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GUEST EDITORIAL

Environmental cancer
and prevention

Although control of chemical carcinogenic hazards in
the workplace was widely recognized during the post-
World War II era, much of the research effort of that
time was directed to the identification of cancer viruses
and possible vaccines. The discovery of the causal role
of cigarette smoking in lung cancer was a milestone
that led to expanded research on cancer causes—includ-
ing chemical carcinogens and life-style factors—as a
base for prevention.

Later, Rachel Carson’s Silent Spring, which de-
scribed ecological damage caused by misuse of com-
mercial chemicals, had a major impact on the public,
who equated ecological hazards and environmental pol-
lution with ill health, especially cancer. The politically
and intellectually attractive view became widespread
that human cancer could predominantly be controlled
through elimination of the many potential carcinogenic
chemicals in the ambient environment. Further, “can-
cerphobia” proved a useful adjunct to obtaining politi-
cal support for the control of ecological hazards.

In retrospect, it is clear that these views resulted
from a misunderstanding of the major causes of human
cancer, notably cigarettes. The tobacco industry contin-
ually emphasized ambient air pollution as the cause of
lung cancer. Further, when the public accepted the view
that 80-90% of cancers were attributable to the envi-
ronment, the term “environment” was misinterpreted
as applying only to chemicals.

Chris Wilkinson’s review (ES&T, September 1987,
pp- 843-47) on the existing knowledge of the environ-
mental causes of cancer is timely and places known and
potential cancer hazards, including cultural and dietary
factors, in perspective. Unfortunately, investigations of
the latter are difficult because definitive control meth-
ods do not yet exist for most dietary factors. Apart
from drugs, occupation, and certain point source expo-
sures, there is no evidence that the vast majority of
chemical carcinogens individually or in toto (synthetic
and natural) in the ambient environment at the usual
levels of human exposure have had a detectable impact

932 Environ. Sci. Technol., Vol. 21, No. 10, 1987

on the cancer burden. Wilkinson outlines the need to
distinguish between trivial and significant risks in de-
veloping effective cancer prevention policies.

In 1980 Isaac Berenblum, professor emeritus at the
Weizmann Institute in Rehovoth, Israel, concluded that
only a slight reduction of the cancer burden was possi-
ble through the traditional eliminatory approach, apart
from recognized public health procedures. He antici-
pated future efforts on preventative research that would
focus on developing methods for active intervention to
carcinogenic mechanisms through chemoprevention
and chemotherapy. According to Berenblum, such pre-
ventative research represents the logical outcome of
current basic research.

Nonetheless, this view has received little attention in
the regulatory circles that confuse stringent chemical
controls, irrespective of effectiveness, with cancer pre-
vention. The misdirection of preventative efforts may
not only distort public health strategies and research
efforts, but also divert national resources from more
useful social goals. Prudent control of carcinogens
should be based on scientific data, judgment, and com-
mon sense—not political and regulatory conveniences.

i

John Higginson is senior fellow at the
Institute for Health Policy Analysis at the
Georgetown University Medical Center
and professor in the Departments of
Community Medicine and Pathology. He
is also a research professor in pathology
and epidemiology at the University of
North Carolina. He was founding director
of the International Agency on Cancer
Research in Lyon, France (1966-81).

0013-936X/87/0921-0932801.50/0 © 1987 American Chemical Society



INTERNATIONAL

The Inter-American Development
Bank announced Aug. 5 that, un-
less Brazil complies with the envi-
ronmental protection provisions of
a $58.5 million loan for a road-build-
ing project, disbursement of the
money will be stopped. These provi-
sions encompass the protection of
tropical forests and the demarcation
of land for indigenous Indian tribes.
Nevertheless, Sens. Daniel Inouye
(D-Hawaii) and Bob Kasten (R-Wis.)
said that the bank acted “only after
we threatened to cut off all U.S. aid
to the bank.” If Brazil does not as-
sure compliance with the environ-
mental protection provisions, funding
for the project will end Oct. 4.

FEDERAL

EPA administrator Lee Thomas
has criticized the Clean Air Act
reauthorization bill, under consider-
ation by the Senate, as too costly. He
told a Senate committee that the bill
(S. 1351), if enacted, could cost as
much as $30 billion/yr, would im-
pose controls in areas that do not
need them, and would diminish the
role of states in controlling air pollu-
tion. Thomas especially criticized
controls on acid deposition that

S. 1351 would mandate, stating that
these requirements have no firm
scientific basis. The bill would re-
quire electric utilities to reduce sulfur
dioxide emissions to 0.9 1b/10° Btu
and would tighten restrictions on
toxic emissions to the air, as well as
standards for air quality. The bill also
would extend the deadline for certain
areas to meet air quality standards if
certain actions set forth in the bill are
undertaken.

Sens. John Rockefeller (D-W. Va.),
John Danforth (R-Mo.), and Pete
Wilson (R-Calif.) want to see more
methanol-powered cars. They have
introduced legislation that would give
American car makers incentives to
manufacture cars powered by meth-
anol and other alternative fuels. Car
makers would get additional credits if
they met fuel efficiency standards,

Rockefeller: Wants methanol cars

effective with 1993 models, for vehi-
cles using alcohol fuels or natural
gas. These fuels, especially meth-
anol, are considered desirable be-
cause they produce lower emissions
of nitrogen oxides and hydrocarbons,
both of which are ozone precursors.
Moreover, the use of these fuels can
lower the demand for imported pe-
troleum. Rockefeller predicted that
Japanese car makers will become
interested in selling alternate fuel
vehicles, particularly in the Califor-
nia market.

EPA has proposed rules requiring
new cars to be equipped with can-
isters to recover vapors when the
cars are refueled. These regulations
are expected to reduce emissions of
hydrocarbon ozone precursors by
10%, EPA administrator Lee Thomas
said at a press conference July 22.
The replacement of old cars with
new ones would result in a further
reduction of 20% in precursor emis-
sions, he estimated. A 30% total
reduction in precursor emissions
would bring into compliance about
35 of the 70 cities that do not now
meet ozone standards, Thomas said.
In most parts of the United States,
the vapor pressure of gasoline escap-
ing from cars being refueled would
have to be reduced from the current
recommended level of 11.5 1b/in.? to
10.5 Ib/in.2 in 1989 and 9 Ib/in.? in
1992. In the Southwest, the 1989
and 1992 levels would have to be
8.2 Ib/in.? and 7 Ib/in.?, respectively.

The U.S. Court of Appeals for the
District of Columbia Circuit has

0013-936X/87/0921-0933$01.50/0 © 1987 American Chemical Society

ruled that materials reused in man-
ufacturing processes are not subject
to regulation by EPA under the Re-
source Conservation and Recovery
Act (RCRA). The July 31 decision
overturns regulations EPA promul-
gated in January 1985. The court
found that Congress did not intend
that EPA regulate “spent” materials
that are recycled and reused in an
ongoing manufacturing or industrial
process. The judges explained that
the solid waste that EPA has the
authority to regulate under RCRA is
defined as discarded material. The
suit challenging EPA’s 1985 regula-
tion was brought by the American
Mining Congress and several other
plaintiffs.

EPA released results Aug. 4 of the
largest indoor radon survey it has
conducted to date. Results of the
10-state survey, carried out during
the winter of 1986-87, show that
radon levels exceeded EPA’s guide-
line of 4 pCi/L of air in 21% of the
11,600 homes tested. The 10 states
surveyed were Alabama, Colorado,
Connecticut, Kansas, Kentucky,
Michigan, Rhode Island, Tennessee,
Wisconsin, and Wyoming. More
than 25% of the homes tested in
Colorado, Wisconsin, and Wyoming
had radon levels above 4 pCi/L, with
a maximum level of 84 pCi/L found
in Wisconsin. Paradoxically, al-
though only 6% of homes tested in
Alabama had radon levels above

4 pCi/L, the highest concentration—
180 pCi/L—was found in northern
Alabama. Local geology is one ex-
planation proposed for high radon
levels in a given area. EPA plans a
six-state survey during the winter of
1987-88.

EPA has cancelled all uses of cad-
mium-containing pesticides on golf
course fairways and home lawns
and has restricted their application on
golf course tees and greens. Cad-
mium-containing compounds, which
have been registered since the late
1940s as fungicides, are suspected of
causing cancer and adverse kidney
effects. About 13,640 kg/yr of cad-
mium-containing pesticides are used;

Environ. Sci. Technol., Vol. 21, No. 10, 1987 933



this comprises less than 0.1% of total
cadmium use in the United States.
Under the new EPA guidelines, these
pesticides may be applied in golf tee
and green areas only by certified
applicators wearing protective cloth-
ing and using only power boom-
spraying equipment. EPA will re-
quire additional applicator exposure
data by July 1988.

The Louisiana Board of Regents
has awarded Louisiana State Uni-
versity (LSU) $270,000 to develop
a method of using electricity to clean
up contaminated soil. Yalcin Acar of
LSU is directing a project to investi-
gate how electroosmosis can be used
to immobilize hazardous wastes in
soils in situ and possibly to remove
these materials. Acar believes the
technique can be used to force water
into normally impermeable soils.
The water would wash the wastes
into specific areas where the offend-
ing materials could either be re-
moved or be subjected to enough
electricity to change the soil into a
ceramic substance that immobilizes
the wastes. Acar estimates that the
method could cost from $3.90 to $39
per cubic meter, compared with $65
to $650 per cubic meter for excavat-
ing and hauling the soil and washing
it elsewhere.

The New York State Assembly has
passed a bill limiting the liability of
contractors who clean up hazard-
ous-waste sites in the state under
Superfund. Contractors would be
liable for damages only in cases in
which “negligence, gross negligence,
or reckless, wanton, or intentional
misconduct” could be proved. The
bill also limits joint and several lia-
bility by strictly apportioning dam-
ages related to property and to a
person’s injury-related noneconomic
losses. Strict apportionment pertains
to contractors less than 50% liable
and not guilty of reckless disregard
for the safety of others or of miscon-
duct. The bill also applies to firms
cleaning up petroleum spills or re-
moving asbestos.

Virginia Gov. Gerald Baliles fore-
casts that aquaculture (fish farm-
ing) could become a $20 million
industry in his state and plans to
offer incentives to Virginia farmers
interested in entering the industry. He
especially wants to promote the
farming of hybrid rockfish, a type of
bass. Aquaculture is said to be one of
the few industries that profits from
measures that curb water pollution.

934 Environ. Sci. Technol., Vol. 21, No. 10, 1987

Baliles: Favors fish farms

Entrepreneurs who hope to promote
aquaculture in portions of Puget
Sound, Wash., say their industry
would be the first to suffer if the
water became polluted. This argu-
ment, however, has not convinced
residents of islands in Puget Sound
who claim that their recreational
fishing areas would be harmed and
that local waters would be severely
polluted by wastes from salmon
raised in underwater pens.

Chromosome analysis can reveal
stress even from low levels of radi-
ation, according to scientists at the
Gesellschaft fiir Strahlen- und Um-
weltforschung (GSF, Neuherberg,
West Germany). The chromosomes
used for tests are human lymphocytic
chromosomes so modified in the
laboratory that they are able to pro-
duce metaphase filaments (this nor-
mally cannot occur within the human
body). The filaments join at a single
point, in a manner resembling the
letter X. If the chromosomes are
exposed to even weak radiation,
filaments can join at several points
rather than at one central point. The
more of these extra meeting points
there are, the stronger the radiation
to which the chromosomes have been
exposed. This method now is being
used at GSF to calibrate dosimeters.
GSF scientists also are investigating
chromosomal analysis as a means to
evaluate stress from exposure to
toxic chemicals.

Active communities of microorgan-
isms exist much farther below the
earth’s surface than previously
believed, says James Fredrickson of
Battelle Northwest (Richland,
Wash.). He hopes that these organ-
isms may be used to create biological
barriers that prevent the movement
of subsurface contaminants and miti-
gate groundwater contamination.
Fredrickson also believes that an

understanding of the subsurface
environment may allow the use of
these microbes to degrade organic
contaminants of groundwater and to
reduce the corrosion of waste con-
tainers placed deep underground.
Samples of groundwater from depths
of 262 m contained microbe popula-
tions ranging from nondetectable to
107 cells/g of sediment. Previously,
knowledge of microorganisms exist-
ing below 50 m has been very lim-
ited, according to Fredrickson.

Radioactive fallout from Cherno-
byl has been found in the Green-
land icecap and can help scientists
track global weather patterns, says
Mark Monaghan of the University of
Chicago. He and Cliff Davidson of
Carnegie-Mellon University have
found well-defined traces of cesium-
134 and cesium-137 at depths of
10-20 cm below the icecap’s surface.
Monaghan observes that the cesium
layer pinpoints events of the spring
of 1986 and will enable scientists to
compute the accumulation of snow-
fall for the next 80 years very accu-
rately. He adds that the amount of
Chernobyl fallout in the icecap is
insignificant in terms of public health
and can be detected only with the
most sensitive equipment.

Emissions of dioxins and furans
from garbage-burning incinerators
can be minimized by good combus-
tion practices, according to the
American Society of Mechanical
Engineers (ASME). One step is to
maintain incinerator temperatures
above 815 °C; emissions of dioxins
and furans have been found to in-
crease when temperatures fall below
this level. Another step is to monitor
carbon monoxide (CO) and keep its
levels below 100 ppm, because
dioxin and furan emissions are found
to increase when CO levels exceed
100 ppm. It also has been found that
if proper combustion practices are
carried out, the amount of polyvinyl
chloride and moisture in refuse does
not increase the emission of dioxins
and furans. Research that led to
recommending these practices was
sponsored by ASME, the New York
State Energy Authority, and other
COSpONSOrS.

A slagging coal combustor devel-
oped by TRW (Redondo Beach,
Calif.) has completed 4000 hours of
commercial operation with combus-
tor availability of at least 99% and
carbon conversion of more than
99.5%. The combustor’s output is



40 million Btu/h; it burns

20,000 1b/h of coal and has produced
35,000 Ib/h of steam. NO, emissions
(30% excess oxygen input) did not
exceed 450 ppm and were recorded
as low as 200 ppm during many
operations. Reductions of NO, to
180 ppm are considered possible
with over-fire air. With Ohio No. 6
coal, which contains 1.8% sulfur,
SO, emissions as low as 0.4-1.2 1b/
10° Btu have been achieved, thus
meeting environmental requirements,
according to TRW spokesmen. They
also say that tests of limestone injec-
tion in systems that simulate the
combustor have achieved 70-90%
SO, capture with a broad range of
eastern and western coals. According
to TRW, the combustor can replace
oil- and gas-fired boilers with no
power plant rating penalty.

The toxicity of chlorinated organic
wastes can be eliminated by on-site
scrubbing with methane, according
to Sidney Benson and Maia Weiss-
man of the University of Southern
California. In the absence of air,
methane is added to the wastes,
which then are heated to about

1000 °C. All of the chlorine is con-
verted to hydrogen chloride which
may, in turn, be reacted with sodium
hydroxide to form sodium chloride.
According to Benson, the process
can be carried out in small, mobile
units. The volume of the sodium
chloride produced would be about
1% of the volume of the original
waste. Moreover, he says, the cost
and risk involved in hauling the
waste to a landfill or incineration site
would be eliminated. Benson esti-
mates that his method could reduce
costs of toxic waste management by
as much as 90%.

The emission of oxides of nitrogen
(NO,) can be reduced noncatalyti-
cally to less than 100 ppm. The proc-

ess limits NO, at municipal incinera-
tion plants and uses ammonia gas or
ammonia water injection at 750-
950 °C. The NO is converted into
water and nitrogen gas, according to
a spokesman for Nippon Kokan
(Japan), developer of the process.
Unreacted ammonia used to be a
major problem for noncatalytic de-
struction of NO,, but this has been
eliminated through microcomputer
control of the operation. The system
now is in use at three refuse incinera-
tion plants in Japan and is being
installed at a fourth plant. It has
received the 14th Environmental
Research Center Superior Award in
Japan.

The Halogenated Solvents Industry
Alliance (HSIA, Washington, D.C.)
strongly objects to an EPA recom-
mendation that perchloroethylene
(PCE) be reclassified and regulated
as a probable human carcinogen.
Currently PCE, which is used by
75% of the nation’s dry cleaners, is
listed as a possible carcinogen. HSIA
president Paul Cammer told a press
conference July 28 that scientific
evidence does not support the pro-
posed reclassification of PCE and
that EPA’s science advisory board
shares his view. He acknowledged
that PCE was found to induce liver
tumors in mice, but he noted that
results of cancer research show that
the mechanism of this type of tumor
induction in mice does not apply to
humans. Cammer said that an epide-
miological study of 615 dry cleaner
workers exposed to PCE showed no
evidence of an increased cancer
mortality rate. He added that if PCE
were reclassified, resulting occupa-
tional safety and liability costs would
drive most dry cleaners out of busi-
ness.

=
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Source: Nippon Kokan Technical Report Overseas No. 49 (1987).

The American Council for an En-
ergy-Efficient Economy (ACE?,
Washington, D.C.) recommends
electricity conservation as an ap-
proach to curbing sulfur oxide emis-
sions and acid deposition. Its report,
“Acid Rain and Electricity Conserva-
tion,” identifies energy efficiency
improvements that can reduce elec-
tricity consumption in the Midwest
by 26% (the Midwest often is cited
as the major source of sulfate precur-
sors of acid rain). The report sug-
gests that this, in turn, would lead to
reduced coal use and a direct 7-11%
reduction in SO, emissions during
the 1990s. Also, substantial cost
savings would be realized because
the construction of power plants
could be postponed. ACE? suggests
that the savings will offset costs of
cleaning up “dirty” coal-fired power
plants, thereby reducing SO, emis-
sions even more.

An EPA report issued Aug. 10 lists
277 laboratories and businesses
that measure indoor radon levels.
Of these, 124 offer their measure-
ment services nationally. In addition
to private firms, the list includes 10
state-operated laboratories, 10 uni-
versity laboratories, and EPA’s two
radiation laboratories. The report
also describes the agency’s Radon/
Radon Progeny Measurement Profi-
ciency Program by which laborato-
ries may have their radon measuring
devices evaluated by EPA. One aim
of the program is to provide home-
owners wishing to assess radon levels
in their homes with names and loca-
tions of organizations qualified to
make the necessary measurements.
Those interested in the program
should call 919-541-7131.

ERT (Concord, Mass.) is conduct-
ing a $13.5 million acid deposition
measurement program for the Elec-
tric Power Research Institute (Palo
Alto, Calif.). The five-year program
calls for high-quality aerometric,
meteorological, and precipitation
measurements at up to 40 locations
nationwide. Known as the Opera-
tional Evaluation Network, the pro-
gram is being coordinated with net-
works operated by EPA and by
Canadian federal and provincial
agencies. The data base developed
will serve to construct acid deposi-
tion models for the United States,
Canada, and West Germany. The
program, which began in July 1986
and will end in 1990, involves taking
daily precipitation and air samples.
Values from continuous-flow gas
analyzers and meteorological instru-
ments are averaged hourly.
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Dramatic advances have been made in
micro or personal computer technology
in recent years (/). Most environmental
engineers now have direct access to
such computers and are using them in-
creasingly because of their low cost and
ever-expanding capabilities. Personal
computers also are portable and easily
programmable for graphic and ani-
mated displays.

There are, however, significant ques-
tions regarding the role of personal
computers for large-scale water quality
management applications. For exam-
ple, mathematical operations and data
handling processes are slower on per-
sonal computers than on traditional
mainframe computer systems. If this
limitation of the personal computer is
not too serious, we may be able to in-
crease significantly our ability to com-
municate the results of technical analy-
ses to decision makers. However, if the
characteristics of personal computers
prove too limiting, we may be unable to
perform calculations efficiently.

The objective of this paper is to pro-
vide an example of the application of
personal computers for water quality
management in Green Bay, Wis. The
capabilities of the personal computer
can help decision makers determine the
level of remediation necessary to meet
specified water quality goals through
® development and use of complex

mathematical models for water qual-

ity parameters, such as phosphorus
and oxygen,

® organization and manipulation ot the
large amounts of field data required
for model calibration and verifica-
tion,
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¢ simulation of a variety of manage-
ment options aimed at cost-effective
improvement of water quality, and

e effective communication of technical
concepts and management recom-
mendations to decision makers and
public interest groups.

The Green Bay system

Green Bay, a large gulf on the north-
west corner of Lake Michigan, has
been cited as one of the major problem
areas for water quality in the Great
Lakes. The bay’s length along its major
northeast-southwest axis is 160 km, its
mean width is 22 km, its mean depth is
15.8 m, and its mean hydraulic resi-
dence time is six years (2). The four

major tributaries to the bay are the Fox,
Oconto, Peshtigo, and Menominee riv-
ers. The Fox River, which is the largest
source of water and pollutants, contrib-
utes 45% of the major tributary flow
and 63% of the tributary biochemical
oxygen demand to Green Bay. It also
discharges 78 % of the total phosphorus
and 87% of the suspended solids loads
into the bay.

Marked longitudinal gradients in wa-
ter quality and trophic state occur along
the major axis of the bay in response to
pollutant loadings from the Fox River.
The southern end of Green Bay is
hypereutrophic: It contains high levels
of turbidity, chlorophyll, and phos-
phorus and is not saturated with dis-
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solved oxygen, despite its shallow
depth. Water quality improves with dis-
tance from the mouth of the Fox River,
approaching an oligotrophic state ap-
proximately 100 km to the north, near
the bay’s junction with Lake Michigan.

Historically, industrial (pulp and pa-
per), municipal, and agricultural dis-
charges of oxygen-demanding sub-
stances and nutrients that stimulate
algal growth have contributed to severe
depletion of dissolved oxygen during
the summer in the lower Fox River and
southern Green Bay. In winter, oxygen
depletion has occurred under the ice to
a distance of 25 km along the east shore
of the bay (3). Reductions in point
source loads of oxygen-demanding sub-
stances during the past decade have led
to some improvement in water quality
in the Fox River and southern Green
Bay (4).

Nevertheless, significant residual
water quality problems remain. These
problems are related to point and non-
point sources of phosphorus and sedi-
ment as well as internal production of
oxygen-demanding materials. Green
Bay waters exhibit poor transparency
because of excessive levels of phyto-
plankton and abiotic particulate matter.
Severe hypolimnetic oxygen depletion
has been observed at eutrophic and
mesotrophic mid-bay sites far from dis-
charges of organic material, apparently
in response to nutrient enrichment
(manmade eutrophication). Remedia-
tion efforts are hindered by both the
severity and the complexity of the prob-
lem.

In this article, we will describe a
mathematical model designed to clarify
cause—effect relationships between pol-
lutant loads and environmental condi-
tions in Green Bay. The model is used
to simulate the impact of remedial
actions on water quality.

The mass balance model

Water quality conditions in Green
Bay are simulated using a mass balance
model. The bay is divided into 19 con-
trol volumes or model cells (12 surface
cells—one for each surface cell that ex-
hibits thermal stratification—and 7 bot-
tom cells). A mass balance computation
is performed on each model cell for all
the variables of interest, such as chlo-
ride, total phosphorus, total organic
carbon, and dissolved oxygen. The
mass balance includes exchange among
adjacent model cells (horizontal and
vertical mass transport) and all sources
and sinks of material (Table 1). The last
three variables in Table 1, phosphorus,
organic carbon, and oxygen, are
closely related. The phosphorus con-
centration controls algal activity and
the internal production of organic car-
bon. The breakdown of organic carbon

site and approach;

functions;

abatement plans.

Purpose of the computer program

The computer program was designed to:
¢ orient the user and communicate the overall features of the study

¢ provide the capability to store and retrieve large amounts of
information, including field data, model coefficients, and forcing

e compute interactively pollutant concentrations on both a steady-
state and dynamic basis in all parts of the bay; and

¢ provide an interactive management analysis tool for decision
makers to permit convenient evaluation of alternative poliution

Definitions of symbols in Equation 1

A; = area of the interface between i and the adjacent cell
C; = the oxygen concentration in cell i
C; = the oxygen concentration in adjacent cell j
C, = the saturation oxygen concentration
E; = the coefficient for dispersion across the boundary of cell i
K; = the atmospheric oxygen exchange coefficient for cell i
L; = the distance between the centers of cells i and
P; = photosynthetic production of oxygen in cell i
Q; = the flow leaving cell i
Q; = the flow entering from cell j
R; = water column respiration in cell i
S; = sediment respiration in cell i
t = time
V; = the volume of cell i
W; = the tributary oxygen loading to cell i
TABLE 1
Source and sink terms for the water quality mass balance model
Variable Source Sinks
Chloride Tributary loads None (conservative)
Total phosphorus Tributary loads Settling
Atmospheric loads
Sediment release
Total organic carbon Tributary loads Settling
Primary production Water column respiration
Dissolved oxygen Atmospheric exchange  Atmospheric exchange
Photosynthesis Wiater column respiration
Sediment respiration

in the water column and in sediment
has an impact on the dissolved oxygen
mass balance.

The general form of the mass balance
equation for oxygen in each model cell
is given in Equation 1:

dc,
todr

Ty |3

sl T G -G+ QG

+ W = QG +K(C - C) +
PSi—R

The terms that appear in Equation 1 are
defined in the box. Similar equations
are developed for all of the other de-
pendent variables, such as chloride, to-
tal phosphorus, and total organic car-
bon. Variable-specific source and sink
characteristics of these materials are ac-

counted for in the equations. The equa-
tions are solved either as a function of
time or at steady state (dC;/dr = 0).

The geometry of each cell (A, L, V)
was calculated using data for the shape
and depth of the water body obtained
from National Ocean Survey charts.
Sources, sinks, and mass transport
characteristics were quantified through
an extensive program of field-monitor-
ing and laboratory experimentation.
Tributary loads (W) were calculated
from river water chemistry data and
U.S. Geological Survey (USGS) flow
records. Algal production of oxygen
and organic carbon was calculated by
relating photosynthesis (P) to light,
temperature, and phosphorus concen-
tration (5, 6).

Water column respiration (R) was
found to be a linear function of the total
organic carbon concentration. Sedi-
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ment respiration (S) was calculated
from surficial sediment characteristics
and laboratory measurements of sedi-
ment oxygen demand (7). Re-aeration
was calculated as the product of the at-
mospheric exchange coefficient (K) and
the surface water oxygen deficit (8, 9).
Net horizontal advective mass transport
(Q) was calculated as throughput using
tributary flow data (USGS). Dispersive
mass transport (E) was estimated from
chloride profiles (horizontally) and
from temperature profiles (vertically)
(10). Data for overall model develop-
ment were collected weekly at 34 bay
and tributary stations from May to Sep-
tember 1982.

The model of the Green Bay system
has several components and includes
complex nonlinear interactions and
processes. The overall model contains
114 differential equations with time-
variable forcing functions. These equa-
tions must be solved numerically. The
field data set for model calibration con-
tains approximately 8000 individual
items of information. We need to be
able to manipulate these data easily and
quickly. Finally, we would like to per-
form simulations rapidly and interac-
tively to encourage application of the
model for decision making. Computer
software that meets all of these needs
has been developed for this study and is
described below.

Applying the models

The complexity of the water quality
problems and the management issues
facing decision makers in Green Bay
must be addressed through the develop-
ment and application of mathematical
models. The models described here are
based on an extensive field-monitoring
program and analyses of the key physi-
cal and biochemical processes that in-
fluence water quality. The potential of
the personal computer for communicat-
ing results and facilitating the decision
making process was examined using a
comprehensive computer program
written for the IBM PC in the BASIC
language.

The program is menu-driven to facil-
itate use and provide flexibility of oper-
ation. The main menu for the model
software is shown in Screen 1. This,
along with other color figures in this
paper, are photographic images of the
actual computer screen.

The main menu allows the user to
select any of 10 options, ranging from
an orientation and outline of the study
approach to management applications.
Thus all of the components of a com-
prehensive water quality management
tool are at the fingertips of the user in a
single personal computer program.

System familiarization. The first
five options from the main menu
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SCREEN 1
Main menu for Green Bay ecosystem model software

GREEN BAaY ECO EM MODEL

Orientation

Study Approach

System Monitoring
Model Components
Model Cells
Mechanism Studies
System Loading
Model
Model Simulations

Input Data

Management Applications

R —

SCREEN 2
Listing of some water quality problems
and site location for Green Bay and Lake Michigan

Green Bay

Lake Michigan

High nutrients
High

Poor clarity

algae

Low oxygen

SCREEN 3
Key components and processes in the model®

External
Loading

e

‘ Organic
| Carbon

Reaeration
Sediment
DEVEDT. |

*Dependent variables are shown in red; calculated variables
in yellow; and loading, kinetic, and mass-transfer processes
in green.



(Screen 1) are concerned with system  SCREEN 4

familiarization. They provide the user ~ Physical, chemical, and biological processes in each model cell®
with an idea of the general nature of
water quality problems in Green Bay,
the structure and components of the
model, and the location of monitoring
stations. Screen 2 shows a computer-
drawn map of Lake Michigan and

Kinetics

Green Bay and a list of some important i g1y
water quality problems. Color graphics o hange
enhance communication and increase
Ihe; interest of users. Thish is one of the Settling
chief advantages of using personal
rather Fhan mainframe computers. E)l(g:ange
Option 4 from the main menu Settling
(Screen 1) gives a submenu that allows Point
the user to view the overall interactions Non-Point
among the model components and ex- Respiration
amine the details of any single variable fal {3 Production
in the model. Screen 3 shows a com- Sediment Exch.

- Reaeration
puter-generated color graphic represen-

tation of the key components and inter-  jAnmaton (moving cieies and amows) is used to represent
actions in the model. Different colors

are used to distinguish between depen- oo\ .

dent variables, internally computed A network of model cells®

variables, forcing functions, kinetic
processes, and mass transfer mecha-
nisms. Dependent variables are shown
in red; calculated variables in yellow;
and loading, kinetic, and mass transfer
processes in green.

This illustration is constructed piece
by piece as the user displays each com-
ponent of the model using keyboard
commands. Thus the presentation of - |
these ideas is comparable to an artist’s “‘L——--e_ nisn
dynamically painting a scene rather Sediments
than a photographer’s snapping a static
picture. We believe the ability to con-
struct such a graphic rather than simply
to show a completed illustration leads
to more effective communication. The [Cell Coupling]]
personal computer and the color
graphic screen provide an ideal means
Of US1ng thlS approach. *Animation (moving circles and arrows) is used to represent

Screen 4 shows the processes that oc-  cell ransfer processes
cur in a single model cell. This figure is
constructed by the computer with color  goaeey
graphics and uses animation to illus-  Map of Green Bay*®
trate turbulent exchange among model
cells. Animation is accomplished by
slowly revolving the concentric circles
that represent the exchange process.
This simple technique helps communi-
cate complex ideas to decision makers
who may not always be familiar with
the technical concepts. Screen 5 ex-
pands these ideas to show how cells in a
network interact. The circles and ar-
rows move to represent the mass trans-
port process.

Screen 6 shows a computer graphic
of the model cells superimposed on a
map of the Green Bay, along with sam-
pling stations in the bay and in its tribu-
taries. These types of illustrations facil-
itate rapid and effective communication
between the engineer and the decision
maker~ “Computer map shows segmentation of model cells and locations of

» sampling stations.
Data management. The previous Fox River is shown at far right, not to scale

Bottom
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discussion explains how the personal
computer can be used to organize and
illustrate the components of a large-
scale water quality management proj-
ect. The personal computer also can be
used to store, display, and retrieve data
on an interactive basis. Option 6 from
the main menu (Screen 1) contains data
from experiments that define the major
kinetic mechanisms in the model. Op-
tion 7 allows the user to display system-
loading data in a convenient manner.
As an example, Screen 7 shows a pie
chart for the total phosphorus loading
into the bay from the four major tribu-
taries. It summarizes vast quantities of
data regarding the magnitude of phos-
phorus loading from each tributary.
Such illustrations are easy to develop
with BASIC and color graphics com-
mands available on many personal
computers.

Option 8 from the main menu
(Screen 1) presents the user with a sub-
menu for model input data. All of the
model coefficients, forcing functions,
and calibration data can be interactively
input, retained, and later retrieved from
the computer using this submenu. The
ability to handle data in an interactive
manner is an important advantage of
the personal computer in large-scale
water quality management projects.

Model simulations. The personal
computer can be used to compute the
steady-state or time-variable concentra-
tion of pollutants in various sections of
Green Bay. The steady-state concentra-
tions are computed by solving a system
of linear algebraic equations. In our
case, 19 equations represent the con-
centrations of each variable in each
model cell. There are six model varia-
bles for a total of 114 equations. These
equations can be solved by a number of
standard numerical techniques. We
have found that the Gauss-Seidel itera-
tive technique (/) is well suited for our
equations when measured concentra-
tions are used as initial guesses. Con-
vergence to within 0.1% is usually ob-
tained in 2040 iterations and takes less
than one min of execution time when
compiled BASIC programs are run
with a standard IBM PC.

Option 9 from the main menu
(Screen 1) gives a model simulation
submenu. The submenu allows the user
to select the variable to be computed,
steady-state or time-variable concentra-
tions, and graphic or tabular output.
Screen 8 shows a computer-generated
plot of measured summer average
phosphorus data (represented by the
small boxes) versus concentrations cal-
culated by the model (shown as the
line).

Time-variable concentrations are
computed by solving a system of differ-
ential rather than algebraic equations.
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SCREEN 7
Computer-drawn pie chart showing
contribution by tributaries to total phosphorus load

Mean TP Load

Fox
787

Menominee
137

Peshtigo
cav)

] Oconto
Ld 3%

SCREEN 8
Total phosphorus concentrations®?:¢.¢

Total Phosphorusimg/1)

1080
River (Km)

[%) 28
Distance

490
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(%) 80
Fox

120

2Steady-state

®As function of distance in Green Bay from mouth of Fox River

©Small boxes represent measured summer average total of phosphorus
concentration for each model cell

ILine represents concentration calculated from model

SCREEN 9
Time-variable total phosphorus concentrations®®
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2During summer for three stations in southern Green Bay
°Horizontal axis represents day of the year



The equations have time-variable coef-
ficients and forcing functions because
temperature and tributary loading vary
throughout the season. The differential
equations can be solved using various
numerical techniques. We have found
that a second-order Ralston technique
(11) is simple to program and is suffi-
ciently accurate when using a step-size
of 0.5 day.

