
neutral buffered formalin. Subsequently, these tissues
were trimmed, processed, embedded in paraffin, and sec-
tioned; slides were prepared and stained with hematoxylin
and eosin from 5 males and 5 females of the control group
and from all animals (10 males and 10 females) in the
high-dose (1 g/L humic acids) groups. All prepared slides
were examined by a veterinary pathologist. Lesions were
graded according to severity with a scale of 1-4 (minimal,
mild, moderate, or marked). Except for gross lesions,
tissues from the lower concentration of humic acid (0.25
g/L) groups were not examined. Data were tabulated for
individual animals and the descriptive statistics summa-
rized by group. In addition, the gross observations and
microscopic diagnoses were correlated for each animal.

Statistical Evaluation. Male and female rats were
considered separately in all statistical analyses. A one-
factor analysis of variance (ANOVA) procedure was used
to test normally distributed measures for a treatment-re-
lated effect (6). The parameters analyzed consisted of the
following: body weights, organ weights, organ to body
(relative organ) weight ratios, water and food consumption,
hematology and clinical chemistry measurements. When
a significant treatment-related effect was observed (p <
0.05), the difference between treatment groups was tested
by the Tukey’s multiple comparison procedure (7). How-
ever, due to the high variability of some of the clinical
chemistry measures, a nonparametric analysis of variance,
i.e., the Kruskal-Wallis test (8) and associated multiple
comparisons procedure were employed to determine sig-
nificant differences among the treatment groups (p < 0.05).
Statistical analyses of the gross and microscopic pathology
diagnoses were not performed.

Results

Mortality. All animals survived the 90-day exposure
period.

Food and Water Consumption. The average food
consumption ranged from 7.2 £+ 0.6 to 8.3 £ 1.3 g/100 g
body weight per day for the females, and 5.6 £ 0.3 to 5.8
+ 0.4 g/100 g body weight per day for the males. No



Table I. Relative Organ Weights and Final Body Weights for Rats Exposed to Ozonated/Chlorinated Humic Acids in

Drinking Water for 90 Days®

humic acids dose group,’ g/L; disinfectant

0; none 1.0; none 0.25; O, 0.25; 0,/Cl, 1.0; O4 1.0; 03/Cl,
Males
brain 0.43 +£0.04®® 042 +0.03®  0.40 £ 0.03* 0.45 + 0.05®  0.46 + 0.04° 0.43 £ 0.04%
testes 0.74 £ 0.07 0.71 £ 0.05 0.70 £ 0.06 0.75 £ 0.07 0.70 £ 0.18 0.73 £ 0.07
heart 0.31 £ 0.02 0.32 £ 0.01 0.32 £ 0.02 0.32 £ 0.02 0.32 £+ 0.04 0.32 £ 0.04
kidneys 0.79 %+ 0.05 0.80 £ 0.10 0.77 + 0.08 0.83 £ 0.09 0.86 £ 0.15 0.88 £ 0.04
liver 2.76 £+ 0.18* 2.95 + (.34 2.97 + 0.25% 2.83 + 0.24% 2.77 + 0.20% 3.09 £ 0.21*
lung 0.42 = 0.05 0.44 £ 0.05 0.42 + 0.04 0.42 £ 0.05 0.42 + 0.05 0.41 £ 0.05
spleen 0.17 £+ 0.04 0.17 £ 0.02 0.17 £ 0.01 0.17 £ 0.03 0.19 £ 0.03 0.16 £+ 0.02
thymus 0.07 £ 0.01 0.08 + 0.03 0.09 + 0.01 0.08 + 0.03 0.09 + 0.01 0.09 £ 0.03
adrenals 0.02 £+ 0.01 0.02 + 0.01 0.02 + 0.01 0.02 £+ 0.01 0.02 £ 0.01 0.02 + 0.01
final body wt, g 496.9 £+ 514 506.7 £ 37.9 522.7 + 374 486.9 £ 45.1 467.3 £ 26.5 493.0 £ 45.2
water consumptn, mL/100 g 9.5 + 0.87%® 8.6 + 0.57° 9.7 + 1.06%° 10.6 + 1.16° 9.6 & 0.82% 10.5 + 1.02%
body wt
Females

brain 0.76 = 0.07 0.73 £ 0.07 0.77 £ 0.06 0.79 £ 0.05 0.78 £ 0.07 0.76 £+ 0.06
ovaries 0.08 £ 0.02 0.08 + 0.02 0.07 + 0.01 0.08 £ 0.03 0.07 £ 0.02 0.06 £ 0.01
heart 0.36 £+ 0.05 0.35 £ 0.03 0.36 + 0.03 0.38 £ 0.03 0.38 = 0.04 0.38 + 0.04
kidneys 0.77 £ 0.06 0.89 % 0.32 0.82 + 0.06 0.81 £ 0.06 0.82 £ 0.08 0.87 £ 0.10
liver 2.87 £ 0.27 2.95 + 0.31 3.16 £ 0.50 3.00 £ 0.13 3.10 + 0.28 3.08 £ 0.31
lung 0.563 £ 0.05 0.52 £ 0.08 0.53 £ 0.05 0.53 £ 0.03 0.53 = 0.05 0.52 = 0.06
spleen 0.21 % 0.03 0.23 £ 0.06 0.22 + 0.03 0.22 + 0.03 0.23 = 0.04 0.21 £ 0.05
thymus 0.12 = 0.02 0.13 £ 0.03 0.13 + 0.04 0.13 £ 0.03 0.13 &+ 0.02 0.12 £ 0.02
adrenals 0.04 + 0.01 0.04 £ 0.02 0.04 = 0.02 0.04 = 0.02 0.04 + 0.01 0.04 £ 0.01
final body, wt, g 258.9 £+ 24.8 256.6 + 18.7 248.2 + 16.5 247.1 £ 22.1 253.8 + 18.0 257.1 £ 23.3
water consumptn, mL/100 g  13.3 £ 1.79 159 £ 3.31 13.8 £ 1.23 15.2 £ 1.62 14.4 £ 1.84 152 £+ 1.49

body wt

% Parameters (mean + SD); final body weight is the weight at necropsy; N, 10 animals/group. ?a and b, means with same letter are not

significantly different (o = 0.05).

statistically significant differences were found for food
consumption between the treatment groups. The average
water consumption ranged from 17.1 £+ 1.6 to 20.2 £ 3.7
mL/rat per day for the females and 21.8 + 1.7 to 25.6 +
1.9 mL/rat per day for the males. On a body weight basis,
the males receiving 1.0 g/L nondisinfected humic acids
drank significantly less water (19%) than the animals re-
ceiving 1.0 g/L ozonated or 1.0 g/L ozonated/chlorinated
humic acids.

Body and Organ Weights. Initial and final body
weights, weight gain, and absolute organ weights were
recorded and analyzed. Terminal body weights and organ
to body (relative) weight ratios computed on the weight
at necropsy are presented in Table I. There were no
statistical differences in the initial mean body weights
among the various groups of male or female animals. The
analysis of the body weight versus time indicates that the
growth curves for all groups were not equivalent, but when
expressed as weight gain for the duration of the study, male
and female rats in all humic acid groups showed an in-
crease in their body weight comparable to those of the
distilled water control and no statistically significant
differences were observed in the final weights. Except for
the liver, no statistically significant treatment-related ef-
fects were seen in the absolute organ weight or organ to
body weight ratios. For the liver, a modest, albeit sig-
nificant, increase in organ to body weight relative to the
distilled water control group was observed for males
drinking 1.0 g/L ozonated/chlorinated humic acids. Such
a change was not observed for the 1 g/L ozonated humic
acids or in the female rats.

Hematology. In the analysis of the hematological pa-
rameters, two significant differences from the control
values were observed: (1) a significant (p < 0.01) increase
in segmented neutrophils (not shown) in females for the
1.0 g/L ozonated/chlorinated humic acids (19.5 + 8.2%
neutrophils) as compared to the water-only group (9.9 £

4.6% neutrophils), and (2) a significant (p < 0.05) decreae
in hemoglobin in males for the 1 g/L nondisinfected humic
acids (14.5 + 0.6 g/dL) and the 1.0 g/L ozonated humic
acids (14.6 = 0.4 g/dL) groups as compared to the
water-only group (15.3 £ 0.5 g/dL) (Table II). These
changes were probably not of biological significance, and
no adverse treatment-related effects were observed in
hematological parameters.

Clinical Chemistry. The serum clinical chemistry
analyses (Table II) revealed statistically significant dif-
ferences from distilled water groups in the following clinical
endpoint/dose group combinations: (1) increased calcium
levels in females drinking 0.25 g/L ozonated humic acids,
1.0 g/L ozonated humic acids, and 1.0 g/L ozonated/
chlorinated humic acids; (b) increased PO, levels in females
for all of the 1.0 g/L humic acid groups (nondisinfected,
ozonated, and ozonated/chlorinated); (c) decreased glucose
levels in males for several humic acids groups, 0.25 and 1.0
g/L ozonated and 1.0 g/L ozonated/chlorinated; and (d)
decreased LDH and creatinine levels in males for the 1.0
g/L nondisinfected group. Significantly higher creatinine
levels and significantly lower calcium levels relative to the
1.0 g/L nondisinfected humic acids were observed for
males in the two 1.0 g/L disinfected (ozonated and ozo-
nated/chlorinated) humic acid groups; however, the two
disinfected groups did not significantly differ from each
other. Similarly, in females the 1.0 g/L nondisinfected
humic acid group had significantly lower serum cholesterol
levels than the two 1.0 g/L disinfected groups, but the
latter two groups did not differ from each other. Com-
parison of the two 0.25 g/L disinfected humic acid groups
showed a significiant difference only in BUN levels (Table
II).

Gross Pathology. The most noteworthy condition
observed at necropsy was the enlargement of mandibular
lymph nodes. However, this was a consistent finding in
all groups with a 78% incidence in treated groups versus
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Table II. Selected Clinical and Hematological Values for Rats Exposed to Ozonated/Chlorinated Humic Acids in Drinking
Water for 90 Days

humic acids dose group,® g/L; disinfectant

parameter® 0; none 1.0; none 0.25; O3 0.25; 0;/Cl, 1.0; Oy 1.0; 03/Cl,
Males
BUN, mg/dL 14.8 + 2.4% 16.8 + 2.3%® 17.2 £ 2.0° 134 * 2.4° 20.8 + 12.0° 16.4 % 2.0*
creatinine, mg/dL 0.62 + 0.042® 0.42 % 0.08° 0.46 + 0.14b 0.56 % 0.142b¢ 0.70 £ 0.21* 0.64 + 0.14%
AST, units/L 36.0 £ 104 433 £ 9.5 419+ 6.8 38.4 £ 10.0 40.1 £ 8.1 38.6 +£ 8.3
ALT, units/L 120.9 £ 20.2 103.8 + 14.9 128.7 £ 20.6 121.3 + 20.3 100.6 £ 23.5 100.6 £ 20.1
LDH, units/L 1439 + 798° 523 + 185° 897 + 2842 1322 + 462° 800 + 342¢> 1059 + 59920
calcium, mg/dL 10.5 + 0.3% 11.0 + 0.6 10.8 + 0.6 10.4 + 0.4% 9.8 + 0.5° 10.0 + 0.3
PO,, mg/dL 76 %06 83£09 8.0+ 1.0 7.7 £ 0.7 78 £0.7 8209
glucose, mg/dL 1842+ 16.9°  156.3 + 155%  54.4 + 33.9% 1715 £ 20.8%  129.1 + 15.6° 138.4 % 20.0°
RBC, IOS!uL 8.0 £ 0.3 77+£04 7904 7.7+ 0.4 78 £ 0.3 78 £ 0.3
WBC, 10°/uL. 6.7+ 1.0 5.6 + 0.7 6915 6.5+ 0.7 6.3+ 3.7 6.0+ 1.6
hemoglobin, g/L 15.3 £ 0.5 14.5 £ 0.6° 14.7 £ 0.5% 14.9 £ 0.72> 14.5 £ 0.4° 14.7 £ 0.5%
hematocrit, % 43.7 £ 2.0 416 £ 2.6 423 £ 3.1 42123 42716 428+ 14
reticulocytes,® % 14 0.1 12401 1.1+04 14 %02 16+ 0.1 1.5+ 0.1
cholesterol, mg/dL 76.2 £ 11.6 87.6 £ 16.3 80.6 = 21.9 77.6 £ 23.0 64.6 + 18.8 79.7 £ 19.0
Females

BUN, mg/dL 18.4 % 2.920 24.3 £ 14.3% 16.3 £ 2.0° 16.2 + 2.8° 23.1 + 5.4° 23.9 + 3.4°
creatinine, mg/dL 0.66 + 0.08 0.67 + 0.15 0.66 £ 0.07 0.59 + 0.11 0.56 = 0.15 0.49 £ 0.17
AST, units/L 34.5 £ 11.1 312 £ 54 34.7+ 6.2 342 + 8.8 55.4 £ 39.6 36.6 + 10.4
ALT, units/L 838 £124 86.0 + 18.7 82.2 £ 15.7 848 £ 126 113.3 £+ 50.3 101.2 + 19.7
LDH, units/L 462 + 161 463 £ 231 525 + 324 390 + 162 532 + 235 520 + 318
calcium, mg/dL 10.1 £ 0.5° 11.2 & 0.70b¢ 11.6 + 1.6% 10.4 £ 0.4 11.6 + 0.5° 12.0 + 0.5¢
PO, mg/dL 5.6 % 0.7 7.6 £ 1.4% 6.8 % 0.9°0d 6.1 £ 0.7° 7.4 £ 1.4 7.9 + 0.8¢
glucose, mg/dL 141.3 + 25.1 133.6 + 27.8 148.8 £ 25.2 130.4 + 18.0 161.8 + 36.3 160.8 + 21.2
RBC, 1063/uL 74£03 74+04 7.2%0.3 75 £ 0.3 72 £0.2 72+£04
WBC, 10°/uLs 939 £ 1.2 41£20 3515 52+ 15 46 1.5 35+1.1
hemoglobin, g/L 14.6 £ 0.5 142 £ 0.8 141 £ 0.5 146 £ 0.5 14.1 £ 0.5 14.0 £ 0.7
hematocrit, % 41.0 £ 1.7 40.7 £ 2.4 40.1 £ 2.1 409+ 1.4 403 £ 1.6 399 £ 2.2
reticulocytes,” % 1.4+0.2 22+ 04 1908 14+ 0.3 1.7£1.0 2.4+ 04
chloresterol, mg/dL 102.8 + 26.7¢b 799 £ 4.9° 80.3 £ 11.2° 99.4 + 19.28b 122.1 + 16.8> 112.1 + 15.3°

%a—c, means with the same letter are not significantly different (« = 0.05). ®Parameters (mean + SD). Measurement made on 10 animals.
¢Measurement on two animals.