Screen 9 shows a computer-gener-
ated plot of the seasonal variation of
phosphorus for the first three model
cells lakeward from the mouth of the
Fox River. The vertical axis represents
phosphorus concentrations in mg/L;
the horizontal axis represents the day of
the year. We are able to compute the
seasonal variation of all model varia-
bles in about 6 min using compiled BA-
SIC programs and a standard IBM PC.
Although this is satisfactory for most
applications, the computation time
could be reduced considerably by using
a math-processing chip, a more effi-
cient language, or more powerful hard-
ware. Higher order mathematical tech-
niques then may be employed with a
larger step size, but these are more dif-
ficult to program. We elected to use the
most basic approach because of its sim-
plicity and widespread availability.

Management applications. Option
10 from the main menu (Screen 1) con-
cerns management applications. This
selection allows the user to employ the
personal computer to investigate in-
teractively various management strate-
gies or pollution abatement alterna-
tives. The user defines new loads for
the variables of interest and then re-
turns to the main menu (Screen 1) to
recompute the resultant concentration
profiles. New profiles can be compared
with profiles computed under current
conditions to evaluate the impact of
changes in system loading. For exam-
ple, using Option 10, the total phos-
phorus loading from the upper Fox
River was substantially reduced, simu-
lating a hypothetical phosphorus man-
agement program; the software allowed
new concentrations to be computed and
compared with old concentrations.

Screen 10 shows the comparison on a
plot constructed by the personal com-
puter. The top curve represents a pro-
file of phosphorus concentrations be-
fore a major phosphorus management
program was undertaken; the bottom
curve shows this profile after the pro-
gram came into being.

The model also may be used to evalu-
ate the relative importance of individual
biochemical rate processes by omitting
the contribution of specific components
in the mass balance equations. For ex-
ample, when Option 8 is chosen from
the main menu, the impact of sediment
oxygen demand on dissolved oxygen

SCREEN 10

Profile of steady-state total phosphorus concentrations?

Total

.20

=} et

10 60 80
Distance from Fox River

“Red curve shows concentrations before the implementation of

Phosphorus(mg/1)

100
C(Km)

a major phosphorus management program in the Fox River basin
®Yellow curve shows concentrations after program was implemented.

SCREEN 11

Profile of steady-state dissolved oxygen concentration®?

Dissolved Oxygen

24 a4 68 80

Distance from Fox

“Red curve shows concentrations before the implementation of

a phosphorus removal program in the Fox River basin

River

{myg/1)

1689 120
{Km)

®Yellow curve shows concentration after program was implemented

concentration can be examined by
changing the appropriate coefficient
values.

Screen 11 shows the calculated in-
crease in dissolved oxygen (top curve)
following a significant reduction in Fox
River total phosphorus loads and the
attendant reduction of the sediment ox-
ygen demand to zero. The bottom
curve shows the oxygen concentrations
prior to the improvements.

Historically, oxygen depletion prob-
lems in Green Bay have been linked to
tributary loads of oxygen-demanding
substances. The simulations presented
here strongly suggest that internally
produced organic matter and sediment
oxygen demand are the primary causes
of dissolved oxygen depletion in Green
Bay. They indicate that remedial mea-
sures to control total phosphorus dis-
charges and reduce eutrophication offer
the greatest opportunity for significant

improvements in water quality.

These computations can be per-
formed easily with the personal com-
puter and the program developed for
this project. The personal computer fa-
cilitates the consideration of many man-
agement alternatives on an interactive
basis and enables decision makers to
evaluate readily the impact of various
abatement strategies on water quality.

New applications

The personal computer is becoming
increasingly advantageous for model-
ing large systems such as Green Bay.
More research will be devoted to the
development of natural system models
that have fewer computational demands
and are more accurate and reliable.
Simple models may be more reliable
than needlessly complex ones, because
of the uncertainties introduced with an
excessive number of model coeffi-
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cients. Monte Carlo techniques can be
used to evaluate the performance and
reliability of models of different com-
plexity (/).

The convenience of personal com-
puters and the use of simple but elegant
models will facilitate the consideration
of more alternatives during the design
and evaluation phases of large-scale
modeling projects. This will encourage
more creative and holistic analysis and
management activities. We will be able
to communicate the results of our anal-
yses to decision makers and to the pub-
lic more effectively using graphics, ani-
mation, and the portability features of
personal computers.

Overall, our experience with Green
Bay and the personal computer strongly
suggests that water quality modeling
will play a greater role in decision mak-
ing and management. In the long run,
we expect to see these applications ex-
pand to larger systems as computer
hardware becomes more powerful and
as we become more sophisticated in our
approach to model design.
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Second of a five-part series on cancer risk assessment

Daniel B. Menzel
Duke Comprehensive Cancer Center
Durham, N.C. 27710

Risk assessment is the necessary proc-
ess of determining human health risks
from exposure to chemicals and physi-
cal agents that precedes the implemen-
tation of governmental action. Risk as-
sessment has been divided into four
steps: hazard identification, dose-re-
Sponse assessment, €Xposure assess-
ment, and risk characterization (/).

Each step is complex and related to
the next. Because of the importance of
this process to government regulation,
data collection for risk assessment has
consumed, and continues to consume,
many of the resources devoted to toxi-
cology. The purpose of toxicology is to
predict health risks. Thus refinement of
risk assessment is a worthy endeavor
for toxicologists.

Because risk assessment often de-
fines the approach and the degree of
regulation, decisions in risk assessment
often have major regulatory impacts.
Chemicals that have economic value or
that were byproducts of the chemical
industry are common subjects of such
decisions. Regrettably, decisions re-
lated to risk assessment, science, or
regulatory matters will frequently be
made with incomplete information and
on the basis of intuitive reasoning.

Statistical fits to experimental data
have been used to estimate risks in hu-
mans from experimental data in ani-
mals. These treatments have not taken
into account the obvious differences in
physiology, biochemistry, and size be-
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tween animals and humans. The next
article in this series deals with ways to
individualize and to improve the relia-
bility of such data.

In this article the use of mathematical
models based on continuous relation-
ships, rather than quantal events, are
discussed. The mathematical models
can be used to adjust the dose in the
quantal response model, but the empha-
sis will be on how these mathematical
models are conceived and what impli-
cations their use holds for risk assess-
ment. The general utility of these
models is best shown in the parallelo-
gram relationship of Figure 1. Experi-
ments with humans that produce toxic
effects cannot be done. Data for human
toxicity will always be lacking.

As an alternative, human cells can be
cultured and used to measure the intra-
cellular or molecular dose of a chemi-
cal producing a toxic effect. The rela-
tion between a biochemical marker of
toxicity, for example, and the intracel-
lular concentration of a toxic chemical
or a metabolite of the toxic chemical
can now be studied in a wide variety of
human cells under physiological condi-
tions. Similarly, the same cell type from
rodents used in toxicological experi-
ments can be cultured and exposed to
the toxic chemical under equally physi-
ological conditions.

The intracellular concentration of the
toxic chemical may or may not be iden-
tical for the same toxic effect in the
animal and human cell; for example,
the human cell may be less or more
sensitive than the rodent cell at the
same intracellular concentration of the
toxic chemical. The relative sensitivity
of human to rat cells can be found ex-
perimentally. This ratio of inherent sen-
sitivity forms the base of the parallelo-
gram relationship. In animal

experiments, toxic effects of chemicals
can be measured at several levels of
exposure concentrations of the chemi-
cal.

By using physiologically based math-
ematical models of the transport, distri-
bution, and metabolism of toxic chemi-
cals, scientists can predict and confirm
the organ or intracellular dose of the
chemical by experimental analysis in
exposed animals. By this process the
exposure concentration is converted to
a tissue dose.

The tissue dose in humans also can
be predicted by the same mathematical
model once it is adjusted for differences
in organ size, blood flow, and other
physiological parameters. This forms
the top of the parallelogram relation-
ship in Figure 1. When the relative sen-
sitivity of human and rat cells to the
toxic chemical has been determined in
culture and the organ dose for both has
been calculated, the toxic effect in hu-
mans can be predicted from the toxic
effects measured in animals. When the
organ dose is known, the mathematical
model can then be used to calculate the
equivalent exposure needed for humans
to experience the same toxic effect as
measured experimentally in animals.
Such estimates of effects on human
health can be adjusted for genetic dif-
ferences, disease processes, develop-
ment and maturation, and a host of
other factors common to humans; one
need not resort to arbitrary judgments
now used to justify “safety factors™ or
“uncertainty factors.”

Two examples illustrate this type of
mathematical modeling and how it can
be applied to risk assessment.

Chemicals in the body

One of the most basic advances in
toxicology has been the recognition that

the dose determines the effect. This
result seems obvious, but it implies that
metabolism and distribution of chemi-
cals determine much of their toxicity.
Detecting adverse effects of chemicals
on humans is often difficult because of
the rarity of the events occurring at
doses encountered in the environment.
Although the incidence of toxicity in
humans is rare, toxic effects such as
cancer, birth defects, sterility, or
chronic disease are individually devas-
tating. Thus greater precision in pre-
dicting health effects is of practical im-
portance.

To obtain the best chance for a posi-
tive result, most toxic effects are de-
tected in experimental animals exposed
to much higher doses than humans are
likely to encounter. To exaggerate toxic
effects, animals often are exposed for
lifetimes, whereas humans generally
are exposed during brief periods. Ex-
periments with animals presume that
animals are good surrogates for hu-
mans and that effects detected in ani-
mals also will occur in humans. It is
difficult to prove this theory for all spe-
cies, and it is even difficult to demon-
strate for a limited number of species.
So far, these assumptions have proven
correct in a qualitative sense with ro-
dents, but quantitative experiments are
still needed. As more chemicals are
studied, examples of species differ-
ences are more likely to be uncovered.

Consequently, extrapolations from
high to low doses and from lifetime ex-
posures to short-term exposures in ro-
dents have been used to estimate risks
to humans without validation and on
theoretical grounds. Because rodents
most often are used in these experi-
ments, extrapolations between small
animals and humans also have been un-
dertaken with little or no direct valida-
tion in humans.

All of these extrapolations to date
have been undertaken by fitting data to
statistical models with little regard to
the biochemical and physiological proc-
esses underlying the biological re-
sponses. Although such statistical fits
were once the best approaches availa-
ble, recent insights in toxicology based
on mechanistic studies suggest new
ways to approach such modeling. An
alternative method is physiologically
based models, which are ideally suited
to mathematical modeling (2, 3).

Physiologically based models

Because the dose to the target tissue
determines the response of the orga-
nism to the toxicant, one important ap-
plication of mathematical models has
been to define the dose at the presumed
site of action of the chemical. Keeping
in mind the need to extrapolate the
results of any study in animals to hu-
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mans, researchers should create models
that capitalize on the similarities be-
tween animals and humans and that
provide ways to recognize differences.

A detailed description of the respira-
tory tract of animals and humans has
been used by Miller and his colleagues
to calculate the dose of ozone reaching
specific segments of the respiratory
tract (4). Although differences clearly
exist between humans and animals,
mammals have similar respiratory tract
anatomies that can be generalized by
counting the number of bifurcations
(generations) in the airways (Figure 2).
A reactive chemical such as ozone is
removed from the airways by reaction
with the fluid lining the airways and
underlying tissues.

The overall distribution of ozone in
the lung is described in Equation 1:

Equation 1
oc  0Cc_ L wc 2
# Y@= g R

where # is the time and X is the distance
from the trachea (top of the lung and
toward the bottom), C is the average
concentration of ozone in the lumen or
airspace of the lung at the distance X
and ¢, R is the radius of the airway, U is
the average lumen air velocity, and D is
the effective dispersion coefficient. J,,
which is the radial flux of ozone across
the air-lung interface, accounts for the
chemical reaction of ozone with cell or
lung lining fluid.

The chemical kinetics of ozone reac-
tion with biological molecules are in-
corporated into this term (4). Whereas
the anatomy and physiology of the lung
dictate the other terms in the dispersion
of gases in the lung, the chemical and
physical properties of the gas dictate
the mass transfer into specific segments
of the lung (e.g., the term J, is depen-
dent on the chemistry of the toxic gas).

The ozone dosimetry model is being
enhanced for a variety of reactive
chemical gases, including nitrogen di-
oxide and sulfur dioxide. A nonreactive
gas is also accounted for by setting the
chemical reaction term J, to account for
diffusional uptake in the lung lining
fluid.

The chemical composition of the
lung lining fluid varies between the up-
per and lower respiratory tracts. Mu-
cous, a fluid containing glycoproteins
and small amounts of lipids, provides a
more effective barrier against the diffu-
sion of gases of low water solubility
than does the surfactant lining in the
respiratory region of the lung.

Lung surfactant is composed mainly
of lipid and is relatively anhydrous, al-
lowing chemicals of lipid solubility or
sparing solubility in water to reach the

946 Environ. Sci. Technol., Vol. 21, No. 10, 1987

underlying tissues. The region receiv-
ing the greatest ozone dose is the zone
where the mucous lining stops and the
surfactant lining begins. The dose of
ozone reaching a specific site in the
lung can be calculated by using anatom-
ical data describing the length, diame-
ter, and number of generations of air-
ways. Figure 3 shows such a
calculation for humans. Anatomists
have long postulated a special sensitiv-
ity of the cells lining this transitional
zone to account for the observed sensi-
tivity to ozone. Clearly, special cell

sensitivity is not necessary to explain
these effects, because these cells re-
ceive a greater dose of ozone (Figure
3).

These model predictions of regional
dose in the lung were used to correlate
studies of ozone toxicity in a variety of
species (rats, hamsters, mice, and rab-
bits) over extended periods of time (as
short as one-half hour to 7 days) to
show that some injury to the lung was
found even from short periods of expo-
sure and very low exposure concentra-
tions to ozone. As an example of this

FIGURE 2
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type of analysis, Figure 4 shows that
the extent of pulmonary edema occur-
ring from exposure to ozone (character-
ized by the appearance of proteins in
fluid removed from the lung) is a linear
function of the dose of ozone reaching

In this kind of scheme the organs are
represented by boxes that have a de-
fined blood volume and an interorgan
volume.

In Figure 5 the blood volume is
shown as separated from the internal
volume by a dashed line. The uptake of
chemicals in organs can be described
by simple differential equations based
on the idea that the blood concentration
of chemicals is equilibrated with the in-
terstitial and intracellular spaces of the
organ (interorgan volume) on the pas-
sage of blood from the arterial blood
supply to the venous blood removed
from the organ.

The chemical is removed from the
blood into the organ by diffusion, facil-
itated uptake, or active transport. Even-
tually the concentration of the chemical
approaches a steady state in the organ if

the lung.
Keep in mind that the curve repre-

sents the results of several laboratories
using widely different exposure condi-
tions. Yet for this index of toxicity, a
simple relationship with dose was
found. By using the physiologically
based mathematical model of the dose
of ozone reaching the lung, a threshold,
or no effect dose, of ozone could not be
found. Ozone may be an example of a
reactive chemical that does not have a
so-called threshold, as currently hy-
pothesized for noncarcinogens. The lin-
ear relation between ozone dose and
pulmonary edema suggests that current
polluted air exposures may not be safe
to humans.

Inhaled or ingested chemicals

Another type of model used for a
large number of chemicals is the physi-
ologically based pharmacokinetic (PB-
PK) model. PB-PK models use the ana-
tomically defined characteristics of
organs to estimate the molecular dose
of chemical reaching a particular organ
during a certain time period. The organ
volume, blood volume, blood flow, in-
terorgan volume, and blood intercon-
nections between organs are known and
can be incorporated into PB-PK
models.

Chemicals that have entered the body
are distributed mostly by the blood.
Figure 5 shows that the distribution of
chemicals in the body then can be de-
scribed using a schematic representa-
tion of the organs of the body and their
interconnection by blood flow. Such
descriptions were first introduced by
Bischoff, Dedrick, and co-workers (6).

7o

L heart

= Arterialf
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the chemical is not eliminated from the
body or if the chemical is supplied to
the body at a rate equal to or greater
than the rate of elimination. The ratio
of the concentration of the chemical in
the blood to the concentration in the
organ is referred to as the extraction
ratio. Most toxic chemicals are taken
up from the blood by diffusion, making
the extraction ratio independent of the
concentration of the chemical in the
blood. A generalized form of these
equations is given in Equation 2. Defi-
nitions of the symbols in Equation 2 are
provided in the box.

Equation 2

dX(n/dt = di(t) + TIX®O/VIQ; -
X/ V{Vmax/[(0/V) + Ky

4 kj} - [Xi(0/V;] Lo,

Modern digital computers simplify
solutions to the set of coupled simulta-
neous equations used to describe these
relationships. Computer programs for
solving these equations can be written
in a number of ways. One way, which
we used, is to develop an original com-
puter code in a language such as C.
Another way is to use a simulation con-
trol program, which writes computer
codes to solve these equations. The in-
vestigator does not need to know how
to write a computer code; he or she can
follow a template or use special terms
to assemble a complex program.

Two simulation control programs are
SCoP, originated at Duke University,
and ACSL, a commercial program.
Simulation control programs are like
word-processing programs. A novelist
doesn’t have to know how to write a
computer code to assemble and manip-
ulate the novel with a personal com-
puter. Similarly, simulation control pro-
grams, developed mainly for
engineering problems, can be used by
any scientist to write a computer code
to solve a very complex biological
problem. As discussed below, the ana-
tomical and physiological parameters
of all these PB-PK models are the same
and can be made generic, whereas the
chemical reactions of the toxic chemi-
cal are specific. Generic PB-PK models
are being made available through the
Toxicology Information Network
(TOXIN) described below.

Methylene chloride is one example
of a chemical studied by PB-PK model-
ing. The carcinogenic potency of
methylene chloride is of great interest
because of the widespread use of the
chemical as a solvent and a degreaser.
A considerable number of workers
have been exposed to methylene chlo-
ride. This chemical also has appeared
in groundwater and drinking water;
thus its toxicity and carcinogenesis as-
pects are of concern to the general pop-
ulation. Several animal cancer bioas-
says have been undertaken with
apparently conflicting results. Some of
the uncertainty over the carcinogenic
potency of methylene chloride has been
resolved by the use of PB-PK models.

Volatile chemicals are easily studied

Definitions of symbols in Equation 2

Symbol Units Definition

ij Indices of particular compartments

t (hr) Time, starting at onset of exposure

Xq{t) (ng) Mass of chemical in jth compartment
attime t

Xit) (ng) Mass of chemical in ith compartment
attime t

dt) (ng hr) Dosage rate into jth compartment at
time t

Vi (mL) Effective volume of distribution,
(v + mR)

v (mL) Capillary blood volume of jth

: compartment

m; (¢)] Mass of jth compartment

R (mL g™) Extraction ratio (ng g-'/ng mL-") in jth
compartment

Q (mL hr) Flow rate of blood from ith to jth
compartments

Vmax; (hr ) Michaelis-Menten maximum velocity
for metabolic loss

Ky (ng mL™") Michaelis-Menten concentration for
half-maximal loss

ki (hr-?) Linear clearance rate constant from jth
compartment
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by inhalation but are difficult to study
by drinking water exposure. One ad-
vantage in studying volatile chemicals
is the ease of estimation of the extrac-
tion coefficient. The extraction coeffi-
cient for nonvolatile compounds is best
estimated in vivo and requires complex
biological experiments. The extraction
coefficient of volatile chemicals such as
methylene chloride can be measured by
the amount of methylene chloride
present in the head space over a ho-
mogenate of the rat or mice organs (7).

Similarly, the partitioning of methy-
lene chloride between air and blood can
be measured through head-space analy-
sis. The ratio of blood to tissue concen-
tration, or the extraction ratio, then can
be estimated by the ratio of the air to
blood and air to tissue homogenate
measurements. Estimation of extraction
ratios for nonvolatile chemicals is more
complex and is best approached by
measurement of the organ to blood con-
centrations in vivo at experimentally
maintained steady-state conditions.
Modeling of volatiles is appearing as
the earliest example of the toxicological
PB-PK model because of the ease of
estimation of extraction ratios.

Methylene chloride is metabolized in
humans and rodents by two pathways:
an oxidative pathway dependent on the
enzyme system cytochrome P450 (8)
and a nonenzymatic pathway dependent
on glutathione (GSH) (9). Both path-
ways could produce the ultimate poten-
tially carcinogenic metabolite of methy-
lene chloride (7, 10, 11). The
GSH-dependent pathway has greater
capacity than the cytochrome P450-de-
pendent pathway, but the cytochrome
P450 pathway has greater affinity for
methylene chloride.

Chronic inhalation bioassays for tu-
morigenicity at 2000 or 4000 ppm pro-
duced increased lung and liver tumors
(12), whereas a drinking water study in
B6C3F1 mice failed to demonstrate any
increase in tumors (/3). In an attempt
to resolve this conflict in data, dose sur-
rogates (methylene chloride or metabo-
lites) were compared with the tumor in-
cidence data and the metabolite of the
GSH-dependent pathway was found to
correlate best with the tumor incidence.

Using the PB-PK model developed
from the anatomical and biochemical
relationships found experimentally for
methylene chloride, the estimated val-
ues for the GSH metabolite in the liver
were calculated. Figure 6 compares the
PB-PK model and the current EPA
method of linear dose extrapolation. A
difference of some 200-fold exists be-
tween the PB-PK estimated target dose
and the simple linear extrapolation of
the dose. Such major differences in
dose will have a great impact on deci-
sions about what level of methylene



chloride is acceptable for human expo-
sure.

An important insight is gained in
why exposure from drinking water
failed to demonstrate tumorigenesis.
Because of the limited intake of water,
much lower doses of the methylene
chloride metabolite were achieved in
the liver from drinking water ingestion
than from inhalation. For volatile
chemicals of reasonable solubility in
tissues, exposures from inhalation
clearly are likely to result in higher or-
gan doses than are exposures from
drinking water. If the objective of the
assay is to detect effects at the maxi-
mum possible dose, then inhalation is
superior to ingestion even though in-
gestion is the more likely route of expo-
sure to humans (as through drinking
water). PB-PK modeling, however, is
required to correct for target doses and
to extrapolate between exposures from
inhalation and ingestion.

PB-PK models are obviously a very
useful means of comparing different
routes of exposure. But their greatest
power lies in comparisons between spe-
cies in which the anatomical and physi-
ological differences are incorporated
into the model rather than estimated by
crude parameters.

Availability of PB models

Development of PB models for simu-
lation of toxic effects represents a con-
siderable effort. Although differences
in metabolism require that models be
specific for a chemical, the anatomical,
physiological, and biochemical aspects
of such models are identical. It should
be possible to create generic models of
animals and humans. To encourage the
use of mathematical models in general
and to develop a consensus over critical
aspects of mathematical models, the
TOXIN has been established at Duke
University Medical Center.

TOXIN consists of a computer-based
storage of models, computational tech-
niques, and communications through
the National Biomedical Simulation Re-
source (Durham, N.C.) and is available
to qualified scientists throughout the
world. Generic models can be modified
for specific cases and results computed
through TOXIN. Specialized comput-
ing facilities also are available through
the National Biomedical Simulation Re-
source.

Trends for risk assessment

Only two chemicals were examined
here to illustrate the use of physiologi-
cally based mathematical models to es-
timate dose to target organs. Critical
organs also could have been studied in
place of the target organ. The two cases
describe very different chemical situa-
tions. Ozone is highly reactive, but of

Liver inhalation

low aqueous solubility. The toxicity of
ozone is mostly confined to the lung, so
that the anatomy and physiology of the
lung dominate the processes leading to
toxicity.

On the other hand, methylene chlo-
ride is metabolized to a carcinogenic
intermediate in organs removed from
the portal of entry. Distribution dictates
the total parent compound reaching an
organ, but metabolism determines how
much of the methylene chloride is con-
verted to a toxic compound. Thus the
prediction of human health risks de-
pends on a knowledge of the metabo-
lism of methylene chloride as well as
the processes by which it is distributed
to the organs of the body. Saturation of
metabolic steps leads to nonlinearity
and complexity in extrapolation of the
experimental results to human health
risks.

Because these models use the anat-
omy of humans and animals, extrapola-
tion from animals to humans can be
done easily by substituting the charac-
teristics of the organs of another species
for the one studied, including human.
Exposures by different routes can be
accommodated into a single scheme to
estimate the toxicity of a chemical.

In both cases, data deficiencies be-

came clear. Research could be focused
by studies of the available literature on
the toxicity of the chemical. Because of
the physiological, chemical, and ana-
tomical bases of the models, they can
be made more realistic as greater
knowledge is acquired about the chemi-
cal reactions of the chemical or its me-
tabolites.

The effects of human disease or de-
velopment on toxicity can be predicted
by alterations in the description of the
organs to correspond to the develop-
mental or disease stage. Experiments
with children clearly are hazardous and
unethical, but are we now providing
enough or too much protection through
the use of arbitrary safety factors that
ignore the known differences in physi-
ology and biochemistry of children? PB
models provide a means of simulating
the outcome of exposures to chemicals
in children by using basic anatomical
and biochemical data.

Humans are active animals. Work
and exercise can modify the target dose
received. Exercise, for example, in-
creases the response of subjects to
ozone. The increased response can be
accounted for on the basis of a greater
ozone dose reaching the distal portion
of the lung on exercise (4). How human
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activity affects toxicity can be studied
in this manner.

Current theories of human disease
are in a constant state of flux. The rec-
ognition of the potential role of onco-
genes or cancer-causing genes in chem-
ical carcinogenesis presents another
challenge to the simple assumption that
a single somatic mutation is sufficient
for tumorigenesis. Similarly, cytotoxic
chemicals as causes of chronic lung dis-
ease suggest that repair and remodeling
of organs, particularly the lung, are vi-
tal to estimating the impact of the
chemical on spontaneous lung disease
rates. Does stimulation of cell turnover
enhance the incidence of chronic respi-
ratory disease including lung cancer?

The Clean Air Act introduced the
concept that the government has a spe-
cial responsibility to those individuals
in the population with inherent sensitiv-
ities to chemicals. The populations at
risk should be identified and protected.
Populations at risk may be small frac-
tions of the general population and dif-
ficult to detect by conventional clinical
or epidemiological studies. A clear un-
derstanding of the potential extension
of the problem and the means needed to
detect such risks also can be had
through the use of models of diseased
individuals.

No one can now predict how the use
of physiologically based modeling will
affect risk estimation. Ozone may be
far more hazardous than previously
supposed, supporting an effort to main-
tain, if not lower, the present National
Ambient Air Quality Standard. Methy-
lene chloride apparently is less hazard-
ous than previous assumptions suggest.
How many chemicals might be liberal-
ized versus restricted by the physiologi-
cally based approach compared with
the present linearized dose approach
simply is not now predictable.

An exciting prospect is the develop-
ment of pharmacodynamic models or
descriptions of the relation between the
chemical reactions of a toxic chemical
and its biological effect. For example,
oncogene activation by chemicals may
require translocation of pieces of genes.
How such multiple chemical reactions
will affect the relationship between tar-
get dose of chemical and tumor inci-
dence is not known.

Behavioral modifications by drugs
raise the possibility that chemicals also
produce behavioral abnormalities. As
the relation between neurochemicals
and receptors becomes clearer, discov-
ery of toxic reactions is likely. Terato-
genesis may involve specific segments
of genes or regulation of specific seg-
ments. How these relationships will af-
fect the estimation of teratogenic risk
from chemical exposure is still being
explored.
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From a chemical view, development
of the details of the chemical reactions
leading to toxicity is central to under-
standing the relation between molecular
structure and toxicity. This step is badly
needed to cope with the constellation of
toxic chemicals naturally present in
foods and toxic chemicals introduced
by humans into the environment.

New chemical development con-
tinues at a rapid pace. It is not far-
fetched to expect major advances as the
molecular reactions of toxic chemicals
are characterized and the reactions crit-
ical to toxicity are identified by simula-
tion of the pathways of metabolism in
the body. Searching for desirable chem-
ical structures and avoiding undesirable
ones is coming closer at hand.

Only one class of models dealing
with adjustment of dose, pharmaco-
kinetic, was discussed here. Pharmaco-
dynamic models are just developing.
Both place risk assessment science on a
firmer base by challenging the current
wisdom of “safety factors” and linear
treatments of dose-response relation-
ships.

Although it may be good public pol-
icy to strive to reduce overall exposure
to hazardous chemicals to a minimum,
it is not good science policy to ignore
available data or to fail to include plau-
sible chemical, physical, and biochem-
ical mechanisms in estimating human
risks. Mathematical modeling also con-
strains the experimenter to be plausible.
To describe the distribution of a chemi-
cal in the body, the experimenter must
write down the chemical reaction or
physical mechanism and then describe
it mathematically. Vague thinking sim-
ply does not work.

Qualitative reasoning fails when
quantitative differences produce differ-
ent outcomes. When organ defenses are
overwhelmed, toxicity in its myriad
forms can occur that cannot be ex-
plained by qualitative interpretations.
Most chemicals are metabolized simul-
taneously through two or more path-
ways. The outcome of exposure to the
chemical may depend on the quantita-
tive relations between pathways.

The drive for more credible and reli-
able estimates of risk from exposure to
chemicals in the future also will de-
mand better basic science and new vi-
sions of how chemicals produce their
toxicities. By the very nature of the
complexity of the reactions of chemi-
cals with tissue components, and by the
presence of multiple pathways operat-
ing simultaneously, intuitive reasoning
no longer is acceptable. The methods
now available for PB-PK modeling,
crude though they are, must be used.
Although risk assessment may be more
complex, the process will be sounder
for the use of mathematical models.
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Environmental service laboratories

Report shows strong growth ahead

By Nancy E. Pfund

The laboratories discussed in this ar-
ticle play a major role in the implemen-
tation of environmental regulations.
For example, EPA uses competitive
bidding to contract out analyses re-
quired by regulatory mandate. In fiscal
1985, EPA ordered about 100,000 gas
chromatography-mass spectrometry
tests for Superfund and dioxin pro-
grams alone.

Environmental service laboratories
are increasingly useful to private sector
clients, and they constitute the majority
of a large laboratory’s business. They
act as environmental accountants by
providing clients with objective, third-
party chemical information. Often it is
too expensive for companies to acquire
data in a way that meets compliance
standards. In addition, such company-
derived data often are of questionable
objectivity in the eyes of the court.

Last year, the market for environ-
mental service laboratories in the
United States was estimated to be $250
million (7). I predict that environmental
service laboratories should be an active
market in the next five years.

In the past, environmental service
laboratories were usually small, private
shops that drew their business from lo-
cal or regional governments and corpo-
rations. Now environmental service
laboratories are becoming an estab-
lished industry (see box). This report
looks at typical labs and points out that
two of the companies have been public
for a few years and that three went pub-
lic in 1985. Many others have since fol-
lowed suit, including TRC Companies,
Inc. The six laboratories listed in the
box have participated at various levels
and times in the EPA contract labora-
tory program and in related federal or
state contracts. The exacting standards
of the EPA program give participating
labs a kind of seal of approval that
helps them in establishing reputations
for providing quality service.

The largest stand-alone environmen-
tal service laboratory is Enseco. The

Nancy E. Pfund

A sampling of publically held
environmental service
laboratories
CompuChem Corp. (Research Trian-

gle Park, N.C.)
Enseco, Inc. (Berkeley Heights, N.J.)
Environmental Treatment and Tech-
nologies Corp. (Findlay, Ohio)
International Technology Corp. (Torr-

ance, Calif.)

Thermo Analytical, Inc. (Waltham,
Mass.)

TRC Companies, Inc. (East Hartford,
Conn.)

company went public in June 1985, in
1986 it acquired two regional labs: Cal-
ifornia Analytical Laboratories, Inc.
(Sacramento) and Rocky Mountain An-
alytical Laboratory (Denver). Enseco
perhaps is exemplary of the business of
environmental service laboratories.
The company’s business embraces the
full range of analytical and consulting
services related to hazardous-waste dis-
posal. Clients include EPA, state and
other federal regulators, engineering
companies, and major corporations
such as Allied, Du Pont, and General
Electric.

One of the oldest companies that also
provides environmental service labora-
tory capabilities is International Tech-
nology. This company went public in
December 1983 and provides capabili-
ties in four areas: analytical services;
engineering services; decontamination
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and remedial services; and transporta-
tion, treatment, and disposal services.
The first three services are provided na-
tionwide for toxic substances and low-
level nuclear-chemical waste areas; the
fourth service is confined to the west-
ern United States and to chemical (not
nuclear) wastes. Although International
Technology is a larger corporation than
Enseco, its business includes many
nonlaboratory elements, as described
above.

Thermo Analytical serves two mar-
kets: environmental analytical services
and health physics, which monitors and
protects against radioactive exposure.
Its principal labs are in Albuquerque,
N. M., and Richmond, Calif. Formerly
this company was a subsidiary of
Thermo Electron Corp.

The other two laboratories are Com-
puChem and Environmental Treatment
and Technologies Corporation (ETTC).
In addition to its environmental busi-
ness, CompuChem also has an active
business for testing drugs that are
abused. ETTC began as an analytical
laboratory, but following a 1986 mer-
ger with OH Materials the company has
become a leader in testing and remedia-
tion services. Similarly, TRC Compan-
ies started out as an environmental en-
gineering consulting firm but, through
acquisitions and internal development,
it is on its way to becoming a full-serv-
ice analytical and remediation com-
pany.
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RECUILATORY, FOCUS

Improving our regulatory tools

iDouglas M. Costle

During the 1970s, the United States
erected a massive, intricate structure of
government institutions, laws, and reg-
ulations to control the discards of our
industrialized society. In the past five
years, major portions of that statutory
base have been amended, and others
are the subject of current public and
Congressional debate.

Many of the hotly contested provi-
sions of these laws were forged in the
heat of confrontations among environ-
mental, industrial, and administrative
forces. Actual or alleged noncompli-
ance and nonattainment of goals—dem-
onstrated by persistent air and water
pollution problems—have fueled efforts
to tighten the laws. Legislative and reg-
ulatory changes have become increas-
ingly specific in attempts to meld con-
siderations of public policy, legal and
economic equity, and scientific knowl-
edge into effective programs. The
result often resembles a regulatory
fudge factory; concocted to cover
every situation imaginable, it is too
sticky to cover many actual situations
very well.

When programs prove inadequate,
stalemate ensues. The typical response
to impasse is to decry the statutes and
their implementation, excoriating agen-
cies like EPA for real and apparent
flaws such as cumbersome processes,
shifting legal and technical policies,
and plain bureaucratic inertia.

Acting as a scapegoat begs a subtle,
more relevant issue: Have we identified
and adopted the most effective tools to
achieve our environmental and pro-
grammatic goals?
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In answering this question, a look at
the Superfund program, one year after
Congress reauthorized and expanded it,
is instructive. Friends and critics both
see it mired in impasse. Negotiations
and lawsuits drag as potentially respon-
sible parties haggle over degrees of lia-
bility and apportionment of clean-up
costs. Even settlement-minded partici-
pants become gridlocked over thorny
questions of “How clean is clean?” De-
lay becomes an accepted tactic, and a
glacial pace the norm. Predictably, the
program is faulted for producing little
in the way of real site clean-ups. Given
this status, or a semblance of it, the
answer to the question appears obvious:
We have not identified effective clean-
up mechanisms.

State actions

But the federal program is not the
only game in town. Other approaches
are being taken, with some promising
successes. Several states (New Jersey,
Connecticut, and Massachusetts) have
enacted transfer laws requiring sellers
of commercial real estate to notify buy-
ers of any environmental problems as-
sociated with such property. While
these state laws vary in their coverage
and requirements, the compliance
mechanism is built in: Property trans-
fers are valid only with the required
environmental certifications. These can
range from simple negative declara-
tions that no environmental liabilities
exist to identification of known or sus-
pected problems and remedial actions.

The value of a tool such as a real-
estate certification program lies first in
its self-enforcing, privately financed
nature. The government does not have
to investigate every real or suspected
environmental hazard nor clean it up.
The private market acts as policeman,
more effectively than EPA ever could,
even with an enforcer on every corner.

Private mechanisms

In addition, it produces self-reinforc-
ing, ripple effects. Increasingly, for ex-
ample, bankers, mortgage lenders, re-
sellers, and buyers are evaluating such
certification programs with an eye to
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their own financing practices. As these
traditional private sector actors find
their pocketbooks potentially affected
by environmental liabilities, they are
starting to modify their own policies
and requirements to safeguard their in-
terests.

I am not suggesting that such “pri-
vate” mechanisms are cost- or trouble-
free. Inevitably, there will be problems
and associated expenses as new values
and operating rules are devised and in-
ternalized. Procedural requirements
can cause delays and bottlenecks. Some
transactions are undoubtedly affected;
potential buyers may walk away from a
property rather than assume the envi-
ronmental liabilities it may pose. But,
as an ad says: “You can pay now, or
you can pay later.”” And later, it should
be noted, the price is higher.

There is precedent for expecting the
marketplace to adjust to new require-
ments. A decade ago, new real-estate
disclosure rules (on tax rates and sewer
and water charges) were imposed and
caused initial headaches for some home
buyers and sellers. Today these proce-
dures are routine.

It may overstate the case to claim that
incorporating environmental certifica-
tion provisions into state real-estate
transfer laws is likely to encourage
more site investigations, problem iden-
tifications and clean-ups than a massive
federal investigation and enforcement
program. But there is a kernel of truth
in the claim. Wisely targeted private
sector incentives may spur more envi-
ronmental progress than conventional
government remedies.

The next wave of environmental leg-
islation and regulatory innovation may
focus on inducing measurable results
through increased reliance on nontradi-
tional mechanisms. The business, envi-
ronmental, and other interest communi-
ties could well serve the legislators and
regulators by exploring and supporting
improved implementation tools.

Douglas M. Costle, J.D., is dean of the
Vermont Law School. He served as ad-
ministrator of the EPA from 1977 to
1981.
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Organic Carcinogens in Drinking
Water: Detection, Treatment, and
Risk Assessment. Neil M. Ram,
Edward J. Calabrese, and Russell E
Christman, Eds. xvii + 542 pages.
John Wiley & Sons, Inc., New York.
1986. $65, cloth.

Reviewed by George R. Hoffmann, De-
partment of Biology, Holy Cross Col-
lege, Worcester, Mass. 01610

Organic Carcinogens in Drinking Wa-
ter: Detection, Treatment, and Risk As-
sessment is impressive because of the
breadth of its coverage of this topic. Its
logical organization provides a coher-
ence that many multiauthored books
lack, and most of the chapters strike a
proper balance between technical con-
tent and general aspects. The sections
on analytical chemistry and engineer-
ing practices are very readable, and the
coverage of toxicology is straightfor-
ward and insightful.

The text is well documented with re-
cent literature citations. It also is en-
hanced by tables on such diverse sub-
jects as parameters for evaluating the
organic content of water, federal regu-
lations, germicidal treatments, sources
of artifacts in analytical methods, toxi-
cologic and epidemiologic studies, and
lists of organic contaminants, including
concentrations and risk assessment
data. The straightforward presentation
of the book’s various topics makes its
complex scientific and administrative
issues understandable to anyone with a
serious interest in organic carcinogens
that contaminate drinking water.

There are a few thorns among the
roses, however. The indexing of techni-
cal terms and concepts, as well as
chemicals, is incomplete; a table dis-
cussed in the text has been omitted. The
text itself generally is clear, but it suf-
fers from occasional lapses into insuffi-
ciently defined technical terminology
and cumbersome writing. The acro-
nyms sometimes result in passages such
as, “the proposed RMCLs for VOCs,
and the MCL of 100 ppb for TTHMs
defined as the arithmetic sum of the
concentrations of THM compounds
. ..."7 Fortunately, the abbreviations
are defined in the index and chapters,
so, with some flipping of pages back
and forth, one need not commit every
ACL, MEPA, NIPDWR, CLSA,
KUKLA, FRAN, and OLLIE to mem-
ory in order to read the book.

In the preface, the editors point out
the interdisciplinary nature of the
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book’s subject. They have done admira-
ble work in assembling information on
chemistry, engineering, toxicology, epi-
demiology, and public policy into a co-
herent treatment of organic carcinogens
in drinking water.

Organic Carcinogens in Drinking
Water consists of five parts: introduc-
tory papers, methods for identifying or-
ganic contaminants in water, processes
for eliminating organic contaminants,
assessment of toxicologic risks, and
regulatory issues. N. M. Ram sets the
tone of the book very well in Part 1 by
defining the scope of the problem of
organic carcinogens in drinking water
from a scientific and regulatory point
of view. The introduction is extended in
excellent chapters on water chlorination
and on dissolved and particulate or-
ganic contaminants in diverse water
sources.

Part 2 covers methods for concentrat-
ing, isolating, and identifying organic
compounds in water. Topics include
sampling techniques, quality assurance
and control, and analytical techniques
both for a broad spectrum of com-
pounds and for specific contaminants.
Various chromatographic procedures
(partitioning and adsorption), solvent
extraction, distillation, membrane
methods, lyophilization, and combined
chromatographic and spectroscopic
methods are summarized.

Part 3 concerns water treatment, in-
cluding conventional processes (coagu-
lation-flocculation, sedimentation, and
filtration) and direct filtration methods.
The generation of halogenated organic
compounds is discussed, and the re-
moval of total organic carbon and triha-
lomethane precursors is covered. Uses
of activated carbon as an adsorbent for
organic compounds in water are exam-
ined. The treatment of water with free
chlorine is summarized, and its effi-
ciency and practicality are compared
with those of alternative disinfectants,
including chloramines, chlorine diox-
ide, ozone, and hydrogen peroxide.

Part 4, the largest section of the
book, focuses on toxicology. Short-
term genetic tests for carcinogens, ro-
dent cancer bioassays, epidemiologic
methods, and risk assessment concepts
are introduced, and guidance on their
application and interpretation is of-
fered.

The introduction to short-term tests
was disappointing. Although useful in-
formation and references are presented,
there are several errors and some po-
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tentially misleading interpretations. For
example, specific figures quoted for the
predictive value of short-term tests for
carcinogens are debatable; so is the as-
sertion that disagreements among test
results involving a positive bacterial
test and a negative animal cancer bioas-
say probably are explainable by flaws
in the cancer bioassay.

The accuracy of short-term tests as
predictors of carcinogenicity is far
from clear, and the degree of this uncer-
tainty has not been determined. More-
over, some relevant assays and modifi-
cations of the Ames test that have been
used to study contaminants of drinking
water have been overlooked.

Data from mutagenicity and carcino-
genicity tests of compounds in drinking
water are reviewed by R. J. Bull, and
their implications are discussed clearly.
Unfortunately, the review is restricted
to pure compounds and does not cover
tests of complex mixtures detected in
drinking water. S. A. Beresford sum-
marizes epidemiologic studies related
to drinking water. Her careful analysis
leads to the conclusion that there is suf-
ficient evidence of an association be-
tween organic contaminants in drinking
water and gastrointestinal and urinary
tract cancers.

R. G. Tardiff and S. H. Youngren
offer an insightful overview of applica-
tions of toxicologic data in risk assess-
ment, in which they emphasize specific
problems posed by organic compounds
in water supplies. E. J. Calabrese and
C. E. Younger explore unresolved is-
sues and complications in risk assess-
ment. Together, the chapters they have
contributed provide an informative and
balanced coverage of the toxicology of
drinking water.

Part 5 extends the discussion into the
realm of policy and examines regula-
tory philosophy, legislation, and prac-
tice pertaining to water supplies. Its
chapters are somewhat uneven in qual-
ity, but they generally succeed in link-
ing the other sections of the book that
deal with regulatory issues.

In addition to providing technical in-
formation, Organic Carcinogens in
Drinking Water: Detection, Treatment,
and Risk Assessment offers practical
guidance in the interpretation of com-
plex scientific and regulatory issues.
Although the book has shortcomings,
the pluses outweigh the minuses. Con-
sequently, it can be valuable to anyone
interested in chemical contaminants in

drinking water.
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vironmental Engineering Science or a related field, and have working ex- Siame A conucling researoiIn 2 ulider
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Chemical Engineering and Public Policy. Tenure track
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professionally and personally. Environmental Protection Sys-
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Managers; Engineering Department Managers; Industrial
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supply, & wastewater treatment/disposal. Req.
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Sensitized Photooxidation of Phenols by Fulvic Acid and in Natural Waters

Bruce C. Faust and Jiirg Hoigné*

Swiss Federal Institute for Water Resources and Water Pollution Control (EAWAG), CH-8600 Diibendorf, Switzerland

B In addition to singlet oxygen, irradiation of fulvic acid
solutions and lake water with UV and visible light (A >
315 nm) produces another transient oxidant species. This
transient oxidant (probably an organic peroxy radical) is
derived from natural dissolved organic material (DOM)
and controls DOM-sensitized photooxidations of various
alkylphenols. On the basis of kinetic data for the transient
oxidant, DOM-sensitized photooxidation half-lives of al-
kylphenols are estimated to range from 1 day to several
months in middle-latitude shallow surface waters.

Introduction

A quantitative assessment of the sensitized photo-
oxidations of any compound of environmental interest is
necessary for the accurate prediction of its fate in natural
waters. It is now well established that some organic com-
pounds [measured as dissolved organic carbon (DOC)] and
inorganic compounds present in natural waters, when ex-
posed to sunlight, sensitize the photoproduction of a va-
riety of transient oxidants (OX) such as singlet oxygen (I,
2), hydroxyl radical (3-6), and probably organic peroxy
radicals (7, 8). Singlet oxygen (*0,) is formed by energy
transfer from dissolved organic material (DOM) triplets
to molecular oxygen (I, 2). Hydroxyl radical ("OH) is
produced by photolysis of nitrate (3-6) and nitrite (6) and
possibly in metal- (Cu, Fe, Mn) catalyzed decomposition
of peroxides. Organic peroxy radicals are thought to be
produced by photolysis of DOM (7, 8).

In general, sensitized photooxidation kinetics can be
interpreted in terms of the model given in reactions 1-4,

+P
(4]

(kp)
+S;
< (2)
. P (V7]
sensitizer —= —= OX —
+0X
(3)
)
unimolecular decay

T (4)

where the transient oxidant reacts (1) with the compound
of interest (P) with second-order rate constant kp, (2) with
natural or added solutes (S;) with second-order rate con-
stant &;, (3) with itself (OX) with second-order rate con-
stant kgx, and (4) by unimolecular decay (including solvent
quenching) with first-order rate constant k. If the con-
centration of P is sufficiently small that kp[P] < & +
kox[0X] + Tk;[S], then the lifetime of OX is controlled
by reaction 2 [e.g., "OH (3, 4)], reaction 4 [e.g., 10, (1)],
or reaction 3. With continuous irradiation of constant
intensity, a steady-state concentration of the transient

0013-936X/87/0921-0957$01.50/0 © 1987 American Chemical Society

oxidant [OX],, is attained rapidly and remains nearly
constant, provided that the sensitizer concentration and
k + kox[0X] + Y k;[S;] do not change appreciably during
the irradiation period. As shown previously (14, 9) for
these conditions, the oxidation rate of P is first order with
respect to [P]:

d[P]/dt = —kgens[P] 5)

where the experimentally determined apparent first-order
rate constant kggyg is

kgens = kp[OX] (6)

Therefore, [0X],, is determined by measuring kggng with
a compound of known kp. This approach has worked very
well for the determination of steady-state concentrations
of transient oxidants, such as *OH and !0,, for which
second-order rate constants with specific compounds (kp)
are known. However, second-order rate constants for re-
actions of DOM-derived radicals with specific compounds
are not known because of the complicated and unknown
speciation and structures of natural organic radicals.
Collective steady-state concentrations (3"[0X;]) of or-
ganic radicals in natural waters can be estimated but only
by assuming that the type and reactivities of the DOM
radicals are identical to those of a specific organic radical
with known kp. The validity of this assumption cannot
be tested at present.

Phenols are present in natural waters as a consequence
of natural decay processes (10), dry and wet deposition
(11), industrial activities (12-14), and microbiological
degradation of nonionic surfactants present in detergents
(15). Many phenols present at low concentrations exhibit
toxic effects on organisms (16, 17) and form objectionable
tastes and odors in drinking waters upon chlorination.
Therefore, they are undesirable constituents of natural
waters, particularly when these waters are sources for
drinking water supplies. Quantitative rate information on
all degradative pathways of phenols is therefore desired
and required to accurately predict their persistence in
natural waters. Consequently, their reactivity with various
DOM-derived photoproduced transient oxidants is of in-
terest. Some kinetic information on the reactivity of
phenols with *OH and !0, has been published (18-20);
however, only limited kinetic information on their re-
activity with other transient oxidants in water is available
(21-24).

This study was therefore initiated with the objectives
of (1) determining the relative reactivity of a series of
alkylphenols with a photogenerated DOM-derived tran-
sient oxidant, (2) estimating DOM-sensitized “photo-
oxidation half-lives” of a variety of alkylphenols in sunlit
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natural waters, (3) tentatively identifying the transient
oxidant on the basis of its relative reactivity with different
phenols and by use of other diagnostic tests, and (4)
identifying a probe molecule, which could be used in future
studies, to determine steady-state concentrations of the
transient oxidant and to operationally define absolute
reaction rate constants.

Experimental Methods and Materials

Chemicals and Solutions. Except where noted, all
chemicals were of reagent-grade quality and were used as
received. All solutions were prepared from deionized/
distilled water. Contech fulvic acid was obtained from
Cooper H. Langford and has previously been characterized
(25). A filtered (0.05 um) fulvic acid stock solution was
prepared and had the following chemical composition:
[DOC] = 0.74 g/L, [Fe] = 50 uM, [Mn] = 0.2 uM, and [Cu]
= 0.3 uM. It was stored in the dark at 4 °C. Decadic
absorptivities [(g of carbon/L)™ cm™] of the fulvic acid
at pH 8.1 as a function of wavelength (nm) are 32.5 (289),
28.0 (302), 25.0 (313), 19.9 (334), 12.9 (366), 7.5 (405), 5.29
(436), 1.65 (546), and 1.20 (578). Occasionally, filtered (0.45
um) surface water from Greifensee (pH 8.4, [DOC] = 3.1
mg/L, [NO;—N] = 1.4 mg/L), a polluted eutrophic pre-
alpine Swiss lake, was used as a DOM source. Absorption
spectra of Greifensee water are available elsewhere (1).
Furfuryl alcohol was vacuum distilled under Ny(g) at ~80
°C and stored in the dark under Ny(g) at 4 °C. Isotope
pure D,0 (99.8%) was obtained from the Swiss Federal
Institute for Reactor Technology and was redistilled twice
to remove most of the copper impurity. Technical-grade
4-nonylphenol, containing 10% 2-nonylphenol, was used
as received (15). Superoxide dismutase (copper form, from
bovine erythrocytes) was obtained from Sigma. The argon
gas contained <5 ppm oxygen.

Analyses. All compounds, except for ascorbate, were
analyzed by high-performance liquid chromatography
(HPLC). In all cases the HPLC analyses were performed
under isocratic conditions on an ODS-2 column with either
acetonitrile/water or methanol/water mixtures as the
mobile phase. Methanol/water mixtures, buffered with
phosphate to pH 3, were used as the mobile phase for
analyses of benzoic acid and hydroxybenzoic acids. Com-
pounds were detected either by monitoring their UV ab-
sorbances [at 222 nm (phenols), 277 nm (4-dimethoxy-
benzene), and 235 nm (benzoic acid and hydroxybenzoic
acids)], or (only for phenols) by monitoring their fluores-
cence emission at 300 nm (excitation A = 277 nm). Sample
aliquots of the reactant solution were stored in the dark
at 20-25 °C and analyzed within 5 h of sampling. Im-
mediately prior to analysis, 0.50 mL of an internal standard
solution and 20 pL of 10% HCI were added to the 1.00-mL
sample. Ascorbate was analyzed by a colorimetric method
previously described (26).

Irradiations were performed in glass-stoppered quartz
photolysis tubes (1.5-cm i.d.) either in a water-cooled
merry-go-round reactor (MGRR) (1) or in sunlight. Except
where noted, the output of the high-pressure Hanau TQ
718 Hg lamp (operated at 700 W) was filtered through
solidex borosilicate glass and a 0.15 M NaNOj; aqueous
filter solution with an average light path length of ap-
proximately 2.8 cm. Total transmittances of the filter
system (glass and NaNO;) as a function of wavelength
(nm) are <0.001 (\ < 303 nm), 0.008 (313), 0.5 (334), 0.7
(366), and >0.8 (A > 405 nm). Sunlight photooxidations
were performed during the 4-h period centered on solar
noon, at EAWAG (Ziirich, 47.5° N), with a rack that
positioned the tubes about 30° from horizontal in a
water-filled flat-bottom container. The water level inside
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the photolysis tubes was below the exterior cooling water
level. The temperature was 20 = 1 °C for MGRR exper-
iments and 20 + 4 °C for sunlight photooxidations. Sun-
light intensity (in kW/m? was measured with a pyra-
nometer that responds only to light of 400-1000 nm but
is calibrated to give sunlight intensity over the range
280-2800 nm (I). Clear-sky, solar-noon, June sunlight
intensity is ~1 kW/m? on the basis of this procedure.

Except where noted, all photolysis solutions were
equilibrated with air prior to photolysis and had the fol-
lowing composition: 4.1 mg of carbon/L of fulvic acid, 20
uM initial total compound concentration, pH 8.0 + 0.1,
0.010 M total orthophosphate buffer, and ¢ = 0.072 M ionic
strength (adjusted with Na,SO,). Each compound was
photooxidized in a separate photolysis tube. Direct pho-
tolysis and thermal (dark) reaction controls were per-
formed under identical conditions except without sensitizer
(DOM) and light, respectively. To internally normalize
results of experiments performed with slightly different
light intensities, a separate photooxidation of either 4-
methylphenol or 4-ethylphenol was performed simulta-
neously with other photooxidations.

Deoxygenated solutions were prepared from argon-
purged stock solutions and argon-purged deionized-dis-
tilled water. When necessary, solution preparations and
transfers were performed inside an argon-purged glovebag,
and the headspace of the photolysis tubes was purged with
argon immediately prior to and following a sampling event.

When solution absorbances were not negligible, mea-
sured rate constants were converted to surface rate con-
stants by dividing by the light screening factor (27) given
in eq 7, where L is the average light path length (assumed

Sy = (1 - 10™%) /(2.3 L) W)

to be 1.5 cm for the photolysis tubes) and «, is the decadic
absorption coefficient (cm™) of the water at wavelength
A. The choice of wavelength is not important for short
path length corrections because, for the DOM concentra-
tions used, the corrections were less than 16% for A > 310
nm. All calculations were made with A = 366 nm because
the DOM-absorbed light intensity in the MGRR was
greatest at this wavelength.

Results and Discussion

Kinetic Analyses and Controls. Oxidation rates of
all compounds were first order in total compound con-
centration (see below), [P]. Therefore, kinetic results were
analyzed with eq 8, where kDARKr leRFET’ kSENSv and kTﬂTAL

d[P]
T —kroraLlP] = —(kpark + kpirecr + ksens)[P]

(®)

are apparent first-order rate constants for dark reactions,
direct photolysis, sensitized photooxidations, and the sum
of all reactions, respectively. kggng is calculated by dif-
ference from independent measurements of Ergrar,
kprecT, and kpark- For sunlight irradiations, kggng may
be expressed as an exposure dose based first-order rate
constant [m2/(kW-h)].

Direct solar photolyses of alkylphenols are slow because
protonated forms of alkylphenols absorb weakly in the
solar region (A > 300 nm). For all phenols reported on
here, except where noted, kpsrx and kpgecr (in the
MGRR with the NaNO; filter solution) were less than 2%
and 12% of kqoraL, respectively. For ascorbate, kpsrk +
kpirecr Was less than 10% of kpgrar, in the MGRR. For
2,4,6-trimethylphenol (TMP), kpgectr was less than 5%
of kporar, in the MGRR and in sunlight. Smith et al. (21)
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Figure 1. Rate constants for the sensitized photooxidation of 2,4,6-
trimethylphenol (in the MGRR) as a function of fulvic acid concentration.
(Insert) Kinetic data from which the rate constants were calculated.
For all solutions: initial [TMP] = 20 uM, pH 7.9 (0.01 M ortho-
phosphate), po, = 0.21 atm, ionic strength = 0.072 M, and temper-
ature = 20 °C.

found the rate of 4-methylphenol direct photolysis to be
less than 10% of the total photooxidation rate in a solution
containing 9.5 mg/L of humic acid, in sunlight. All results
and discussions will focus on sensitized photooxidation
pathways (ksgs)-

Values of kggng for fulvic acid (4.1 mg of carbon/L)
sensitized photooxidations in the MGRR of TMP in ar-
gon-purged and air-equilibrated solutions (pH 7.9) were
1 X 10 and 1.1 X 1078 s\, respectively, confirming the
requirement of molecular oxygen in the reaction. The very
small rate observed in the argon-purged solution was
probably due to residual dissolved oxygen (5-10 uM),
which is usually present in aqueous solutions even after
vigorous argon purging.

Values of kggyg for fulvic acid (4.1 mg of carbon/L)
sensitized photooxidations in the MGRR of TMP at pH
7.9 were insensitive (<20% variability) to either the type
of buffer (phosphate or bicarbonate) or the buffer con-
centration (1-10 mM). Therefore, [0X],, is not altered
either by higher buffer concentrations or by specific in-
teractions with phosphate or bicarbonate.

[Fulvic Acid], [TMP], and pH Dependencies. As
shown in Figure 1, kggng is linearly related to fulvic acid
concentration, proving that some fulvic acid species sen-
sitize the photooxidation. Figure 1 also proves that, at
lower DOM concentrations ([DOC] < 5 mg/L), the tran-
sient oxidant lifetime is not controlled by scavenging re-
actions of the fulvic acid. However, Mill et al. (7) observed
that organic materials in water with a high DOM con-
centration [Aucilla River, [DOC] ~ 18 mg/L (28)] compete
efficiently with added 4-isopropylphenol for organic peroxy
radicals. The departure from linearity of kggys vs. [fulvic
acid] at higher fulvic acid concentrations (Figure 1) is
consistent with their observations (7). This indicates that
the lifetime of the transient oxidant is affected by sca-
venging reactions of the DOM (reaction 2 with S; = DOM),
but only at higher DOM concentrations ([DOC] > 5
mg/L).

Figure 2 demonstrates that the reaction is first order in
TMP and that the apparent first-order rate constant
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Figure 2. Photooxidation of 2,4,6-trimethylphenol (in the MGRR) for
different initial concentrations of 2,4,6-trimethylphenol. Other exper-
imental conditions are the same as for Figure 1 but with [fulvic acid]
= 4.1 mg of carbon/L.
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Figure 3. Photooxidation of 2,4,6-trimethylphenol (in the MGRR) at
different pH values. For all solutions: initial [TMP] = 20 uM, [fulvic
acid] = 4.1 mg of carbon/L, [orthophosphate] = 0.04 M, po, = 0.21
atm, ionic strength = 0.47 M, and temperature = 20 °C.

(ktorar) and therefore [OX], are independent of the TMP
concentrations used in this study (<20 uM). Because TMP
is the most reactive phenol used in this study and because
it does not alter [0X],, when [TMP] < 20 uM, rate con-
stants determined from experiments with all phenols re-
ported on here (concentration < 20 uM) can be used to
reliably predict photooxidation half-lives of phenols
present at lower concentrations typically found in natural
waters.

The rate of TMP oxidation is independent of pH
throughout the range 7.1 < pH < 8.3 (Figure 3). Since
the concentration of TMP anion changes by about 1 order
of magnitude over this pH range, this result indicates that
sensitized photooxidation pathways involving undissoci-
ated TMP [pK, > 9.8, that of phenol (29)] account for
virtually all of the observed reaction rate in this pH range.

Relative Reactivities of Phenols and DOMs. All
photooxidations of compounds reported on here exhibited
apparent first-order kinetic behavior (Figure 4), indicating
that the sensitization capacity of the fulvic acid is ap-
proximately constant for the time scales and illumination
doses of these experiments.

Figure 4 also illustrates the wide range of reactivities of
alkylphenols. Relative reactivities of the phenols reported
on here vary by as much as a factor of 40 (Table I).
Reactivity of the phenols increases with increasing ring
substitution by electron-donating methyl groups. However,
4-alkylphenols exhibit an additional effect. The observed
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Figure 4. Photooxidation of various phenols and furfuryl alcohol in the
MGRR. For all solutions: initial concentration = 20 uM for each phenol
(25 uM for furfuryl alcohol), pH 8.0 (0.01 M orthophosphate), Po, =
0.21 atm, ionic strength = 0.072 M, and temperature = 20 °C. Solid
symbols represent direct photolyses (no fulvic acid); open symbols
represent photooxidations with [fulvic acid] = 4.1 mg of carbon/L. For
experiments illustrated in part e, deionized water was substituted for
the NaNO; filter solution to attain the higher light intensity required for
the photooxidation of phenol.

relative reactivity sequence for 4-alkylphenols is methyl
> ethyl > isopropyl > nonyl > H. The electron-donating
character of alkyl groups, as measured by Hammett o
constants, is approximately constant or increases slightly
with increasing size of the alkyl group. However, kggng
decreases with increasing size of the alkyl group. Several
interpretations of this behavior are possible. A large alkyl
group may sterically hinder access of the phenol to some
DOM radical sites. Alternatively, a large alkyl group might
interact with hydrophobic parts of the DOM, which could
inhibit attack of the phenol by the transient oxidant.
Hyperconjugation effects of the alkyl group may also in-
fluence the reactivities of the 4-alkylphenols.

The reactivity of 4-dimethoxybenzene is much lower
than that of 4-methoxyphenol (Table I), indicating the
importance of the OH group in these DOM-sensitized
photooxidations.

Benzoate anion and monohydroxybenzoate anions (or-
tho, meta, and para forms) were the least reactive com-
pounds examined in this study (Table I). These com-
pounds, reasonable models for some types of structures
thought to be present in DOM, are rather resistant to
oxidation by all transient oxidants generated in DOM-
sensitized photooxidations.

Ascorbate anion reacts more rapidly than the phenolic
compounds studied (Table I), in DOM-sensitized photo-
oxidations, although not necessarily by the same mecha-
nism as the phenols.

The relative reactivity (at pH 8.0) of TMP and 4-
ethylphenol (EP) in the MGRR, compared for three dif-
ferent DOM sources, Contech fulvic acid (4.1 mg of car-
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Figure 5. Sunlight photooxidation of 2,4,6-trimethylphenol at different
times of the year. Symbol meanings (open or solid) and other ex-
perimental conditions are the same as for Figure 4. Average sunlight
intensities were 0.35, 0.92, and 1.03 kW/m? for the November, May,
and June experiments, respectively.

bon/L), Fluka “humic acid” (1.6 mg of carbon/L), and
91% Greifensee water, is kryp/kgp = 4.1, 7.5, and 4.0,
respectively. This demonstrates that relative reactivities
of various alkylphenols are not strongly dependent on the
DOM source.

Light Source Effects and Sunlight Dosimetry. The
relative reactivity of TMP and 4-methylphenol (MP) for
fulvic acid (4.1 mg of carbon/L) sensitized photooxidations
(pH 8.0) in the MGRR and in sunlight are kryp/kyp =
3.3 (Table I) and 5.3, respectively.

Figure 5 presents first-order kinetic plots of the sunlight
photooxidation of TMP, for different seasons, as a function
of sunlight exposure dose. The linearity of the plots and
their identical slopes demonstrate the validity of using
polychromatic photometric dosimetry for calibrating ki-
netic data from DOM-sensitized sunlight photooxidations.
Similar correlations have been observed by Haag and
Hoigné (1) and suggested by Zepp et al. (30) for the for-
mation of '0,. Figure 5 also shows that exposure dose
based first-order rate constants [m?/(kW-h)] exhibit <10%
variability, although they are based on sunlight intensity
measurements (400 nm < A < 1100 nm) which do not
reflect the greater seasonal fluctuations in UV light in-
tensity.

[OX],, and therefore kggng Were proportional to the
average light intensity (correlation coefficient > 0.998),
which varied by a factor of 2.9, for experiments illustrated
in Figure 5. This suggests that the lifetime of the transient
oxidant is probably not controlled by reaction with itself
(reaction 3), because this termination step would require
ksens to be proportional to (light intensity)®®.

Primary Photophysical Step. Intersystem crossing
(singlet to triplet) of molecules excited by m—=* and n-n*
transitions is enhanced and unaffected, respectively, by
heavy atoms (such as Cs*) present in the solution (31, 32).
DOM triplets are likely precursors for many DOM-derived
transient oxidants. Consequently, processes (such as Cs*
quenching) that may alter [DOM triplet],,, and therefore
alter photooxidation rates, could provide information about
the primary photophysical transition. Rates of fulvic acid
(4.1 mg of carbon/L) sensitized photooxidation of TMP
in solutions (pH 7.9) containing different concentrations
of Cs,S0, (0, 0.010, 0.040, and 0.15 M), at a constant ionic
strength of 0.47 M (adjusted with Na,SO,), differed by
<10%. Therefore, if DOM triplets are precursors of the
transient oxidant in these photooxidations, then n—7*
transitions are primarily responsible for DOM triplet
production.

Transient Oxidant and Mechanism of Oxidation.
Singlet oxygen is known to oxidize the anions of phenols
(20). Consequently its potential role as the transient ox-
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Table I. Relative Reactivity of Various Compounds, Normalized to Phenol, and Their Estimated Photooxidation Half-Lives in

Greifensee Water

compound reactivity relative to phenol®

phenol (!
4-nonylphenol 2.6
4-isopropylphenol 5.3
2-methylphenol 7.3
4-ethylphenol 89
4-methylphenol 124
4-methoxyphenol 23
2,6-dimethylphenol 24
2,4,6-trimethylphenol 41
benzoate and <0.5

monohydroxybenzoates

(o, m, and p forms)
4-dimethoxybenzene ~3
ascorbate 51

photooxidation half-life,” hours of

continuous sunlight half-life in top meter

surface® 1-m depth average? of Greifensee,®* days
176 455 72
69 180 29
33 85 15
24 60 11
20 (27)f 50 9
14 (46)f 35 44
7.7 20 2.0
74 19 1.9
43 11 0.9
>350 >900 >250
60 150 27
3.5 9.0 1.0

@ [Fulvic acid] = 4.1 mg of carbon/L, pH 8.0, 20 M initial compound concentration, 0.01 M orthophosphate, ionic strength = 0.072 M, po,
= 0.21 atm, and temperature = 20 °C in the MGRR. ®Calculated for Greifensee water with adjusted pH 8.0 using 0.01 M orthophosphate,
Po, = 0.21 atm, temperature = 20 °C, and adjusted ionic strength = 0.072 M, exposed continuously to clear-sky, solar-noon, June sunlight
(~1kW/m?. ¢Values applicable only for the surface layer. ¢Depth-averaged values for a hypothetical well-mixed and isolated top meter,
calculated from the surface values using eq 7 with ages = 0.010 cm™. Calculations using a3 = 0.022 cm™ predict values to be ~1.8 times the
values given. °Half-life for DOM-sensitized photooxidations. Actual solar data beginning at 11:00 CET 2 June 1985 are used for the
estimate. /Sunlight photooxidation (25 July 1985) with 7.6 mg of carbon/L of fulvic acid, temperature = 21 °C, pH 8.0, 0.01 M ortho-
phosphate, 4 = 0.072 M, and 1.0 uM 4-ethylphenol. The measured kggys was normalized to (1) 4.1 mg of carbon/L of fulvic acid by
multiplying by 0.76 (based on Figure 1), (2) Greifensee water by multiplying by 0.46 (as reported in the text), and (3) June sunlight by
multiplying by 1.04. #Sunlight photooxidation [calculated from the data of Smith et al. (21)] with 9.5 mg/L of humic acid (e = 0.02 cm™)
from Menlo Park, CA (37.5° N). ksgng was normalized to solar-noon, June, Zirich sunlight by multiplying by 1.15 and to Greifensee water

(ages = 0.01 cm™) by multiplying by 0.5.

idant in these sensitized photooxidations was examined
with three independent tests: (1) D,O solvent isotope
effects, (2) azide quenching of !0,, and (3) kinetic analyses.
As shown in previous studies (1, 20), [*0,],, and rates of
10, oxidations are greater in D,0/H,0 mixtures than in
pure H,0 because the physical quenching of 0, is slower
in D,0O than in H,O (33, 34). Rates of TMP photo-
oxidation ([fulvic acid] = 4.1 mg of carbon/L, pH 8.0) in
pure H,0 and in a D,O/H,0 mixture (90:10 v/v) are
predicted to differ by a factor of 6.1 if 'O, is the oxidant;
but in fact, they differ by <56%.

Azide anion physically quenches 0, (35) and was used
to control ['0,],, in DOC-sensitized photooxidations of
TMP. Rates of TMP photooxidation ([fulvic acid] = 4.1
mg of carbon/L, pH 8.0) with variable azide concentrations
(0, 0.21, 0.50, 1.00 mM) are predicted to vary by up to a
factor of 3.0 if 0, is the oxidant; but in fact, they differ
by <25%.