Table III. Microscopic Lesions Observed in Rats Exposed to Ozonated/Chlorinated Humic Acids in Drinking Water for 90
Days

humic acids dose group, g/L; disinfectant

0; none 1.0; none 1.0; Oy 1.0; 03/Cl,
no. of animals examined/group 5 10 10 10
lesions, males®
heart, chronic inflammation/ degeneration 4 6 6 8
kidney lesions 5 8 10 9
nephropathy, chronic 5 8 10 9
inflammation 0 0 2 0
hyperplasia 0 1 1 0
liver, inflammation/ necrosis 5 10 10 10
lungs, inflammation/congestion i 3 3 2
pancrease, inflammation/degeneration 4 4 1 4
thyroid lesions 0 T 0 2
colloid depletion 0 5 0 2
follicular cysts 0 3 0 0
lesions, females®
heart, chronic inflammation/degeneration 1 2 1 3
kidney lesions 3 5 5 5
nephropathy, chronic 0 1 1 3
inflammation 0 2 1 1
mineralization 2 3 2 0
hyperplasia 0 2 2 1
dilatation 0 2 0 2
liver, inflammation/necrosis 5 10 8 9
pancrease, inflammation/degeneration 3 2 4 5
uterus, dilatation 2 3 7 4

2 Number of animals with lesions, except for specific kidney and thyroid lesions, which are specifically enumerated.

80% incidence in the controls. Pelvic dilatation involving Histopathology. While a number of microscopic lesions
the kidneys and congestion of the lungs was sporadically were observed in the tissues examined, there was no ap-
observed with no apparent treatment-related trend. parent treatment-related effect. Based on these findings,
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no specific target organs were identified in either sex at
any concentration of humic acids either nondisinfected or
when ozonated or ozonated/chlorinated (Table IIT).

All male and all but three female rat livers examined had
areas of inflammation and/or necrosis. These lesions were
generally graded as minimal in severity and were not
considered treatment-related but rather spontaneous
background changes of unknown etiology.

Kidney lesions were also a common observation. The
lesion of highest incidence was chronic progressive ne-
phropathy, which was noted with minimal severity in
15/30 treated female and 27/30 treated males but also in
3/5 and 5/5 control females and males, respectively. This
lesion is a common spontaneous change in Sprague-Dawley
rats, especially males, and is not considered treatment
related. Two animals (one male and one female) displayed
moderate to severe pyelonephritis, both in the 1.0 g/L
ozonated humic acid groups. Another sporadic finding in
treated female rats (4/30) was pelvic dilatation occurring
both with and without compensatory epithelial hyperplasia
and chronic inflammation.

Thyroid lesions were observed in seven males in the 1.0
g/L humic acids group compared to none in the controls
and the 1.0 g/L ozonated humic acids group and only two
in the other 1.0 g/L ozonated/chlorinated group. Most
lesions consisted of colloid depletion of minimal severity,
although follicular cysts were also observed. Similar lesions
were not observed in the female animals.

Discussion

In these studies, rats were administered drinking water
containing gram per liter concentrations of humic acids,
which was either nondisinfected or had been disinfected
by ozonation or ozonation followed by chlorination. The
rats were provided these humic acid—disinfectant combi-
nations for 90 days, after which they were euthanized and
subjected to detailed pathological examinations and to
hematology/clinical chemistry measurements.

All animals survived the 90-day test period and there
was little evidence of a treatment-related effect nor could
a target organ be identified for the disinfected humic acid
groups. The sporadic and inconsistent differences in
clinical chemistry parameters observed in some groups
were minor changes, and no pattern evolved to indicate
an overall adverse treatment relationship.

The histopathological examination demonstrated many
spontaneous background lesions commonly noted in
Sprague-Dawley rats. The incidence of some of these
lesions was mildly increased but in no case were these
increases appreciably greater than the control animals.
Two exceptions to this generalization were one male and
one female with pyelonephritis, pelvic dilation, and pelvic
epithelial hyperplasia, both in the 1.0 g/L ozonated humic
groups. However, the incidence of these changes is too low
to be clearly classified as a treatment-related response.
Nevertheless, these results indicate that additional exam-
ination of nephrotoxicity might be warranted. There was
no indication of a treatment-related effect on the liver
based on the microscopic examinations, but the significant
increase in liver to body weight ratio for the male 1.0 g/L
ozonated /chlorinated humic acids group might be worthy
of further consideration. On the other hand, none of the
clinical chemistry measurements suggested liver toxicity.

Minor thyroid effects were observed in the majority of
male rats in the 1.0 g/L nondisinfected humic acid group
and to a much lesser extent in the 1.0 g/L ozonated/
chlorinated group but not in the 1.0 g/L ozonated group.
These effects would indicate that future studies should
include evaluation of thyroid function (e.g., thyroid stim-

ulating hormone, T3, and T4 levels). However, it would
appear that the oxidation of humic acids by ozone may
destroy the causative agent, as evidenced by the fact that
the 1.0 g/L ozonated humic acid group does not show
thyroid effects.

Using a nearly identical subchronic protocol, Condie et
al. (4) exposed Sprague-Dawley male rats to drinking water
solutions of both nondisinfected and chlorinated humic
acids of the same concentration (1.0 g/L) and type used
in this study. A significant decrease in terminal body
weight and average body weight gain was seen only in the
animals receiving the 1.0 g/L chlorinated humic acids
(apparently due to reduced daily fluid consumption), but
not in 1.0 g/L nondisinfected humic acids. The mean
absolute kidney weights were significantly higher in these
animals, and in addition, there was an increase in the
incidence and severity of hematuria in rats in the chlori-
nated humic acids group. The hematuria was correlated
with the presence of crystalline deposits in the renal pelvis,
which, in turn, may have resulted from precipitation of the
humic acid chlorination byproducts during readsorption.

In the present study, however, neither hematuria nor
changes in body or organ weights were observed in rats
drinking similar concentrations of either ozonated humic
acids or ozonated/chlorinated humic acids. There is no
apparent explanation for these differences at this time.
However, it is possible that ozonation is destroying a
critical precursor to the responsible toxicant and this ob-
servation merits further investigation.

While ozone is an established inhalation toxicant pro-
ducing a variety of effects, including toxicity of the lung
and other organs (9-12), there have been relatively few
studies on the toxicity of ozone or its reaction products
when administered via aqueous solution. Short-term, in
vitro bioassays on ozonated drinking water samples and
organics isolated from the same have produced mixed re-
sults. Even fewer studies have addressed the combined
process of ozonation and chlorination.

A commercial grade of soil humics was used in this
study. Suitable quantities of aquatic humics are not
available, and it is now well established that chlorination
of both soil and aquatic humic acid and fulvic acid solu-
tions results in the generation of mutagenic reaction by-
products (5, 13). Further, these byproducts are similar to
those found in the organics from concentrates of chlo-
rine-disinfected surface waters (14). Even more significant
is the finding that up to 60% of the total mutagenic ac-
tivity in both of these media (as measured in bacterial
bioassays) has been attributed to a single chemical, 3-
chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (15).
Thus, the humic acid model used here appears to be a
reasonable surrogate for drinking water disinfection by-
products.

However, while chlorination has been invariably shown
to increase the mutagenic activity of a variety of humic
and fulvic acid solutions as well as drinking water con-
centrates, ozonation has been varied in its response,
showing both enhancement (16-19) and reduction (3,
20-22) of the mutagenic activity of humic acids and
drinking water concentrates. Likewise, the ability of ozone
to destroy the precursors to chlorination-derived mutagens
has been varied and often dependent on the ozone to TOC
ratio and the quality of the source water (25, 26).

One study has shown that topical application of organics
concentrated by reverse osmosis from ozone-disinfected
water produced a level of skin tumors in SENCAR mice
comparable to those from chlorine-disinfected or chlor-
amine-disinfected drinking water conc:ntrates (27).
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However, in a subsequent study, 4000-fold concentrates
of chlorine- or ozone-disinfected water from the Mississippi
River did not induce a neoplastic response in either the
rat liver enzyme altered focus assay, the strain A mouse
lung adenoma assay, or the SENCAR mouse skin initiation
assay, three short-term bioassays for carcinogenesis (3).
Finally, it must be noted that the administration of 1.0 g/L
chlorinated humic acid (as well as nondisinfected humic
acid) in drinking water to B6C3F1 mice for 2 years did not
result in increased tumor prevalence or tumor multiplicity
(28).

In view of the lack of toxicity at 1.0 g/L humic acid
solutions, either with or without ozone or ozone/chlorine
disinfection, a no observable adverse effect level (NOAEL)
of 1.0 g/L TOC could be suggested for nontreated or
treated (ozonated or ozonated/chlorinated) humic acids
in rats when administered for 90 consecutive days in
drinking water. This NOAEL would be qualified in light
of the fact that the O3 to TOC ratio may influence the
toxicity and further study is still advisable. On the other
hand, the ratio of TOC to O used in this study was 1:1
(by weight) and this is similar to ratios used in many
municipal treatment plants (29). This compares with the
NOAEL of 0.5 g/L TOC obtained in the study of Condie
et al. (4) with chlorinated humic acids drinking water.

The differences in the observed NOAELSs between the
chlorinated humic acids and the ozonated humic acids are
small. Thus, it cannot necessarily be concluded that
ozonation byproducts are less toxic than those produced
by chlorination. However, these results are consistent with
previous studies that suggest that ozonation byproducts
might be somewhat less toxic as regards their responses
in various short-term in vivo and in vitro bioassays for
genotoxicity and/or cancer. Obviously, no definitive
statement regarding the relative toxicity of ozonated versus
chlorinated humics can be made at this juncture. Clearly,
however, this is a topic of considerable importance due to
the widespread human exposure to drinking water disin-
fection byproducts.

Finally, it is well to recognize that some form of drinking
water disinfection is obligatory in order to prevent wide-
spread human death from microbiologically transmitted
disease. Thus, it is strongly recommended that further
research into the chemistry and toxicology of ozone and
ozone/chlorine disinfection byproducts be conducted be-
fore definitive conclusions about the relative risk imparted
by chlorination versus ozonation/chlorination processes
be formulated or before one process or the other is rejected
as an unacceptable risk to public health.

Literature Cited

(1) Anderson, A.; Reimers, R.; deKernion, P. Am. J. Public
Health 1982, 72, 1290-1293.

(2) Carmichael, N.; Winder, C.; Borges, S.; Backhouse, B.;
Lewis, P. Life Sci. 1982, 30, 117-129.

(3) Miller, R.; Kopfler, F.; Condie, L.; Pereira, M.; Meier, J.;
Ringhand, H.; Robinson, M.; Casto, B. Environ. Health
Perspect. 1986, 69, 129-139.

98 Environ. Sci. Technol., Vol. 25, No. 1, 1991

(4) Condie, L.; Laurie, R.; Bercz, J. J. Toxicol. Environ. Health

1985, 15, 305-3144.

Meier, J.; Ringhand, H.; Coleman, W._; et al. Mutat. Res.

1985, 157, 111-122.

(6) Dixon, M.; Massey, F. In Introduction to Statistical

Analysis; McGraw-Hill Book Co.: New York, 1969; pp

156-167.

Winer, B. Statistical Principles in Experimental Design;

McGraw-Hill Book Co.: New York, 1971.

Hollander, M.; Wolfe, D. In Nonparametric Statistical

Methods; 1973; pp 114-129.

Stockinger, H. E. In Handbook of Physiology; Williams and

Wilkins Co.: Baltimore, MD, 1965; pp 1067-1087.

(10) Merz, T.; Bender, M. A.; Kerr, H. D.; Kulle, T. J. Mutat.
Res. 1975, 31, 299-305.

(11) Gooch, P. C.; Creasia, D. A.; Brewer, J. G. Environ. Res.
1976, 12, 188-195.

(12) Tice, R. R.; Bender, M. A.; Ivett, J. L.; Drew, R. T. Mutat.
Res. 1978, 58, 293-304.

(13) Meier, J. R.; Lingg, R. D.; Bull, R. J. Mutat. Res. 1983, 118,
25—41.

(14) Reckhow, D. A,; Singer, P. C. J.—Am. Water Works Assoc.
1990, 82, 173-180.

(15) Meier, J. R.; Knohl, R. B.; Coleman, W. E.; Ringhand, H.
P.; Munch, Mutat. Res. 1987, 189, 363-373.

(16) Dolara, P.; Ricci, V.; Burrini, D.; Griffini, O. Bull. Environ.
Contam. Toxicol. 1981, 27, 1-6.

(17) Gruener, N. Bull. Environ. Contam. Toxicol. 1978, 20,
522-526.

(18) Carlberg, G. E.; Loras, V.; Moller, M.; Soteland, N.; Treten,
G. Das Papier 1981, 35, 257-264.

(19) Zoeteman, B. C. J.; Hrubec, J.; DeGreef, E.; Kool, H. J.
Environ. Health Perspect. 1982, 46, 197-205.

(20) Cognet, L.; Courtois, Y.; Mallevialle, J. Environ. Health
Perspect. 1986, 69, 165-175.

(21) Denkhaus, R.; Grabow, W.; Prozesky, O. Prog. Water
Technol. 1980, 12, 571-589.

(22) Kowbel, D. J.; Ramaswamy, S.; Malaiyandi, M.; Nestmann,
E. R. Environ. Mutagen. 1986, 8, 253-262.

(23) Backlund, P.; Kronberg, L.; Tikkanen, L. Chemosphere
1988, 17, 1329-1336.

(24) Kool, H. J.; Hrubec, J.; Van Kreijl, C. F.; Piet, G. J. Sci.
Total Environ. 1985, 47, 229-256.

(25) Backlund, P.; Kronberg, L.; Pensar, G.; Tikkanen, L.
Science Total Environ. 1985, 47, 257-264.

(26) Bourbigot, M. M.; Hascoet, M. C.; Levi, Y.; Erb, F.; Pom-
mery, N. Environ. Health Perspect. 1986, 69, 159-163.

(27) Bull, R.; Robinson, M.; Meier, J.; Stober, J. Environ. Health
Perspect. 1982, 46, 215-227.

(28) Van Duuren, B. L.; Melchionne, S.; Seidman, I.; Periera,
M. A. Environ. Health Perspect. 1986, 69, 109-117.

(29) Glaze, W. H.; Koga, M.; Cancilla, D. Environ. Sci. Technol.
1989, 23, 838-847.

@
]

7

-

8

=

(&)

~

Received for review November 3, 1989. Revised manuscript
received July 30, 1990. Accepted August 3, 1990. Disclaimer:
This document has been reviewed in accordance with U.S. En-
vironmental Protection Agency policy and approved for pub-
lication. Approval does not signify that the contents necessarily
reflect the views or policies of the Agency nor does mention of
trade names or commercial products constitute endorsement or
recommendation for use.



Environ. Sci. Technol. 1991, 25, 99-104

Identification of Oxidized and Reduced Forms of the Strong Bacterial
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B Oxidized and reduced forms of (Z)-2-chloro-3-(di-
chloromethyl)-4-oxobutenoic acid (MX) and the oxidized
form of its geometric isomer (EMX) were synthesized,
evaluated for mutagenic potency in the Ames assay, and
quantitatively determined in chlorinated aqueous solutions
of fulvic acids, in chlorinated natural humic water, and in
chlorinated drinking water. The compounds were found
in chlorinated drinking waters at concentrations equal to
or greater than MX. In the Ames assay the pure oxidized
compounds were nonmutagenic at the dose levels tested
while the reduced form of MX was weakly mutagenic
relative to MX. These findings suggest that the cis ar-
rangement of the dichloromethyl and chlorine groups
around the carbon-carbon double bond and the presence
of the aldehyde function strongly enhance the mutagenic
response.

Introduction

Concern for the potential human health hazards asso-
ciated with chlorinated drinking water has been heightened
by the widespread recognition in recent years of mutagenic
activity exhibited by the nonvolatile fraction. The subject
has been reviewed by Loper and by Meier (1, 2). In ad-
dition, epidemiological studies have suggested that an in-
crease in the risk of bladder cancer is correlated with the
intake of chlorinated tap water (3). Although a number
of mutagenic compounds have been detected in chlorinated
drinking and humic water, the only major mutagen actu-
ally identified is the compound (Z)-2-chloro-3-(dichloro-
methyl)-4-oxobutenoic acid (MX) (4-7). The concentra-
tion of MX in drinking water is usually less than 60 ng/L,
but since MX is an extremely potent mutagen in the Ames
assay, this compound may account for as much as 50% of
the mutagenicity of chlorinated drinking waters (8).

MX has previously been named 3-chloro-4-(dichloro-
methyl)-5-hydroxy-2(5H)-furanone since the compound
forms a furanone ring at pH below 5.3. However, at the
pH of drinking water and under the neutral conditions of
the Ames assay, MX exists in a ring-opened form (9, 10).
Thus, when discussing the chemistry in neutral water so-
lutions and the mutagenicity of MX, one should primarily
think of MX as an oxobutenoic acid.

MX has never been observed in chlorinated waters in
the absence of its geometric isomer (E)-2-chloro-3-(di-
chloromethyl)-4-oxobutenoic acid (EMX) (7, 8, 11).
However, the mutagenic potency of EMX is less than 10%
of MX and this compound is responsible for no more than
a few percent of the observed mutagenicity (5).

In order to gain a more comprehensive understanding
of the impact of mutagens in drinking water, the chemical
identity of the compounds responsible for major portions
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of the residual activity should be determined. Previous
studies have indicated that as much as 90% of the mu-
tagenicity is attributable to nonvolatile compounds with
acid properties, and that the major mutagens present are
susceptible to attack by nucleophiles (9, 12-15).

MX contains structural features rendering it a highly
active mutagen in the Ames assay. Acid compounds with
structural similarities to MX could be present in chlori-
nated water and could be responsible for part of the re-
sidual mutagenicity. As MX and EMX contain an al-
dehyde group, we postulated that the oxidizing conditions
of chlorination could form the diacid of each molecule, and
that if MX represents a fragment of the original humic
structure, the reduced form of MX might be a precursor
of the compound and also be present in chlorination
mixtures.

In this work, the oxidized and reduced forms of the
compounds (except the reduced form of EMX) were suc-
cessfully synthesized and characterized by proton nuclear
magnetic resonance (‘H NMR) spectroscopy and mass
spectrometry (MS). The mutagenic potency of each pure
compound was determined in the Ames histidine reversion
assay (with strains TA98, TA102, and TA100); extracts of
chlorinated water were analyzed for the presence of these
compounds by gas chromatography/mass spectrometry
(GC/MS) and for mutagenicity, in order to determine the
contribution made by each compound to the total muta-
genicity.

Experimental Section

Water Samples and Chlorination Procedure. Fulvic
acids, previously extracted by the method of Thurman and
Malcolm (16) from a highly colored natural lake (Lake
Drummond, VA), were dissolved in 50 mL of distilled
water to give a total organic carbon content (TOC) of 2.5
g/L. The water solution was acidified to pH 2 with 4 N
HCI, and the solution was treated with chlorine at a
Cly/ TOC weight ratio of 2.0. Natural humic water, with
a TOC content of 20 mg/L, was collected from Lake Sa-
vojaervi located in a marsh region in the southwest of
Finland. The sample was chlorinated at pH 7 at a Cly/
TOC weight ratio of 1 (5).

During chlorination, the pH of each sample was moni-
tored and readjusted to the desired value as necessary.
After a reaction time of 60 h, the total chlorine residuals
in the samples were less than 0.1 mg/L; the pH value of
the humic water sample was lowered to pH 2 by addition
of 4 N HCL

A 4-L sample of drinking water, derived from surface
water with a TOC content of approximately 5 mg/L, was
collected from the distribution system of a municipality
in North Carolina. The water had been chlorinated at the
treatment plant with approximately 5 mg of Cly/L. The
sample was stored for 24 h in a decanter glass to get rid
of most of the residual chlorine and then the pH of the
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sample was adjusted to pH 2 by addition of 4 N HCI.

Isolation and Concentration of Mutagens. Imme-
diately after the pH of the chlorinated humic water and
drinking water was lowered the samples were passed
through columns of XAD-4 and XAD-8 resins (1:1 mixture
by volume). The flow rate was approximately one bed
volume/min (20 mL/min). Most of the residual water in
the column was then removed by a gentle stream of ni-
trogen. The adsorbed organics were eluted with three bed
volumes of ethyl acetate. The extracts were concentrated
and the final volume was adjusted to 1 mL of ethyl ace-
tate/per L of original water. The extract of chlorinated
humic water will be referred to as sample HW and the
extract of drinking water as sample DW.

An 8-mL aliquot of fulvic acid solution was chlorinated
and extracted with three portions of diethyl ether (3 X 20
mL). The combined extract was evaporated to dryness
and redissolved in ethyl acetate so that 1 mL of ethyl
acetate corresponded to 1 L of water containing 20 mg of
C/L. The chlorinated fulvic acid sample will be referred
to as sample FA.

Compound Synthesis. (Z)-2-Chloro-3-(dichloro-
methyl)butenedioic acid (ox-MX) was prepared by oxi-
dation of 185 umol (40 mg) of MX with fuming nitric acid
(2 mL) at 70 °C for 24 h. The reaction mixture was cooled
in an ice bath, diluted with 20 mL of ice-cold water, and
subsequently extracted three times with diethyl ether. The
combined ether extract was washed with 0.01 N HCl and
then evaporated to dryness. Following recrystallization
from CH,Cl,, the pure compound (9.1 mg) was obtained
as white crystals. The 'H NMR spectrum of the compound
showed the resonance signal of the proton in the di-
chloromethyl group at 6 6.78. The direct probe EI mass
spectrum of the compound in the anhydride form is shown
in Figure 1.

(E)-2-Chloro-3-(dichloromethyl)butenedioic acid (ox-
EMX) was prepared by oxidation at room temperature of
46.3 pmol (10 mg) of EMX with 56 umol of NaClO, and
resorcinol as chlorine scavenger in water at pH 3.5 (17).
After 2.5 h, the mixture was adjusted to pH 4.5 and washed
with diethyl ether. The pH of the water solution was
lowered to pH 2, and ether extraction was repeated. This
ether extract was washed with 0.01 N HC], and following
evaporation of the ether, the product was recrystallized
from CH,Cl,. Finally, the crystals were washed with CCl,.
0x-EMX was obtained as white crystals (3.8 mg). The 'H
NMR resonance signal of the proton in the dichloromethyl
group was observed at 6 5.55. Figure 1 shows the direct
inlet probe EI mass spectrum of ox-EMX.

3-Chloro-4-(dichloromethyl)-2(5H)-furanone (red-MX)
was obtained by reduction of 93 umol (20 mg) of MX with
225 umol of aluminum isopropoxide in 2-propanol (the
Meerwein-Ponndorf reduction) at 70 °C for 2 h (18). The
reaction was stopped by the addition of ice and 4 N HCI.
Following heating of the acidified mixture for a few min-
utes to 50 °C and recooling, the mixture was extracted
three times with diethyl ether. The combined extracts
were washed with 0.01 N HCI; following evaporation of
the ether, the crude product was obtained. Purification
on Si0, (6 g) with CH,Cly-hexane (1:1) as eluent gave the
pure compound (3.3 mg) as a colorless liquid. The 'H
NMR resonance signal of the proton in the dichloromethyl
group was observed at 6 6.74 and of the two protons in the
lactone ring at 6 5.15. High-resolution studies showed the
signal at 6 6.74 to be a triplet and the signal at 6 5.15 to
be a doublet with a coupling constant () of approximately
0.8 Hz: The direct-probe electron impact mass spectrum
of red-MX is shown in Figure 1.
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Derivatization and GC/MS Procedures. Prior to
derivatization the extracts were evaporated to dryness and
the residues methylated with 250 uL of the methylation
agent. Extracts for selected ion monitoring (SIM) mode
GC/MS analyses of MX and EMX were methylated with
2% (v/v) HySO, in methanol for 1 h at 70 °C. SIM mode
GC/MS determinations of ox-MX and ox-EMX were
carried out on extracts methylated with 12% by weight
BF; in methanol. The methylation was performed at 100
°C for 12 h. The methylated mixtures were neutralized
by the addition of 2% aqueous NaHCO; and extracted
twice with hexane (approximately 2 X 250 pL). The com-
bined hexane extracts were concentrated under nitrogen
and injected into the GC apparatus. The mass spectra of
methylated ox-MX and ox-EMX are shown in Figure 2.

Quantitative determinations were carried out relative
to the standard mucobromic acid (MBA) added in known
amounts to the extracts prior to methylation. The analyses
of red-MX were carried out on underivatized extracts to



Table I. Ion Peaks Used for SIM Quantification of red-MX, ox-MX, and ox-EMX

relative peak area ratios

compound

red-MX M-Cl

M - CHO 170.917 0.41

172.914 0.39

0x-MX (anhydride) M - CO, 169.909 0.43

171.906 0.37

M-Cl 178.930 1.00

180.927 0.74

M* 213.899 0.19

215.896 0.16

0x-MX (methylated) M-Cl 224.972 0.72

226.969 0.58

M - CH;0H 227.915 0.97

229.912 1.00

M - OCH,q 228.923 1.08

230.920 1.01

ox-EMX M - COOCH, 200.928 0.96

202.925 1.00

M - OCHg 224.972 0.87

226.969 0.39
red-MBA M- Br 160.924
MBA M - OCHj 240.832

fragmentation m/z std

164.951 1.00
166.948 0.66

DWe
FA HW DW spike level 1  spike level 2

1.00 1.00 1.00 1.00 1.00
0.67 0.62 0.47 0.60 0.55
0.38 0.42 0.30 0.31 0.31
0.31 0.36 0.21 0.30 0.28
0.40 0.37 0.43 0.39 0.46
0.34 0.36 0.37 0.36 0.43
1.00 1.00 1.00 1.00 1.00
0.62 0.65 0.68 0.70 0.68
0.22 0.20 0.20 0.21 0.15
0.18 0.16 0.25 0.14 0.19
0.42 0.60 1.75° 1.09 0.98
0.19 0.35 0.46 0.57 0.64
1.03 1.23 1.01 0.95 0.98
1.00 1.00 1.00 1.00 1.00
1.41° 0.96 0.69 1.16 1.07
1.57 1.13 c 0.88 0.86
1.03 1.11 1.10

1.00 1.00 1.00

0.70 0.71 0.79

0.43 0.48 0.49

aSpike levels; see Table IV. ®Interference from ox-EMX ion peak. ©Interference from background.

which 2,3-dibromo-2(5H)-furanone (red-MBA) was addded
as standard.

The GC/MS analyses were performed on a Hewlett-
Packard 5890 capillary gas chromatograph interfaced to
a VG 70-250 SEQ mass spectrometer. The ionization mode
was electron impact and the resolving power was 1000.
MX, EMX, and red-MX were separated on a DB-1, 30-
m-long fused-silica capillary column (temperature program:
at 110 °C for 3 min and then at 6 °C/min to 165 °C), while
0x-MX and ox-EMX were separated on a DB-5 60-m
column (temperature program: at 160 °C for 3 min and
then at 6 °C/min to 190 °C). For quantitative and
qualitative purposes the mass spectrometer was operated
in the SIM mode. The 0x-MX, ox-EMX, and red-MX ion
peaks monitored are listed in Table I, while the MX and
EMX ions selected were those reported previously (5). The
standard SIM routine of the VG 11-250J data system was
used to record and compute the SIM data. The response
factors for the ions of the analytes vs MBA or red-MBA
ions were calculated from the analyses of standard mix-
tures. The identification of the analytes in the extracts
was based on positive matching of retention times and
relative ratios of ion peak areas.