Furfuryl alcohol (FFA) is oxidized by !0, (36) and was
used to quantify a maximum ['0,],, of 2.1 X 1072 M for
the experiments illustrated in Figure 4. Maximum con-
tributions of 'O, reactions to the photooxidations of 4-
methylphenol and phenol were calculated from (1) mea-
sured ['0,],, (2) published pK, values of the phenols (29),
and (3) reported rate constants for the reactions of 0, with
the phenols (20). On the basis of this information, max-
imum contributions of !0, pathways to sensitized photo-
oxidations of 4-methylphenol and phenol are ca. <4% and
<22%, respectively, for the experiments performed at pH
8.0 presented in Figure 4e. From these results and from
the negative results of the diagnostic !0, tests (with D,O
and azide), we conclude that for the pH domain of most
natural waters 'O, is not the oxidant responsible for
DOM-sensitized photooxidations of alkylphenols.

Although the intermediacy of *OH in these photo-
oxidations was not examined experimentally, it can be
eliminated as a possibility because many phenols are ox-
idized by *OH at similar diffusion-controlled rates (18).

This differs considerably from the wide range of phenol
reactivities tabulated in Table L.

Tests for the intermediacy of superoxide radical anion
(*0y") in these photooxidations gave mixed results. Su-
peroxide dismutase (SOD) concentrations of 10 and 100
mg/L, sufficient to scavenge most *O,", decreased the rate
of DOM-sensitized TMP photooxidation by up to 50% but
increased the rate of 4-methylphenol photooxidation by
a factor of 2.6, relative to controls without SOD. Although
high SOD concentrations were used, these results could
indicate that *O,” may play different roles in reactions with
phenols and possibly with intermediates generated in ox-
idations of phenols.

Organic oxy radicals (RO*) and excited-state humic acid
triplets are probably not controlling DOM-sensitized
photooxidation of alkylphenols. Das et al. (37) found that
relative reactivities (normalized to phenol) of (1) 4-
methylphenol, 2-methylphenol, 4-ethylphenol, and 4-iso-
propylphenol and (2) 4-methoxyphenol with tert-butoxy
radicals range between 1.6 and 1.7 and between 4.8 and
6.4, respectively. They also found (38) that relative re-
activities (normalized to phenol) of 4-methoxyphenol,
4-methylphenol, 4-ethylphenol, and 4-isopropylphenol with
carbonyl triplets range between 1 and 3.5. In contrast, the
relative reactivities of the same phenols determined in this
study (Table I) are much larger and more variable. Al-
though the other investigations (37, 38) were performed
in nonaqueous solvents, relative reactivities of 4-meth-
oxyphenol and phenol with tert-butoxy radicals were re-
markably similar for polar and nonpolar solvents (37).
Observed rates of DOM-sensitized TMP photooxidation
in sunlight (this work, Figure 5) are faster than upper
bounds for rates of DOM triplet mediated reactions in
sunlit natural waters, as reported by Zepp et al. (39).

Mill et al. (7) have reported that sunlit natural waters
contain DOM-derived organic peroxy radicals (ROO"), and
Smith et al. (21) have suggested that ROO" are responsible
for sensitized photooxidations of 4-methylphenol in natural
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Figure 6. Relative rate constants (normalized to phenol) of phenols:
(1) in fulvic acid sensitized photooxidations, kg, (this work); (2) toward
organic peroxy radicals in organic solvents, k&% [Howard and Scaiano
(41)]. Experimental conditions for our studies are given in Figure 4.

waters. In general, phenols are known to react with organic
peroxy radicals (40, 41). As illustrated in Figure 6, relative
reactivities of phenols in DOM-sensitized photooxidations
are similar to their relative reactivities in reactions with
ROO". This result and the requirement of oxygen for the
photooxidation are also consistent with the idea that or-
ganic peroxy radicals control DOM-sensitized alkylphenol
photooxidations. Molecular oxygen could possibly react
with DOM triplet diradicals to produce organic peroxy
radicals.

Sensitized Photooxidation Half-Lives of Phenols in
Natural Waters. Table I presents estimates of half-lives
for DOM-sensitized photooxidations of various compounds
in the Greifensee. Surface rate constants, used for calcu-
lating surface half-lives, were determined from eq 9, where

kg MGRR k%MP SUN
RERER = RR{p sun )
kE‘MP MGRR kTMP SUN

FA (4.1 mg of carbon/L of fulvic acid) and GREIF
(Greifensee) specify the DOM sources, MGRR (merry-
go-round reactor) and SUN (sunlight) specify the illumi-
nation conditions, and TMP and P (compound of interest)
are the compounds being photooxidized. All rate constants
in eq 9 are apparent first-order rate constants. The re-
activity of a given compound relative to that of TMP in
the MGRR (k5Aicrr/ ko mcre) is assumed to be the
same in sunlight, because the variability is <60% (see
Light Source Effects and Sunlight Dosimetry). The re-
activity of Greifensee water relative to that of the 4.1 mg
of carbon/L of fulvic acid solution (kSHssun/kTap.suN)
was 0.46 when determined in sunlight (May 86) with TMP
and 0.53 when determined in the MGRR with TMP and
4-ethylphenol. The former value was used to normalize
the calculations to Greifensee water. k%‘vmsw can be ex-
pressed as an exposure dose based rate constant for fulvic
acid sensitized photooxndatlon of TMP in sunlight. An
average value of kfipgyy = 0.32 m2/(kW-h), determined
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Figure 7. Calculated (for Greifensee) apparent first-order rate con-
stants (kp[OX],,) and corresponding half-lives for 4-methylphenol ox-
idation by the transient oxidant reported on here (proposed ROO"), by
*OH, and by '0, and the first-order rate constant for its direct photo-
lysis. For ROO", k gens (=kp[OX],,) Was measured and normalized to
Greifensee with eq 9. Calculations for *OH and '0, were based on
their reported steady-state concentrations (7, 3, 4) and rate constants
(18, 20). All calculations apply to the surface layer of Greifensee (20
°C) in continuous clear-sky, solar-noon, June sunlight (~ 1 kW/m?).

from the results presented in Figure 5, was used for all
calculations.

The last column of Table I illustrates that depth-aver-
aged half-lives for DOM-sensitized photooxidations of
alkylphenols in the top meter of Greifensee (assuming this
to be well mixed and physically isolated) range between
1 day and several months. Because most photoactive light
is absorbed in the top meter of Greifensee, depth-averaged
half-lives for depths >1 m (assuming rapid mixing) are
approximately proportional to depth.

General Comments and Environmental Significance

Figure 7 compares the rates of 4-methylphenol oxidation
by different photochemical processes in the surface layer
of Greifensee. Oxidation of 4-methylphenol by the tran-
sient oxidant reported on here (proposed ROO*) dominates
all other photooxidation pathways throughout the pH
range typical of most natural waters.

Alkylphenols are a subset of the compounds generally
referred to as “antioxidants”. Antioxidants such as aro-
matic amines, imines, and thiophenols are also known to
react with organic peroxy radicals (41) and are expected
to exhibit fairly high reactivity toward the transient oxi-
dant reported on in this study. Additionally, electron-
transfer reactions involving ROO® may represent a pre-
viously unrecognized pathway for the oxidation of some
compounds in natural waters.

Biodegradation of phenols is the only mechanism that
will effectively compete with DOM-sensitized photo-
oxidations for controlling the degradation of alkylphenols
in natural waters. Estimates of biodegradation half-lives
for phenol in natural waters range between 0.1 and 10 days
(42-44). Paris et al. (42) found that phenols substituted
in the para position, with either electron-withdrawing or
electron-donating groups, were biodegraded more slowly
than phenol itself. We therefore assume that the lower



bound for biodegradation half-lives of substituted phenols
in most natural waters ranges between 0.1 and 10 days.
This may be compared with DOM-sensitized photo-
oxidation half-lives in Table 1.

Regardless of the identity of the DOM-derived transient
oxidant, the functional dependence of [0X],, values on
[DOM] is affected by the controlling termination step
(reactions 1-4). For waters with low [DOM], where uni-
molecular decay (reaction 4) controls the lifetime of OX,
surface [0X],, is proportional to [DOM], but depth-av-
eraged (for a\L > 1, see eq 7) [0X],, is independent of
[DOM] and inversely proportional to depth. However, for
waters where scavenging reactions of the DOM (reaction
2, with S; = DOM) control the lifetime of OX, surface
[0X],, is independent of [DOM], but depth-averaged (for
ayL > 1) [0X],, is inversely proportional to [DOM] and
depth.

The formation rate of the transient oxidant reported on
here (proposed ROO") could not be estimated because (1)
rate constants for its decomposition processes (reactions
2 and 4) are unknown and (2) complete scavenging of the
transient oxidant by TMP (using [TMP] » 20 uM) was
not attained because TMP reacted with precursors of the
transient oxidant.

Compilations of absolute rate constants for reactions of
ROO-" in the liquid phase are available (41, 45), but only
a few of the reactions were studied in water. The reactivity
of compounds with ROO* in hydrogen abstraction reac-
tions is lower in H,O than in many other solvents, due to
hydrogen bonding between ROO* and H,0 (41). Conse-
quently, absolute rate constants for ROO* reactions de-
termined in nonaqueous solvents are not recommended for
use in environmental fate modeling of chemicals. However,
relative reactivities of different compounds toward the
same ROO" in the same solvent should be useful for
planning ROO" kinetic experiments in aqueous systems.

Conclusions

A photogenerated DOM-derived transient oxidant,
which is probably an organic peroxy radical (ROO*), ex-
hibits high reactivity toward various phenols. This oxidant
largely controls photooxidations of alkylphenols in sunlit
natural waters (half-lives ranging from 1 day to months);
singlet oxygen and hydroxyl radical play only minor roles
in these photooxidations.

Reactivity of alkylphenols toward the transient oxidant
increases with increasing ring substitution by methyl
groups but decreases with increasing size of the alkyl group
for 4-alkylphenols.

For the above reasons, 2,4,6-trimethylphenol is recom-
mended as a probe molecule for calibrating the peroxy
radical activity of sunlit natural waters.

For well-mixed waters with lower DOM concentrations,
the steady-state concentration of the transient oxidant is
proportional to [DOM] in the surface layer but inde-
pendent of [DOM] when averaged over depths for which
most of the photoactive light is absorbed. Depth-averaged
[OX],, values are inversely proportional to depth for
depths where most of the photoactive light is absorbed.

Absolute reaction rate constants for DOM-derived ROO*
cannot be given, because DOM-derived ROO* (like DOM)
are a mixture with unknown and source water dependent
speciation.
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m Six samples of cow milk from various locations in
Switzerland were analyzed for polychlorinated dibenzo-
furans (PCDFs), polychlorinated dibenzo-p-dioxins
(PCDDs), and other chlorinated contaminants. Sub parts
per trillion levels of 2,3,7,8-substituted PCDFs and PCDDs
were found in all samples. The levels were higher in
samples collected in the vicinity of incinerators. Non-
2,3,7,8-substituted PCDDs and PCDF's were not found in
the milk samples.

Table 1. Most Toxic PCDD and PCDF Isomers

PCDDs

2,3,7,8-tetra-CDD

1,2,3,7,8-penta-CDD
1,2,3,6,7,8-hexa-CDD
1,2,3,7,8,9-hexa-CDD
1,2,3,4,7,8-hexa-CDD

PCDFs

2,3,7,8-tetra-CDF
1,2,3,7,8-penta-CDF
2,3,4,7,8-penta-CDF
1,2,3,6,7,8-hexa-CDF
1,2,3,7,8,9-hexa-CDF
1,2,3,4,7,8-hexa-CDF
2,3,4,6,7,8-hexa-CDF

Introduction

The polychlorinated dibenzo-p-dioxins (PCDDs) and the
polychlorinated dibenzofurans (PCDF's) are two groups of
compounds that exhibit similar chemical and physical
properties; the chemical structures are given in Figure 1.
The number of chlorine atoms in these compounds can
vary between one and eight (x + y = 1-8, see Figure 1) to
produce 75 PCDD and 135 PCDF positional isomers.
Twelve of these isomers have strong toxic effects (1),
specifically 2,3,7,8-tetra-CDD but also other 2,3,7,8-sub-
stituted PCDDs and PCDFs with four, five, and six chlo-
rine atoms. They are listed in Table L.

In 1977, Olie et al. (2) reported on the occurrence of
PCDDs and PCDFs in fly ash from municipal incinerators
in The Netherlands. Although their results indicated the
presence of up to 17 PCDD peaks, quantification or isomer
identification was not possible because of the lack of
synthetic standards. In a series of papers, Buser et al. (3-5)
investigated fly ash from a municipal solid waste (MSW)
incinerator and an industrial heating facility, both in
Switzerland. A series of PCDDs and PCDFs were iden-
tified, and the levels in fly ash were in the range of 0.1-10
ug/g total PCDDs and PCDFs. Since then, many reports
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from Europe, USA, Canada, and Asia have confirmed these
original findings. However, for many years the interest
was focused on the analysis of fly ash samples and not on
the analysis of actual emissions, probably due to sampling
difficulties.

Most of the analyses of emissions from incinerators have
been done with nonvalidated and non-isomer-specific
sampling and analytical methods. Recent studies show the
presence of a multitude of PCDD and PCDF congeners,
in the emission samples (6). Moreover, a striking similarity
in the isomeric pattern of PCDDs and PCDFs was found
between samples from different incinerators (6, 7).

Various models have been used to convert a multitude
of levels of more or less toxic PCDDs and PCDFs into a
more simple expression like “TCDD equivalents” or “toxic
equivalents” (8). In Sweden and in this paper, the ap-
proach discussed by Eadon et al. (9) has been used.

Emissions from MSW incinerators operating under good
condition are in the range of 1-100 ng of TCDD equiv/
normalized m? (9, 10), resulting in total annual emissions
of 1-100 g of TCDD equiv from a normal size MSW in-
cinerator (50-200000 tons of waste/year). The major
chlorine source in the MSW is plastic material such as

0013-936X/87/0921-0964$01.50/0 © 1987 American Chemical Society
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Figure 1. Structures of PCDDs and PCDFs.

Table II. Analytical Data on Milk Samples

amount of fat

sample amount of extracted M
no.® milk, g fat, g g %
1 601.09 23.90 21.40 89.54
2 600.08 26.20 23.66 90.31
3 600.25 25.70 23.23 90.39
4 600.82 26.88 24.27 90.29
5 603.13 19.12 16.69 87.29
6 601.49 20.99 18.34 817.37
blank 92.0

2For origin of the sample, see text.

PVC and bleached and unbleached paper. New technol-
ogies are now available to reduce these emissions.

In April 1984, Rappe et al. (10) reported on a series of
the toxic 2,3,7,8-substituted PCDDs and PCDFs in samples
of human adipose tissue from Northern Sweden. A series
of reports presented at the dioxin conferences in Ottawa,
Canada, in October 1984, Miami, FL, in April 1985, and
in Bayreuth, West Germany, in September 1985 confirmed
these observations, and it is clearly shown that there is a
background of PCDDs and PCDFs in the general human
population in the industrialized part of the world.

In April 1984, Rappe et al. also reported on the analysis
of five samples of breast milk from West Germany (10).
Later data from Sweden, Denmark, The Netherlands,
Yugoslavia, and Vietnam have also been published (11)
indicating the same background in the general population.

It is generally accepted that the major route of exposure
to these compound is via food. The same 2,3,7,8-substi-
tuted PCDDs and PCDFs have been identified in ppt
levels in fish from the Baltic Sea and The Great Lakes (12,
13). In this paper we report on ppt levels or below of these
congeners in samples of cow milk from Switzerland.

Experimental Section

Milk Samples. The following six milk samples (about
1 L each) were collected by the provincial authorities:

(1) Consumer’s milk, pasteurized from Bern, Switzer-
land. This was a pooled control sample.

(2) Milk from a single cow in Bowil, BE, Switzerland.
Bowil is situated 9 km from the community of Langnau
and 16 km from a small MSW incinerator (Krauchtal) and
20 km from a larger MSW incinerator, Bern.

(3) Milk from the local dairy in Bowil, BE (13 produc-
ers). This was a pooled control sample.

(4) Milk from a single cow in Hunzenschwil, AG,
Switzerland. The farmland is situated 200-1000 m SE
from a typical middle-sized MSW incinerator (40000
ton/year), Buchs, AG.

(5) Milk from a single cow in Suhr, Switzerland. The
farmland is situated 300-1000 m SW from the same in-
cinerator as in sample four.

(6) Milk from a single cow in Rheinfelden, AG, Switz-
erland. The farmland is situated 1000 m SE from Rhein-
felden, FRG, a production site for various chlorinated
products.

(7) Blank sample treated as a cow milk sample.

The amount of milk analyzed is given in Table II.

Table II1. Ions Used for Detection and Quantification of
PCDDs and PCDFs in GC/MS Analyses

compound mode ions monitored®
tetra-CDF's NICI 304 (M), 306
penta-CDFs NICI 338 (M), 340
hexa-CDFs NICI 372 (M), 374
hepta-CDFs NICI 406 (M), 408
octa-CDF NICI 442 (M + 2), 444
penta-CDDs NICI 354 (M), 356
hexa-CDDs NICI 353 (M~ - Cl), 355
hepta-CDDs NICI 387 (M- Cl), 389
octa-CDD NICI 423 (M~ +2-Cl), 425
[3Cy5)-2,3,7,8-tetra-CDF ~ NICI 318 (M~ + 2)
[**C,z]octa-CDD NICI 435 M +2-Cl)
tetra-CDDs EI 320 (M*)
[*Cy4]-2,3,7,8-tetra-CDD  EI 332 (MY)

2Jon used for quantification is italicized.

Extraction Procedure. The milk samples were ex-
tracted in two portions of about 300 mL each. Each milk
portion was fortified with 500 pg of [**C]-2,3,7,8-tetra-CDD.
Thereafter, 3 g of sodium oxalate dissolved in 50 mL of
boiling water, 300 mL of ethanol, and 125 mL of diethyl
ether were added. After vigorous shaking, 175 mL of n-
hexane was added, and the mixture was then shaken again.
After separation of the two phases, the aqueous layer was
reextracted twice with 100-mL portions of n-hexane. The
combined extracts were washed twice with 200 mL of water
each and dried by passage through a column of sodium
sulfate. The solvent was evaporated until a constant
weight was obtained, and the amount of fat was recorded
(Table II). A portion of about 10% of the dried material
was removed for pesticide analyses. The remaining portion
(18-24 g of milk fat, Table II) was used for the analyses
of PCDDs and PCDFs.

Determination of PCDDs and PCDFs. For the
analyses of milk fat we have used the cleanup method
discussed in detail by Smith et al. (14). This procedure
involves passing the sample through five chromatographic
columns in sequence, and the key step in this procedure
is a column of carbon dispersed on glass fibers. This
column adsorbs most planar polynuclear polychlorinated
aromatics and allows the major portion of biological
coextractants to pass through. Along with similar chem-
icals, the PCDDs and PCDFs are then removed from the
carbon column by reverse elution with toluene. Due to
differences in column material and solvent quality between
Europe and the U.S., some slight modifications of the
Stalling-Smith sample workup methods have been intro-
duced in our laboratory (to be published). The modified
method has recently been verified by analyzing blanks and
fish samples fortified at two different levels (15) and also
by analyzing samples of cow milk and human milk fortified
at three different levels (to be published). Before cleanup
the milk fat extracts (18-24 g) were fortified with 500 pg
each of [*C;5]-2,3,7,8-tetra-CDF and [**C,,]octa-CDD.

After cleanup the extracts were analyzed by gas chro-
matography-mass spectrometry using high-resolution
fused silica or glass capillary columns specific for 2,3,7,8-
substituted PCDDs (16) and PCDFs (I). The instruments,
columns, and conditions were as follows:

A Finnigan 4023 instrument with a 4500 ion source op-
erating in the negative ion chemical ionization mode
(NICI) was used for tetra- to octachlorinated dibenzofurans
and penta- to octachlorinated dioxins. For the chroma-
tographic separation, we used a 60-m SP 2330 fused silica
column. The temperature program for the GC oven was
100 °C isothermal for 2 min, then 100-180 °C (20 deg/
min), followed by 180-260 °C (3 deg/min). The temper-
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Table IV. PCDF and PCDD Content of Swiss Cow Milk from Various Locations®

compound blank Bern
recovery of ['*C]-2,3,7,8-tetra-CDF, % 65 64
recovery of [*C]-2,3,7,8-tetra-CDD, % 80 90
recovery of [**CJocta-CDD, % 86 59
2,3,7,8-tetra-CDF ND (<0.01) <0.028
1,2,3,7,8-penta-CDF ND (<0.01) <0.020
2,3,4,7,8-penta-CDF ND (<0.01) 0.084
1,2,3,4,7,8-hexa-CDF ND (<0.01) <0.020
1,2,3,6,7,8-hexa-CDF ND (<0.01) 0.028
2,3,4,6,7,8-hexa-CDF ND (<0.01) <0.020
1,2,3,4,6,7,8-hepta-CDF ND (<0.1) <0.12
octa-CDF ND (<0.1) <0.20
2,3,7,8-tetra-CDD ND (<0.01) ND (<0.012)
1,2,3,7,8-penta-CDD ND (<0.06) ND (<0.04)
1,2,3,4,7,8-hexa-CDD ND (<0.06) <0.068
1,2,3,6,7,8-hexa-CDD ND (<0.06) <0.068
1,2,3,7,8,9-hexa-CDD ND (<0.06) <0.068
1,2,3,4,6,7,8-hepta-CDD ND (<0.05) <0.064
octa-CDD <0.1 <0.16

Hunzen- Rhein-

Bowil Bowil schwil Suhr felden
57 57 63 57 51
100 105 90 78 88
55 T7 72 72 48
<0.035 <0.021 <0.022 <0.032 <0.028
<0.022 <0.021 <0.020 <0.036 <0.032
0.066 0.069 0.43 0.22 0.23
<0.026 <0.017 0.13 0.06 0.084
<0.018 <0.021 0.19 0.095 0.059
<0.018 ND (<0.02) 0.28 0.12 0.049
ND (<0.13) ND (<0.08) 0.49 0.28 <0.18
ND (<0.13) ND (<0.09) ND (<0.18) ND (<0.21) <0.52
ND (<0.013) ND (<0.013) 0.049 0.038 0.021
ND (<0.08) ND (<0.06) 0.25 <0.086 ND (<0.1)
ND (<0.1) ND (<0.06) 0.23 0.14 <0.14
ND (<0.1) ND (<0.06) 0.29 0.16 <0.21
ND (<0.1) ND (<0.06) 0.17 <0.080 <0.11
<0.066 <0.064 0.26 <0.095 0.42
<0.26 <0.12 0.28 <0.16 0.59

2Results in ng/kg (ppt), whole milk basis. Note: detection limit values are given in parentheses.

ature was then kept at 260 °C for 30 min. The total time
of an analysis is 62 min. The ions used for detection are
listed in Table III. Methane was used as reagent gas (0.78
Torr/6 X 107 Torr, 130 V). An INCOS data system was
used.

A Finnigan 4000 instrument operating in the electron-
impact mode (EI) was used for tetra-CDDs with a 53-m
Silar 10 c glass capillary column (similar to SP 2330). The
temperature program for these analyses was 100-180 °C
(20 deg/min) and then 180-260 °C (5 deg/min); in addi-
tion, some samples were analyzed at 2 deg/min. The ions
used for detection of the native and the [13C]-2,3,7,8-tet-
ra-CDD are also listed in Table III. These EI analyses had
to be carried out because tetra-CDDs have low sensitivity
in the NICI mode. An analog system (PROMIM) was used
for quantification.

The samples were dissolved in 30 uL of toluene, and an
aliquot of 3 uL (!/,o) was injected. Quantification is based
on authentic, native compounds injected prior, during, and
after a series of samples (typically 10 pg for NICI and 25
pg for EI analyses). Detection limits ranged from about
0.5 to 2 pg per compound injected in both the NICI and
EI modes. Recovery data for the [**CJPCDD and [“*C]P-
CDF analogues were calculated from the signals observed
at the proper m/z values in comparison to reference sam-
ples with the same amounts of internal standards but not
carried through the cleanup procedure.

The recoveries (Table IV) of the [*C]-2,3,7,8-tetra-CDF
in the six milk samples and in the blank sample ranged
from 51 to 64%; that of ['3C]octa-CDD in the same sam-
ples ranged from 48 to 77%. The recoveries of [**C]-
2,3,1,8-tetra-CDD ranged from 78 to 105% and are high
due to some concentration of the sample because of solvent
evaporation of the sample prior to EI analysis. All results
are corrected for these recovery values (recovery values for
the penta-, hexa-, and heptachloro compounds are inter-
polated from those of tetra- and octachlorinated congen-
ers).

Identifications of PCDDs and PCDF's were based on the
fact that signals were observed at the characteristic m/z
values (Table IV) at the proper retention times on the
high-resolution gas chromatographic columns used and on
the proper ratio of these responses at the two m/z values.
The identifications are further supported by the fact that
these compounds are found in the proper fractions after
an extensive cleanup highly specific for planar chlorinated
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aromatic compounds such as PCDDs and PCDFs.

Determination of Chlorinated Pesticides and Other
Contaminants. A sample of 1.3-1.5 g of milk fat was used
to determine and quantify the chlorinated pesticides and
other contaminants. These substances were separated
from fat and other coextractives by gel-permeation chro-
matography on a polystyrene gel (Bio-Beads SX-3) as
described by Specht and Tillkes (17), followed by a cleanup
step with a small silica gel column. To separate the PCBs,
HCB, p,p’-DDE, and octachlorostyrene from other pes-
ticides, these substances were eluted from the silica gel
column in a first elution step with n-hexane. All the
further eluting steps were carried out as described in ref
17. The eluates were then analyzed by gas chromatogra-
phy, using EC and FP detectors. For recovery studies,
milk fat was spiked with a mixture of chlorinated pesti-
cides, PCBs, and octachlorostyrene in the range of 5-100
ppb. The mean recovery obtained was 82 + 10% (excep-
tion, 8-HCH = 69%).

Determination of Pentachlorophenol (PCP). The
milk sample was hydrolyzed with HCI and extracted with
diethyl ether. PCP was then separated from the main part
of the other coextractants by shaking it with a solution of
0.2 M KOH. After acidification with HCI (pH <1), the
PCP was extracted into petroleum ether. The solution
containing PCP was then methylated with diazomethane
and the sample solution filled up to a fixed volume with
n-hexane. A portion of this solution was pressed through
a Sep-Pak-Florisil cartridge (Waters Assoc., Milford, MA).
The methylated PCP was then eluted from the cartridge
with petroleum ether—diethyl ether (96:4 v/v). The eluate
was analyzed by gas chromatography, using an EC de-
tector. For recovery, milk was spiked with 2.5 ppb PCP.
The recovery obtained was 115%.

Results and Discussion

The results obtained for PCDDs and PCDFs found in
the cow milk samples are reported in Table IV. They are
classified into 3 categories as follows:

ND, not detected (limits of detection given in par-
entheses)

likely presence of a compound at or below a set signif-
icance level; in these cases a signal was observed at a signal
to noise ratio S/N < 3

presence of a compound at the level indicated; in these
cases the signals observed had a S/N ratio > 3



Table V. Levels of Pesticides and Other Contaminants in Milk Samples (ug/g on Fat Basis)

compound Bern Bowil Bowil Hunzenschwil Suhr Rheinfelden
p,p"-DDE® <15 <93 <9.2 <42 <8 <17
p,p-DDD <2
p,p-DDT 21
dieldrin 12 6.6 5.5 15 9.5 33
endosulfan sulfate 1.9 24 3.5 24 1.3 48
heptachlorepoxide 21 2.0 2.1 35 15 1.9
HCB 12 7.0 9.6 18 8.8 138
a-HCH 18 27 22 18 14 9.5
B-HCH s Uiy 4.0 1.7 2.2 1.0 1.0
lindane 31 3.3 36 3.0 43 5.1
octachlorostyrene <0.2 <0.2 <0.2 0.4 0.2 45
pentachlorophenol 0.6 1 04 13 0.6 14
PCB 41 34 43 144 64 142
¢ With interfering PCBs.
7] 26
2378-
TCDF
TCDF
n as6
TCDF
- 2378
TCOF
n 23488
2378-
TCODF ¥ C:
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Figure 2. Ion curves of tetra-CDFs of cow milk (upper), human milk (middle), and emission from MSW incinerator (lower), see text.

The results for the other chlorinated pesticides or con-
taminants are collected in Table V.

All milk samples analyzed showed the presence of some
PCDDs or PCDFs, tetra through octa. A blank sample
analyzed in the same way however showed no detectable
amounts of these compounds, except a trace of octa-CDD
(S/N < 3). The PCDD and PCDF isomers detected in
these milk samples exclusively are 2,3,7,8-substituted
(compare Tables I and IV), including 2,3,7,8-tetra-CDD
in some of the samples.

Among the PCDDs detected, two samples (Hunzen-
schwil and Rheinfelden) showed significant levels of hepta-
and octa-CDD; some other samples likely contain some
traces but not at a significant level. Two of the samples
also contain significant levels of penta- and hexa-CDDs.
In the samples from Rheinfelden and Bern the penta- and
hexa-CDDs are detectable but not at a significant level.
Three of the milk samples contain 2,3,7,8-tetra-CDD
(Hunzenschwil, Suhr, and Rheinfelden). Among the PCDF
isomers, 2,3,4,7,8-penta-CDF is a major component found
in all the milk samples analyzed (range 0.066—0.43 ppt).
Additionally, 2,3,7,8-tetra- and 1,2,3,7,8-penta-CDF are
likely to be present but not at a significant level (S/N ratio
< 3). The milk samples with the highest levels of
2,3,4,7,8-penta-CDF, those from Hunzenschwil, Suhr, and

Rheinfelden, also showed the presence of significant levels
of hexa- and/or hepta-CDFs, mainly 2,3,4,6,7,8-hexa-CDF
and 1,2,3,4,6,7,8-hepta-CDF. Octa-CDF was normally at
or below detection limit.

On the basis of these results, the six milk samples can
be grouped into two categories. The first category is milk
samples that contain low and just-detectable quantities
of these compounds. These are the two milk samples from
Bowil and that from Bern. 2,3,4,7,8-Penta-CDF is present
in these samples at 0.066-0.084 ppt. The second group of
milk samples contains somewhat higher levels of these
contaminants. The milk samples in these group are from
Hunzenschwil, Suhr, and Rheinfelden. They contain
several PCDF isomers and also PCDDs. 2,3,7,8-Tetra-
CDD is detectable in these samples; 2,3,4,7,8-penta-CDF
is among the main contaminants and present at 0.22-0.43
ppt. The combined level of all the 2,3,7,8-substituted
tetra-, penta-, and hexachloro isomers in these samples is
in the range of 1-2 ppt.

In Figures 2-6 (upper curves) we show the ion curves
of tetra-, penta-, and hexa-CDF's and penta- and hexa-
CDDs in the milk sample from Hunzenschwil.

Recent studies have demonstrated a background of
2,3,7,8-substituted PCDDs and PCDFs, including human
milk and adipose tissue (10-12). The levels found in the
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Figure 3. Ion curves of penta-CDFs of cow milk (upper), human milk (middle), and emission from MSW incinerator (lower), see text.
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Figure 4. Ion curves of hexa-CDFs of cow milk (upper), human milk (middle), and emissions from MSW incinerator (lower), see text.

human milk samples from Sweden and Germany are
higher then those reported here. Typical ion curves are
shown in Figures 2-6 (middle curves). It is interesting to
note the great similarity in the isomeric pattern between
cow milk and human milk.

Emissions from incinerators are known to contain a
series of PCDDs and PCDFs, including 2,3,7,8-substituted
congeners. A very likely source for the presence of these
compounds in the case of the more contaminated milk
samples from Hunzenschwil, Suhr, and Rheinfelden is
municipal incineration or other combustion sources.
1,2,3,7,8-Penta-CDD, present in two of the samples, has
been implicated with emissions from combustion sources,
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and more recently, this particular isomer has also been
identified in the exhausts from cars running on leaded
gasoline (18) and in used motor oil (19). In the case of the
milk from Rheinfelden, additionally the production of
pentachlorophenol (PCP) may be implicated for at least
some of the contaminants. This milk sample showed the
highest levels of hepta- and octa-CDD, both major con-
taminants of PCP. Furthermore, the highest level of
hexachlorobenzene (HCB) was detected in this sample
(Table V).

Typical ion curves of penta- and hexa-CDDs as well as
tetra-, penta-, and hexa-CDFs from emissions of MSW
incinerators are given in Figures 2-6 (lower curves). A
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Figure 6. Ion curves of hexa-CDDs of cow milk (upper), human m|

direct comparison between these curves and the curves
from the milk sample demonstrate a dramatic decrease in
the number of congeners present in the emissions and in
the milk of the cows grazing near such installations. Only
the toxic 2,3,7,8-substituted congeners are found in the
milk. This observation can be explained by differences
in bioaccumulation and/or biodegradation.

Rappe et al. (20) compared the structure of the PCDF
congeners present in the Yusho oil and in liver samples
from people exposed to this oil. Again, this comparison
demonstrates structural relationships between the isomers
retained by the patients and between the isomers appar-
ently excreted. None of the isomers retained had two
vicinal unchlorinated C atoms in any of the two C rings

ilk (middle), and emissions from MSW incinerator (lower), see text.

of the dibenzofuran system. Most of these isomers had
all lateral (2, 3, 7, and 8) positions chlorinated. In con-
tradiction, all the PCDF isomers apparently excreted had
two vicinal unchlorinated C atoms in at least one of the
two rings. A similar relationship for the metabolism of the
closely related dibenzo-p-dioxins has been reported by
Tulp and Hutzinger (21).