NMR Spectroscopy. The 'H NMR spectra were re-
corded in DMSO with a JEOL GX 400 Fourier transform
NMR spectrometer (400 MHz).

Mutagenicity Assay Procedure. The bacterial mu-
tagenicity of red-MX, ox-MX, and ox-EMX was deter-
mined in the constructed Salmonella typhimurium strains
TA100, TA102, and TA98 according to the standard plate
incorporation procedure of Maron and Ames (19). The
presence of genetic markers as well as spontaneous re-
version rates and positive control responses was verified
for each master plate before it was used to grow overnight
cultures of the strain. The positive control and sponta-
neous responses were also verified along with every ex-
periment. The positive control chemicals and the amount
added per plate were as follows: TA100 (-S9) 1.5 ug of
sodium azide (Aldrich, Milwaukee, WI), TA100 (+S9) 0.5
ug of 2-anthramine (Sigma, St. Louis, MO), TA98 (-S9)
3.0 ug of 2-nitrofluorene (Aldrich), TA98 (+S9) 0.5 ug of
2-anthramine, TA102 (-S9) 6.0 ug of daunomycin (Fluka
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Figure 2. Mass spectra of methylated ox-MX and methylated ox-EMX.

Chemical Corp., Ronkokoma, NY), TA102 (+S9) 30 ug of
1,8-dihydroxyanthraquinone (Sigma). Responses were
within historical norms.

The effect of exogenous xenobiotic metabolizing en-
zymes on the mutagenicity of the MX analogues was tested
by adding Aroclor 1254 induced rat liver homogenate
fraction, (S9; Moltox, College Park, MD) at 0.6 mg of
protein/plate.

The synthesized compounds and the extracts were
stored in ethyl acetate which, at the time of testing, was
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Table II. Mutagenic Potency of red-MX

no. of revertants found for various doses®

metabolic
tester strain activation 0 ng 250 ng
TA98 -S9 mix 151 £12 14.3 £ 4.0
TA98 +S9 mix 217 £ 55 21.7+58
TA100 -89 mix 138.7 £ 6.0 228.3 + 10.0
TA100 +S9 mix 152.7 £ 6.7 131.0 £ 7.9

500 ng 1000 ng 2000 ng revertants/nmol®
127 £ 4.2 193 £ 2.1 26.3 £ 5.1
233+68 270+ 7.6 27.7+ 35
313.7 £ 45.1 570.7 + 13.2 923.7 £ 10.7 80
134.7 £ 6.1 176.0 £ 7.8 215.3 + 9.6

@Mean of three plates £SD. ®Calculated by least-squares regression analysis of the dose-response curve.

Table III. Concentration of MX and the MX Analogues in Extracts of Chlorinated Water and the Mutagenicity Contribution

of the Active Compounds

— icity,? concn, ng/L mutagenicity contribn,® %
sample revertants/mL MX EMX red-MX ox-MX ox-EMX MX EMX red-MX
FA 48 675 1204 643 961 267717 36 4 0.5
HW 21 260 526 370 306 5081 32 4 0.7
DW 2.0 13 20 58 53 251 13 2 1.2

9Determined with strain TA 100 (-S9). °Calculated on the basis of 5600, 320, and 80 net revertants/nmol specific MX, EMX, and

red-MX TA100 (-S9) mutagenicity, respectively.

evaporated under a stream of nitrogen or helium. The
residues were then redissolved in the test solvent, DMSO.
All experiments were done at a minimum of four dose
levels using duplicate or triplicate plates per dose. Each
experiment was repeated at least once on a separate day.
A dose-related increase above the background rate of
spontaneous reversion indicated mutagenicity. The mu-
tagenic potency was determined from the slope of the line
fitted by least-squares linear regression to the data points.
The result was accepted only if the correlation factor (r)
was equal to or greater than 0.90.

Results and Discussion

Compound Potency. red-MX was found to exhibit
mutagenicity and to generate 80 revertants/nmol in strain
TA100 without S9 mix (Table II). The compound was
approximately 70-fold weaker as a mutagen than MX,
which produced 5600 revertants/nmol with strain TA100
(5). In the presence of metabolic activation and in strain
TA98 red-MX was nonmutagenic even at the highest dose
tested (2000 ng). The oxidized compounds (0x-MX and
ox-EMX) did not generate reversion in any of the assays
and were considered to be nonmutagenic at doses up to
1300 and 3000 ng/plate, respectively.

Ishiguro et al. and Streicher et al. showed that the
presence of both dichloromethyl and Cl groups or CHCl,
throughout on the C=C double bond is of critical im-
portance for the mutagenicity of MX (20, 21). EMX, in
which the CHC], and Cl groups are trans to each other,
is only one-tenth as mutagenic as MX (5). This indicates
that an additional key structural feature for the potency
of MX is the cis configuration of the CHCl, and Cl groups.
The low mutagenicity of red-MX compared to MX and
the finding that ox-MX is nonmutagenic suggest that the
aldehyde group is also an important structural factor
contributing to the potency of MX. Since ox-EMX has
neither the favored cis configuration nor the aldehyde
group we expected this compound to be nonmutagenic.
The data from the Ames assays verified this prediction.

The positive response of red-MX in strain TA100 sug-
gests that like MX, red-MX is a direct-acting mutagen
operating primarily through base-pair substitutions at the
G—C pairs. red-MX was also active in strain TA102 (23),
where mutations occur at A-T base pairs (results not
shown). Certain compounds can be procarcinogens that
are transformed into electrophiles (which then react with
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Figure 3. Mass chromatograms of red-MX fragment ions recorded
during analysis of an underivatized extract of chlorinated drinking water.

DNA) by the action of the cytochrome P-450 enzyme
system within cells and tissues. This makes it necessary
to test the compounds for mutagenicity in the presence
of the exogenous xenobiotic metabolizing enzyme system,
S9. red-MX is a precursor to MX in the sense that it may
be oxidized to MX by the P-450 enzyme system, which
would lead to a high mutagenic response when red-MX is
tested in the presence of S9. However, in the presence of
S9, the mutagenicity of red-MX was decreased. It is not
known whether oxidation of red-MX actually took place
or in that case whether MX immediately upon formation
was deactivated by the S9 mix. Several studies have shown
that MX itself is deactivated by S9 (21, 22).
Quantitative Analyses. SIM mode GC/MS analyses
showed that red-MX, ox-MX, and ox-EMX, in addition
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Figure 4. Mass chromatograms of ox-EMX and ox-MX fragment ions
recorded during analysis of a methylated extract of chlorinated drinking
water.

Table IV. Results of Analyses of 0ox-MX and red-MX in
Unspiked and Spiked Extracts of Chlorinated Drinking
Water

spike level, ng/L

compound 0 50 100 200
0x-MX (anhydride) 266 403 429
0x-MX (methylated) 53 191 244
red-MX 58 92 164

to MX and EMX, were in fact present in the extracts of
chlorinated water samples (Table I and Figures 3 and 4).
The concentration of ox-EMX was 20-40 times higher than
the concentration of MX in corresponding samples (Table
III). The other MX analogues were present at concen-
trations slightly higher or equal to the MX concentration.
MX was responsible for slightly more than 30% of the
observed mutagenicity in the extracts of FA and HW, and
for 13% in the extract of DW. EMX accounted for a few
percent and red-MX for around 1% of the overall muta-
genicity (Table III).

Since 0x-MX upon heating in the GC injector forms a
volatile anhydride, we initially attempted to quantitate the
compound in underivatized extracts. SIM mode GC/MS
determinations of 0x-MX in nonmethylated samples pro-
duced values (6830, 1160, and 266 ng/L in FA, HW, and
DW, respectively) much higher than those reported in
Table III for analysis of the methylated samples. Analyses
of DW extracts spiked with increasing amounts of ox-MX
did not yield a linear response (Table IV), and reproduc-
ibility was poor.

The higher ox-MX concentrations obtained when un-
derivatized water extracts were analyzed were probably
due to interference from ox-EMX, which was present in
concentrations several times higher than the concentration
of 0x-MX, and ox-EMX might upon heating in the GC
injector partly isomerize to ox-MX. Indication of isom-
erization of ox-EMX upon heating is seen in the mass
spectra recorded by direct-probe inlet of ox-EMX (Figure
1). The fragment ions at m/z 214 and 216 are most likely
due to the formation of the ox-MX anhydride in the heated
probe. Analyses of methylated pure ox-MX and ox-EMX
showed that isomerization does not occur after methylation
(Figure 2).

The results of SIM mode GC/MS analyses of DW ex-
tracts spiked with various amount of ox-MX and meth-
ylated with BF; in methanol showed good reproducibility
and a linear increase in detector response with increase in
the amount of ox-MX (Table IV). Methylation of pure
ox-MX with 2% H,SO, did not seem to go to completion
and methylation using diazomethane was not successful.
The values reported for 0x-MX concentrations in extracts
of chlorinated waters (Table III) are therfore those de-
termined in samples methylated with BF; in methanol.

Since the fragment ions of methylated ox-MX and ox-
EMX useful for qualitative and quantitative analysis are
the same, separation of these compounds on the GC col-
umn is critical. The DB-5 60-m column was found to give
satisfactory, albeit incomplete, separation (Figure 4).
Owing to the high concentrations of ox-EMX in the ex-
tracts, some of the ion peaks overlap with the ion peaks
of 0x-MX (Table I and Figure 4), and therefore truly ac-
curate analyses of 0x-MX will require the use of a column
that provides complete separation. Nevertheless, the
quantitative results of the analyses of the DW extract
spiked with ox-MX showed that reasonable accuracy for
the determination was possible (Table IV).

Conclusions

This work demonstrates that several compounds with
structural similarities to the potent mutagen MX are
formed in reactions of chlorine with aqueous humic sub-
stances. red-MX was the only MX analogue studied that
was found to be mutagenic, although the potency of this
compound is approximately 70-fold lower than that of MX;
red-MX does not, however, make a significant contribution
to the total mutagenicity of the extracts of chlorinated
water. It is obvious that the aldehyde group of MX is an
important structural feature associated with the mutagenic
potency of MX.

It is possible that MX and its analogues are formed
through sequential oxidations of a common precursor unit
in the humic macromolecule. Availability of the oxidized
forms of MX and EMX and the reduced form of MX will
enable kinetic studies to be undertaken of the formation
and isomerization of the compounds in chlorinated water.
Such kinetic studies might result in identification of
chlorination conditions such that formation of MX is
minimized or hindered.
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B The isothermal adsorption and desorption of organic
vapors on a single soil particle was studied with the aid
of the electrodynamic thermogravimetric analyzer
(EDTGA). Toluene and carbon tetrachloride were tested
at room temperature during their adsorption on Sphero-
carb, montmorillonite, and Carbopack particles. The
maximum amount of either organic compound adsorbed
was comparable to that required for one monolayer cov-
erage of the particle surface area. Significant differences
among various pairs of solid—organic vapor examined were
identified and correlated to differences in solid pore
structure and chemical affinity between the organic com-
pound and the solid.

Introduction

The increasing public and scientific concern with the
problem of hazardous waste disposal has initiated and
promoted the study of fundamentals associated with such
waste treatment processes (1-3). At present, the dominant
way of handling hazardous chemicals is disposal to a
landfill site. Nevertheless, studies over the recent years
have shown that in many cases such a solution may be
detrimental to the environment. Organic compounds, such
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as low molecular weight halocarbons, can be released from
waste landfills and contaminate groundwater, soil, and air,
posing an immediate threat to human health (3-7). The
transport of contaminants in the environment is a complex
process, and among other factors, it involves the adsorption
and desorption of these compounds by soil particles (3).
With landfill costs increasing and regulations on land-
filling becoming more strict, a search for alternatives to
conventional hazardous waste treatment has become a
necessity. Incineration is currently a proven solution for
treating most organic contaminants, and well-designed
incineration systems provide the highest overall degree of
destruction of hazardous waste streams (8). Hence, al-
though a costly treatment, significant growth is anticipated
in the use of incineration and other thermal destruction
methods (8, 9). In addition to these, the future will see
development of several thermal and nonthermal (10-15)
soil decontamination techniques including use of mi-
croorganisms, electrokinetic methods, vacuum extraction
and volatilization, and soil aeration. Most of these
treatment methods involve contaminant desorption.
Recent studies have pointed out the importance of ad-
sorption and desorption of contaminants in the soil par-
ticles during incineration (1, 2). Pershing and co-workers
suggested contaminant desorption as the probable rate-
limiting step at long times in the evolution of the con-
taminant from soil particles, which necessitated heating
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well above the boiling point of the organic compound (I).
They also suggested that with reactive, porous soils (e.g.,
clays), the last monolayer of contaminant molecules may
be tightly bound to the soil, thus requiring temperatures
significantly above the boiling point to ensure adequate
cleanup (1).

It is clear that a fundamental study of the adsorption
and desorption of contaminant organics on soil particles
can contribute considerably to understanding the transport
and diffusion of hazardous chemicals in soils and lead to
optimization of the operation of incineration systems, such
as rotary kilns. Transient phenomena involving rapid
waste vapor release, called “puffs”, are frequently en-
countered in rotary kilns and may cause failure of the
incineration system (10, 11). Experimental evidence shows
that puff magnitude increases with increasing temperature
and kiln rotation speed and is also sensitive to the volatility
of the waste (12). In the rotary kiln, the solids can be
considered as a bed of many layers of particles that are
being slowly stirred. Hence, contaminants may exist either
adsorbed on the external surface of the particles or ad-
sorbed on the internal pore structure of the particles or
as a liquid phase within the bed. Clearly both intraparticle
and interparticle effects contribute to the high complexity
of the rotary kiln system.