Registry No. 2,3,7,8-Tetra-CDF, 51207-31-9; 1,2,3,7,8-pen-
ta-CDF, 57117-41-6; 2,3,4,7,8-penta-CDF, 57117-31-4;
1,2,3,4,7,8-hexa-CDF, 70648-26-9; 1,2,3,6,7,8-hexa-CDF, 57117-44-9;
2,3,4,6,7,8-hexa-CDF, 60851-34-5; 1,2,3,4,6,7,8-hepta-CDF,
67562-39-4; octa-CDF, 39001-02-0; 2,3,7,8-tetra-CDD, 1746-01-6;
1,2,3,7,8-penta-CDD, 40321-76-4; 1,2,3,4,7,8-hexa-CDD, 39227-28-6;
1,2,3,6,7,8-hexa-CDD, 57653-85-7; 1,2,3,7,8,9-hexa-CDD, 19408-
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74-3; 1,2,3,4,6,7,8-hepta-CDD, 35822-46-9; octa-CDD), 3268-87-9;
p,p’-DDE, 72-55-9; p,p’-DDD, 72-54-8; p,p-DDT, 50-29-3; HCB,
118-74-1; -HCH, 319-84-6; 8-HCH, 319-85-7; dieldrin, 60-57-1;
endosulfan sulfate, 1031-07-8; heptachlorepoxide, 1024-57-3;
lindane, 58-89-9; octachlorostyrene, 29082-74-4; pentachlorophenol,
87-86-5.
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Isomer-Specific Determination of Polychlorinated Dibenzo-p-dioxins and
Dibenzofurans in Incinerator-Related Environmental Samples

Akio Yasuhara," Hiroyasu Ito, and Masatoshi Morita

Chemistry and Physics Division, National Institute for Environmental Studies, Onogawa, Yatabe, Tsukuba, Ibaraki 305, Japan

B Polychlorinated dibenzo-p-dioxins (PCDDs) and di-
benzofurans (PCDFs) ranging from tetra- to octachloro
congeners in ash and fly ash from incinerators, river water,
effluent water from incinerators, groundwater, soil, and
sediment were determined isomer specifically by high-
resolution gas chromatography-mass spectrometry in order
to manifest an environmental situation polluted with those
compounds in Japan. The most toxic 2,3,7,8-tetrachloro-
dibenzo-p-dioxin was detected only in fly ash. In many
samples, octachlorodibenzo-p-dioxin had the highest
abundance in PCDDs, and heptachlorodibenzofurans had
the highest abundance in PCDFs. Gas chromatographic
patterns of PCDDs and PCDFs in all samples were com-
pared with each other by use of the pattern similarity
method in order to classify the pollution pattern with
PCDDs and PCDFs. Gas chromatographic patterns of
PCDDs and PCDFs in fly ash, effluent water, and sedi-
ment were different from each other.

Introduction

Polychlorinated dibenzo-p-dioxins (PCDDs) and poly-
chlorinated dibenzofurans (PCDF's) are a group of toxic
and hazardous compounds in the environment. There are
a total of 75 PCDD congeners and a total of 135 PCDF
congeners substituted with one to eight chlorine atoms.
The toxicity of PCDDs and PCDFs has not been entirely
clarified (1). PCDD and PCDF congeners ranging from
tetra- to hexachloro compounds having chlorine atoms at
the 2-, 3-, 7-, and 8-positions are strongly toxic according
to the reviews (2, 3). Since PCDDs and PCDFs are re-
sistant against chemical and microbial degradation, these
compounds are easily accumulated in the environment.
Therefore, it is very important and necessary to investigate
the situation and trends of pollution with PCDDs and
PCDFs in Japan.

Isomer-specific determination of PCDDs and PCDF's in
various kinds of environmental samples and investigation
of the behavior and fate of PCDDs and PCDFs in the
environment are important and emergent problems.
Formation and emission of PCDDs and PCDFs from in-
cineration sources are well-known (4-8). Other sources of
PCDDs and PCDFs are contaminants in herbicides and
polychlorinated biphenyls (PCBs) (9-12). Lots of data
concerning the concentration of PCDDs and PCDFs in fly
ash, soil, and biological materials have been reported by
many research workers in the U.S., Canada, European
countries, etc. In Japan, an accident occurred in 1968 that
is well-known as the Kanemi-Yusho (13). It was a mass
food poisoning by a contamination of rice oil with PCBs
and PCDFs. In recent years, attention has been paid to
environmental pollution with PCDDs and PCDFs from
incinerators and herbicide contamination (14-16). How-
ever, information on the environmental situation polluted
with PCDDs and PCDFs in Japan is very poor.

Many analytical methods have already been developed
for PCDDs and PCDFs. Most of them involve high-res-
olution gas chromatography-mass spectrometry (17-27).
Isomer-specific determination of PCDDs and PCDFs is
very important and necessary for the assessment of bio-
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logical effects because of the large differences of toxicity
between congeners, although the complete separation of
all congeners is impossible at the present time even if
capillary columns are used.

This reseach has two objectives. One is to manifest the
present situation of pollution with PCDDs and PCDFs in
Japan, and the other is to estimate the origin of pollution
by PCDDs and PCDFs. For the sake of these purposes,
PCDDs and PCDFs ranging from tetra- to octachloro
compounds in water, soil, sediment, incinerator’s ash, and
fly ash were isomer specifically determined by high-reso-
lution gas chromatography-low-resolution mass spectrom-
etry according to the method reported in ref 26. Gas
chromatographic peak patterns of PCDDs and PCDFs
congeners in each sample were compared with each other
by means of the pattern similarity method in order to
investigate the relation between the gas chromatographic
pattern of PCDD and PCDF congeners and the property
of samples.

Experimental Section

Synthesis of PCDDs. All syntheses were carried out
according to the literature (27-31). Several compounds
described below were isolated in pure form. 1,2,34-
Tetrachlorodibenzo-p-dioxin (1,2,3,4-TCDD) was prepared
from catechol and pentachloronitrobenzene and recrys-
tallized with acetone; colorless needles, mp 191-192 °C.
1,3,7,8-TCDD was prepared from 4,5-dichlorocatechol and
1,2,3,5-tetrachlorobenzene and recrystallized with benzene;
colorless fine needles, mp 191-192 °C. 1,3,6,8-TCDD was
prepared by heating potassium 2,4,6-trichlorophenolate
and was isolated by recrystallization with benzene/meth-
anol from the reaction mixture; colorless crystals, mp
219-220 °C. Purification of 1,3,7,9-TCDD, which formed
a byproduct in the reaction, was unsuccessful. 1,2,8,9-
TCDD was prepared by heating potassium 2,3,4-tri-
chlorophenolate and recrystallized with benzene; colorless
crystals, mp 227-230 °C. Purification of 1,2,6,7-TCDD,
which formed as a byproduct of the Smiles rearrangement
in the reaction, was unsuccessful.

Reference Samples. 2,3,7,8-TCDD solution, *C,,-la-
beled 2,3,7,8-TCDD solution, and dioxin mixture solution,
including 1,2,3,4-TCDD, 1,2,3,4,7-P;CDD, 1,2,3,4,6,7-
H,CDD, and 1,2,3,4,6,7,8-H,CDD, were purchased from
Cambridge Isotope Laboratories, Inc. Octachlorodi-
benzofuran (OCDF) and octachlorodibenzodioxin (OCDD)
were purchased from Gasukuro Kogyo Inc. (Tokyo).
2,3,6,8-TCDF, 2,4,6,8-TCDF, 2,3,4,7,8-P;CDF, and
1,2,3,6,7,8-H,CDF were provided by Dr. A. S. Kende.

Additional Reference Mixture of PCDDs and
PCDFs. A mixture solution of PCDDs and PCDFs for
confirmation of peak positions in the gas chromatogra-
phy—mass spectrometry analyses was obtained from a large
amount of fly ash (ca. 100 g). The fly ash was treated in
the same manner as described under Extraction and
Cleanup. It was confirmed by gas chromatography-mass
spectrometry that this mixture solution contained all
congeners ranging from tetrachloro- to octachlorodi-
benzo-p-dioxins and from tetrachloro- to octachlorodi-
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Table I. Contents of Samples

sample internal
no. contents amount standard, ng
1 ash before afterburner in institute’s incinerator A 16¢g 3.0
2 ash after afterburner in institute’s incinerator A 10.4 3.0
3 ash in municipal incinerator B 10g 10.0
4 fly ash in municipal incinerator C 10g 10.0
5 fly ash in municipal incinerator D 10g 10.0
6 fly ash in municipal incinerator E 20g 20.0
7 fly ash from municipal incinerator F 20g 20.0
8 soil near incinerator F 10g 3.0
9 effluent water from incinerator F 35L 3.8
10 river water mixed with effluent water from incinerator F 35L 3.8
11 groundwater near incinerator F 35L 3.8
12 sediment in river that receives effluent water from incinerator F 10g 3.0
13 river water mixed with effluent water from municipal incinerator G 35L 3.8
14 sediment in river that recieves effluent water from incinerator G 20g 3.0
15 effluent water from industrial incinerator H 35L 3.8
16 river water mixed with effluent water from incinerator H 35L 3.8
17 sediment in river that receives effluent water from incinerator H 15¢g 3.0
18 sediment in reservoir of effluent water from incinerator H 3g 3.8
19 leached water from reclaimed land with residue from incinerator H 35L 3.8
20 soil near incinerator H 3g 3.8
21 river water down incinerator H 35L 3.8
22 river water mixed with effluent water from industrial incinerator J 35L 3.8
23 soil near incinerator J 10g 3.0
24 river water mixed with effluent water from municipal incinerator K 35L 3.8
25 water in lower part of river that receives effluent water from incinerator K 35L 3.8
26 sediment in river that receives effluent water from incinerator K 10g 3.0
27 soil near incinerator K 10g 3.0
28 sediment in lake® 10g 3.0

2This sample is not concerned with any incinerator.

benzofurans. Peak positions of all congeners on the gas
chromatogram were then determined by comparison with
the literature (26, 32).

Samples. Ashes, fly ashes, soils, river water, and
groundwater were collected in relation to different types
of incinerators. Samples were transferred to our laboratory
either under cooled or frozen conditions and stored at -20
°C. The details are shown in Table L.

Extraction and Cleanup. ['C]-2,3,7,8-TCDD was
spiked in all samples as an internal standard. Approxi-
mately 3-30 g of fly ash and other solid samples, which
were spiked in advance with an ethanol solution of
[¥C]-2,3,7,8-TCDD (0.1 ng/uL) at the level of 0.5-20 ng,
was put into a Soxhlet filter cup and was extracted with
toluene (100 mL) for 16 h. The extracted solutions were
concentrated to a few milliliters by a rotary evaporator and
dissolved with hexane. Water samples were extracted with
dichloromethane after being spiked with ['3C]-2,3,7,8-
TCDD. The extracts were concentrated to a few milliliters
by a rotary evaporator and dissolved with hexane. The
hexane solution was partitioned twice with the same
volume of concentrated sulfuric acid. The hexane layer
was subjected to column chromatography with neutral
alumina (3 g). After 50 mL of hexane was passed through
the column, the dioxin and furan fraction was collected
by eluting with 50 mL of dichloromethane/hexane (50:50).
The fraction was concentrated to 100 L by a rotary
evaporator and nitrogen gas flashing and subjected to
high-performance liquid chromatography (HPLC), where
an ODS silica column (4.6 mm i.d. X 150 mm) was used.
The dioxin and furan fraction (2.5-7 min), eluted with
methanol at the flow rate of 1 mL/min, was collected. The
solution was evaporated together with benzene to remove
methanol by a rotary evaporator and finally was concen-
trated to a small volume (around 0.1-0.5 mL) by nitrogen
gas flashing. For samples of soil and sediment, column
chromatography with Florisil was put before the alumina
column chromatography. Florisil (10 g) was used without
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Table II. Setting Mass Number for Selected Ion
Monitoring

no. of

chlorine atoms dibenzo-p-dioxin dibenzofuran
4 319.9, 321.9 303.9, 305.9
5 353.9, 355.9 337.9, 339.9
6 3817.9, 389.9 371.9, 373.9
7 423.9, 425.9 4017.9, 409.9
8 457.9, 459.9 441.9, 443.9
4° 331.9, 333.9

4This compound is [**Cy,]-2,3,7,8-TCDD.

Table III. List of Object Compounds and Reference
Compounds for Quantification

object compounds reference compounds

1,3,6,8-TCDD 1,3,6,8-TCDD

1,3,7,8-TCDD 1,3,7,8-TCDD

1,2,8,9-TCDD 1,2,8,9-TCDD

1,2,3,4-, 1,23,7-, 1,2,3,8-, 1,2,4,6-, and 1,2,3,4-TCDD
1,24,7-TCDDs .

other TCDDs 2,3,7,8-TCDD

all P,CDDs 1,2,3,7,8-P;CDD

all H,CDDS 1,2,3,6,7,8-H,CDD

all H,CDDs 1,2,3,4,6,7,8-H,CDD

OCDD 0OCDD

2,3,6,8-TCDF 2,3,6,8-TCDF

other TCDFs 2,4,6,8-TCDF

all P;CDFs 2,3,4,1,8-P;CDF

all HCDFs 1,2,3,6,7,8-H,CDF

all H,CDFs 1,2,3,4,6,7,8-H,CDD

OCDF OCDF

any activation. After 100 mL of hexane was passed
through the column, the dioxin and furan fraction was
collected by eluting with 200 mL of dichloromethane/
hexane (80:20).

Gas Chromatography-Mass Spectrometry. A JEOL
Model JMS-DX300 double-focusing mass spectrometer
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Table VI. Concentration of TCDFs®

1,3,7,8, 1,2,4,7,
sample® 1,368 1379 1347 1468 1367
1 (ash) 0.03 0.05 0.02 0.02 0.05
3 (ash) 0.04 0.57 0.01 0.02 0.46
4 (FAsh) 0.89 4.36 0.53 0.34 4.08
5 (FAsh) 0.83 4.33 0.22 0.19 543
6 (FAsh) 0.27 0.39 0.17 0.15 0.33
7 (FAsh) 0.24 0.23 0.12 0.08 0.26
8 (soil) 0.20 0.23 0.10 0.11 0.24
12 (sed) 0.09 = = 0.11 =
17 (sed) 0.03 = = 0.03 =
22 (RWat) = 0.32 = 0.33 0.32
26 (sed) = 0.04 - - -

1,2,3,7,

1,2,4,6, 1,2,3,6,

1,2,6,8, 1,2,3,8,
1,248, 1369, 1234, 146,7,

1,348 1346 1478 2349 2468 1349 1278
0.02 0.03 0.14 0.05 0.09 = 0.06
0.10 0.27 1.29 0.90 1.13 0.08 0.35
1.46 3.20 11.2 6.10 9.17 0.58 4.89
1.93 4.89 15.4 16.8 14.1 0.95 6.17
0.14 0.25 0.93 0.35 0.36 0.06 0.29
0.21 0.34 1.06 243 0.61 0.16 0.17
0.13 0.26 0.80 0.33 0.41 0.07 0.21
0.05 = = 0.03 = = =

0.60 - =

0.25

0.86 z =

¢Samples without data did not contain any TCDF. ®Sample notation: ash, ash in the incinerator; FAsh, fly ash in the incinerator; soil,

Table VII. Concentration of P;CDFs®

1,2,3,6,8, 1,24,79, 1,2,34,7, 1,2,34,8,
sample® 13468 12468 23479 13479 13478 12478 13467 12467 23469 13469 12378 12346
3 (ash) 0.12 0.09 0.02 0.04 0.21 0.14 0.21 0.15 0.19 0.06 0.22 0.16
4 (FAsh) 067 0.71 0.79 0.23 1.81 1.08 1.22 1.08 1.76 0.29 1.87 0.86
5 (FAsh) 172 1.84 1.58 0.35 391 2.20 2.96 2.72 465 0.58 460 2.61
6 (FAsh)  0.19 0.18 0.14 0.04 0.33 0.22 0.22 0.17 0.20 0.04 0.21 0.09
7 (FAsh)  0.78 0.83 0.54 0.29 179 0.62 2.30 0.97 1.28 0.53 1.09 1.22
8 (soil) 0.09 0.10 0.07 0.03 0.16 0.12 0.13 0.10 0.12 0.04 0.11 0.06
17 (sed) - 0.07 = & - 0.04 = = = = 0.02 =

¢ Samples without data did not contain any PsCDFs. ®Sample notation: ash, ash in the incinerator; FAsh, fly ash in the incinerator; soil,

was used in combination with a Hewlett-Packard 5710A
gas chromatograph and a JEOL JMAS3500 mass data
analysis system. Gas chromatographic conditions for
PCDDs and PCDFs with four to six chlorine atoms were
as follows: column, SP2330 cross-linked fused silica ca-
pillary column (30 m X 0.2 mm i.d. X 0.25 um) purchased
from Supelco Inc.; column temperatures, 90 °C for 2 min
isothermal, 8 deg/min (for TCDDs and TCDFs) or 16
deg/min (for others) to 230 °C; injection port temperature,
250 °C. Gas chromatographic conditions for H,CDDs,
OCDD, H,CDFs, and OCDF were as follows: column OV-1
chemically bonded fused silica capillary column (10 m X
0.35 mm i.d. X 0.25 um) purchased from Gasukuro Kogyo
Inc.; column temperatures, 90 °C for 2 min isothermal, 16
deg/min to 260 °C; injection port temperature, 300 °C.
Sample aliquots of 1-2 uL. in benzene or toluene were
injected with a splitless mode. The end of the fused silica
capillary column was inserted directly into the ion source
of the mass spectrometer and was always heated at 250
°C. Mass spectrometric conditions were as follows: ion-
ization mode, electron impact (EI); ion source temperature,
250 °C; ion source pressure, (2-4) X 107 Torr; resolution,
ca. 500; ionizing energy, 70 eV; ionizing current, 300 pA;
initial (highest) accelerating voltage, 3 kV; switching rate
for multi-ion detection, 0.1 s. Multiple ions were monitored
by decreasing the accelerating voltage. All operations were
controlled by the computer system. All compounds were
measured by monitoring two isotopes of the molecular ions.
The values of setting mass for detection of PCDDs and
PCDFs are shown in Table II. Although it is desirable
to use a considerable number of ions in selected ion
monitoring in order to separate overlapped congeners, only
two ions were used in this study because of two reasons.
One is time and labor saving. The other is the high level
of background at ions except for molecular ions. The
internal standard method with ['3C]-2,3,7,8-TCDD was
used for quantification of all congeners. Peak area was
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calculated by the computer. Concentrations were calcu-
lated on every peak detected. Therefore, two concentra-
tions were obtained for each congener. If there was not
a discrepancy of more than around 30% between the two
concentrations, they were averaged. Otherwise, the con-
centrations were tentatively set at below the minimum
detection limit on the presumption that the peaks were
interfered with by other substances. Polychlorinated di-
phenyl ethers are considered as interference materials in
the determination of PCDFs. But the interference with
these compounds was not investigated because all con-
geners of polychlorinated diphenyl ethers were not ob-
tainable. Reference compounds used for quantification
are listed in Table III.

Results and Discussion

Peak positions of all congeners were confirmed with
reference samples and the reference mixture on the basis
of gas chromatographic patterns reported by Rappe (26)
and of relative retention times summarized by Bell and
Géra (32). Relative retention times with 2,3,7,8-TCDD as
a reference were measured and used for peak assignment
of all congeners in this research. The SP-2330 fused silica
capillary column was used for the gas chromatographic
separation of many of the congeners, since Rappe (26) and
Bell and Géra (32) have reported on the superiority of this
column. But the column was not effective for the analysis
of hepta- and octachloro congeners because the column
cannot be used as temperatures of more than 230 °C,
which is necessary to elute these congeners. Then the
OV-1 fused silica capillary column was used for these
isomers. Fortunately, the congeners were separated sat-
isfactorily with this column.

Calibration curves of reference PCDDs and PCDFs al-
most intersected the origin. Linearity of calibration curves
was confirmed from 2 to 200 pg. Instrumental detection
limits defined as S/N = 2 were as follows: 1,3,6,8-TCDD,



1,2,6,7, 1,24,9, 1,2,3,9, 2,3,4,6,

1279 1469 2368 2467 2347 1269 2378 2348 2367 3467 1289 total unit
0.06 = 0.05 0.07 0.04 0.01 0.09 0.07 0.13 0.16 = 124 ng/g
0.62 0.06 0.24 0.47 0.45 0.08 0.21 0.70 0.49 0.78 0.06 9.38 ng/g
4.36 0.64 2.11 4.35 5.99 0.96 213 4.7 3.26 5.30 0.52 811 ng/g
5.71 1.29 3.26 7.40 8.75 1.17 4.73 779 4.55 11.3 1.20 128 ng/g
0.19 0.06 = 0.15 0.22 = = 0.15 = 0.11 0.12 469 ng/g
0.27 0.40 0.57 0.38 0.79 0.11 0.05 0.38 0.09 0.36 0.15 9.46 ng/g
0.19 0.08 0.10 0.20 0.25 - 004 023 0.05 017 007 447 nglg
= 0.08 = = = = = e & & = 0.28 ng/g
- - - - = - - - - - - 014 ng/g
- - 0.40 ~ - - 094 - - = - 402 ng/L
- - - - - - = = & & = 0.04 ng/g

soil; sed, sediment; RWat, river water. -, ND.
1,2,4,6,9,

11,2379 12367 23489 13489 12489 12369 23468 12349 23478 12389 234,67 total unit
0.02 0.16 0.20 0.03 =€ 0.15 0.05 0.04 0.24 0.06 0.44 3.00 ng/g
0.24 0.93 1.41 0.32 0.19 1.50 0.25 0.28 2.36 0.20 2.10 222 ng/g
0.41 2.16 3.62 0.67 0.81 6.23 0.76 0.64 2.66 0.42 4.99 53.1 ng/g
0.02 0.11 0.20 0.04 0.02 0.34 0.04 0.05 0.23 0.04 0.59 3.71 ng/g
0.44 0.82 2.08 1.01 0.36 5.32 1.50 1.50 1.42 0.66 12.3 39.7 ng/g
0.02 0.07 0.15 0.03 0.03 0.22 0.04 0.03 0.17 0.02 0.38 2.29 ng/g
= &4 = = = = E = = = = 013 ng/g

soil; sed, sediment. °~, ND.
Table VIII. Concentration of H,CDDs®
1,2,3,4,6,8,
1,2,4,6,7,9, 1,2,3,6,7,9,
sample? 1,2,4,6,8,9 1,2,3,6,8,9 1,2,3,4,7,8 1,2,3,6,7,8 1,2,3,4,6,9 1,2,3,7,8,9 1,2,3,4,6,7 total unit
3 (ash) 0.04 0.02 — 0.01 = = = 007 ng/g
4 (FAsh) 1.35 0.53 0.05 0.15 0.05 0.11 0.08 2.32 ng/g
5 (FAsh) 2.21 1.06 0.11 0.27 0.10 0.24 0.19 4.18 ng/g
6 (FAsh) 2.01 171 0.29 0.48 0.06 0.45 0.23 5.23 ng/g
7 (FAsh) 18.0 11.3 0.82 3.80 0.36 2.29 0.94 37.5 ng/g
8 (soil) 1.07 0.85 0.15 0.26 0.03 0.19 0.11 2.66 ng/g
17 (sed) 0.10 0.06 = = = = = 0.16 ng/g

¢Samples without data did not contain any HCDD. ?Sample notation: ash, ash in the incinerator; FAsh, fly ash in the incinerator; soil,

soil; sed, sediment. -, ND.

0.29, pg; 1,3,7,8-TCDD, 0.21 pg; 2,3,7,8-TCDD, 1.00 pg;
1,2,3,4-TCDD, 0.24 pg; 1,2,8,9-TCDD, 0.46 pg; 1,2,3,7,8-
P,CDD, 6.01 pg; 1,2,3,6,7,8-H,CDD, 4.00 pg; 1,2,3,4,6,7,8-
H,CDD, 2.00 pg; OCDD, 4.00 pg; 2,4,6,8-TCDF, 0.33 pg;
2,3,6,8-TCDF, 0.30 pg; 2,3,4,7,8-P;CDF, 1.67 pg; OCDF,
2.67 pg. But quantification limits in real samples are
around several picograms because of the high noise level.
Therefore, the minimum concentration for quantification
of TCDDs and TCDFs is around 0.01 ng/g for the solid
sample and 0.05 ng/L for the water sample. Relative
standard deviations on four replicate measurements of
1,3,6,8-, 1,3,7,8-, 2,3,7,8-, 1,2,3,4-, and 1,2,8,9-TCDDs were
as follows: 100-pg injection, ca. 4%; 50-pg injection, ca.
6%; 20-pg injection, ca. 14%; 10-pg injection, ca. 16%.
Recovery was calculated on the amount of ['*C]-2,3,7,8-
TCDD recovered from various kinds of samples spiked
with [1*C]-2,3,7,8-TCDD. Recovery coefficients were
44-95% for river water and groundwater, 22-92% for ef-
fluent water from an industrial or municipal incineration
plant, 22-32% for sediment, 14-44% for soil, and 10-47%
for incinerator’s ash and fly ash. It seems likely that re-

covery coefficients depend upon the sample matrix.
Namely, recovery was not good for solid samples and
highly polluted water samples that have a complex matrix.
Loss of PCDDs and PCDF's seemed to occur during the
extraction process and not during the cleanup process.
Therefore, the extraction method should be improved
further.

Determination of trace amounts of PyCDD, P;CDF,
H¢CDD, and HgCDF was very difficult because of the
presence of interfering substances. Although these peaks
seemed to be similar to PCDD and PCDF isomers, the
relative retention times were not consistent with reference
values at all. These interferences were not removed by the
procedure of cleanup described here.

Determination of TCDFs, P;CDFs, H,CDFs, H,CDFs,
and OCDFs might be interfered with by hexa-, hepta-,
octa-, nona-, and decachlorinated diphenyl ethers, re-
spectively. Gas chromatographic separation between all
PCDFs and all congeners of these polychlorinated diphenyl
ethers was not checked because of the absence of authentic
compounds.
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Table X. Concentration of H;CDDs and OCDD*

sample® 1,234,679 1234678 total 12346789 unit

1 (ash) - - - 0.07 ng/g
2 (ash) 0.03 0.04 0.07 0.33 ng/g
3 (ash) 1.32 1.48 2.80 7.33 ng/g
= W W W W ww A 4 (FAsh) 38.7 42.7 81.4 84.1 ng/g
E Bw w ® ®w ww Z 5 (FAsh) 498 512 1010 1700 ng/g
il - 6 (FAsh) 52.6 60.9 114 278 ng/g
3 %28 o v - 7 (FAsh) 364 413 ki 1140 ng/g
§ S48 S S g €S 4 8 (soil) 7.95 9.86 17.8 559  nglg
= g 10 (RWat) - - - 0.49 nsﬁ:
o B 11 (GWat) = = = 0.09 ng,
ST 3 12 (sed) - - - 069 ng/g
$ 33 3 = w5, o 14 (sed) 0.26 0.33 0.59 101  ng/g
o = 2 15 (EWat) - = - 0.73 ng/L
o 16 (RWat) 0.87 472 5.59 190  ng/L
2 3 17 (sed) 0.85 0.90 175 303  ng/g
£ 38 § 2 8 3 = 18 (sed) = 2 = 19.9 ng/g
;’- S © S < o1 9 19 (LWat) 0.44 0.39 0.83 2.84 ng/L
it i 20 (soil) - - - 2.57 ng/g
& 2 21 (RWat) = - - 083 ng/L
& e n S 2 22 (RWat) 055 0.68 123 149 ng/L
538 2 28 3 = 23 (soil) 0.02 0.02 0.04 117  ng/g
g 99 2 o e ol g 24 (RWat) - = - 033 ng/L
e o 25 (RWat) = —= = 0.08 ng/L
LY = 26 (sed) - - - 0.60 ng/g
% aw o w0 o & 27 (soil) - - - 111 ng/g
KR 28 2 2 S By 4 28 (sed) 1.60 172 3.32 115  ng/g
[ of
Lot > 2Samples without data did not contain any H,CDD and OCDD.
=Y ':_ ®Sample notation: ash, ash in the incinerator; FAsh, fly ash in the
:;- il N b 60 o = incinerator; soil, soil; sed, sediment; EWat, effluent water from the in-
o g g = g : . i E cinerator plant; RWat, river water; GWat, groundwater; LWt, leached
‘;‘. i water from reclaimed land with the ash from the incinerator. ‘-, ND.
Q
8
e g
© oo @ =~ - 2
T Ss 25 &8 8, § Concentrations of PCDD and PCDF isomers are shown
o w ot in Tables IV-XI. It is noteworthy that there may be
=
= £ considerable deviation in these concentrations because of
:; 3 5 B e ol the poor recovery and only a single internal standard.
< % S =38 Ex e Quantiﬁcation.of penta- to hexachloro congeners was lgss
2 = accurate, and it was not sure that samples marked with
o ] ND did not contain any isomer at all, since there were
5 e o 9w - considerable interferences on the analysis and the back-
@« e®w @ <@ a9 n g g SR 3 s
7 oee 8 H g Bl é ground level on selected ion monitoring was fairly high.
- 3 The most toxic 2,3,7,8-TCDD was detected only in the
% o incinerator’s fly ash and ash. The extraordinarily high
o
S¥ 8y 3 3 3 g B concentrations of PCDDs and PCDFs in fly ash are im-
a8 G S © © & O g pressive. It has been proved that the soil near incinerators
et - has been polluted heavily with PCDDs and PCDFs. This
2 ré is a special case of soil that has been contaminated with
€32 8 3 3 § g PCDDs and PCDFs from an incinerator. Since incinerator
! o 2 1Ol Ie erl iy A is controlled very well and the burning temperature is
i E‘ over 1000 °C, the concentration of PCDDs and PCDFs in
S oee g g _—— the ash from incinerator A (samples 1 and 2) has been
o $33 8 3 % &8 2 significantly low when compared with those of other ash
a s o 8 or fly ash. Amounts of PCDDs and PCDFs produced from
;)» & o 3 incinerators were diverse according to the incinerator’s type
Lo e 58 8 % o 8 .: or operating conditions. High concentrations of 1,3,6,8-
g ; ; SS A A @ =1 T and 1,3,7,9-TCDDs in sample 17 were due to contaminants
g o~ - from the manufacturing of several herbicides in the factory.
k o g Most of TCDFs, P;CDDs, P;CDFs, H,CDDs, and H,.CDFs
§ e 23 3 2 g @z _§ were detected in fly ashes. Effluents from industrial plants
2 WSS A S ® 83 Z contained considerable amounts of PCDDs. OCDD is the
o - =~ most abundant of the PCDDs and is present in higher
< 2 2 2 2 = concentrations than OCDF, and the total of H;CDFs is the
2o 22 a 6 & =< E .
® e § < £ < 2%38 & most abundant among PCDFs in most of the samples.
2 g8 e ek psa These observations are consistent with the report b;
& 8 o v © ©~ o % €po:! y

Czuczwa and Hites (8, 33). High concentrations of OCDD
in most environmental samples are very prominent. A
large amount of OCDD has been contained even in the lake
sediment (sample 28). Since there are no incineration
plants near the lake, the source of OCDD might be con-
taminants of pentachlorophenol, which had been used
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Table XI. Concentration of H,CDFs and OCDF°

sample? 1234678 1234679 1234689 1234789 total 12346789  unit
1 (ash) 0.19 =8 = = 0.19 0.05 ng/g
2 (ash) 0.06 0.04 0.03 = 0.13 0.04 ng/g
3 (ash) 9.07 1.40 1.40 0.65 12,5 0.46 ng/g
4 (FAsh) 70.3 5.00 10.1 2.62 88.0 - ng/g
5 (FAsh) 464 63.8 81.5 35.3 645 115 ng/g
6 (FAsh) 33.9 13.5 11.3 5.13 63.8 254 ng/g
7 (FAsh) 328 220 214 125 887 398 ng/g
8 (soil) 18.9 6.16 5.03 2.38 325 0.31 ng/g
12 (sed) 0.09 0.05 = - 0.14 - ng/g
14 (sed) 0.22 0.08 0.28 0.04 0.62 0.24 ng/g
17 (sed) 1.30 0.48 3.88 0.29 5.95 0.76 ng/g
18 (sed) 0.38 = 0.95 - 1.33 1.04 ng/g
19 (LWat) 1.39 = = — 1.39 = ng/L
22 (RWat) 1.55 0.30 0.15 0.06 2.06 - ng/L
28 (sed) 1.06 0.68 0.71 0.42 2.87 1.96 ng/g

@Samples without data did not contain any H,CDF and OCDF. ®Sample notation: ash, ash in the incinerator; FAsh, fly ash in the
incinerator; soil, soil; sed, sediment; RWat, river water; LWat, leached water from reclaimed land with the ash from the incinerator. <—, ND.

Table XII. Pattern Similarity of TCDDs in Environmental Samples®

sample®
3 6 i 8 12 14 15 16 17 19 20 23 28
sample® (ash) (FAsh) (FAsh) (soil) (sed) (sed) (EWat) (RWat) (sed) (LWat) (soil) (soil) (sed)
1 (ash) 0.95 0.95 0.91 0.90 0.61 0.77 0.83 0.76 0.75 0.86 0.79 0.61 0.81
3 (ash) 0.95 0.88 0.89 0.86 0.92 0.80 0.72 0.70 0.80 0.73 0.56 0.80
6 (FAsh) 0.88 0.94 0.47 0.76 0.85 0.77 0.75 0.85 0.77 0.47 0.81
7 (FAsh) 0.86 0.71 0.84 0.86 0.83 0.82 0.90 0.86 0.71 0.86
8 (soil) 0.41 0.85 0.91 0.86 0.84 0.93 0.85 0.41 0.88
12 (sed) 0.37 0.39 0.32 0.32 0.49 042 100 041
14 (sed) 0.96 1.00 1.00 0.95 1.00 0.37 0.98
15 (EWat) 0.96 0.95 0.96 0.96 0.39 0.97
16 (RWat) 1.00 0.95 0.99 0.32 0.98
17 (sed) 0.94 1.00 0.32 0.98
19 (LWat) 0.96 0.49 0.94
20 (soil) 042 098
23 (soil) 0.41

2The number of components (factors) was 14. ®Sample notation: ash, ash in the incinerator; FAsh, fly ash in the incinerator; soil, soil;
sed, sediment; EWat, effluent water from the incinerator plant; RWat, river water; LWat, leached water from reclaimed land with the ash

from the incinerator.

Table XIII. Pattern Similarity of TCDFs in Environmental Samples®

sample®
3 5 T 8 12 17 22 2
sample? (ash) (FAsh) (FAsh) (FAsh) (FAsh) (soil) (sed) (sed) (RWat) (sed)
1 (ash) 0.89 0.89 0.86 0.70 0.57 0.78 0.07 0.15 0.46 0.15
3 (ash) 0.98 0.97 0.85 0.77 0.92 0.27 0.20 0.43 0.22
4 (FAsh) 0.97 0.89 0.76 0.95 0.05 0.20 0.46 0.20
5 (FAsh) 0.82 0.86 0.90 0.03 0.27 0.44 0.12
6 (FAsh) 0.70 0.98 0.21 0.32 0.36 0.29
7 (FAsh) 0.76 0.12 0.46 0.25 0.08
8 (soil) 0.19 0.30 0.42 0.19
12 (sed) 0.49 0.14 0.00
17 (sed) 0.19 0.00
22 (RWat) 0.20

*The number of components (factors) was 23. ?Sample notation: ash, ash in the incinerator; FAsh, fly ash in the incinerator; soil, soil;

sed, sediment; RWat, river water.

formerly as a herbicide and is still used as a fungicide.

Mass spectra in the full-scan mode were measured for
samples 5, 7, and 17, which contained a large amount of
PCDDs and PCDFs, in order to confirm the presence of
PCDDs and PCDFs clearly. These mass spectra were
consistent with ones of the corresponding congener. Any
spectra of polychlorinated diphenyl ethers or poly-
chlorinated methoxybiphenyls were not observed. The
mass spectrum that is identical with that of OCDD was
contaminated with the mass spectrum of OCDF. Peaks
of OCDD and OCDF overlap because the relative reten-

tions of both compounds are the same.

In order to compare gas chromatographic patterns with
each other, pattern similarity S(A,B) was calculated ac-
cording to

S(A,B) = \/ Z(AB) / \/ ;(Ai)z\/ Z(B)?

where A; and B; are the concentrations of congener i in
samples A and B, respectively. This pattern similarity
means the product of two vectors A and B in general. All
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Table XIV. Pattern Similarity of PCDDs and PCDFs Including Tetra- through Octachloro Congeners in Environmental

Samples®
sample®
6 7 8 9 12 13 14 15 19 23 26 27 28
sample? (FAsh) (FAsh) (soil) (EWat) (sed) (RWat) (sed) (EWat) (LWat) (soil) (sed) (soil) (sed)
3 (ash) 0.71 0.77 0.84 0.03 0.63 0.03 0.62 0.14 0.87 0.60 0.52 0.53 0.69
6 (FAsh) 0.94 0.97 0.00 0.86 0.00 0.96 0.19 0.94 0.95 0.80 0.83 0.99
7 (FAsh) 0.93 0.00 0.76 0.00 0.84 0.16 0.88 0.82 0.68 0.71 0.94
8 (soil) 0.01 0.86 0.01 0.93 0.20 0.98 0.92 0.78 0.81 0.96
9 (EWat) 0.18 0.98 0.07 0.95 0.07 0.02 0.51 0.46 0.08
12 (sed) 0.19 0.90 0.32 0.85 091 0.86 086 0.88
13 (RWat) 0.07 0.95 0.07 0.03 0.53 0.48 0.09
14 (sed) 0.27 0.90 1.00 0.87 0.90 0.97
15 (EWat) 0.25 022 066 062 028
19 (LWat) 089 078 080 0.92
23 (soil) 0.85 0.88 0.96
26 (sed) 1.00 0.85
217 (soil) 0.87

2The number of components (factors) was 100. ®Sample notation: ash, ash in the incinerator; FAsh, fly ash in the incinerator; soil, soil;
sed, sediment; EWat, effluent water from the incinerator plant; RWat, river water; LWat, leached water from reclaimed land with the ash

from the incinerator.

components in each vector are supposed to be perpendi-
cular to each other. The components refer here to the
peaks in the gas chromatography-mass spectrometry
analysis. The most important thing is not the magnitude
of the vectors, but the angle between the two vectors. The
pattern similarity gives herein the degree of similarity
between two gas chromtographic patterns irrespective of
concentration. S(A,B) becomes 1.0 when two gas chro-
matographic patterns are completely equal. If gas chro-
matograms of samples A and B do not possess any com-
mon peak, S(A,B) is zero. Pattern similarity is very ef-
fective for investigation of the origin for PCDDs and
PCDFs. Also, it is very useful to estimate the change of
the gas chromatographic pattern with congener-selective
decomposition, distribution, or transportation. Tables XII
and XIII show pattern similarity of several samples of
TCDDs and TCDFs, respectively. Regarding the TCDDs,
samples were divided into two groups from a point of view
of pattern similarity. One group (no. 1, 3, 6-8, 14-17, 19,
20, and 28) had the pattern typical to fly ash. The pattern
of the other group (no. 12 and 23), which showed high
similarity each other, was not similar to that of fly ash.
Regarding the TCDF's, samples 1, 3-6, and 8 showed a
similar pattern with each other. It is very reasonalbe that
patterns of TCDFs in ash or fly ash are very similar with
each other. Patterns of TCDFs in sediments and river
water are dissimilar to those in ash and fly ash. But the
pattern of TCDFs in soil (no. 8) is very similar to that in
ash or fly ash. Pattern similarity for several samples for
all congeners of PCDDs and PCDFs ranging from tetra-
to octachloro congeners is shown in Table XIV. The
pattern of PCDDs and PCDFs in ash was a little different
from that in fly ash, although patterns of TCDDs and
TCDFs in ash and fly ash were very similar to each other.
It is very interesting that the leached water from reclaimed
land with ash from the incinerator (no. 19) had a similar
pattern to that of fly ash or ash. Therefore, reclamation
with ash or fly ash from incinerators could pollute water
with PCDDs and PCDFs. Samples listed in Table XIV
are roughly divided into three groups according to the
pattern similarity of total isomers. The first group, which
is composed of samples 3, 6-8, and 19, has a pattern
characteristic of fly ash. The second group, which is
constituted with the samples 9, 13, and 15, shows a typical
pattern of effluent water. The third group, which is made
up of the samples 12, 14, 23, and 26-28 represents the
pattern from soil. Gas chromatographic patterns of these

978 Environ. Sci. Technol., Vol. 21, No. 10, 1987

three groups were not similar to each other. It is not clear
now whether these differences of patterns in PCDDs and
PCDFs come from congener-selective degradation, dis-
tribution, or transportation. Patterns between fly ash (for
example, sample 7) and sample 28 were very similar be-
cause H,CDDs, OCDD, H,CDFs, and OCDF had high
abundances in both samples. But the source of PCDDs
and PCDFs in the sediment sample (no. 28) is not fly ash
from the incinerator, since no TCDFs have been detected
in the sample.
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Reductive Dissolution of Manganese(I11/1V) Oxides by Substituted Phenols

Alan T. Stone

Department of Geography and Environmental Engineering, The Johns Hopkins University, Baltimore, Maryland 21218

m Kinetics of the reaction of manganese(III/IV) oxides
with 11 substituted phenols were examined in order to
assess the importance of manganese oxides in the abiotic
degradation of phenolic pollutants. At pH 4.4, 10* M
solutions of substituted phenols reduced and dissolved
synthetic manganese oxide particles in the following order:
p-methylphenol > p-ethylphenol > m-methylphenol >
p-chlorophenol > phenol > m-chlorophenol > p-
hydroxybenzoate > o-hydroxybenzoate > 4’-hydroxy-
acetophenone > p-nitrophenol. Rates of reductive disso-
lution generally decrease as the Hammett constants of ring
substituents become more positive, reflecting trends in the
basicity, nucleophilicity, and half-wave potential of sub-
stituted phenols. Evidence indicates that the fraction of
oxide surface sites occupied by substituted phenols is quite
low. The apparent reaction order with respect to [H*] is
not a constant but varies between 0.45 and 1.30 as the pH
range, phenol concentration, and phenol structure are
varied. A mechanism for the surface chemical reaction has
been postulated to account for these effects.

Introduction

Iron(IIT) and manganese(I1I/IV) oxides, widely distrib-
uted as suspended particles in surface waters and as ce-
ments and coatings in soils and sediments, are potential
oxidizing agents of natural and xenobiotic organic com-
pounds (I, 2):

Fe"OOH(s) + 8H* + ¢” = Fe?*(aq) + 2H,0 (1)

E°=4+067V

MnlQOH(s) + 3H* + ¢ = Mn?*(aq) + 2H,0 (2)
°=+4+150V

1/,MnVO,(s) + 2H* + ¢~ = 1/,Mn?*(aq) + H,0 3)
E°=+123V

Although the crustal abundance of manganese is only a
tenth that of iron (3), the oxidant strength and reactivity
of manganese oxides make them important participants
in environmental oxidation-reduction reactions. In com-
bination with iron oxides and molecular oxygen, they make
up the oxidant poising capacity of soils, sediments, and
other oxide-rich environments.

0013-936X/87/0921-0979$01.50/0 © 1987 American Chemical Society

Many classes of natural and xenobiotic organic com-
pounds are facile reductants, capable of reducing manga-
nese oxides (4, 5). Phenols are naturally present in surface
waters and groundwaters as degradation products of lignin
and other plant materials. In addition, anthropogenic
inputs of phenolic pesticides and industrial wastes are
important. Methylphenols, ethylphenols, chlorophenols,
and phenol, for example, have been found in landfill
leachate plumes (6). These and other substituted phenols
pose a direct threat to human health. Chronic toxicity
arising from long-term exposure to trace levels of penta-
chlorophenol, phenol-containing pesticides, and phenolic
wastes is a subject of growing concern.

The objectives of this study are (1) to determine rates
of reaction between manganese oxides and substituted
phenols, (2) to explore structure-reactivity relationships
in the oxidative degradation of phenols, and (3) to assess
the importance of manganese oxides in degrading sub-
stituted phenols in aquatic environments.

Oxidation of Substituted Phenols. The oxidation of
substituted phenols by metal ion oxidants is a complex
process; reaction rates and product distribution depend
not only upon the nature of the oxidant but also upon
reactant concentrations and medium composition as well
(7). Reactions of substituted phenols pertinent to this
discussion are shown in Figure 1. In a number of in-
stances, reaction begins with a 1-equiv oxidation of the
phenolate anion (ArQ") yielding phenoxy radicals (ArO°)
(7, 8). The protonated form (ArOH) is considerably less
reactive. The outer-sphere oxidant hexachloroiridate(IV)
anion, for example, oxidizes ArO™ more than 6 orders of
magnitude more quickly than ArOH (9).

Several competing, irreversible reactions consume
phenoxy radicals. Encounters between phenoxy radicals
result in radical coupling and dimer formation. Many
phenolic dimers are more susceptible toward oxidation
than corresponding monomers, and therefore oxidative
coupling continues, forming a complex mixture of poly-
meric oxidation products (10). Low radical concentrations
limit the frequency of radical-radical encounters and favor
competitive pathways. A 1-equiv oxidation of phenoxy
radicals to phenoxenium ions (ArO*) is a possible com-
petitive pathway. Phenoxenium ions are, in turn, con-
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(i) Protonation
OH 0"
@ F @ + R pKq 9.98
(ArOH)  (Ar07)

(ii) Phenoxy Radical Formation
o

Ar0™ + meT = @ + Mt
(Ar0’)
(iii) Coupling of Phenoxy Radicals

OH OH OH
- Polymeric
24r0" —» @"’O ’ > Oxidation Products

(iv) _Phenoxenium Ion Formation

)
ArO + MeT —> Q + Mel

H

(aro*)

(v) Hydrolysis and Benzoquinone Formation

2MeT +Hy0 2meT + 2Kt

0 0

E z i
Aro* + Hp0 —> Q Q
H” OH 0

(vi) Electrophilic Attack by Phenoxenium Ions

OH OH
+ Polymeric
ArDEIATOH > Oxidation Products
Figure 1. Reactions of substituted phenols, illustrating competitive
oxidative pathways (from ref 7-10).

sumed by electrophilic attack on phenol or by hydrolysis
and benzoquinone formation (7). Low pH favors phen-
oxenium ion formation and production of quinones over
radical coupling (7). Ring cleavage of coupled products
and benzoquinones to carboxylic acids and other aliphatic
products occurs with some oxidants (11). Molecular oxy-
gen has a particularly strong impact on the distribution
of oxidation products. Addition of molecular oxygen to
phenoxy radicals generates organoperoxides and organo-
peroxy radicals (12-14).

Reaction Scheme. Reactions involving manganese-
(IIT/IV) oxides differ in several important respects from
analogous reactions of metal ion complexes in homoge-
neous solution. Manganese(III) and manganese(IV) cen-
ters are incorporated within an oxide surface when re-
duction occurs; the flux of Mn(III) and Mn(IV) from the
surface into overlying solution is negligible, given the ex-
ceedingly low solubility of oxides formed from these oxi-
dation states (15). Specific interaction between reductant
molecules and oxide surface sites is believed to be neces-
sary for reaction, since adsorbed calcium and phosphate
ions strongly inhibit reaction (15). Small changes in re-
ductant structure cause large differences in reaction rates,
another indication of specific interaction (5). Thus, re-
ductive dissolution of manganese(III/IV) oxides is surface
chemical reaction controlled and requires close association
of reductant molecules with surface sites before electron
transfer and metal ion release can occur.

The following reaction scheme is presented to serve as
a focus for discussion.

Precursor complex formation:
k
>Mn! + ArOH ‘—T’ (>Mn!™, ArOH) (4)
-1
Electron transfer:

Ry
(>Mn"ArOH) = (>Mn'LAr0") + H*  (5)
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Release of phenoxy radical:
(>MnlLAr0) == >Mnll + ArO" ®)

Release of reduced Mn(II):
>Mnll 2 Mn®* (+ >MnT) @

Coupling and further oxidation:

ArO® + ArO* — quinones, dimers, and
polymeric oxidation products (8)

Surface metal centers are denoted by their oxidation state
(>Mn™ and >Mn"). Manganese(IV) is also present on the
oxide surface and will take part in reactions similar to the
reactions outlined above. For the moment, protonation
equilibria of unoccupied surface groups (>Mn!'OH,*,
>MnMOH, and >Mn™0"), reductant molecules (ArOH
and Ar0"), and reaction intermediates are ignored. Pre-
cursor complex formation may be an inner-sphere reaction,
when the incoming phenols bind directly to surface metal
centers, or an outer-sphere reaction, when a layer of co-
ordinated OH" or HyO molecules separates phenols from
surface metal centers (16). Release of Mn?* uncovers
underlying oxide sites; the relationship between moles of
Mn?* released and moles of new surface sites generated
is unknown. It is difficult to determine whether phenol
reactant molecules, phenoxy radical intermediates, or ox-
idation products participate in the release of Mn(II) from
the oxide lattice into solution. Reactions of radical and
coupled organic intermediates with manganese oxide
surface groups are not written explicitly but may con-
tribute to the overall dissolution rate.

Much recent effort has been directed toward developing
a conceptual understanding of surface chemical reactions
responsible for reductive dissolution (16-23). Of particular
interest is the use of reaction schemes, such as the one
outlined above, in interpreting results from experiments
and predicting reaction rates under unexplored conditions
(21).

Experimental Section

Unless otherwise stated, all solutions were prepared from
reagent-grade chemicals and 18 uQ resistivity water (DDW,
Millipore) and filtered with 0.2 um pore diameter mem-
brane filters (Nucleopore Corp.) before use. All glassware
was soaked in 5 N HNO; and thoroughly rinsed with DDW
prior to use.

Preparation of Oxide Particles. Four different types
of manganese oxide particles were synthesized and char-
acterized for the dissolution experiments. Total manga-
nese in particle suspensions was measured by atomic ab-
sorption spectrophotometry (AAS) and oxidizing titer
measured by back-titration of excess oxalate with per-
manganate (24). Particles were examined by high-reso-
lution transmission electron microscopy (HRTEM) and
crystallographic d spacings measured by electron diffrac-
tion. Brunauer-Emmett-Teller (BET) analysis was per-
formed on freeze-dried particles. Particle characteristics
are summarized in Table I, and HRTEM micrographs are
shown in Figure 2.

Type A particles were prepared by adding a stoichio-
metric amount of stock MnSO, solution to 2.0 X 10 M
NaMnOQ, in a pH 6.6, 5 X 102 M phosphate buffer at 25
°C under air. Settled particles were removed and resus-
pended in water, sonicated, and then removed again by
centrifugation. Particles were rinsed 8 times in this
manner before final resuspension in 1 X 10 M NaOH.
HRTEM shows that type A oxides are aggregates of ex-



Table I. Characteristics of Manganese(III/IV) Oxide
Particles

type
characteristics A A’ B C
av oxidn state +3.81 +3.82 +3.70 +3.62
stoichiometry MnO;5; MnO;5; MnO;g35 MnO, g
surface area, m%/g 25 160 67
crystallographic d  4.53 3.55 4.94 2.59
spacings, A 3.52 1.78 3.10 1.67
2.26 1.56 2.51 1.27
1.71 2.07
1.52 1.54
1.30
1.26

tremely small, spheroidal particles. Type A’ particles were
prepared in a similar manner.

Type B particles were prepared by equilibrating a 1.0
X 10 M Na,S0,-5.0 X 10 M NaOH solution with 0.20
atm of oxygen gas (balance nitrogen), chilling to 5 °C in
an ice bath, and then adding enough MnCl, stock solution
under rapid stirring to give a 3.0 X 10 M manganese
solution. Particles were rinsed 4 times as described above
before final resuspension in 1 X 104 M NaOH. HRTEM
photographs indicate that type B particles are extremely
thin, crumpled sheets, with high surface area.

Preparation of type C particles began by equilibrating
5.0 X 10° M MnSO, and 1.2 X 102 M H,0, at neutral pH
in a 5 °C ice bath. Raising the solution pH to 10.4 by
addition of 6 X 10 M NH,OH initiated the oxidation
reaction and particle production. Particles were rinsed 4
times as described above before final resuspension in 1 X
10* M NaOH. HRTEM photographs show type C par-
ticles to be extremely thin, crumpled sheets with high
surface area.

Surface proton balances were calculated from titrations
of type A particle suspensions and particle-free solutions
containing 1.0 X 10 M and 1.0 X 102 M NaCl with 0.1
N NaOH and 0.1 N HCI (see ref 25). Classic behavior was
not observed; the apparent pH,,. (zero point of charge) was
lower in 1.0 X 101 M NaCl than in 1.0 X 102 M NaCl, and
plots of proton balance as a function of pH parallel each
other. One possible explanation is that type A oxide
particles undergo an ion-exchange reaction, exchanging
lattice-bound H* for Na* as the concentration of NaCl is
increased.

Dissolution Experiments. Substituted phenols listed
in Table II were purchased from Aldrich Chemical Co.

% 0.5micron A

0.1 micron

Figure 2. High-resolution transmission electron micrographs of type
A, A’, B, and C particles collected on holey carbon grids.

(greater than 99% purity) and used without further pu-
rification. Stock 1.0 X 102 M substituted phenol solutions
contained 25% ethanol and were used within 24 h. Within
this time, no changes in UV absorbance of the stock phenol
solutions were observed. Preliminary experiments showed
that small amounts of ethanol did not influence rates of
reductive dissolution. The ionic strength was maintained
at 5.0 X 102 M with NaCl. Temperature was held constant
at 25 °C with jacketed beakers and a circulating con-
stant-temperature bath. Manganese oxide suspensions
were equilibrated in the reaction solution under nitrogen
purging for over 1 h to keep dissolved oxygen to a mini-
mum.

Constant pH was maintained with either acetate or
constant-Pcq, buffers. Acetate had a negligible effect on
reaction rate, since varying the concentration of acetate
(from 1073 to 102 M) or maintaining the pH by HCI and
NaOH addition in acetate-free solution did not affect the
dissolution rate. Constant-Pgg, buffer was employed for
reactions at pH above 6.0, alkalinity was set by addition
of NaHCO;, and suspensions were purged with 1% CO,
(balance nitrogen) for at least 2 h before the addition of

Table II. Properties of Substituted Phenols and Rates of Reductive Dissolution

dissolution rate,® mol L™ min™*

Hammett constant? pK.b log Kg.* Ey )tV type A oxide type B oxide
. Meta- and Para-Substituted Phenols
p-methylphenol -0.16 10.26 9.26 0.543 2.06 X 107 7.67 X 107
p-ethylphenol -0.15 10.21 0.567 1.97 X 10
m-methylphenol -0.07 10.01 8.51 0.607 4.48 x 1077
phenol +0.00 9.98 8.20 0.633 2.22 X 1077 1.25 x 1077
p-chlorophenol +0.22 9.42 7.92 0.653 3.89 X 1077 2.50 X 1077
m-chlorophenol +0.37 9.13 7.89 0.734 3.84 X 108
p-hydroxybenzoic acid +0.45 9.46 (4.58) 0.716 1.93 x 1078 1.48 X 1078
p-hydroxyacetophenone +0.50 8.05 0.791 1.42 X 107 8 x 10710
p-nitrophenol +0.78 7.15 5.74 0.924 <107
Ortho-Substituted Phenols

o-chlorophenol 8.29 7.32 0.625 2.48 X 107
o-hydroxybenzoate 13.74 (2.97) 0.845 1.15 x 108 3.0 X 107°

3From ref 30. ®From ref 31-33. ¢From ref 31. ¢From ref 37. ¢Dissolution rates were measured in pH 4.4 (1 X 10 M acetate buffer)
solutions containing 5.0 X 102 M NaCl and 1 X 10™* M substituted phenol. Total manganese added (as oxide particles) was 4.8 X 107 and
3.5 X 107 M for experiments with type A and type B oxide particles, respectively.
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Figure 3. Reductive dissolution of type A manganese oxide particles
with increasing amounts of m-chlorophenol. Reaction conditions: 4.8
X 10 M total (added as oxide particles), pH 4.4 (1 X 10~
M acetate buffer), 5.0 X 1072 M NaCl.

(x10°M)

substituted phenols. Negligible differences were observed
between reactions performed with acetate buffer and re-
actions at the same pH performed with constant-Pcg,
buffer.

Dissolved and particulate manganese were distinguished
by filtering aliquots of the reaction solution with 0.2 um
pore diameter X 25 mm membrane filters (Nucleopore
Corp.), as described previously (15). Particles retained by
0.2-um membrane filters are actually aggregates of much
smaller, high surface area particles. Concentrations of
dissolved manganese were determined by AAS. In the
absence of reductant, dissolution of manganese oxide
particles was below the detection limit.

Surface coverage by phenol and p-chlorophenol during
reductive dissolution of type B oxide was measured by the
following procedure: (1) removal of oxide particles by
membrane filtration, (2) fast reduction of oxide particles
by addition of ascorbate in phosphate buffer, releasing
phenols, (3) extraction of phenols into 60:40 hexane/ether,
and (4) analysis of phenols using a Hewlett-Packard 5890A
capillary gas chromatograph. The amount of adsorbed
phenols detected by this technique was quite small (on the
order of 1 X 10”7 mol/L in 10™* M phenol suspensions),
near the detection limit of this technique. It is estimated
that between 1 X 10 and 1 X 10° mol of manganese oxide
surface site/L is available for adsorption, on the basis of
BET surface area measurements and assuming between
4 and 10 surface sites per square nanometer (26). Thus,
phenol and p-chlorophenol apparently occupy less than
10% of the available oxide surface sites.

Results and Discussion

Results of a typical reductive dissolution experiment are
shown in Figure 3, in which type A particles are reduced
and dissolved by increasing amounts of m-chlorophenol.
Loading of manganese oxide particles provides an equiv-
alent of 4.8 X 10 M manganese. Rates of [Mn?*] release
gradually decrease as the reaction progresses, causing
curvature in plots of [Mn?*] as a function of time. Up to
the point where 10% of the oxide has been dissolved, this
curvature is small, and the increase in [Mn?*] with time
is nearly linear. Initial rates of reductive dissolution are
calculated by linear regression within this time interval.
A decision was made to investigate initial rates, since
substantial changes in oxide surface characteristics and
coating of the oxide surface with oxidized organic products
may complicate the kinetic behavior once a significant
amount of reaction has taken place. The fitted regression
lines calculated during the first 10% of the reaction are
shown in Figure 3.

Effect of Substituted Phenol Concentration. Rates
of type C manganese oxide particle dissolution as a func-

982 Environ. Sci. Technol., Vol. 21, No. 10, 1987

1078+

2+
d[Mn ] |65A5_
dt

( moles )
liter -minute

1 I 1

0° 1074 1073

[ p-Methylphenol] (M)
Figure 4. Reductive dissolution of type C oxide particles (6.35 X 10~°
M total manganese) by increasing amounts of p-methylphenol in 1.0
X 107 M acetate buffer. A solid line having a 1:1 slope is drawn
through the lowest value for each set of points; data fall on this line
when the dissolution rate is directly proportional to p-methylphenol
concentration.

tion of p-methylphenol concentration are shown in Figure
4, with a log-log plot. Experiments were performed at
three different pH values with 1.0 X 10~ M acetate buffers.
A solid line having a 1:1 slope is drawn through the lowest
value for each set of points; data fall on this line when the
dissolution rate is directly proportional to p-methylphenol
concentration. At constant p-methylphenol concentration,
the reductive dissolution rate increases as the pH is de-
creased. At pH 5.7, the dissolution rate is directly pro-
portional to p-methylphenol concentration over the con-
centration range studied. At pH 4.8 and pH 4.1, points
fall slightly below the 1:1 proportionality line as the p-
methylphenol concentration is increased.

Reductive dissolution rates as a function of substituted
phenol concentration were also measured for reaction of
m-chlorophenol and o-hydroxybenzoate with type B oxide
particles. At pH 4.4, the reaction order with respect to
reductant concentration is close to 1.0 in both cases.

The reaction scheme outlined in eq 4-8 can be used to
explore the effect of substituted phenol concentration on
overall rates of reductive dissolution. A mass balance
equation for oxide surface sites is (21)

ST =
[>Mn™] + [>Mn", ArOH] + [>Mn",ArO°] + [>Mn"]
()]

Consider the special case where precursor complex for-
mation and electron transfer are rate-limiting steps (re-
actions 6-8 are fast) and back electron transfer is negligible
(ky > k). Under these conditions, surface concentrations
of reduced surface sites (>Mn",Ar0*) and >Mn! are low
and can be left out of the mass balance equation. The
dissolution rate is given by

d[Mn?*]
de¢

Assuming steady-state phenol surface coverage, eq 10 can
be written in terms of St and the phenol concentration:

_d[Mn®]  kik,Sy{ArOH]
UTTd T kJArOH] + by + K,

This result resembles classic Michaelis—-Menten kinetics
(27), and the relationship between substituted phenol
concentration and dissolution rate resembles an absorption
isotherm. Rates of reductive dissolution initially increase
in direct proportion to phenol concentration [in the con-
centration range where (k_; + k;) > k;[ArOH]]. Reaction

= ky[>Mn'! ArOH] (10)

(11)



rate eventually levels out as the surface becomes saturated
with phenol, and electron transfer becomes rate-limiting
[when k;[ArOH] > (k_, + k,)].

Taking the reciprocal of eq 11 shows that 1/v is pro-
portional to 1/[ArOH], similar to the Lineweaver-Burk
equation (27):

1 ky+ky 1

o = FkySplATOH] T kS, uz
The maximum rate of reductive dissolution is given by v,
= kySt and occurs when the surface is saturated with
adsorbed phenol. The quantity (k_; + kj)/k;, analogous
to a Michaelis-Menten constant, is a measure of the
binding constant of phenol to oxide surface sites.

Lineweaver-Burk plots were constructed from the data
shown in Figure 4. In every case, the calculated value of
the Michaelis—-Menten constant (phenol concentration at
which the surface coverage is one-half of St) is considerably
higher than the concentration range of the reductive dis-
solution experiments. In all three cases, p-methylphenol
concentrations are significantly below concentrations
necessary for saturation of the oxide surface to occur.
These results indicate that the fraction of surface sites
occupied by substituted phenols during reductive disso-
lution is, in fact, low under the conditions of study. Results
from determinations of adsorbed phenols by gas chroma-
tography are consistent with this finding.

In one study using a sensitive radiotracer technique, the
adsorption of phenol onto iron oxide particles was found
to be below the detection limit (1-2% of the phenol ac-
tivity in solution) (28). Since manganese oxides have
surface characteristics similar to iron oxides, this work
supports the conclusion that phenol surface coverage on
manganese oxides is low.

Substituent Effects. Reductive dissolution experi-
ments were performed with type A and type B manganese
oxide particles and 11 substituted phenols. Rates of re-
ductive dissolution, along with pertinent chemical prop-
erties of substituted phenols, are listed in Table II. Initial
rates of reductive dissolution were all measured under the
same set of chemical conditions: 1.0 X 10 M phenol, 1.0
X 107% M acetate buffer (pH 4.4), and 5.0 X 102 M NaCl.
Manganese oxide particle loadings were 4.8 X 10® and 3.5
X 10° M manganese in experiments with type A and type
B particles, respectively.

Ring substituents influence the reactivity of phenolic
compounds through steric, resonance, and field effects (29).
Meta- and para-substituted phenols are listed in order of
increasing Hammett constants [o,, and o, (30)] in Table
II. Carboxy, aceto, nitro, chloro, and other ¢ electron-
withdrawing substituents (with positive Hammett con-
stants) decrease the basicity (lower the pK,) of phenol
(31-33). Alkyl, alkoxy, and other ¢ electron-donating
substituents (with negative Hammett constants) increase
the basicity of phenol. Steric effects are negligible for
meta- and para-substituted phenols on this list.

Effects of ring substituents on rates of precursor complex
formation will now be considered. Rates of outer-sphere
complex formation in homogeneous solution are near
diffusion controlled (34) and relatively insensitive to
changes in ligand nucleophilicity. Inner-sphere complexes
are formed when H,0 and OH" ligands in the inner co-
ordination spheres of surface metal centers are exchanged
for entering ArOH and ArO- ligands. Inner-sphere ligand
substitution by a purely dissociative mechanism is insen-
sitive to the nature of the incoming ligand, while substi-
tution by associative mechanisms may depend upon the
nucleophilicity of the incoming ligand (35). Inner-sphere

complex formation between Fe?* and substituted phenols
has been shown to take place via a dissociative interchange
mechanism; the rate-limiting step is the release of coor-
dinated water, and rates are insensitive to changes in ring
substituents (36). If electron transfer between manganese
oxide surface groups and substituted phenols occurs via
inner-sphere precursor complexes, similar behavior may
be observed. Release of phenoxy radicals is also a ligand
substitution reaction, and rates may be sensitive to sub-
stituent effects.

If rates of adsorption and desorption are fast, relative
to the subsequent electron transfer, then precursor com-
plex formation can be treated as a preequilibrium step.
Equilibrium constants for manganese oxide surface com-
plex formation (K, = k,;/k_;) are analogous to complex
formation reactions of metal ions in homogeneous solution.
In either case, electron-withdrawing substituents reduce
the electron density on the hydroxy group, lowering the
stability of complexes with metal centers. Equilibrium
constants are available for the complexation of Fe3* with
phenolate anions (31):

Fe** + ArO™ = Felll(Ar0)%* log Ky, (13)

As shown in Table II, log Ky, values decrease as the
Hammett constant is increased. Inner-sphere complex
formation with manganese oxide surface sites can be ex-
pected to follow the same trend.

Electron-transfer reactions also experience substituent
effects. When the solution pH is significantly below the
pK, of the parent phenol, concentrations of phenolate
anion and phenoxy radical are both low, and reaction ii
in Figure 1 is fast, relative to subsequent irreversible re-
actions (7). Under these conditions, phenoxy radical
formation can be treated as a reversible reaction. Half-
wave potentials (Ey, in volts) given in Table II were
measured by Suatoni et al (37) in 1.0 M acetate buffer at
pH 5.6 and reported with reference to the saturated cal-
omel electrode. Half-wave potentials are experimentally
derived reduction potentials that depend upon the chem-
ical speciation and diffusion coefficients of oxidant and
reductant as well as the thermodynamic driving force for
reaction (38). Half-wave potentials decrease as the Ham-
mett constant of meta and para substituents increase,
indicating that phenols with electron-withdrawing sub-
stituents are more resistant to oxidation than phenols with
electron-donating substituents. Electron-transfer rates
between substituted phenols and iron(III) cyanide (39),
1,10-phenanthroline (40, 41), and 2,2’-bipyridine (42, 43)
complexes in homogeneous solution correlate well with the
electron-donating or electron-withdrawing nature of ring
substituents, as represented by their Hammett constants.
In an analogous manner, rates of electron transfer with
manganese oxide surface sites can be expected to decrease
going down the list of substituted phenols in Table II, as
ring substituents become more electron withdrawing.

Trends in pK,, log Kg,, and E,, all predict decreases
in the rates of reductive dissolution as the Hammett
constant becomes more positive; decreases in basicity (and
nucleophilicity) inhibit precursor complex formation, while
increased resistance to phenoxy radical formation inhibits
electron transfer. Results from the reductive dissolution
experiments support these expectations. The substituent
effects are quite pronounced, causing more than 3 orders
of magnitude variation in rates of reductive dissolution.
Rates generally decrease when electron-donating substit-
uents are replaced by electron-withdrawing substituents.

Logarithms of the initial rates of reductive dissolution
are plotted against half-wave potentials in Figures 5 and
6. For both type A and type B particles, dissolution rate
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Figure 5. Rates of reductive dissolution of type A particles decrease
as the half-wave potentials of the substituted phenols (as reported in
ref 37) increase (4.8 X 107° M total manganese, pH 4.4).
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Figure 6. Rates of reductive dissolution of type B particles decrease
as the half-wave potentials of the substituted phenols (as reported in
ref 37) increase (3.5 X 10~ M total manganese, pH 4.4).

generally decreases with increasing half-wave potential.
p-Methylphenol, for example, has the lowest half-wave
potential and reacts most quickly with manganese oxide
particles, while p-nitrophenol, with the highest half-wave
potential, is the least reactive. Linear regression of dis-
solution rate against half-wave potentials highlights the
overall trend and points out unusually reactive and un-
reactive substituted phenols. p-Chlorophenol and o-
hydroxybenzoate react more quickly than trends in E; ,
would indicate, while p-hydroxybenzoate and p-hydroxy-
acetophenone react less quickly.

Hammett constants often underestimate the effect of
resonance interactions. The higher than expected re-
activity of p-chlorophenol may arise from = resonance
interaction that provides an electron-donating conjugative
effect, which partially counteracts the o electron-with-
drawing effect (29).

In the case of ortho-substituted phenols, steric and other
neighboring group interactions complicate the interpre-
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Figure 7. Reductive dissolution of type A’, B, and C oxide particles
by 1.0 X 10 M p-methylphenol as a function of pH. Reactions were
performed in 5.0 X 10-2 M NaCl with either 1 X 10~ M acetate or
constant-Pg,, buffers. Total added manganese was 5.16 X 1075, 3.563
X 1075, and 6.35 X 107° M for experiments with type A’, B, and C
particles, respectively. Values of n, the apparent order with respect
to [H*], are given for each successive pair of points.

tation of substituent effects. Rates of reductive dissolution
by o-chlorophenol agree well with trends in E,, but not
with trends in pK, and log Kg,. o-Hydroxybenzoate oc-
cupies a special position in this list, because it is the only
phenol possessing two ligand donor groups, making it ca-
pable of chelating metals. The fact that it reacts more
quickly than trends in basicity or E; , would predict is not
surprising; chelation makes surface complex formation
more favorable, promoting reaction.