It would be extremely helpful if the characteristics of
a single-particle reactor were first investigated. To this
end, we have used in our laboratory the electrodynamic
thermogravimetric analyzer (EDTGA). The EDTGA is a
device that consists of an electrodynamic balance modified
to permit single-particle heating by a CO, laser, temper-
ature measurement by a two-color infrared—pyrometer
system, and continuous weighting by a position control
system. The main advantages that the EDTGA has over
the conventional TGA can be summarized as follows: (a)

higher accuracy in weight measurement and the fact that
the TGA requires a large number of particles, i.e., average
values are measured; (b) TGA data are often masked by
external diffusion problems.

The fully instrumented EDTGA has been used suc-
cessfully so far in a number of applications including
measurement of temperature and weight of char particles
undergoing oxidation (16, 17), measurement of heat ca-
pacities, and adsorptivities of single particles (18), calcu-
lation of water activities for single electrolyte solutions (19),
and photophoretic force measurements on micron-size
irradiated particles (20-23). Recently, the same apparatus
has been used as a basic tool in developing a novel droplet
imaging system that offers unique capabilities for char-
acterizing size, mass, density, and composition of individual
droplets (24).

In the present article we report our first results of the
use of EDTGA in the study of adsorption and desorption
of organic compounds on single particles of several porous
soils.

Experimental Methods

Apparatus. The electrodynamic balance (EDB) con-
sists of two endcap electrodes and a ring electrode. The
basic characteristics and principles of operation have been
described in detail in previous communications (25-28).
A schematic of the electrodynamic balance is presented
in Figure 1a. The chamber creates a dynamic electric field
capable of suspending a single charged particle of sizes
varying from 30 to 300 um. The ac ring electrode provides
lateral stability to the particle through an imposed ac field
oscillating sinusoidally at 100 Hz and at an amplitude of
+2000 V. The dc top and bottom electrodes provide
vertical stability by cancelling out the gravity force and
thus suspending stably the charged particle in the EDB.
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A position control system can be used, which automatically
adjusts the electric field to keep the particle at the center
of the chamber (Figure 1b). An optical microscope (Ealing)
is used for viewing the particle and for manual control of
the particle position. The microscope allows measurement
of the particle size to £5 um.

A 20-W CO, laser supplies heat to the suspended particle
(Figure 1c) and two-color infrared (2 and 4 um) pyrometry
is used for temperature measurement. A gas flow system
allows exposure of the particle to the desired gaseous en-
vironment (Figure 1d). Additional information about the
apparatus and its operation can be found elsewhere (25,
28).

Experimental Procedure. In the present study, the
EDTGA was used to measure the relative variation of the
weight of a suspended particle during adsorption and
desorption of organic vapors at room temperature.

A single, dry particle was suspended in the chamber,
through which a finite dry nitrogen flow rate was main-
tained. The particle was degassed before the adsorption
runs by heating it with the laser. The voltage was then
adjusted in order to balance the particle at its correct
position. A nitrogen stream saturated with organic vapor
was produced by bubbling the nitrogen through the liquid
in a saturator and was then introduced in the balance. The
voltage required to keep the particle at the same position
was recorded as a function of time.

The desorption experiments followed the adsorption
runs and started when the voltage reached a final, stable
value. The saturator was switched off and dry nitrogen
was introduced again. Saturation was achieved for flow
rates of 14.3, 21.4, and 28 cm®/min. The introduction of
gases flowing upward past the suspended particle produces
an aerodynamic drag force F,, which affects the dc voltage
required for balancing the particle. Hence, the force
balance on a suspended particle in the EDTGA should be
written as

mg=qE+F, (1)

where m is the particle mass (kg), g is the gravitational
acceleration (m/s?), g is the excess charge on the particle
(C), and E is the electric field strength in the verticle
direction (V/m).

The electrical field strength E is given by the equation

E=CV/Z, ®)

where C is the chamber constant, V is the measured
balancing voltage across the endcap electrodes and Z, is
the characteristic length of the EDB chamber (0.004m).

Since low flow rates were used, i.e., the Reynolds num-
bers were less than 1, the aerodynamic drag on the particle
is described by Stokes law:

F, = 3muvd (3

where u is the gas viscosity, v is the gas velocity, and d is
the particle diameter.
Combining eqs 1-3, one obtains

mg = qCV/Z, + 3uvd (4)

Due to the drag force effect, the voltage required to
balance the particle was measured in the absence of gas
flow at the beginning of each experiment. As shown in eq
4, the minimum mass variation detectable in the apparatus
is given by the minimum voltage difference that can be
measured. In the present configuration it was possible to
measure AV/V, as low as 10 where AV is the voltage
change and V), is the initial voltage required to suspend
the particle in the absence of organic vapor. In terms of
weight, the above value means that a fractional change of
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Table I. Physical Properties of Solid Materials

surface intrusion  bulk
area, vol,® density,

material diam, um m?/g  cm?/g  g/cm® porosity®
Spherocarb 125-150  860.0 0.83 0.63 0.525
montmorillon-  90-125 192.3 1.24 0.65 0.802
ite
Carbopack 150-180 10.4 0.64 0.95 0.615

%Based on mercury porosimetry.

107* in the particle weight is detectable with typical values
of Am in the range of 1071°-10'2 g.

Materials. In order to determine potentially different
solid-hydrocarbon affinities, three solids and two hydro-
carbons have been examined in this work. Montmorillonite
clay and Spherocarb and Carbopack particles were used.
The physical properties of these materials are reported in
Table I. The surface area was determined by the BET
method and all the other properties reported in Table I
were obtained by mercury porosimetry. Spherocarb and
Carbopack are trade names of chars produced for chro-
matographic packing by Foxboro Analabs and Aldrich
Chemical Co., respectively; they have been selected because
of their spherical shape and because their characteristics
do not differ significantly from particle to particle.
Montmorillonite particles were not uniform in shape and
only those with shape close to spherical were used in this
study. Two hydrocarbons were examined, toluene and
carbon tetrachloride.

Results and Discussion

Typical adsorption—-desorption results for toluene are
shown in Figure 2a and b. Figure 2a shows the value of
V/V, vs time for a Spherocarb particle of 170-um diameter
at room temperature. The total volumetric flow rate was
maintained at 21.4 cm®/min at all times. At ¢t = 0 the
voltage required to balance the particle in the presence of
the gas flow is recorded as V.. The voltage V gradually
increases during adsorption to reach a practically constant
value recorded as V,. The voltage required to balance the
particle in the absence of gaseous flow (or equivalently in
absence of a drag force) is also measured at the beginning
of the experiment and recorded as V. Using the above
values, one can calculate weight changes using the equation

V-V, m-m

BT — 5)

nf myg

and similarly the maximum amount of contaminant ad-
sorbed per gram of solid particle X, is given by

X, = V.-V, _

an my

my, — Mg

(6)

where my is the mass of dry solid and m, is m; plus the
mass of organic adsorbed. Note that the drag force con-
tribution to both V and V, is identical since constant flow
rate is maintained, and therefore, the difference V -V,
in the numerator gives the net weight gain due to ad-
sorption of the organic.

Figure 2b depicts the desorption profile of toluene at
room temperature in dry nitrogen flowing into the EDTGA
champer at constant flow rate. An initial slow decrease
in V/V, is observed, which probably corresponds to the
slowly diminishing vapor pressure of toluene in the cham-
ber. This is followed first by a sharp and then by a slow
decrease in V/V,,.

In order to be able to compare the rates of adsorption
and desorption for various experiments the data are re-
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Figure 3. Spherocarb-toluene adsorption runs for different flow rates.

ported as a fractional attainment Y of the maximum ad-
sorption, where

V-V, m-m
Va‘Vo_ma‘mo

Figures 3 and 4 contain normalized data for six Spher-
ocarb particles during adsorption and desorption of tolu-
ene. Although the amount of hydrocarbon adsorbed is
likely to vary from particle to particle, there is no appre-
ciable variation in the rates of adsorption and desorption.
Three different flow rates, 14.3, 21.4, and 28 ¢cm?/min, were
used in the experiments shown in Figures 3 and 4. It can
be seen that the effect of gas flow rate on the rates of
adsorption or desorption is insignificant. Certain scattering
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Figure 4. Spherocarb-toluene desorption runs for different flow rates.
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Figure 5. Average adsorption curves of toluene for different materials.
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Table II. Maximum Amount of Contaminants Adsorbed per
Gram of Solid and Corresponding Characteristic Times for
Adsorption and Desorption

»
(g liquid/ 7osw Togw Tosas T05d
gsolid) min min min min

Spherocarb-C;Hg 0.029 8 45 140 >200
0.061
0.048
0.045
0.025
0.045
montmorillonite— 0.130 13 47 17 >40
C,Hg

materials

0.070
0.100
0.075
Carbopack-C;Hg 0.009 16 62 15 32
0.017
Spherocarb-CCl, 0.109 2 i 5 >30
0.092
0.107
0.087
montmorillonite-CCly 0.292 2 17 3 11
0.290
0.272
0.347
0.260
0.280
0.360
Carbopack-CCl, 0.012 1 2 0.5 1.5-2.0
0.012
0.012

is observed in the desorption curves but there is no sys-
tematic trend of dependence of flow rate. This verifies the
ability of the EDTGA to study weight changes on a single
particle in the absence of external diffusional effects.

The transient adsorption behavior for all pairs of sol-
id-organic vapor investigated is shown in Figures 5 and
6, while the corresponding desorption curves are shown in
Figures 7 and 8. Each experimental point in Figures 5-8
corresponds to an average value of at least three particles
examined. Each curve shown in Figure 3-8 can provide
information about the characteristic time of either the
adsorption or the desorption of the organic compound from
the particle. The times required for the particles to adsorb
50% and 90% of the maximum amount that can be ad-
sorbed under these conditions was defined as ¢, and tyg,
respectively. Similarly, the times required to desorb 50%
and 90% of the adsorbed compound were defined as ¢34
and tygq respectively. Table II contains X, values for
several experiments as well as average values of the above
denoted characteristic times.
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Table III. Comparison of X, Values to Those
Corresponding to One Monolayer Coverage of the Solid

Surface
materials X X,
Spherocarb-C;Hg 0.372 0.042
montmorillonite-C;Hg 0.081 0.094
Carbopack-C;Hg 0.004 0.013
Spherocarb-CCl 0.678 0.098
montmorillonite-CCl, 0.148 0.300
Carbopack-CCl, 0.008 0.012

The above experimental results show clearly that con-
siderable differences exist between montmorillonite,
Spherocarb, and Carbopack as well as between toluene and
carbon tetrachloride concerning adsorption and desorption
characteristics. The amount of contaminant adsorbed can
be correlated to certain properties of either the solid or
the organic vapors. From the three solids examined,
montmorillonite adsorbs the largest amount of C;Hg and
CCly, and as shown in Table I, it has the largest intrusion
volume. Spherocarb comes next, although it has the
highest surface area. This can be explained by taking into
account that Spherocarb consists mainly of micropores (<3
nm). Formation of liquid in pores of that size is highly
likely and this could inhibit penetration of the organic
compound inside the particle. In other words, the ad-
sorbed compound has access to only a small fraction of the
total internal surface area of the Spherocarb particle.
Carbopack adsorbs the least amount of either organic
compound and this is in agreement with its low surface
area and large pores. In general, larger amounts of CCl,
than C;Hg are adsorbed on all solids examined. This is
mainly due to the higher vapor pressure, and consequently
greater mole fraction of CCl, in the nitrogen stream, given
the fact that all experiments were carried out at the same
temperature (25 °C) and atmospheric total pressure.

One interesting observation (Figures 7 and 8, Table II)
during the desorption experiments is that mainly Spher-
ocarb, and montmorillonite to a lesser extent, seem to
retain an appreciable fraction of the adsorbed compound.
In certain experiments, e.g., Spherocarb—-toluene (Figure
7), the shape of the desorption curve indicates that a finite
percentage of the adsorbed organic is irreversibly adsorbed
in the porous solid at the temperature studied. A partial
explanation of this phenomenon is given in Table III,
which contains values determined experimentally for the
six solid-vapor pair combinations. Both quantities X, and
X, presented there are expressed in grams of organic per
gram of solid. From mercury porosimetry measurements
(29), it is possible to determine an average porosity for each
solid. On the other hand, using the average surface area
of each solid, which was calculated from N, desorption
BET measurements (29), one can determine the mass of
organic that will be required to cover 1 g of solid with one
monolayer. This quantity is denoted as X, in Table III.
Also, an average value of X, taken from Table II is in-
cluded in the last column of Table III for comparison. The
maximum amount of contaminant adsorbed is of the order
of one monolayer for all the materials examined. It can
also be seen from the tabulated values that in cases where
part of the adsorbed organic is retained by the solid, the
remaining quantity corresponds to a coverage of less than
a monolayer. It is understood that a monolayer of ad-
sorbate is more strongly bound to the solid surface and its
desorption will be a longer process. This is mainly due to
the fact that capillary condensation and intercalation of
adsorbate molecules in micropores justify the long times
that are observed during adsorption and desorption. For
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Figure 9. Spherocarb-toluene desorption run for different tempera-
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these times the diffusivity ranges from 107 to 10 cm?/s
(30).

As has already been mentioned, all the experiments
shown in Figures 3-8 were obtained with both the satu-
rator and the EDB chamber maintained at room tem-
perature. Hence, the vapor—nitrogen stream introduced
in the chamber is saturated with the organic vapor. Un-
saturated mixtures can be introduced if the saturator
temperature is lower. This would also result in a decrease
in the partial pressure of the vapor around the soil particle.
Experiments done under these conditions showed that
complete recovery of the adsorbed compound can be
achieved much faster upon decreasing the vapor partial
pressure (29). An alternative in accelerating the desorption
process is to heat the particle. Figure 9 shows transient
desorption of toluene from a Spherocarb particle originally
exposed to a nitrogen—toluene stream, saturated in toluene,
at 25 °C. After 1-h exposure to a dry nitrogen stream at
the same temperature, 60% of the amount originally ad-
sorbed remains trapped in the porous solid. Laser heating
of the particle to 300 °C results in a slight decrease of this
amount to about 50%, and most of the organic finally
desorbs only upon heating to 500 °C.