Thus, substituent effects and their effect on chemical
properties provide a basis for explaining relative rates of
manganese oxide dissolution by a homologous series of
substituted phenols. Meta- and para-substituted phenols
exhibit the best correlation with known chemical proper-
ties. In the case of ortho-substituted phenols, steric and
other neighboring group interactions complicate predic-
tions of reactivity.

Effect of pH. The apparent reaction order with respect
to [H*] is an experimentally derived quantity given by the
slope of the log of the reaction rates plotted as a function
of pH:

d[Mn?*]

dt

log (d[Mn?*]/d¢) =
log k + m log [phenol] + n log [H*] (15)

There are no a priori reasons for assuming that the ap-
parent order n is constant or an integer number.

p-Methylphenol is the most reactive of the substituted
phenols included in this study and is the focus of most of
this discussion. Figure 7 shows that dissolution rate in-
creases as the pH is decreased for reaction of 1.0 X 107
M p-methylphenol with type A’, B, and C particles. Rates
of manganese oxide dissolution in the absence of reduc-
tants are negligible within the pH range of study. The
apparent order of the reductive dissolution reaction with
respect to [H*] (n) is calculated from successive pairs of
points. In all three cases, the pH dependence defines a
curve, rather than a straight line, with reaction rates lev-
eling out at low pH. Values of n are generally above 1.0
at pH values above 6.0 but decrease to below 0.5 as pH 4.0
is approached.

Experiments described in an earlier section examined
rates of reductive dissolution of type C particles measured
as a function of p-methylphenol concentration at three
different pH values (Figure 4). Values of n are apparently
functions of reductant concentration. At low p-methyl-
phenol concentrations, dissolution rates are proportional
to reductant concentration, regardless of pH. As the p-
methylphenol concentration is increased, however, disso-
lution rates at pH 4.1 fall below 1:1 proportionality before
similar behavior is observed at pH 4.8. Dissolution rates

= k[phenol]™[H*]" (14)
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Figure 8. Reductive dissolution of 3.5 X 10~° M type B oxide particles
by four substituted phenols: 1.0 X 10~* M (O) p-methylphenol, (C1)
phenol, (A) p-hydroxybenzoic acid, and (<) o-hydroxybenzoate (5.0
X 1072 M NaCl, acetate, and constant-sz buffers). Values of n, the
apparent order with respect to [H*], are given for each successive
pair of points.

at pH 5.7 continue obeying 1:1 proportionality throughout
the range of concentrations considered. As a consequence,
the apparent order n is higher in 1.0 X 10 M p-methyl-
phenol, for example, than in 1.0 X 10® M p-methylphenol.

Rates of reductive dissolution of type B oxide particles
by 10™* M p-methylphenol, phenol, p-hydroxybenzoic acid,
and o-hydroxybenzoate are shown as a function of pH in
Figure 8. Considerable differences exist in values of n.
At pH 4.5, for example, n has a range between 0.45 for
reaction with p-methylphenol and 1.16 for reaction with
o-hydroxybenzoate. Values of n decrease as the pH is
decreased in the presence of p-methylphenol but show
little variation with pH in the presence of phenol. In the
presence of 10 M o-hydroxybenzoate, n increases sub-
stantially as the pH is decreased. A series of experiments
were also performed in the presence of 10° M o-
hydroxybenzoate, and a similar increase in n with de-
creasing pH was obtained. Note that pK, values of car-
boxylic acid groups are 2.80 for o-hydroxybenzoic acid and
4.58 for p-hydroxybenzoic acid. As a consequence, anionic
o-hydroxybenzoate is the predominant species within the
pH range of study, while p-hydroxybenzoic acid shifts from
a neutral to an anionic species at pH 4.58.

Several factors contribute to the observed pH depen-
dence of the reductive dissolution reaction. Rates of
precursor complex formation depend upon the degree of
reactant protonation. A three-site model (44) is used to
formulate the protonation reactions of unoccupied sites:

>Mn"OH,* & >MnlOH + H* pKs,, (16)
>MnOH = >Mn"0O- + H* pK%, (17)

Rates of ligand exchange at >Mn™OH,*, >Mn™OH, and
>Mn!"Q- surface groups may differ substantially because
of changes in the characteristics of the leaving group. In
addition, when protonated sites (>MnOH,*) outnumber
deprotonated (>Mn!"O") sites, oxide surfaces carry a net
positive charge. When the reverse is true, the oxide surface
is negative. Isoelectric points of manganese oxides reported
in the literature range from 1.40 to 2.8 for 6-MnO, (45) to
as high as 7.2 for other manganese oxides (1). Electrostatic
interactions arising from surface charge may affect rates
of precursor complex formation and other surface chemical
reactions.

ArOH and ArO™ may react with oxide surface groups at
different rates. It should be noted, however, that pK,

values of phenolic -OH groups of the four substituted
phenols included in the pH study are above 9. At pH 6.0,
the concentration of phenolate anions is more than 3 orders
of magnitude lower than the concentration of neutral
phenol and drops an additional order of magnitude for
every additional unit decrease in pH. In order for phe-
nolate anions to be important in the reductive dissolution
reaction, their reactivity must be more than 3 orders of
magnitude greater than that of neutral phenols.

Surface coverage by substituted phenols is a function
of pH, since substituted phenols must compete with pro-
tons and hydroxide ions for surface sites and protonation
of substituted phenols lowers their affinity for surface
groups. In order to examine the effect of pH on surface
coverage, precursor complex formation will be treated as
a preequilibrium step taking place before rate-limiting
electron transfer. The pH dependence is determined by
the protonation stoichiometry of the precursor complex.
Consider, for example, the following two inner-sphere
complex formation reactions:

Ky(A)

>Mn™E—0—Ar + H,0 (18)
1

>Mn™—0H + ArOH

+ it} 1

I -+
n— + ArOH >Mn"—O—Ar + H,0 (19)

>M OH,

H
11

Studies of the adsorption of organic compounds onto metal
oxide surfaces (46, 47) have shown that the pH dependence
can be predicted by considering the protonation stoi-
chiometry of surface complexes. On the basis of reaction
18, an adsorption maximum for surface complex I is ex-
pected to occur in the pH region where the product con-
centration [ArOH][>Mn™OH] is highest. Since [ArOH]
is approximately constant at pH values 2 or more units
below the pK, of the substituted phenol, the maximum will
occur near the isoelectric point of the manganese oxide
(somewhere below pH 7.5), where [>Mn!""OH] is highest.
Surface complex II has a somewhat different proton
stoichiometry. In this case, the surface complex increases
in abundance as the pH is decreased, in direct proportion
to increases in [>Mn"OH,*]. Of these two possible
stoichiometries for inner-sphere surface complexes, com-
plex I is likely to be the most abundant on the oxide
surface. Although less abundant, the pH dependence
shown by complex II could influence dissolution kinetics
if its structure is more favorable for electron transfer than
that of complex I. Thus, overall rates of reaction as a
function of pH depend both upon the total amount of
adsorbed phenol and upon rates of electron transfer within
the predominant protonation level species (21).

Outer-sphere complexes with stoichiometries of
(>Mn"-OH,ArOH) or (>MnOH,*ArO") yield a pH
dependence similar to complex I. The outer-sphere com-
plex (>Mn"-QOH,* ArOH), in contrast, yields a pH de-
pendence similar to complex II. Regardless of the stoi-
chiometries envisioned, the net surface coverage by sub-
stituted phenols is quite low, as discussed in an earlier
section.

In a study of the reductive dissolution of magnetite
(Fe304) by thioglycolic acid (HSCH,COOH), a similar
treatment of surface complex protonation stoichiometry
was successful in explaining the pH dependence (48). In
this case, the effect of pH is quite dramatic; the dissolution
rate attains a maximum value at pH 4.5 and drops off
sharply at higher and lower pH values. It is thought that
protonated surface sites and deprotonated thioglycolate
anion are joined together in the precursor complex. The

Environ. Sci. Technol., Vol. 21, No. 10, 1987 985



concentration of thioglycolate anion increases with in-
creasing pH (pK, of 3.5) while the concentration of pro-
tonated Fe(ITI) surface groups (>Fe™OH,*) decreases with
increasing pH. The product [HSCH,COO][>Fe™OH,*]
reaches a maximum value at pH 4.5, explaining the ob-
served pH dependence (48).

Once reduced manganese oxide surface sites have been
produced, protonation reactions are involved in the release
of the reduced metal ion into overlying solution (49).
When release of reduced metal ion is rate-limiting, overall
rates of reductive dissolution are relatively insensitive to
changes in reductant structure. It is known, however, that
hydroquinone and other dihydroxybenzenes reduce and
dissolve manganese oxides approximately 3 orders of
magnitude faster than substituted phenols (5). Thus, it
is unlikely that release of the reduced metal ion is rate-
limiting in this case.

One interesting finding of this study is that the reaction
rate with p-methylphenol begins to level out as the pH is
decreased below pH 5.0, while the reaction rate with o-
hydroxybenzoate increases substantially in the same pH
region. Reactions of the two substituted phenols are likely
to occur via precursor complexes with different protonation
stoichiometries. p-Methylphenol apparently reaches a
maximum in surface coverage or electron-transfer rate 2
or 3 pH units higher than o-hydroxybenzoate. Adsorption
of o-hydroxybenzoate onto both aluminum oxide (46) and
iron oxide (47) has been studied and found to increase as
the pH is decreased. This dependence most likely arises
from the involvement of the carboxyl substituent (pK, of
2.97) in the formation of a chelate surface complex.

Low surface coverage arises when the sum of first-order
rate constants for electron transfer and desorption (k, +
k_,) are larger than the pseudo-first-order rate constant
for precursor complex formation (k;[ArOH]) (21). Un-
fortunately, without simultaneous measurement of surface
coverage by substituted phenols and rates of reductive
dissolution, rate-limiting precursor complex formation and
electron transfer cannot be distinguished.

The observed pH dependence arises, therefore, from one
or a combination of the following two effects: (1) pro-
tonation reactions that promote the formation of precursor
complexes or (2) increases in the protonation level of
surface precursor complexes that increase rates of electron
transfer.

Effect of Manganese Oxide Composition and
Structure. Significant differences exist in the chemical
composition, surface area, mineralogy, and morphology of
oxide particles used in the dissolution experiments (Table
I). None of these preparations are single phases, and
therefore only differences in composite properties can be
examined. Oxidizing equivalents per mole of manganese
differ by 12%, and BET surface areas differ by a factor
of 6. The relative proportions of Mn(II), Mn(III), and
Mn(IV) are not known. d spacings reported for these
synthetic oxides do not match published values for known
mineral phases, such as those determined by Bricker (2).

Since rates of reductive dissolution are proportional to
oxide surface area (15), reaction rates should be corrected
for differences in oxide surface loadings. BET surface area
measurements are probably lower than actual particle
surface areas in aqueous suspensions, because of aggre-
gation and cementation during drying. For this reason,
these BET surface areas are not a satisfactory basis for
comparing differences in dissolution rates.

It is interesting to note, however, that experiments with
different oxide preparations all exhibit the same trends
when reductant structure or pH are changed. Ring sub-
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stituents have essentially the same effect on reactions of
type A and type B oxide particles (Figures 5 and 6). Ap-
parent reaction orders with respect to [H*] are surprisingly
similar for type A’, B, and C particles (Figure 7).

These results can be interpreted in two different ways.
It is possible that all particle preparations are mixtures
that share a particularly reactive phase. Dissolution rates
during the first 10% of reaction may be dominated by this
most reactive mineral fraction. If, on the other hand, the
preparations have no component minerals in common, the
results would indicate that oxide structure has relatively
little impact on observed dissolution behavior. Experi-
ments performed with very pure oxide phases are necessary
to distinguish between these two possibilities.

How similar are these synthetic oxides to naturally oc-
curring particles? Addition of Mn(II) to artificial lake
water has been shown to form hausmannite (oxidation
state of +2.67) that converts to manganite (oxidation state
of +3.0) after several months of aging (50, 51). Tipping
et al. (52) added Mn(II) to actual lake waters, which
formed crumpled thin sheets of vernadite-like manganese
oxide with oxidation state values between +3.1 and +3.9.
The oxidation state, morphology, and crystallographic d
spacings of type B and C synthetic particles bear strong
resemblance to this material. Thus, the synthetic oxide
particles are similar to some types of natural oxides but
do not represent the full range of possibilities.

Significance. The increase in reaction rate between
manganese(III/IV) oxides and substituted phenols with
decreasing pH appears to be a general phenomenon, with
important ramifications. Low pH values measured in
rainwater and fogwater (53) are very favorable toward
reaction. Methyl-, methoxy-, chloro-, and nitro-substituted
phenols have been identified in rainwater in the microgram
per liter range (54). Total manganese concentrations as
high as 1.5 X 10 M have been found in urban fogwater
and rainwater droplets (55). Manganese oxides derived
from dust and ash may bring about the oxidative degra-
dation of phenols in time scales less than a few hours.
Even resistant phenols, such as nitro-substituted phenols,
are degraded at appreciable rates in low-pH environments.

On the other hand, rates of reaction drop off substan-
tially as the pH is increased; apparent orders with respect
to [H*] are greater than 1.0 at pH values above 6.0.
Phenols with electron-withdrawing substituents, such as
p-nitrophenol, react quite slowly with manganese oxides
in neutral or alkaline pH.

When oxygen is present and the pH is above 8, rates of
Mn?* oxidation and regeneration of manganese(III/IV)
oxides become significant. Under these conditions, man-
ganese may act as a catalyst for the oxidation of phenols
by oxygen. In a cyclic process, manganese is reduced by
phenols and then reoxidized by oxygen. Similar cyclic
processes have been postulated to explain the persistence
of Fe?* in oxygenated solutions containing dissolved or-
ganic matter (56).

The importance of manganese oxides in the oxidative
degradation of substituted phenols depends, in part, on
the rates of competitive degradation pathways. Bacterial
degradation of substituted phenols, for example, has been
demonstrated under aerobic, anaerobic, and methanogenic
conditions (57).

Conclusions

Phenols with alkyl, alkoxy, or other electron-donating
substituents are very susceptible to oxidative degradation
by manganese(III/IV) oxides, while phenols with carboxyl,
aceto, nitro, chloro, or other electron-withdrawing sub-
stituents are degraded more slowly. Even p-nitrophenol,



the most resistant phenol included in this study, reacted
at a slow rate with manganese(III/IV) oxides. Clearly,
abiotic oxidation by manganese oxides is a potentially
important degradative pathway for a variety of substituted
phenols, especially when the rates of competitive degra-
dative pathways, such as biodegradation, are relatively
slow.

Substituent effects and the effects of pH and reductant
concentration on the rates of reductive dissolution are all
consistent with the postulated mechanism for the surface
chemical reaction (reactions 4-8). Rates of reductive
dissolution generally decrease as the Hammett constants
of ring substituents become more positive, reflecting trends
in the basicity, nucleophilicity, and half-wave potential of
substituted phenols. The experimental evidence indicates
that the fraction of oxide surface sites occupied by sub-
stituted phenols is quite low and that surface protonation
reactions promote reductive dissolution. The apparent
reaction order with respect to [H*] is not a constant but
varies between 0.45 and 1.30 as the pH range, phenol
concentration, and phenol structure are varied. The ob-
served pH dependence arises from one or a combination
of the following two effects: (1) protonation reactions that
promote the formation of surface precursor complexes or
(2) increases in the protonation level of surface precursor
complexes that increase rates of electron transfer.
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Comparison of Terrestrial and Hypolimnetic Sediment Generation of Acid
Neutralizing Capacity for an Acidic Adirondack Lake'

Gary C. Schafran* and Charles T. Driscoll

Department of Civil Engineering, Syracuse University, Syracuse, New York 13244

B The importance of in-lake generation of acid neutral-
izing capacity (ANC) to the neutralization of acidic de-
position has been determined for an acidic Adirondack
(NY) lake relative to its surrounding watershed. Microbial
processes within the sediments of Dart’s Lake significantly
altered the aqueous chemistry of the hypolimnion. Re-
duction of NO;~ and SO,* and the production of NH,*
contributed 45, 14, and 32%, respectively, to the produc-
tion of hypolimnetic ANC. The reduction of NO; was a
more significant source of ANC generation than has been
reported in other lake districts. On an areal basis, in-lake
ANC generation (2990 equiv ha™ yr™!) was greater than
terrestrial ANC production (1204 equiv ha yr!). However
on a watershed basis, in-lake ANC generation was minor
(<5%) due to the short hydraulic retention time of Dart’s
Lake. Neutralization of acidic precipitation in the Adi-
rondack region predominately occurs in the terrestrial
system since the hydraulic retention time of Adirondack
lakes is short.

Introduction

Acidification of surface waters in the northeastern U.S.
(1, 2), Canada (3, 4), and Europe (5) has been linked to
the atmospheric deposition of strong acids. Proton budget
calculations have shown that substantial neutralization of
acidic deposition occurs through a variety of biogeochem-
ical processes within the terrestrial environment (6).
Geochemical weathering, ion exchange, adsorption, and
biological assimilation may all contribute to the immobi-
lization (or mobilization) of H*. Due to these processes,
water leaving terrestrial systems is generally enriched in
acid neutralizing capacity (ANC) relative to atmospheric
deposition.

Although it has long been recognized that terrestrial
processes mediate surface water acidity, it has recently
been shown that in-lake processes can generate ANC
(7-12). In aqueous systems, ANC production has been
observed through assimilative NO;™ reduction (13, 14) or
through dissimilatory NO;~ and SO,* reduction (7-12).
Biologically mediated oxidation-reduction (redox) reac-
tions, which utilize either NO;™ or SO, as terminal elec-
tron acceptors or nutrients, are prevalent within lake
systems (7-12, 15-17). Although the hypolimnetic region
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Table I. Example Reactions of Acid Neutralizing Capacity
Generation

5CH,0 + 4NO;™ + 4H* = 2N, + 5CO, + TH,0
2CH,0 + SO + 2H* = H,S + 2CO0, + 2H,0
CH,0 + 2MnO, + 4H* = 2Mn** + CO, + 3H,0
CH,0 + 4FeOOH + 8H* = 4Fe?* + CO, + TH,0
CH,ONH, + O, + H* = NH,* + CO, + H,0

has been thought to be the most important location for
anaerobic respiration reactions, recent evidence reveals
that microbial activity in anoxic, epilimnetic sediments
may be significant and contribute more to in-lake ANC
(than hypolimnetic sediments) on a whole lake basis (18,
19). Thus, the role of lake processes in producing ANC
may be more significant than previously realized.

In a whole lake acidification study, Schindler et al. (8)
detailed the loss of SO,> and resulting ANC generation
in Lake 223. Sulfate reduction increased with increasing
SO, concentration and neutralized 36-45% of the added
acidity. Kelly et al. (7) studied the hypolimnetic regions
of three lakes in the Experimental Lakes Area (ELA) in
Ontario, Canada, to determine the importance of bacterial
processes in the production of ANC. They observed that
SO,% reduction resulted in the largest contribution to
hypolimnetic ANC generation. Additional studies in On-
tario, Canada, have likewise shown that reactions within
lake sediments are capable of generating significant al-
kalinity (9, 10, 12). Within-lake SO,> reduction and NO;”
immobilization have also been credited as the major al-
kalinity source in an acidic Florida lake (11). Base cation
exchange with H*, NH,* release, and SO,>, NO;", Fe(III),
and Mn(IV) reduction have been reported to be the major
ANC-generating processes in lakes (Table I). The con-
tribution of each process to the total in-lake generation
of ANC varies among lakes.

Nitrate reduction is energetically more favorable than
S0,% reduction (20). In ELA lakes, low production of
ANC due to NO;™ retention (7, 8) was due to low surface
water concentrations of NO3~. In the northeastern U.S.
substantial watershed export of NO;™ is evident (21), re-
sulting in elevated surface water concentrations (22). In
lakes of this region, biologically mediated NO;™ retention
might be expected to produce significant quantities of
ANC (19).

Because in-lake processes potentially influence the
acid-base chemistry of surface waters, the magnitude of
these transformations is important for regional assessments
of acidification effects. For example, the chemistry of
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Table II. Physical and Chemical Characteristics of Dart’s
Lake®

surface area, ha 58
maximum depth, m 15
mean depth, m 7
elevation, m 576
hydraulic retention, yr 0.06
catchment area, ha 10700
lake volume below 12 m, % 6
pH 5.18
NOy, pequiv L 24.4
S0,%, pequiv L 137.6
organic anion, pequiv L 12.2

2Mean concentrations for the whole lake (25 October 1981 to 21
November 1982).

Adirondack lakes is considerably different than that of the
ELA. Adirondack lakes generally are more acidic with
higher concentrations of NO; and Al (22). These variations
may be due to differences in deposition of strong acids,
hydrology, geology, and biological processes that influence
the acid-base chemistry of surface waters. To assess in-
lake production of ANC, we analyzed water chemistry data
from a site in the Adirondack region of New York. This
analysis included a quantitative evaluation of processes
and rates of acid-base transformations within the hypo-
limnion of an acidic lake. Moreover, through mass balance
calculations of bulk precipitation input, lake inflow, and
lake outflow, we compared in-lake ANC production with
terrestrial ANC production.

Methods

Study Site. Dart’s Lake (74° 52’ W, 43° 48’ N) is lo-
cated in the drainage basin of the North Branch of the
Moose River in the Adirondack Mountain region of New
York state. Bedrock geology is granitic gneiss (23) while
vegetation is predominately secondary growth hardwoods.
Soil depth within the Dart’s Lake watershed is predomi-
nately shallow (<3 m). The Dart’s Lake watershed area
is 107 km? with 97% of the basin draining into the major
inlet. Water entering through the major inlet is comprised
largely of outflow from Big Moose Lake (74° 51’ W, 43°
49 N). Groundwater inputs directly to Dart’s Lake likely
represent a small portion of the hydrologic budget. This
trend is to be expected from the large area draining into
the inlet. Groundwater inputs to the lake have been
monitored in the years subsequent to this study and verify
this assumption. Water draining from Dart’s Lake exits
through a single outlet. Due to the large drainage basin,
the hydraulic retention time of the lake is short, 0.06 yr.
Lake characteristics are presented in Table II.

Sample Collection and Analysis. Samples were
collected every 2-3 weeks from 25 October 1981 to 21
November 1982 (24). Samples (1 L) were collected at the
major inlet and outlet and at 2-3-m intervals from the
surface to 14-m depth at the deepest section of the lake
by using a submersible pump. After removal of an aliquot
(25 mL) for Al extraction, samples were quickly sealed and
transported to the laboratory. Analysis for dissolved in-
organic carbon (DIC) and pH occurred within 12 h of
collection. Dissolved oxygen was determined on a separate
sample that was fixed immediately following collection and
analyzed by the Winkler method (25).

Fractionation and analysis of Al was similar to the
method described by Driscoll (26). pH was measured
potentiometrically with a glass electrode. Dissolved in-
organic carbon was measured by a gas partitioner following
syringe stripping of CO, (27). Dissolved organic carbon
(DOC) analysis was by persulfate oxidation (28) followed

by syringe stripping and CO, analysis (27). Sulfate (me-
thylthymol blue method, 29), NO; (hydrazine reduction,
30), and NH, (alkaline phenol, 31) were analyzed on an
autoanalyzer. Within 24 h of collection, samples for Fe
and Mn determination were centrifuged for 30 min at
5720g followed by collection of the supernatant (32). The
supernatant was acidified to pH 1 with Ultrex nitric acid
and analyzed by atomic absorption spectroscopy (AAS)
with a graphite furnace. Base cation (Ca, Mg, Na, and K)
analyses were conducted by flame AAS.

Sulfate analysis with the methylthymol blue method is
prone to color interferences by DOC and Fe. We analyzed
S0,% by ion chromatography for a number of Dart’s Lake
samples (n = 17) and found no statistically significant
difference between the two methods.

Precipitation chemistry and quantity monitored at a
Utilities Acid Precipitation Studies Program (UAPSP)
station at Big Moose, NY (43° 49’ N, 74° 55’ W), for the
period 25 October 1981 to 21 November 1982 were used
to calculate inputs to the Dart’s Lake watershed. The
station was located 3 km from Dart’s Lake. The precip-
itation monitoring station and the Dart’s Lake watershed
are situated in a geographical region where precipitation
quantity is relatively uniform (33) so that errors associated
with variations in precipitation quantity over the wat-
ershed should be minimal.

Calculations. A chemical equilibrium model (34) was
used to calculate HCOj; this calculation is most sensitive
to DIC and pH values. Organic anion (RCOO~) concen-
trations were estimated with a proton dissociation constant
and a relationship between DOC and proton dissociation
sites (35). These relationships were determined previously
for waters in the Dart’s Lake watershed (22). The base
neutralizing capacity (BNC) of Al (Al-BNC) was calculated
from the Al speciation predicted by the model (eq 1).

ALl-BNC = 3[AI**] + 2[AIOH?*] + [Al(OH),*] +
3[AIF,*>*] + 3[A1(SO,),>*] - [Al(OH),] (1)

Ionic strength and temperature corrections were included
in all calculations. Details of these calculations are sum-
marized elsewhere (26).

Samples collected from the 12- and 14-m depth were
used to compute changes in the total mass of solutes below
12 m. Five sampling dates during the summer stratifica-
tion period, 29 June to 1 October 1982, were considered
for the calculation of hypolimnetic transformation rates.
During this period the thermocline was located above the
9-m depth. Exchange of dissolved substances between the
upper (above 12 m) and lower hypolimnion (below 12 m)
occurred during this period due to developing concentra-
tion gradients and eddy diffusion. To account for the loss
or accumulation of solutes due to transport across the 12-m
plane, changes in mass below 12 m were corrected for
diffusion (eq 2), where J is the flux of the constituent of

J = D(dc/dz) (2)

interest (mass area™ time™), D is the eddy diffusion
coefficient (area time™), and de/dz is the change in con-
centration as a function of depth at the 12-m depth (mass
volume™ length™!). Eddy diffusion coefficients were cal-
culated by the flux gradient method (36); the coefficient
at 12 m was determined by dividing the heat flux across
the 12-m depth by the temperature gradient at this depth.
Coefficients ranged from 1.2 X 107 t0 2.3 X 107 em® s}
for all periods. Concentration gradients were determined
from the slope of the depth as a function of concentration
plots for samples at 9-, 12-, and 14-m depth. Transfor-
mation rates were determined by regression of the changes
in the total mass (mass diffusing across the 12-m plane)

Environ. Sci. Technol., Vol. 21, No. 10, 1987 989



Table ITI. Rates of Acid Neutralizing Capacity Generation
and Contributing Processes in the Lower Waters (below 12
m) of Dart’s Lake®

rate, equiv no. of
reactions ha™! day™ P observations
ANC
HCO; +6.7 095 5
H* -1.0 0.91 5
RCOO~ +0.5 0.97 5
total +8.2
processes
S0,* reduction -1.8 0.75 5
NO;™ reduction -5.7 0.96 5
NH,* release +4.1 0.99 5
Al hydrolysis 46 0.89 5
Ca®* retention -1.2 0.57 5
Mn reduction +0.3 0.99 4
Fe reduction +0.8 0.99 3
total +6.9

9 Positive values indicate component generation; negative values
indicate component consumption. Correlation coefficients are for
regression of constituent (mass) vs. time.

with time. The calculated diffusive loss or gain of any
solute across the 12-m plane was less than 25% of the total
mass of the solute below 12 m. This approach has been
used previously to calculate hypolimnetic transformation
rates (7, 10, 37).

A hydrologic budget for Dart’s Lake was developed with
inlet and outlet rating curves and empirical relationships
between the Dart’s Lake outlet and two continuously re-
cording stations. Uncertainties exist within the mass
balance for the lake. The error associated with the hy-
drologic budget is £3%. A number of ephemeral streams
that drain directly into Dart’s Lake (generally at snowmelt
and during the fall) were not monitored during the study.
Since 97% of the watershed drains through the lake inlet,
these streams do not contribute substantially to the hy-
drologic budget. However, these streams are generally
more acidic and lower in base cation concentrations than
the inlet. Groundwater inputs to the lake were not mon-
itored during this study but have been quantified in sub-
sequent years. These inputs (no seepage out of the lake
has been detected) have been estimated as less than 1%
of the hydrologic budget of the lake and are insignificant
in the water chemistry budget.

Due to the biweekly sampling that occurred during
spring, we may have missed peak inputs of acidity from
snowmelt. However, the position of Big Moose Lake in
the Dart’s Lake watershed tends to attenuate changes in
the chemistry of the Dart’s Lake inlet during periods of
high runoff (38) due to mixing within Big Moose Lake.
Thus, peak concentrations of solutes at this time of year
(e.g., H*) are reduced, and the period of the event is
lengthened relative to values observed in headwater
streams. Therefore, uncertainties associated with the
sampling frequency should result in reduced uncertainties
in budget calculations.

Results

A number of solutes within the lower waters exhibited
significant changes in concentration during the summer
stratification period (Table III). The change in the total
mass (+mass diffusing across the 12-m plane) for these
hypolimnetic components was generally linear and suggests
that transformation rates were zero order.

Throughout the study period, hypolimnetic concentra-
tions of O, decreased but never reached complete deple-
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Table IV. Rate of Hypolimnetic Electron Transfer in
Dart’s Lake

reactions rate, equiv ha™ day™ 2
oxidation
c* 188 0.96
reduction
0, 152 0.95
NO,? 28 0.96
Mn* 0.3 0.99
Fed 0.4 0.99
S0 T2 0.75
total 188

2Carbon oxidation to C(IV) is assumed with 4 mol of e~ trans-
ferred per mole of DIC released. *NO; is d reduced to N,
with 5 mol of e” accepted per mole of NO;™ reduced. NH,* release
is assumed to be derived from the mineralization of organic mate-
rial and therefore does not involve hypolimnetic electron transfer.
¢Hypolimnetic Mn is assumed to be Mn(II), which is derived from
Mn(IV). ¢Hypolimnetic Fe is assumed to be Fe(II), which is de-
rived from Fe(Ill). ¢SO, depletion is assumed to result from
conversion to S(II).

tion. Although anoxia within the water column failed to
develop, decreases in NOy~ and SO,% concentrations were
evident, indicating that alternative electron accepters were
used in respiration reactions. Reduction within the sed-
iment and at the sediment/water interface, where anoxia
was probable, likely controlled hypolimnetic concentra-
tions.

We use an electron mass balance (Table IV) to help
verify the accuracy of the calculated transformation rates
(Table III). It is assumed that hypolimnetic reduction
reactions were entirely the result of mineralization of plant
material (C,0gH30110N,6P, which released 4 mol of ¢”/mol
of organic C when oxidized to inorganic C, 20). Our cal-
culations suggest that the hypolimnetic oxidation of or-
ganic C was balanced by a combination of O,, NO;~, Mn,
Fe, and SO,% reduction totaling 188 equiv e~ ha™ day™".
Note that we also assumed that NO;~ was entirely con-
verted to N, (denitrification). It is possible that NO;™ could
be converted to other N forms (e.g., N;O, NH,*, and or-
ganic N). However, the contribution of denitrification to
the total NO;” immobilization in anaerobic lake sediments
is variable but has often been reported to be the predom-
inate process (15, 16, 39, 40). We have not accounted for
reduced Fe(II) that may have remained in the sediment
due to FeS formation but resulted from the oxidation of
organic carbon. An upper limit for this value would be
equivalent to the SO,* reduction rate [assuming all the
Fe(Il) was retained as FeS]. Inclusion of this rate would
not significantly (<4%) alter our electron balance. Oxi-
dation of organic C was largely accomplished by reduction
of molecular O, (81%); however, NO;™ reduction was also
significant (15%). Elevated concentrations of water col-
umn NO;™ apparently facilitated the use of this electron
acceptor and limited Mn(IV), Fe(III), and SO,> reduction.

Transfer rates as determined from hypolimnetic ob-
servations enabled us to quantify the relative contribution
of individual processes in the generation of hypolimnetic
ANC. Through electroneutrality constraints, the pro-
duction of ANC for the lower waters is approximately
equivalent to

[HCOs] + [RCOOT] - [H*] = [NH,*] + n[Al"'] +
2[Fe?*] + 2[Mn?*] + 2[Ca®*] - 2[SO,%] - [NO57] (3)

where n[ ] is the change in the equivalent concentration

of each solute over the summer stratification period (me-

quiv m™2 day™) and RCOO" is the equivalence of organic
anion [see Driscoll and Schafran (22) for calculation of



Table V. Solute Flux for Dart’s Lake Watershed for the Period of Study®

pptn input drainage input

constituent to watershed to Dart’s Lake
SO 518 874
NO,~ 298 193
Ccr 34 88
Ca?* 50.2 614
Mg?* 16.3 180
Nat* 17.6 174
K* 11.8 82
NH* 175 29
H* 666 72
Al"* b 118
RCOO~ b 38
ANCe -583 42

drainage output retained in retained in
from Dart’s Lake watershed Dart’s Lake
865 -356 9¢
182 105 11
84 -54 4
612 -564 ¢
178 -164 24
172 -156 g
82 =70 0
36 146 =1
58 594 14
106 -118° 12
39 -38¢ -1¢
55 621 13

4 All values in equiv ha™ yr’; rates are normalized to the watershed area. ® Not measured. ¢ Assumes negligible input from precipitation.
4 Not significantly different than zero. ¢ANC = Ca?* + Mg?* + Na* + K* + NH,* + Al"** - SO, - NO; - CI~.

RCOO" concentration]. Only solutes that contributed to
observed changes in ANC were included in this equation
(eq 3).

For the period under consideration, the production of
ANC was 8.2 equiv ha™' day™ (Table II). Acid neutralizing
capacity generation was primarily the result of NO;™ re-
duction (45%) and NH,* release (32%). Sulfate reduction
as well as Fe(IIT) and Mn(IV) reduction contributed lesser
amounts to ANC. Reactions that produce acidity also
occurred concurrently and served to partially mitigate
in-lake generation of ANC. Hydrolysis of aluminum re-
sulted in the largest consumption of ANC (83%) with Ca%
retention contributing significantly less. Aluminum hy-
drolysis occurred continuously as pH values of the lower
hypolimnion (14 m) increased (5.1-5.4) throughout the
period.

Similar rates of NO;~ (5.6 equiv ha day™!) and SO,*
(1.3 equiv ha™ day™) loss have been reported for epilim-
netic sediment cores from Dart’s Lake (19), supporting the
rates we have determined. It would be speculative to
conclude that epilimnetic and hypolimnetic sediments in
Dart’s Lake produce ANC at similar rates. However,
similar rates of ANC production between epilimnetic and
hypolimnetic sediments have been reported (10).