In summary, EDTGA has been shown to be a useful tool
for studying the fundamentals of contamination and de-
contamination of porous soils. It can also be used for
continuously measuring the temperature and weight of a
heated particle during small intervals of time, as shown
in Figure 9. Significant differences among various solids
and contaminant compounds have been identified. The
present study focuses primarily on showing the advantages
of using EDTGA in related research. A systematic study
of the adsorption—desorption characteristics and their
dependence on the physical and chemical properties of the
soil is necessary. Experimental work toward this goal is
currently in progress.
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Environmental Applications for the Analysis of Chlorinated Dibenzo-p-dioxins
and Dibenzofurans Using Mass Spectrometry/Mass Spectrometry

Eric J. Reiner,* David H. Schellenberg, and Vince Y. Taguchi

Ontario Ministry of the Environment, P.O. Box 213, Rexdale, Ontario, Canada, MOW 5L 1

B A mass spectrometry/mass spectrometry—multiple re-
action monitoring (MS/MS-MRM) technique for the
analysis of all tetra- through octachlorinated dibenzo-p-
dioxins (C1,DD, x = 4-8) and dibenzofurans (C1,DF, x =
4-8) has been developed at the Ministry of the Environ-
ment (MOE) utilizing a triple quadrupole mass spectrom-
eter. Optimization of instrumental parameters using the
analyte of interest in a direct insertion probe (DIP) re-
sulted in sensitivities approaching those obtainable by
high-resolution mass spectrometric (HRMS) methods. All
congeners of dioxins and furans were detected in the fem-
togram range. Results on selected samples indicated that
for some matrices, fewer chemical interferences were ob-
served by MS/MS than by HRMS. The technique used
to optimize the instrument for chlorinated dibenzo-p-di-
oxins (CDDs) and chlorinated dibenzofurans (CDFs)
analysis is adaptable to other analytes.

Introduction

The analysis of chlorinated dibenzo-p-dioxins (CDDs)
and chlorinated dibenzofurans (CDFs) has become one of
the major applications of mass spectrometry in the field
of organic analysis in recent years (I-17). The presence
of chemical interferences in complex matrices, oftentimes
at concentrations several orders of magnitude greater than
those of the CDDs and CDFs, predicates that efficient
sample preparation prior to the instrumental analysis
cannot be avoided (12). The difficulties encountered in
environmental samples make selectivity and sensitivity
important considerations for the method of choice. Ca-
pillary column high-resolution gas chromatography/high-
resolution mass spectrometry (HRGC/HRMS) has been
the standard method for analyzing complex matrices such
as sediments, effluents, and biological tissue.

Until recently tandem mass spectrometry (MS/MS) has
been able to meet the requirements for selectivity but has
been ~1 order of magnitude less sensitive than HRGC/
HRMS methods (8, 14). As previously shown (15), when
a direct insertion probe equipped with a sample cup con-
taining approximately 1-3 ug of CDD or CDF is used to
optimize the instrument, limits of detection (200-600 fg)
that begin to approach those of HRGC/HRMS can be
obtained.

A number of methods have been reported for the
MS/MS analysis of CDD and CDF. Tondeur et al. (13)
developed an HRGC/(hybrid)MS/MS method for the
analysis of C1,DD in environmental samples. They have
shown that MS/MS can be more selective than HRMS in
some cases. Charles et al. (I16) were able to show that
HRGC/(hybrid)MS/MS can eliminate the interferences
in municipal incinerator ash and pulp and paper effluent
extracts that were present in HRGC/HRMS mass chro-
matograms. Fraisse et al. (17) have shown that in some
fly ash extracts, interferences seen in HRGC/ (hybrid)-
MS/MS were not present in HRGC/HRMS, indicating
that MS/MS is not always more selective than HRMS.
Slayback et al. (14) optimized collision energy and collision

Present address: Research and Productivity Council, P.O. Box
20000, College Hill Rd., Fredericton, NB, Canada, E3B 6C2

110 Environ. Sci. Technol., Vol. 25, No. 1, 1991

gas pressure for the HRGC/(tandem quadrupole)MS/MS
analysis of environmental samples using breakdown graphs
(a plot of relative ion abundance vs internal energy) alone.
This enhanced sensitivity, but not to the degree that would
make it comparable with HRMS.

For the detection of extremely low concentrations of
these target compounds, optimization of all instrumental
parameters becomes extremely important. Martinez and
Cooks reported that there are a number of parameters that
affect the signal strength of progeny ions (18). These
parameters include the following: the collision gas pressure
(the number of collisions the parent ion undergoes within
@), or target thickness), the collision energy (the duration
of the interaction between the parent ion and collision gas),
electron energy (proportional to the initial internal energy
of the parent ion), the nature of the collision gas (i.e., He,
Ar, SFg, ...), the energy of @ relative to @,, the design of
the collision cell (rf voltage and the restrictive interqua-
drupole aperture of @,), and the type of detector.

Perfluorotributylamine (PFTBA) is commonly used in
the optimization of MS/MS parameters when analyzing
for general organic compounds. However, the fragmen-
tation of PFTBA under collision-induced dissociation
(CID) conditions does not parallel the behavior of all an-
alytes. According to the quasi-equilibrium theory (QET)
(19), the pattern and degree of fragmentation of the parent
ion is dependent on its internal energy. Excitation by
collision (CID), electron ionization (EI), chemical ionization
(CI), fast atom bombardment (FAB), etc., forms a series
of parent ions with a distribution of internal energies.
Kenttamma and Cooks (20) concluded, by using break-
down graphs, that parameters such as collision energy and
collision gas pressure have a significant effect on the in-
ternal energy of the parent ion and therefore its pattern
of dissociation. In principle, parameters that affect the
internal energy of the parent ion can be set to direct
fragmentation toward the desired fragmentation reaction
(loss of COCl in the case of CDD/F). Other parameters
such as quadrupole offset voltages and lens voltages must
be adjusted so that the desired progeny ions, which have
kinetic energies different from those ions formed in the
ion source, can be properly mass selected and detected.
Catlow et al. (21) have shown that the optimum collision
energy and collision gas pressure for one reaction will al-
most certainly not be the same optimum values for another
reaction of that or any other parent ion. This implies that
the optimization of a particular fragmentation reaction
using the analyte of interest is critical in order to obtain
the greatest signal strength possible.

Experimental Section

The Ministry of the Environment (MOE) MS/MS
technique can be used to determine CDDs and CDFs in
a number of matrices such as soils, sediments, biological
tissue, effluents, water, air, chemical reagents, pulp and
paper, and petrochemical samples. The sample extract
preparation and cleanup procedures have been reported
in detail elsewhere (7, 22) and will only be described briefly.
Samples were spiked with a 2,3,7,8-substituted '3C-con-
taining dioxin for each of the five congener groups mon-
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itored. The CDD and CDF were extracted by liquid/liquid
or Soxhlet extraction. The concentrated extract was then
cleaned further by using acidic/basic silica and silver ni-
trate modified silica/alumina columns. No Carbopack C
or activated carbon columns were used.

HRGC/MS/MS analysis was accomplished with a Va-
rian 3400 gas chromatograph coupled to a Finnigan MAT
TSQ 70 triple-quadrupole mass spectrometer. Data were
acquired by using the standard DEC 11/73* data system.

The C1,DD/F to ClgDD/F (“congener analysis”) con-
geners were determined by using a WCOT column (SE-52,
30 m X 0.25 mm i.d., 0.25-um bonded phase). For this
analysis, the column was initially set at 120 °C and the
temperature was held for 1 min after injection. The tem-
perature was subsequently programmed at 15 °C/min to
250 °C and then at 5 °C/min to 300 °C, where it was held
for 5 min. Sample extracts were reconstituted in toluene.

The “isomer-specific” analysis (for the determination of
2,3,7,8-C1,DD) was accomplished by using a WCOT col-
umn (SP-2331, 60 m X 0.25 mm i.d., 0.2-um film thickness).
The temperature was initially set at 120 °C, held for 1 min,
and then programmed at 15 °C/min to 220 °C, followed
by 3 °C/min to 250 °C, where it was held for 30 min.
These sample extracts were reconstituted in isooctane.

Samples were injected via a split/splitless injector set
at 250 °C in the splitless mode. The column head pressure
was 12 psi on the 30-m SE-52 column and 25 psi on the
60-m SP-2331 column. The transfer line from the gas
chromatograph to the mass spectrometer was held at 300
°C, and the mass spectrometer ion source was held at 245
°C. The trap current was set at 300 uA, and a Finnigan
MAT 4500 ion volume was used instead of a TSQ 70 ion
volume. The 4500 ion volume has the electron entrance
and exit apertures reversed from the TSQ 70 ion volume.
This results in an increased flux of ionizing electrons into
the ion source and a higher effective trap current.

The data were collected by monitoring the loss of COCl
from the molecular ions of the isotopic cluster that would
form the two most abundant daughter ions. For the di-
oxins, an additional ion formed by the loss of 2COCI was
used as a confirmation ion. For the furans, the loss of Cl,
and HCI from diphenyl oxides (DPO, compounds such as
chlorinated diphenyl ethers that can fragment to form
furans in the ion source) were monitored to check if any
DPO had passed through the cleanup. No other strong
daughter ion that could be used for a confirmation ion for
the furans was observed.

Each run was split into five groups ranging from C1,DD
and C1,DF in group 1 to ClgDD and ClgDF in group 5. The
corresponding *C-labeled dioxin surrogate standards were
also monitored for each group. Table I summarizes the
parameters and reactions that were monitored for each
group. For the isomer-specific determination of 2,3,7,8-
C1,DD, only the ions in group 1 were monitored.

The instrument was mass calibrated with PFTBA, first
in the Q; MS mode, then in the Q; MS mode, and finally
in the MS/MS mode. Once mass calibration had been
accomplished, the dioxin and furan used for tuning were
introduced into the ion source by the direct insertion
probe. Each of the five groups was optimized by using a
separate sample cup containing about 1-3 ug of the dioxin
and furan (see Table II for specific congeners). The direct
insertion probe was not placed fully into the source so that
the probe tip would stay cool, and therefore, only very low
amounts of dioxins and furans would enter the ion source.
Probe temperatures ranged from 35 °C for C1,DD to 80
°C for CIgDD. The parent ion signal was first optimized
in the Q; MS mode in order to maximize the transmission

Table I. Paramters for Selected Reaction Monitoring

mass to charge ratio

compd parent ion  progeny ion reaction
group 1
CL,DD 320 194 M -2 (COCl)
Cl,DF 304 241 M - COCl1
306 243 M + 2 - COCl
C1,DD 320 257 M - COCl
322 259 M+ 2-COCl
[**C]C1,DD 332 268 M - COCl1
334 270 M + 2 - COCl
ClsDPO 342 306 M + 2 -HCI
ClgDPO 376 306 M+2-Cl
group 2
Cl;DD 354 228 M -2 (COCl)
Cl;DF 338 275 M - COCl1
340 277 M+ 2-COCl
Cl;DD 354 291 M - COC1
356 293 M + 2 -COCl
[**C]CI1;DD 366 302 M - COCl
368 304 M + 2 - COCl
ClsDPO 376 340 M + 2 - HCl
C1,DPO 410 340 M+2-Cl
group 3
ClgDD 390 264 M+ 2 -2 (COC))
Cl;DF 374 311 M + 2 -COCl
376 313 M + 4 - COCl
[**C]CI;DF 386 322 M + 2 -COCl
ClgDD 390 327 M + 2 - COCl
392 329 M + 4 - COCl
[*3C]CI;DD 402 338 M+ 2-COCl
404 340 M + 4 - COCl
C1,DPO 410 374 M+ 2-HCl
ClDPO 444 374 M+2-Cl
group 4
C1,DD 424 298 M +2-2(COC)
Cl;,DF 408 345 M+ 2-COCl
410 347 M + 4 - COCl
Cl,DD 424 361 M + 2 - COCl
426 363 M + 4 -COCl
[**C]C1,DD 436 372 M+ 2-COCl
438 374 M+ 4-COCl
ClsDPO 446 410 M+ 4 - HCl
Cl,DPO 480 410 M+ 4-Cl,
group 5
ClgDD 458 332 M + 2 -2 (COC))
ClgDF 442 379 M+ 2-COCl
444 382 M + 4 - COCl
Cl3DD 458 395 M + 2 -COCl
460 397 M + 4 - COCl
[**C]CIgDD 470 406 M + 2-COCl
472 408 M + 4 - COCl

Table II. Congeners Used for Tuning in MS/MS

2,3,7,8-CL,DD/F
1,2,3,7,8-Cl;DD/F
1,2,3,4,7,8-ClDD/F

1,2,3,4,6,7,8-CL,DD/F
ClDD/F

of the parent ion into the collision quadrupole. The in-
strument was then switched to the MS/MS mode and the
collision gas was allowed to enter the collision quadrupole.
Initial values for collision energy and collision gas pressure
were set from the breakdown graphs and then iteratively
optimized to the point where the relative abundance of the
desired daughter ions maximized. These two parameters,
as well as the electron energy, were adjusted so that the
internal energy distribution of the parent ion and therefore
the fragmentation of the parent ion was directed mainly
toward the reaction of interest (loss of COCl). The
quadrupole offsets, lens voltages, and rf voltages were it-
eratively set to maximize the desired daughter ion signal.
The resolution of both Q; and Q; were set to unit mass
resolution.
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Table III. Isotopic Ratios of Daughter Ions

congeners [M - COCIJ:[M + 2 - COCl]
CL,DD/F 1.00:0.97
CI;DD/F 0.78:1.00

[M + 2 - COCIJ:[M + 4 - COCl]
ClgDD/F 1.00:0.65
Cl,DD/F 1.00:0.82
ClsDD/F 1.00:0.97

The collision gas pressure was set for the optimum value
of 2,3,7,8-C1,DD (~3 mTorr; which was similar to that of
all the dioxins and furans studied) and was not changed
throughout the run because the differences in optimum
collision gas pressures between the various congeners were
minor and because of the difficulties in changing and
stabilizing pressures when a fine metering needle valve was
used. The collision energies were set to the values that
would optimize the signal strength of both the 2,3,7,8-
substituted dioxin and furan used to optimize each group.
These values ranged between 18 and 27 eV (laboratory
energy), while the electron energies maximized signal
strengths between 22 and 28 eV.

Once the instrument was optimized, the ion volume used
with the direct insertion probe was replaced with a clean
El ion volume. Solvent blanks and internal standards were
then injected to ensure that there was no carryover of
dioxins or furans from the tuning procedure. Six EI ion
volumes giving almost identical signal response were se-
lected and then rotated on a daily basis. A standard (as
shown in Figure 6) was injected at least twice daily to
ensure good instrument performance.

The criteria for positive CDD/F identification were as
follows: correct retention time windows for each group of
isomers as determined by a window setting standard that
contained the first- and last-eluting dioxin and furan in
each group (obtained from the Bremen laboratory at
Wright State University; fly ash was used to check the
windows), the loss of COCI from the preselected parent
ions to the desired daughter ions (forming the two most
abundant daughter ions of the isotopic cluster), correct
isotopic ratios of the daughter ions (within £25%; see
Table III), and a signal-to-noise (S/N) response greater
than 3:1 (the signal must be greater than 3 times the
peak-to-peak baseline noise) for both daughter ions. The
CDFs must not exhibit the presence of DPO. An addi-
tional requirement for the isomer-specific analysis is that
the retention time of the congener of interest must elute
from the gas chromatograph within £2 s of its isotopically
labeled standard.

Surrogate standards labeled with '3C and/or *’Cl were
used to determine recoveries by comparison with external
standards, and '3C,,Cl;DF was used as the internal
standard to monitor instrument performance.

Results and Discussion

The limits of detection reported in 1986 by three man-
ufacturers of triple quadrupole mass spectrometers using
a calibration compound such as PFTBA or perfluoro-
kerosene (PFK) to optimize the instrument (PFTBA tune)
are compared to the limits of detection that were obtained
by using dioxins and furans to optimize the instrument
(dioxin tune) and to limits of detection that were obtained
by HRMS [12000 resolving power (RP)] (1) in Table IV.
Detection limits were obtained without using high levels
of a 13C-labeled carrier. Most of the limits of detection
obtained by the MS/MS dioxin tune method are between
1 and 2 orders of magnitude lower than when PFTBA is
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Table IV. MOE MS/MS Comparison: Limits of Detection®

manufacturer
congener A B C  present method HRMS
CL,DD 2 2 8 0.3 0.2
C1,DD 5 4 9 0.5 0.2
ClgDD 10 10 23 0.3 0.2
Cl,DD 15 15 19 0.3 0.2
ClgDD 20 25 38 0.6 0.4
C1,DF 4 3 7 0.3 0.2
CI;DF 5 4 11 0.3 0.2
Cl;DF 10 8 21 0.2 0.2
Cl,DF 15 10 20 0.5 0.2
CI3DF 20 20 19 0.5 0.4

2 All data in picograms. High levels of *C-labeled CDD/F were
not used as carriers.
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Figure 1. Collision gas pressure breakdown graphs.

used for optimization and begin to approach those ob-
tained by HRMS. The C1,DD results in Table IV compare
well with those previously reported by Tondeur and co-
workers [1.5 pg for MS/MS and 150 fg for HRMS (10000
RP) (calculated at 3:1 S/N) (13)]. HRMS instrument
manufacturers have recently reported detection limits for
2,3,7,8-C1,DD that are 1 order of magnitude lower. Ac-
curate comparisons are not always possible because some
of these results were obtained with high levels of 1*C-la-
beled standards as carriers.

The difference in limits of detection obtained by MS/
MS is due to the fact that the optimum parameters for the
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fragmentation reaction of PFTBA (usually m/z 502-219)
are different from the optimum parameters for the loss of
COCl from the molecular ion of the CDDs and CDFs. This
can be shown by constructing breakdown graphs for a
number of parameters such as collision energy and collision
gas pressure.

The breakdown graphs for PFTBA, 2,3,7,8-C1,DD, and
2,3,7,8-C1,DF plotted against collision gas pressure (col-
lision energy 25 eV laboratory energy) are shown in Figure
1. The optimum collision gas pressure for PFTBA was
0.7 mTorr while that for the dioxin and the furan was 3.3
mTorr. Figure 2 shows the breakdown graphs of PFTBA,
2,3,7,8-C1,DD, and 2,3,7,8-C1,DF plotted against collision
energy (at optimum collision gas pressure). All three have
optimum collision energy values of ~25 eV (laboratory
energy). Although the optimum collision energies are
similar for the latter three compounds, the considerable
difference in the optimum collision gas pressure setting
and the size of the neutral lost (283 amu for PFTBA and
63 amu for CDD/F) indicates that, for maximum instru-
ment performance in multiple reaction monitoring (MRM),
tuning on the analyte of interest is critical. To a first
approximation (23), the difference in kinetic energy of the
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Figure 3. Collision energy breakdown graphs for three tetrachloro-
dibenzo-p-dioxins.
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daughter ions formed in Q, (219/502 or 43.6% of the or-
iginal KE is carried by m/z 219 of PFTBA compared to
257/320 or 80.5% for m/z 257 of C1,DD and 393/456 or
86.2% for m/z 393 of ClgDD) with respect to those formed
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in the ion source predicates that a dioxin or furan must
be used to accurately set the energy of Qs.

Figure 3 shows the collision energy breakdown graphs
of three other Cl,DD isomers. The optimum collision
energy for these three isomers is between 18 and 22 eV
(laboratory energy). If the collision energy were set to 25
eV (the optimum value for 2,3,7,8-C1,DD), the signal
strength of the other three C1,DD isomers would be be-
tween 70% and 80% of their maximum value. This latter
result suggests that the relative response factors of the
various isomers are dependent on parameters such as
collision energy. This is shown in Figure 4. Three C1,DD
isomers were injected (100 pg of each isomer). Injections
A and B were run at collision energies of 27.5 and 22.5 eV
(laboratory energy), respectively. As expected from the
breakdown graphs, the 2,3,7,8-C1,DD signal strength is
enhanced in injection A and the 1,2,3,4-C1,DD signal
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strength is enhanced in injection B.

Figure 5 shows the absolute signal strength of 2,3,7,8-
CI,DF vs collision gas pressure at two different collision
energies. The absolute signal strength of 2,3,7,8-C1,DF is
lower at 30 eV collision energy than at 24 eV collision
energy because at the higher collision energy more energy
is imparted into the parent ion. This can cause the
daughter ion formed by loss of COCI to fragment further.
A change in the collision energy or collision gas pressure
causes a corresponding change in the internal energy
distribution of the parent ion and the appearance of the
daughter ion spectrum. Therefore, in order to obtain
standard tuning conditions and instrument-independent
relative response factors, a 2,3,7,8-substituted (the most
toxic) dioxin and furan congener was chosen for each
group. These are listed in Table II.

Figure 6 compares the reconstructed ion chromatogram
(RIC) of a series of CIDD/F to Cl,DD/F standards in-
jected with a PFTBA tune (top) and dioxin tune (bottom).
The signal strengths in the dioxin tune are considerably
greater than those in the PFTBA tune.

Figure 7 shows the mass chromatogram of a 500-fg
standard injected on a 30-m SE-52 capillary column with
a split/splitless injector. The signal-to-noise ratio is ~10:1
(peak-to-peak noise definition) for m/z 257 and 259.

Figure 8 shows the mass chromatogram for a fish extract
that had been cleaned by using a modified Dow dual
column method without carbon cleanup (7). This extract
was injected 3 weeks after the instrument was last tuned.
A value of 2 pg was determined for 2,3,7,8-C1,DD.

Figure 9 compares the mass chromatogram for the
C1,DD region of a fish extract (without carbon cleanup)
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Figure 6. Comparison of standards (RIC) using a PFTBA tune (top) and dioxin tune (bottom). The amounts injected were 10 pg of CI,DD/F, 15

pg of ClsDD/F and ClgDD/F, and 20 pg of Cl,DD/F and ClgDD/F.
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in the HRMS mode [VG-ZAB-2F (I)] and in the MS/MS
mode (TSQ 70). The 2,3,7,8-C1,DD isomer is marked with
an asterisk. Even at 12000 RP, many of the chemical
interferences are still seen in the HRMS mass chromato-
gram, while in the MS/MS mass chromatogram, none of
these interferences are present and 2,3,7,8-C1,DD is the
only isomer detected. Tondeur et al. (20) have shown that
matrix effects are closely related to source instabilities in
HRMS when significant amounts of undesirable materials
(50 ng/s) reach the ion source. This instability may cause
an effective decrease in resolution and change in signal
strength, and consequently, quantitation is affected. These
results were also obtained on a VG-ZAB-2F mass spec-
trometer. Newer magnetic sector instruments have their
source slits further from the ion source and this design
change should help reduce this effect. The stable (flat)
baseline and clean mass chromatogram in the MS/MS
mode suggest that the concentrations at which this in-
stability occurs in a quadrupole mass spectrometer ion
source may be higher than in a magnetic sector instrument.
Further experimentation in this area is required.

Figure 10 compares the Cl,DF, C1,DD, CI;DD, and
ClgDD congeners in the MS and MS/MS modes for an
effluent sample. The isomer patterns (relative response
factors) are similar in both modes when the series of
2,3,7,8-substituted congeners in Table II is used to optimize
the instrument in the MS/MS mode. This is an important
result, because in order to compare results from all in-
struments in an analysis of all congeners, reproducible
instrument-independent relative response factors are re-
quired. Reproducible relative response factors may be
obtainable by using a standard set of tuning congeners
such as the ones listed in Table II. More study in this area
is also needed.

The major disadvantage of using a quadrupole collision
cell is that the daughter spectra obtained are strongly
dependent on collision cell conditions (25). The nodes and
antinodes characteristic of the transmission of ions through
an rf-only collision quadrupole dictate that the error in
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isotopic ratios in MS/MS is larger than that in HRMS.
The range that was used (+25%) is narrower than that
used by Slayback et al. (-40% to +30%) (14). This fluc-
tuation begins to appear at lower levels (<5 pg); however,
in the majority of cases, ratios fall within £10% of the
ratios listed in Table III. This latter problem has been
addressed by using hexapole collision cells (25). Also, at
low levels, the signal strength of the confirmation ion for
the dioxins (loss of 2COCI) is very weak because it is
generally a factor of 5 lower than the ions formed by loss
of COCl.

The linear dynamic range is greater than 3 orders of
magnitude. The relative standard deviation of the
2,3,7,8-C1,DD concentration of five fish extracts rerun after
3 months without optimization (tuning) was less than 10%.

Advantages of the method include the following: se-
lectivity, especially in the C1,DD/F region, where for some
samples, fewer interferences are observed than in HRMS;
infrequent tuning—the instrument is tuned three to four
times a year at 200 injections per month (including
standards and QA /QC); reduced routine maintenance—the
source and rods are cleaned about every 4 to 6 months (the
ion volumes are changed daily); and good sensitivity—less
than 1 pg of dioxins and furans can be detected for all
congeners.

The choices available in the mass spectrometric analysis
of CDD and CDF (HRMS vs MS/MS) are dependent on
the matrix and the degree of cleanup used. Useful ap-
plications of GC/MS/MS appear to be in pulp and paper,
petrochemical, and biological samples (16, 25), which have
many interfering compounds or a large proportion of
aromatic and substituted aromatic components that are
not completely removed by the cleanup procedures.
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Comparative Response of Reconstituted Wood Products to European and
North American Test Methods for Determining Formaldehyde Emissions
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B The European large-chamber, the North American
large-chamber, the European perforator, and the North
American desiccator test protocols for formaldehyde
emissions from wood products were compared. Two
formaldehyde analytical techniques using chromotropic
acid and pararosaniline chemistry were used for the
large-chamber testing. Six sample sets, chosen for their
range in formaldehyde emissions, provided the experi-
mental data. The sets consisted of five particleboards and
one medium-density fiberboard (MDF). The European
large-chamber protocol produced values that were 20%
lower than the North American large-chamber protocol
and both analytical techniques produced similar test re-
sults. Linear relationships between all the tests were
strong. These relationships should allow manufacturers
on both continents a level of confidence in predicting their
conformance with formaldehyde emission standards.
These tests confirm a similarity seen by others in the
emission rates of North American and European products.

Introduction

There has been considerable interest in Europe and
North America in quantifying the relationships between
various test methods for determining formaldehyde
emissions from wood panel products made with form-
aldehyde-containing adhesives (I-7). This interest is

Hardwood Plywood Manufacturers Association.
National Particleboard Association.
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motivated by a need (1) to better understand the rela-
tionships between European and North American test
methods, (2) to aid in interpreting progress that has oc-
curred in reducing formaldehyde emissions from wood
products, and (3) to determine whether current wood
products manufactured in Europe and North America are
similar. Another important reason for this interest is to
understand data derived from small-scale tests such as the
North American 2-h desiccator and the European perfo-
rator in the context of large-scale chamber tests. Large-
scale chamber tests are designed to simulate actual product
loading or usage, typical air-exchange rates, and charac-
teristic temperature and relative humidity conditions in
buildings (8).

While these test methods are designed to show relative
emission levels between products, care must be exercised
in relating formaldehyde emission test measurements to
the home. Without rigorous additional study of all ap-
plicable parameters, no extrapolation of formaldehyde
emission test data to home formaldehyde levels should be
attempted. Temperature, humidity, air exchange, and
other factors can all affect observed home levels.

The objective of this experiment was to give some insight
into the relationships between the principal European and
North American methods for determining formaldehyde
emissions from reconstituted wood products. There was
special focus on large-scale methods since large chambers,
capable of testing full size samples, are the basis of Eu-
ropean (9) and North American (10) formaldehyde emis-
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sion guidelines or requirements.

The large-chamber test method developed by the Wil-
helm Klauditz Institute (WKI) in the Federal Republic
of Germany is the principal European method (9). The
WKI chamber value of 0.1 ppm for the West German “E-1"
classification is often cited as an important benchmark for
low-formaldehyde-emitting building products. The FTM-2
(formaldehyde test method 2) North American large
chamber is used for wood panel testing in the United
States and Canada (11). FTM-2 is referenced by the U.S.
Department of Housing and Urban Development (HUD)
for determining formaldehyde emissions from particle-
board and plywood used in manufactured (mobile) homes.
The HUD emission limit is 0.3 ppm for particleboard and
0.2 ppm for plywood wall paneling.

Large-chamber test methods have been used for some
time in both Europe and North America. The complete
descriptions of how such chambers should be constructed
have yet to be finalized. Formal standardization of
chamber operating procedures are now being considered
through international organizations on both continents
(American Society for Testing and Materials and European
Committee for Standardization). The European and
North American tests are different in many testing pa-
rameters; however, only limited information is available
to judge their comparability. In 1986, two sets of E-1
particleboard products were obtained and tested in the
United States by three different test laboratories using the
FTM-2 protocol (12). The results indicated that the E-1
products were comparable to U.S. products manufactured
to the HUD standard.

Materials and Methods

Large-Scale Tests. Significant laboratory variation in
results from large-chamber tests has been demonstrated
(13). An experiment was designed so that European WKI
and North American FTM-2 large-chamber conditions
could be evaluated simultaneously in one laboratory to
eliminate the effects of laboratory-to-laboratory variation
and panel age. WKI and FTM-2 tests were run in two
identical chambers within the same laboratory using re-
constituted wood panel samples tested in such a way as
to reduce the effects of board variation.

Two sets of panels were tested in early 1988 comparing
the FTM-2 and the WKI protocols. Four more sets of
panels were more extensively tested during 1989. The six
reconstituted wood products tested in 1988-1989 exhibited
formaldehyde emissions over a broad range. Three of the
sets (1-3) were typical of products certified to meet the
HUD standard for particleboard. One set (6) was manu-
factured by using expensive, special techniques designed
to lower emission levels to the minimum. The remaining
products (4 and 5) were manufactured without the use of
scavengers to bring them into HUD compliance. Five of
the products were sanded particleboard; product 4 was
sanded medium-density fiberboard (MDF).

The principal testing parameters of the WKI and
FTM-2 chamber methods are outlined in Table I (9, 11).
Each reconstituted wood product was tested simultane-
ously in two 1080-ft? (30.6-m?) chambers to WKI and
FTM-2 conditions. Air from the heating, ventilating, and
air conditioning (HVAC) system passing into the room
containing the two chambers was maintained at 65-70%
relative humidity (RH) and at ~70 °F. Subsequently the
air was dehumidified by air conditioning cooling and then
reheated with a resistance heater in a large two-section
prechamber. Air was directed through a series of ducts
and valves, a totalizing gas meter, and then through a 4-in.
(inside diameter) cylinder containing a 6-in. bed of po-

118 Environ. Sci. Technol., Vol. 25, No. 1, 1991

preferred
analytical
method

chromotropic
acid

sampling
schedule
chamber until equilibrium
(<0.01 ppm day-to-day
variation) or to 10 days
measurement at 16-20 h
after placed in chamber

measurement at latest 3 days pararosaniline
after samples placed in

conditioning
schedule
50 = 5% RH, at <0.1 ppm

7 days £ 3 h, 75 £ 5 °F,
HCHO

none

samples
39.4 in. X 78.7 in.

typical size
of individual
particleboard
(1 m X 2 m)
35.2 in. X 96 in.b
(0.89 m X 2.44 m)

air-exchange
rate
1 AC/h £10%
0.5 AC/h £10%

relative
humidity

50 = 4%

temp
734+ 2°F 45%5%
(23 =1 °C)
77 £ 2 °F
(25 + 1 °C)

minimum
size of
chamber
353 ft3
(10 m3)
(22.7 m3)

800 ft3e

loading
rate of
tested
product
0.305 ft2/ft?
(1.00 m?/m?)
0.13 ft?/ft3
(0.43 m?/md)

prescribed by HUD)

(conducted as
2Volume of chambers employed in these comparison tests, 1080 ft? (30.6 m3). ®In a chamber of 1080-ft3 volume.

FTM-2 chamber

WKI chamber

Table I. WKI and FTM-2 Chamber Test Parameters



tassium permanganate in alumina (Purafil) so that in-
coming chamber air could be maintained at or below a
formaldehyde level of 0.01 ppm, the level of sensitivity for
the chromotropic acid procedure at this laboratory. The
air was then heated to test temperatures of 73.4 (23 °C)
+ 1 °F (WKI) or 77 (25 °C) £ 1 °F (FTM-2) by means of
small electric heaters located inside the chambers. Relative
humidity conditions of 45% for the WKI simulation tests
and 50% for the FTM-2 tests were maintained within a
tolerance of £2%. These tolerances are within those al-
lowed (9, 11).

Each chamber has a 10-in.-diameter fan to circulate and
mix the air. A hot wire anemometer was used to ensure
air flow rates were adequate for the WKI tests (FTM-2 has
no specific requirement for air flow). Chamber samples
were placed vertically on metal stands with both sides of
the samples exposed. The insides of both chambers are
lined with polished 3003 alloy aluminum. The dimensions
of each chamber are 7.8 ft (2.4 m) wide X 7.1 ft (2.2 m)
high X 19.5 ft (5.9 m) long for a volume of 1080 ft? (30.6
m®). Both chambers are operated under positive pressure
and the exhaust ducts are located on the opposite end of
the chambers from the intake ducts. Exhaust chamber air
is ducted out of the building housing the chambers.

All reconstituted wood panel samples were held in
polyethylene wrapping until WKI testing or FTM-2 con-
ditioning was to begin. For each set of panels, WKI testing
and FTM-2 conditioning were initiated on the same day.
For samples tested in accordance with the WKI protocol,
polyethylene wrapping was removed and panels were cut
into eight samples, each slightly less than 4 m? in surface
area, to achieve a loading rate of 0.305 ft?/ft® (1 m?/m?).
These samples were immediately placed in the chamber
and were measured daily for 10 days. The three panels
selected for the FTM-2 chamber tests were taken out of
the polyethylene wrapping the same day that WKI samples
were processed, cut into three 49 in. X 69 in. samples, and
placed for 7 days at a temperature of 75 + 5 °F and at 50
+ 5% relative humidity in a conditioning room where the
formaldehyde level was maintained at or below 0.1 ppm.
Panels were then placed in the chamber and air samples
were taken after 16-20 h.

For both WKI and FTM-2 tests, air samples were col-
lected 54 in. above the floor at two locations, !/; of the
distance from each end of the chambers, and at midwidth
of the chambers. The air samples for pararosaniline
analysis were collected in distilled water at a flow rate of
1 L/min for 1 h (9). Air samples for chromotropic analysis
were then collected in a solution of 1% sodium bisulfite
in water at a flow rate of 1 L/min for 1 h (11).

Chromotropic acid analysis was used in the chamber
tests conducted in 1988 on products 1 and 2. More ex-
tensive data were collected on the four materials (3-6)
tested during 1989:

(1) Pararosaniline and chromotropic acid analysis were
both performed on air samples for the WKI and FTM-2
chamber tests.

(2) A full array of desiccator and perforator tests was
conducted on samples taken from panels used for the
chamber test comparison: eight samples for each WKI
chamber test and three samples for each FTM-2 chamber
test.

Small-Scale Tests. Samples were cut for small-scale,
2-h desiccator (FTM-1) (14) and perforator tests (15) from
each panel from products 3-6 used for the WKI and
FTM-2 tests. A limited number of small-scale tests were
performed on product 2; no small-scale tests were per-
formed on product 1.

Desiccator samples were edge sealed and conditioned for
24 h in the same conditioning area as the FTM-2 samples.
Desiccator tests were performed on the following day, the
first day that WKI chamber samples were evaluated. The
desiccator test is a formaldehyde absorption test where
eight 2.75 in. X 5 in. samples are placed for 2 h in a 10.5
L desiccator with a Petri dish containing 25 mL of distilled
water. Formaldehyde emitted from the samples and ab-
sorbed in the water is then analyzed by use of chromotropic
acid.

Samples cut from products 3-6 were wrapped in poly-
ethylene and transported from the Hardwood Plywood
Manufacturers Association (HPMA) laboratory to the
National Particleboard Association (NPA) laboratory, a
distance of 25 miles. NPA performed perforator tests on
specimens of ~100 g from each of the 11 large chamber
panels (8 specimens for the WKI test and 3 for the FTM-2
test).

The perforator method used in this test series is de-
scribed in a draft proposed by the European Committee
for Standardization (Comite European De Normalisation),
CEN/TC 112/WG 5, dated February 1989 (15). This
proposed test is derived directly from European standard
test, EN 120, dated October 1984 (16).

The perforator is a formaldehyde extraction test method
that involves boiling small samples in toluene. The form-
aldehyde-laden toluene is distilled through distilled/
deionized water, which absorbs the formaldehyde. A
sample from the water is analyzed photometrically by the
pararosaniline analysis method. Although the European
perforator test primarily references the acetylacetone
analytical method, the pararosaniline analysis used here
is an allowable alternative. The proposed test method
provides for two sampling schemes: one for production
control and the other for installed product. Since the
products were isolated immediately following production,
sealed, and sent to the test laboratory, the production
control scheme was followed.

Results and Discussion

A brief description of the reconstituted wood panel
products and the results of the European and the North
American large-chamber and small-scale tests appear in
Table II. Formaldehyde emission data for the WKI
protocol tests are those observed during the tenth day; data
for the FTM-2 tests are 16-20 h after chamber loading
following the 7-day conditioning period.

The linear relationship derived from observations from
six products using chromotropic acid analysis for both
WKI and the FTM-2 samples (regression 4, Table III) had
an exceedingly high correlation coefficient (0.99). A cor-
relation coefficient of 0.97 was observed for the more
typical analytical methods employed for the chamber
tests—pararosaniline for the WKI method and chromo-
tropic acid for FTM-2—for products 3-6 (regression 1,
Table III). These relationships are plotted in Figure 1.

A difference between the two large-chamber protocols
was observed when matched panels were tested. As shown
in the last two columns of Table III (regressions 1-4), the
WKI chamber test values were ~20% lower than FTM-2
at the 0.3 ppm limit established by HUD for particleboard
using FTM-2 (10). The slope (0.79) of regression 4, the
series having the largest number of observations, indicates
that the WKI chamber test would result in values 21% less
than the FTM-2 test. A regression analysis of the slope
statistic indicates, with greater than 95% probability, that
the WKI test gives lower values than the FTM-2 test.
Further analysis of variance on this regression equation
(f test) indicates a strong probability of linearity at 99.9%.
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Table II. Results of European and North American Tests on Six Reconstituted Wood Products®

formaldehyde levels

WKI
(Para),’
product no. and description ppm
1. !/, in. particleboard
2.1/, in. particleboard
3. 5/4 in. particleboard 0.19
4.1/, in. medium-density fiberboard (MDF) 0.32
5. 3/g in. particleboard 0.33
6. 5/4 in. particleboard 0.05

WKI FTM-2 FTM-2 FTM-1

(CA),? (Para), (CA), Desic, Perf,
ppm ppm ppm ug/mL mg/100 g
0.20 0.26

0.11 0.16 0.53 5.23
0.19 0.28 0.27 0.68 9.68
0.31 0.38 0.41 0.90 14.90
0.30 0.37 0.35 0.86 11.30
0.06 0.06 0.07 0.18 4.44

@ All products unfinished. Para, pararosaniline; CA, chromotropic acid; Desic, desiccator; Perf, perforator. ®* WKI values are for tenth day.

¢ Perforator values average of 11 tests except for board 2 (one test).

Table III. Linear Relationships As Observed in Reconstituted Wood Product Test Series

regression params of

variables? no.iof Y=a+bx X
regression no. X Y obsns a b r value® value®
Large-Scale Test Relationships
1 FTM-2 chamber (CA) WKI chamber (Para) 4 -0.01 0.86 0.97 0.30 0.24
2 FTM-2 chamber (Para) WKI chamber (Para) 4 -0.01 0.87 0.98 0.30 0.25
3 FTM-2 chamber (Para) WKI chamber (CA) 4 0.00 0.77 0.98 0.30 0.24
4 FTM-2 chamber (CA) WKI chamber (CA) 6 0.01 0.79 0.99 0.30 0.23
Other Test Relationships
5 WKI chamber (CA) FTM-1 desiccator (CA) 5 0.15 2.50 0.95 0.10 0.40
6 FTM-2 chamber (CA) FTM-1 desiccator (CA) 5 0.11 2.06 0.97 0.30 0.73
7 WKI chamber (CA) perforator 5 1.88 37.27 0.96 0.10 5.61
8 FTM-2 chamber (CA) perforator 5 1.38 30.68 0.98 0.30 10.58
9 FTM-1 desiccator (CA) perforator 5 0.63 13.45 0.90 0.73 10.46

e Para is pararosaniline analysis; CA is chromotropic acid analysis. ®The X values in this column are chosen for their correspondence to
the formaldehyde limits of the U.S. Department of Housing and Urban Development (10) regulations in regressions 1-4, 6, and 8; for their
correspondence with the West German E-1 designation in regressions 5 and 7; and for the correspondence with the Y value from regression
6 in regression 9. Values for X from the column, when used with their corresponding regression parameters on the same line, yield the

stated Y values.
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Figure 1. Large-chamber chamber test results. WKI and FTM-2 test
results are compared by both the chromotropic acid and pararosaniline
analytical techniques.

WKI test conditions tending to reduce observed cham-
ber levels as compared to established FTM-2
conditions—lower chamber temperature (23 vs 25 °C),
lower relative humidity (45 vs 50%), and higher air-ex-
change rate (1.0 vs 0.5 AC/h)—appear to more than offset
the lower product loading rate of the FTM-2 procedure
(0.43 vs 1.0 m?/m?).

The perforator value of 10 mg/100 g, often associated
with the E-1 European board classification and a 0.1 ppm
WKI chamber value, is seen in Table III and Figure 2 to
more closely approximate the 0.30 ppm HUD chamber
limit determined from the FTM-2 test than the 0.1 ppm
WKI value. For the panels evaluated in this series, a
perforator value of ~6 mg/100 g more closely correlates
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Figure 2. Perforator test results. Comparison of perforator results
to the WKI and FTM-2 large-chamber te