Discussion

The large contribution of NO;™ retention to the gener-
ation of ANC results from elevated concentrations in the
lake water. The high NO5~ concentrations in Adirondack
region lakes relative to other lake districts (22) suggest that
NOj;™ retention is a more significant ANC generating
process in these lake sediments than in lake sediments of
other regions. This trend is evident when the contribution
of NOj; reduction relative to SO,% reduction toward in-
lake generation of ANC for three ELA lakes (7) is com-
pared with that of Dart’s Lake. Values for the NO;/SO,
reduction ratio (on an equivalence basis) for the ELA lakes
were 0.002-0.19 while that for Dart’s Lake was 3.2. Since
denitrification is an irreversible process, in-lake generation
of ANC in Adirondack sediments may be more effective
in producing permanent ANC than lake systems where
other ANC-producing processes (e.g., SO, reduction)
predominate. The importance of NO;~ immobilization to
ANC generation (and the reduction of H* and AI-BNC)
in the hypolimnion is consistent with whole lake obser-
vations that short-term variations of H* and Al-BNC were
most significantly correlated with NO5~ (22).

Ammonia release from sediments also provided a sig-
“iificant source of ANC to the lower waters of Dart’s Lake.
The source of ammonia was presumably the decomposition

of organic matter at the sediment/water interface and in
the sediments, with subsequent release to the water col-
umn. The ANC produced by ammonification can be
temporary if the NH,* released to the water column is
assimilated or nitrified in oxic waters. We did not readily
observe ANC consumption due to assimilation and/or
nitrification of NH,* produced in the hypolimnion. If this
NH,* were eventually assimilated, the net ANC produced
would be 50% (4.1 equiv ha™ day™) of the value we cal-
culated.

The most significant consumption of ANC occurred
through aluminum hydrolysis. Aluminum mobilization to
surface waters is believed to be enhanced by acidic de-
position. Dissolution/exchange of Al in the terrestrial
system results initially in aqueous ANC generation (2).
However, it eventually consumes ANC as pH values in
lakes and streams increase. Thus, when considering both
watershed and lake ecosystems, Al mobilization from soil
can be viewed as a temporary source of ANC with its role
in surface waters ultimately being ANC consumption with
no net affect on ANC.

As biological activity has been shown to generate ANC
within Dart’s Lake, it is of interest to compare the con-
tribution of in-lake processes with neutralization reactions
occurring within the surrounding watershed. Input-output
mass balance calculations for the major ions involved in
acid-base reactions were conducted for the upstream
watershed and for Dart’s Lake from 25 October 1981 to
21 November 1982 (Table V). The fluxes of individual
solutes from the watershed through Dart’s Lake were used
to assess the relative contribution of terrestrial and in-lake
processes to the generation of ANC in the watershed/lake
system. Surface water fluxes to and from the lake were
computed from the hydrologic budget and solute concen-
trations observed in the inlet and outlet streams. For
budget purposes, solute concentrations on each sampling
date were assumed to be representative of concentrations
existing for half the period between previous and subse-
quent sampling dates.

Bulk precipitation (wet) loading was assumed to rep-
resent inputs to the watershed while the inputs for Dart’s
Lake were considered to be the sum of the surface water
influx plus precipitation directly to the lake. Solute efflux
from the lake occurred through the lake outlet. Acid
neutralizing capacity generated by in-lake processes was
determined by calculating the net (drainage input minus
drainage output) retention or production of the individual
solutes over the study period. Differences in fluxes be-
tween bulk precipitation and drainage input to Dart’s Lake
are largely attributed to terrestrial processes. However,
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Figure 1. Hydraulic retention time of Adirondack region lakes (n =
155). Data represent a random selection of lakes (source: U.S. EPA
National Surface Water Survey).

this assumption is complicated by the upstream position
of Big Moose Lake, which may affect drainage water
chemistry (discussed below).

Acid-base chemistry transformations occurred as pre-
cipitation passed through the terrestrial system. Increases
in base cations (Cg = Ca + Mg + Na + K) were apparent
and likely resulted from mineral weathering and ion-ex-
change reactions in the terrestrial system. The increase
in Cg represented the largest contribution to ANC gen-
eration within the watershed (954 equiv ha™ yr!). Wat-
ershed assimilation of NO3™ (39% retention) resulted in
ANC generation (105 equiv ha™ yr!), but assimilation of
NH,* (83% retention) resulted in ANC consumption (146
equiv ha yr'l). Although precipitation inputs of NH,*
were 41% lower than those of NOg-, the greater NH,*
retention in the watershed resulted in a net loss of ANC.
It has been suggested that the biological uptake of NH,*
in lakes may be a significant process in lake acidification
(41). However in the North Branch of the Moose River
and other systems (21, 42-44), NH* is efficiently retained
in the terrestrial environment, and aqueous NO;3~ con-
centrations are generally higher than NH,* in surface
waters. In these lake systems net NOs™ uptake generally
exceeds NH,* uptake, and net ANC generation is often
observed during biologically active periods (43, 45).

The increase in SO,% flux between bulk precipitation
and drainage inputs to Dart’s Lake would suggest unac-
counted atmospheric loadings or the presence of a wat-
ershed source. No significant sulfur-containing minerals
have been observed in the watershed (23), suggesting that
the unaccounted SO, was largely due to dry deposition.
While we have not directly included dry deposition of SO,*
in the budget because measurements were not available,
it is represented indirectly as the difference (-356 equiv
ha™! yr!) between bulk precipitation and drainage input
to Dart’s Lake. ‘This value may be an underestimation
since processes within the watershed and Big Moose Lake
may retain SO,2". It is unlikely that this underestimation
is substantial since vegetative uptake of SO,%" is believed
to be low (44) and input-output budgets (46) have sug-
gested that Adirondack soils do not significantly retain
SO, (on an annual basis). Thus, retention within the
terrestrial system, relative to inputs, is believed to be
minor. However, this cannot be explicitly determined
without an accurate accounting for dry deposition. Little
variation in SO,2 concentrations in the chain of lakes
within the Dart’s Lake watershed also suggests that little
retention, relative to fluxes, occurs (47). Thus, in-lake
generation of ANC due to SO,> retention (e.g., dissimi-
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latory SO,* reduction) is likely to be small.

It is useful to compare watershed and in-lake generation
of ANC to assess the processes that mitigate H* inputs
associated with atmospheric deposition. If it is assumed
that the annual ANC production from Dart’s Lake is sim-
ilar to that observed during the summer stratification
period, the ANC generation rate would be equivalent to
2990 equiv (ha of lake surface)™ yr'; as a comparison, the
ANC production value for the lake determined by the
input-output budget, 2400 equiv (ha of lake surface)™ yr!
[=13 equiv (ha of watershed)™ yr™!], is relatively similar
given the uncertainties of the lake budget. Thus, the areal
production of ANC within Dart’s Lake is considerably
greater than the areal watershed value of 1210 equiv ha™
yr'l. The relatively high areal rate of in-lake ANC gen-
eration makes little contribution to overall watershed ANC
generation because of the large ratio of watershed area to
lake surface area (180) and the extremely short hydraulic
retention time (0.06 yr) of Dart’s Lake. Kelly et al. (48)
reported that the extent of SO, and NO;™ retention within
lakes increased with hydraulic retention time. Thus, a lake
with a longer retention time and rates of ANC generation
similar to Dart’s Lake could be a significant source of ANC
generation. However, the majority of lakes present in the
Adirondack region have extremely short hydraulic resi-
dence times (Figure 1), suggesting that in-lake generation
of ANC is unlikely to be an important process for the
region.

As indicated previously, the position of Big Moose Lake
may influence drainage chemistry and contribute to the
component assumed to be terrestrial-generated ANC.
However, the increase in ANC (1204 equiv ha™ yr!) in the
upstream watershed relative to bulk precipitation inputs
can largely be attributed to the release of metal cationic
solutes (Ca, Mg, Na, K, and Al; 1072 equiv ha® yr™).
Release of base cations from the sediments of Big Moose
Lake and Dart’s Lake is minimal (47); thus, the major
source is the terrestrial environment. Therefore, it is
reasonable to suggest that terrestrial rather than in-lake
processes are largely responsible for the enrichment of
ANC relative to precipitation inputs to these lakes.

While in-lake processes represent a minor ANC flux on
a watershed basis, they result in significant increases in
the concentration of ANC particularly within the hypo-
limnetic environment. In Dart’s Lake, biological processes
are the most important source of in-lake generation of
ANC. For lakes that are modestly acidic, small increases
in ANC could result in significant increases in pH and an
improvement in hypolimnetic water quality. However for
chronically acidic lakes, such as Dart’s Lake, which contain
elevated concentrations of Al, increases in pH will induce
Al hydrolysis, which may be deleterious to biota and in-
fluence element cycling (49).
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m Nicotine was measured in passenger cabins of Boeing
B727-200, B737-200, and B737-300 aircraft in order to
estimate the levels of environmental tobacco smoke (ETS)
and to assess the effectiveness of smoker segregation as
a means of reducing nonsmokers’ exposure to ETS. In-
tegrated sampling was performed at seats in smoking and
no-smoking sections on flights averaging 55 min. Nicotine
was collected on XAD-4 resin and analyzed by gas chro-
matography with nitrogen-phosphorus detection. Results
indicate that significant nicotine concentration gradients
exist in cabins and that concentrations increase in mag-
nitude from no-smoking sections to smoking sections. The
mean nicotine concentration for samples acquired in no-
smoking sections was 5.5 ug/m? in smoking sections of
aircraft the mean nicotine concentration was 9.2 pg/m®.
These concentrations correspond to estimated mean ex-
posures of 0.0041 and 0.0082 cigarette equivalent per flight,
respectively.

Introduction

In the U.S., commercial airlines are required during
flights to segregate smokers in order to reduce the exposure
of nonsmokers to environmental tobacco smoke (ETS),
defined as the mixture of diluted and aged sidestream
smoke and exhaled mainstream smoke. Since the imple-
mentation of this requirement (1), its consequences for
cabin air quality have not been systematically studied.
Although data relative to the levels of ETS in aircraft are
contained in a report (2) issued jointly by the U.S. De-
partment of Health, Education and Welfare (DHEW) and
the U.S. Department of Transportation (DOT), they were
obtained before segregation was required.

The literature contains only one report dealing with the
quantitation of ETS levels in passenger cabins. Mura-
matsu et al. (3) reported the results of seven samples of
vapor-phase nicotine collected during Japanese domestic
flights. These researchers, however, provided no infor-
mation on sampling locations. The choice of nicotine as
an indicator of ETS reflects the fact that this compound
is uniquely specific for tobacco smoke. At the time these
results were reported, the relation between vapor-phase
nicotine and ETS had not been characterized. Eudy et
al. (4) have since then shown that at least 95% of the
nicotine associated with ETS exists in the vapor phase.

For the study reported here, vapor-phase nicotine was
sampled in passenger cabins of U.S. domestic aircraft in
order to gain additional information regarding ETS levels
therein and to assess the effectiveness of smoker segre-
gation as a means of reducing the exposure to ETS by
persons seated in no-smoking sections. Samples were
collected unobtrusively with systems contained in ordinary
briefcases in order not to disturb the behavior of passen-
gers or to disrupt airline operations.

Experimental Section

Sampling System. Samples were acquired with sam-
pling systems contained in briefcases that were carefully
designed to be inconspicuous (Figure 1). Brass sample
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inlet and exhaust ports and the on—off switch were located
on the front of each briefcase and were positioned sym-
metrically about the handle. Sample ports were fashioned
from 0.25-in. o.d. Swagelok port connectors. Tubing ex-
tensions of port connectors were removed, and the re-
sulting flat surfaces were polished. In addition, one of the
port connectors was drilled out to a diameter of 0.25 in.
to accommodate 6-mm o.d. XAD-4 sorbent tubes.

Major components of the system for sampling nicotine
included an XAD-4 sorbent tube and a constant-flow
sampling pump (both obtained from SKC, Inc., Eighty
Four, PA). Each XAD-4 sorbent tube was positioned
through the fitting on the briefcase’s front so that ap-
proximately 3 mm of the tube’s tip projected. Sorbent
tube outlets were connected to sampling pumps with short
lengths of rubber tubing. Sampling pumps were calibrated
with a film flow meter, and flow rates were set at 1 L/min.
Calibrations were confirmed with a mercury film flow
meter. Flow rates were computed at standard conditions:
298 K (25 °C) and 760 Torr. Temperature and pressure
data for adjusting calibration results to standard conditions
were obtained from a mercury-in-glass thermometer and
a mercury-in-glass barometer, respectively. According to
protocol, calibrations were checked at weekly intervals
throughout the study. Results from sampling were judged
acceptable if the calibrations remained with +5%.

Sampling Procedure. A written sampling protocol was
prepared in conjunction with the study. Persons con-
ducting the sampling were provided with this protocol and
also were orally briefed at the start of the study. In ad-
dition, persons conducting the sampling had security
clearances that permitted them to pass through security
stations without revealing the briefcases’ contents. All but
14 of the samples were acquired by airline employees, who
agreed to participate in the study gratis. The protocol
directed that none of the persons conducting the sampling
was to smoke during the times when samples were ac-
quired. All sampling operations were performed during
scheduled commercial flights that involved business un-
related to the study. Persons conducting the sampling
selected flights strictly on the basis of availability and
made no effort to select among aircraft types. None of the
aircraft that figured in the study had first-class com-
partments; each aircraft had one smoking section and one
no-smoking section.

Sampling was performed during the times when carry-on
items such as briefcases could be unobtrusively removed
from beneath seats. These times correspond to the times
when smoking is permitted in the passenger cabins. Owing
to the airline company’s seating policy, most samples were
obtained at boundary regions between smoking and no-
smoking sections. Boundary regions included the last two
rows in no-smoking sections adjacent to smoking sections.

Positioning of briefcases during the sampling depended
on whether unoccupied seats were available. According
to protocol, if an empty seat existed next to the person
conducting the sampling, the briefcase was placed in the
empty seat and oriented vertically; otherwise, the briefcase
was placed in a horizontal position on the sampler’s lap
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Figure 1. Briefcase sampling system.

with the sampling ports directed away from the body.
When briefcases were oriented vertically, samples were
acquired within approximately 15 cm of an adult passen-
ger’s breathing zone; when briefcases were oriented hori-
zontally, this distance was approximately 45 cm. Airflow
to sampling ports was unobstructed. In addition, the
protocol specified that the air vents (gaspers) located in
the passenger service unit above seats occupied by the
briefcase samplers were to be closed during the sample
acquisition. The protocol specified that samples be placed
in a freezer within 24 h of acquisition.

Barometric pressure was measured on four flights. For
the first of these, a hand-held altimeter calibrated against
a mercury-in-glass barometer was employed. Response was
approximated with a linear least-squares numerical method
(R? = 0.999). Use of the altimeter was determined to be
overly conspicuous and burdensome, and consequently its
use was discontinued. Additional pressure data were
provided by a pressure transducer (Omega Engineering,
Inc., Stamford, CT) installed in the briefcase. The
transducer was calibrated with a mercury-in-glass barom-
eter and interfaced with a 21X Micrologger (Campbell
Scientific, Inc., Logan, UT).

Analytical Procedure. Two methods were used to
analyze nicotine, both representing enhancements of the
method (5) developed by the National Institute of Occu-
pational Safety and Health (NIOSH). From the beginning
of the study to 14 January 1986 (corresponding to sample
number 36), samples were analyzed with a Model 5880A
gas chromatograph equipped with a nitrogen—phosphorus
detector (NPD) and a Model 7672A automatic sampler
(Hewlett-Packard, Avondale, PA). The column used was
a 30-m DB-WAX fused silica capillary with a 0.32-mm i.d.
Injections were performed in splitless mode. Column
temperature was programmed from 60 to 210 °C at 12
deg/min. Temperatures for the injector and detector were
250 and 300 °C, respectively. Quantitation was accom-
plished with the use of quinoline as an internal standard.

The method employed for the remainder of the study
entailed the use of a 30-m DB5 megabore column with an
internal diameter of 0.53 mm and a film thickness of 1.5
pm. Temperatures for the injector and detector were 250
and 300 °C, respectively. Column temperature was pro-
grammed from 150 to 175 °C at 5 deg/min. In addition,
the ethyl acetate solvent was modified to contain 0.01%
(v/v) triethylamine.

Chromatographic systems were calibrated at a minimum
of five concentration levels for each set of analyses.

Reagent-grade nicotine for these standards was obtained
from Eastman Kodak and was used as received. This
reagent was stored in a freezer. Field samples were ana-
lyzed once; calibration standards were analyzed in du-
plicate before and after field samples. Results for cali-
bration standards were used in conjunction with a linear
least-squares program to compute nicotine levels of field
samples and blanks. At least two sample blanks were
analyzed with each set of field samples. Nicotine de-
sorption efficiency from XAD-4 resin was determined
according to the NIOSH procedure to be 0.92.

Exposures were estimated by computing “cigarette
equivalents” from nicotine concentration results and as-
sociated sampling times. A breathing rate of 20 L/min (6),
corresponding to light activity, was assumed for these
calculations. Also assumed was a 1983 sales-weighted
average cigarette delivering 0.93 mg of nicotine (7) as
measured by the Federal Trade Commission (FT'C) me-
thod (8, 9).

Results and Discussion

Results of measurements performed in no-smoking and
smoking sections of B727-200, B737-200, and B737-300
aircraft are shown in Tables I and II, respectively. These
Boeing aircraft types differ among themselves in terms of
seating capacity, location of boundary between smoking
and no-smoking sections, and operation and design of
heating, ventilating, and air conditioning (HVAC) systems.
Ventilation systems of B727-200 and B737-200 aircraft are
“once-through” systems; i.e., they are incapable of recir-
culating air within the cabins. Ventilation systems of
B737-300 aircraft, on the other hand, recirculate approx-
imately 40% of the air in the passenger cabins (10). Re-
circulated air is passed through a prefilter and then
through a hospital-grade filter (95% efficient for 0.3-um
particles) to remove particulate matter. The population
of aircraft studied may be considered representative in-
asmuch as modern commercial aircraft utilize both ven-
tilation conditions and the three Boeing aircraft types
constitute approximately 50% of the U.S. domestic, com-
mercial aircraft fleet (11).

Seat entries in the tables identify sampling locations.
Numbers indicate seating rows, which are numbered from
front to back of the aircraft. Accompanying letters des-
ignate positions in rows, which for all rows sampled con-
tained six seats, three seats on each side of the aisle. For
the aircraft studied, the location of the smoking boundary
is variable, depending for each flight on aircraft type, flight
demographics, and number of passengers requesting to sit
in either of the sections.

The tabulated number of passengers seated in the
smoking sections provides an upper estimate of the num-
ber of smokers on a particular flight and allows estimation
of an upper limit for the number of cigarettes smoked. The
number of cigarettes smoked during a flight was estimated
by assuming a smoking rate of two cigarettes per hour per
passenger seated in the smoking section. This rate is one
of two contained in the joint DHEW /DOT report (2); the
other measured rate is 0.9 cigarette per smoking passenger
per hour. Halfpenny and Starrett (12), providing the only
other estimate, report 1.34 cigarettes per smoking pas-
senger per hour.

The number of passengers seated in the smoking section
was quantified for only a portion of the study. This aspect
of the data acquisition process reflected the fact that the
study was implemented in phases in order to ensure the
quality of results; thus, each successive phase of the study
was implemented when data-reliability objectives were met
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Table I. Results from Samples Collected in No-Smoking Sections of B727-200, B737-200, and B737-300 Aircraft

aircraft no. in no. of cig sampling nicotine cig
sample type seat smoking section smoked (estd) time, min ug ug/m? equiv
85 737-200 1F* 15 20 41 ND (0.02) ND (0.5) NA
1 727-200 3D® 20 49 73 ND (0.02) ND (0.03)® NA
40 737-200 16C 20 30 45 ND (0.02) ND (0.04) NA
64 737-300 16E 5 8 50 ND (0.02) ND (0.4) NA
66 737-200 19B 35 76 65 ND (0.02) ND (0.03) NA
50 727-200 19B 12 26 65 0.04 0.6 0.0009
83 737-300 2B 12 17 42 0.09 0.8 0.0007
41 737-200 12C 30 45 45 0.04 0.8 0.0008
26 737-300 15D NA NA 50 0.10 15 0.0016
82 737-200 11E NA NA 66 0.24 16 0.0022
69 737-200 9A° 25 63 76 0.17 1.7 0.0027
46 737-200 15C 1 1 41 0.08 18 0.0016
3 727-200 19F 20 49 73 0.14 1.9° 0.0029
9 737-300 4F° NA NA 39 0.10 2.1 0.0018
2 727-200 19E 20 49 73 0.17 2:3h 0.0037
72 737-200 NA 25 44 53 0.15 2.3 0.0027
32 727-200 19C NA NA 40 0.11 2.4 0.0021
75 737-300 6B NA NA 32 0.11 2 0.0018
7 727-200 22C NA NA 132 0.44 2.7 0.0077
21 737-200 14D NA NA 51 0.27 3.3 0.0036
44 727-200 20C 14 16 34 0.13 34 0.0025
39 737-300 19C 7 13 57 0.28 43 0.0052
1 737-200 12B* 6 i 36 0.21 4.4 0.0034
31 737-200 15E NA NA 30 0.20 6.4 0.0041
33 737-200 15D NA NA 45 0.33 6.4 0.0062
17 737-200 15D NA NA 42 0.39 6.8 0.0062
20 737-200 15C NA NA 75 0.88 72 0.0117
10 737-300 11D® NA NA 39 0.40 8.1 0.0068
29 737-200 15D 20 30 45 0.47 10.0 0.0097
13 737-200 11C* NA NA 20 0.27 10.1 0.0044
19 737-200 15D NA NA 20 0.27 10.1 0.0044
38 737-200 15C 7 12 50 0.64 11.2 0.0120
81 737-300 15E 20 11 17 0.45 11.7 0.0043
80 737-200 15A 15 56 111 3.76 128 0.0306
71 737-200 15B [ 8 41 0.71 14.3 0.0126
70 727-200 20E 40 88 66 1.36 14.6 0.0207
30 737-200 15B 25 29 35 0.53 14.6 0.0110
54 737-200 16B 8 15 55 0.89 15.4 0.0182
73 737-200 15C 30 48 48 0.95 16.6 0.0172
58 737-300 16E 10 15 45 0.80 16.7 0.0162
16 737-300 15A NA NA 37 1.03 172 0.0137
53 737-200 15C 5 8 45 0.95 17.9 0.0173
42 737-200 15C 16 30 56 1.26 19.5 0.0235
22 737-200 14D NA NA 50 1.74 21.5 0.0231
57 737-200 15C 14 18 39 1.08 23.3 0.0196
61 727-200 20C 54 128 71 1.26 24.2 0.0369
15 737-200 15D NA NA 55 2.18 24.4 0.0288
74 737-200 15C 15 24 47 1.83 32.7 0.0330
18 737-200 15D NA NA 13 0.85 40.2 0.0112

¢Samples collected outside of boundary rows. ®Concentration at actual conditions.

and maintained. The number of active smokers on a
particular flight, and thus the number of cigarettes
smoked, was not quantified because this would have dis-
rupted airline operations.

Nicotine results in each table are reported in the manner
recommended by the American Chemical Society (13). For
results below the limit of detection, ND signifies none
detected, and the detection limit is shown in parentheses.
For results below the limit of quantitation, the measured
quantity is given, and the limit of quantitation is presented
in parentheses.

Included in Tables I and II are the results of one ex-
periment performed to assess the spatial variability of
nicotine concentrations on a single flight. Four concurrent
measurements were performed during a 73-min flight. One
sample (sample 1) was acquired at seat 3D in the forward
portion of the no-smoking section, two samples (samples
2 and 3) were acquired at adjacent seats 19E and 19F in
the no-smoking section on the boundary with the smoking
section, and one sample (sample 4) was obtained at seat
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24F in the smoking section. The observed nicotine con-
centrations (at actual conditions) were <0.03, 2.3, 1.9, and
42.2 pg/m®, respectively. Twenty persons occupied the
smoking section.

The results from this experiment show nicotine levels
decreasing substantially from the smoking section to the
no-smoking section. The smoker nearest seats 19E and
19F was seated one row distant on the opposite side of the
aisle. The results suggest that nicotine (and therefore,
ETS) concentration gradients may typically exist at
boundary rows.

Bartlett’s test for homogeneity of variances was used to
test the nicotine concentration data. Test results sup-
ported a log-normal distribution. The concentration data
were transformed to their logarithms in order to obtain
homogeneity of variances and a normal distribution. The
transformed data were then analyzed with a 3 X 2 factorial
model ANOVA. Results indicate that the effect of aircraft
type is not significant (P = 0.1802). On the other hand,
the results show the effect of seating section (either



Table II. Results from Samples Collected in Smoking Sections of B727-200, B737-200, and B737-300 Aircraft

nicotine

aircraft no. in no. of cig sampling cig
sample type seat smoking section smoked (estd) time, min ug ug/m? equiv
35 737-200 16E NA NA 50 ND (0.004) ND (0.08) NA
68 737-200 15C 13 26 60 ND (0.02) ND (0.03) NA
67 737-200 17C 20 37 55 0.04 (0.08) 0.6 (1) NA
65 737-300 19E 22 37 50 0.04 (0.08) 0.7 (2) NA
45 727-200 20E 25 88 105 0.04 0.4 0.0009
59 727-200 20B 21 50 72 0.05 0.7 0.0010
27 737-200 16D NA NA 55 0.15 2.1 0.0024
60 737-200 15B NA NA 45 0.11 2.3 0.0022
49 737-200 14C 10 17 52 0.19 31 0.0035
6 727-200 22F NA NA 179 0.98 4.5 0.0172
63 737-200 20C 24 20 25 0.23 8.6 0.0046
34 737-300 17B 10 17 50 0.46 8.8 0.0095
48 727-200 19B 10 23 70 0.75 10.2 0.0154
28 727-200 21B 17 32 57 0.62 10.5 0.0129
14 127-200 19D NA NA 60 1.07 11.0 0.0142
5 727-200 22B NA NA 91 1.66 14.9 0.0291
47 737-300 16C 35 123 105 2.05 18.7 0.0423
56 737-200 15C 11 6 16 0.42 22.1 0.0076
51 737-200 18E b 11 45 1.44 30.2 0.0293
76 737-300 20E 15 19 37 2.01 39.5 0.0314
4 727-200 24F 20 48 72 3.07 42.2° 0.0653
78 737-300 23F 22 30 41 4.82 45.0 0.0397
62 737-200 17D 20 17 25 1.51 57.1 0.0307
79 737-300 22D 22 84 114 16.79 59.8 0.1466
52 737-300 16B 23 38 50 4.06 76.7 0.0825
43 737-200 18C 23 31 40 5.18 1124 0.0967

2Concentration at actual conditions.

smoking or no smoking) to be significant (P = 0.0477) as
well as the effect of interaction, namely, aircraft X seating
section (P = 0.0766). The model analyzed interaction with
a type III sum of squares, which compensates for an un-
balanced number of data and any interaction effect on the
main effect terms.

The data strongly suggest that the significance of the
difference in the nicotine concentrations between smoking
and no-smoking sections would have been greater if sam-
ples had been collected more evenly in no-smoking sec-
tions. Only 9 of the 48 samples associated with no-smoking
sections were collected outside of the boundary region;
these nine samples tend to be associated with lower nic-
otine concentrations. The significance of the aircraft—
seating section interaction is expected in view of the fact
that the areas of smoking and no-smoking sections and
ventilation characteristics differ among the three aircraft
types.

The number of persons seated in the smoking section
and the sampling time, when employed as covariates for
the 3 X 2 factorial ANOVA model, were shown to be in-
significant: P > 0.5437 and P > 0.3221, respectively. The
absence of significance for the former is exemplified by the
0.4 ug/m?® result of sample 45 acquired in the smoking
section of a B727-200 when occupied by 25 persons.

Table III summarizes the concentration results by air-
craft type and seating section. Included in the table are
data ranges and geometric means.

Mean nicotine levels in the aircraft investigated are
substantially lower than mean levels observed in envi-
ronments where the density of smokers is similar. For
example, Muramatsu et al. (3) reported mean levels of
26.42, 38.73, and 47.71 ug/m?® in student cafeterias, con-
ference rooms, and automobiles, respectively. The design
of the aircrafts’ HVAC systems accounts for both the ob-
served relatively low nicotine concentration levels and the
absence of significant correlation with number of smokers.

Figure 2 shows the patterns of air circulation along the
cross-section of a B727-200 aircraft. (Diagrams for the

Table ITI. Summary of Results from Sampling Nicotine in
Aircraft

nicotine concn, ug/m?®

aircraft seating
type section N range mean
727-200 NS 10 ND (0.03)-24.2 2.6
S 8  0.4-42.2 6.8
737-200 NS 29 ND (0.04)-40.2 T
S 11 ND (0.08)-112.4 6.5
737-300 NS 10 ND (0.4)-17.2 4.2
S 7 0.7 (2)-76.7 21.5
total NS 49 ND (0.03)-40.2 5.5
S 26 ND (0.08)-112.4 9.2
OVERHEAD
AIR
SuPPLY
SIDEWALL
AIR
SupPpPLy
CABIN AIR
< EXHAUST

CARGO
COMPARTMENT

Figure 2. Schematic of airflow patterns for cross-section of B727-200
aircraft (17).

B737-200 and B737-300 aircraft are essentially the same.)
Air supplies and exhausts are located in a manner that
causes air to execute circular movements along a row of
seats. Air enters the cabin from overhead vents and exits
from vents located at foot level along cabin walls. Mir-
ror-image circulation patterns distinguish port and star-
board seats of each row. Air movement within a row also
depends on the operation of overhead vents by passengers.
Important aspects of the ventilation patterns shown in the
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Figure 3. Schematic of airflow patterns along the length of B727-200
aircraft (17).

figures are that longitudinal movement of air in the cabins
is suppressed, as is movement across the aisles. This
longitudinal suppression of air movement is illustrated by
Figure 3, showing ventilation patterns along the length of
a B727-200’s fuselage. (Diagrams for the B737-200 and
B737-300 aircraft are essentially the same.) The high
ventilation rates of the aircraft studied [for example, 26.5
air changes per hour for B727-200’s, 22.7 air changes per
hour for B737-200’s, and 26.3 air changes per hour for
B737-300’s (10)] minimize the residence time of ETS in
passenger cabins. Additionally, ETS will tend to remain
within a single port or starboard row of seats owing to the
effect of air movement patterns.

The effects of ventilation and air movement patterns
and the relative isolation these effects impose on a port
or starboard row of seats may account for those results
where nicotine concentrations in smoking sections are
below the limit of quantitation even though the sections
are occupied by substantial numbers of passengers who
presumably smoke. Similarly, the nicotine concentration
results of this study, when viewed in light of the aircrafts’
ventilation characteristics, suggest that the port-starboard
segregation approach utilized, for example, by European
airlines, may be effective in reducing the exposure of
persons seated in the no-smoking section to ETS.

The results of this study show that, to be adequate,
models for air quality within aircraft cabins must account
for the unique ventilation characteristics of aircraft.
Models assuming the complete mixing of ETS in passenger
cabins (I4) are inappropriate for B727-200, B737-200,
B737-300, and similar aircraft.

Most of the nicotine concentrations reported here have
a high bias component due to the lack of barometric
pressure data with which to adjust volumetric data from
standard conditions to actual conditions. [Human res-
piration is not affected by the barometric pressures
maintained in passenger cabins (15).] Barometric pressure
data monitored on four sample runs indicate that con-
centration biases of up to 15% are possible.

The nicotine concentrations observed for this study are
similar in magnitude to those reported by Muramatsu et
al. (3). These workers, using a portable system attached
to persons conducting the sampling, reported nicotine
concentrations on Japanese domestic aircraft that ranged
from 6.28 to 28.78 ug/m®. The mean concentration of the
seven samples was 15.18 pg/m?3. The authors concluded
from these results that the exposure of persons to side-
stream tobacco smoke, i.e., ETS, is very small. The au-
thors, however, did not provide information regarding the
types of aircraft, the sampling locations relative to the
smoking sections, or the number of smokers; therefore,
comparison with the results from the study reported here
are limited.

Some researchers (3, 14, 16) have used the “cigarette
equivalent” computational device to quantify exposure to
ETS and thus to place such exposure in a convenient
framework for discussion. Such computations assume an
average daily breathing rate and an “equivalent cigarette”
on the basis of the delivery of nicotine or “tar” in main-
stream smoke. However, the term cigarette equivalent is
inaccurate inasmuch as it suggests that persons thus ex-
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posed are smoking, when in fact they are not. In addition,
inhalation during smoking is deeper and more prolonged
than during ordinary breathing, and breathing rates are
variable rather than constant. Finally, the cigarette
equivalent concept is highly manipulatable, because nic-
otine or tar deliveries vary over a wide range of values for
different cigarette brands and because no single definition
is currently recognized.

In spite of these shortcomings, the exposures represented
by the nicotine levels observed for this study may perhaps
be placed in perspective through use of the cigarette
equivalent device. Accordingly, concentrations in no-
smoking sections represent exposures ranging from 0.00004
to 0.037 cigarette equivalent per sampling period, with a
geometric mean of 0.0041 cigarette equivalent per sampling
period. Concentrations in smoking sections represent
exposures ranging from 0.00008 to 0.15 cigarette equivalent
per sampling period, with a geometric mean of 0.0082
cigarette equivalent per sampling period. These estimates
in general indicate very low exposure relative to active
smoking.

Conclusions

The results of this study show that (a) segregation sig-
nificantly reduces the exposure of persons seated in no-
smoking sections to ETS and (b) aircrafts’ HVAC systems
are primarily responsible for effecting this reduction. In
addition, the results indicate that average exposures to
ETS are orders of magnitude less than exposures repre-
sented by smoking a single cigarette.

Additional research is needed in order to define more
precisely and completely the effect ETS has on air quality
in passenger cabins of commercial aircraft. Future studies
should be expanded to include measurements of other ETS
constituents and to involve wide-bodied aircraft on longer
flights.
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Oligomerization of 4-Chloroaniline by Oxidoreductases
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B Oxidation of aromatic amines by oxidoreductases can
result in the formation of polyaromatic products. We
incubated 4-chloroaniline with horseradish peroxidase and
with a laccase from the fungus Trametes versicolor.
Qualitative and quantitative analyses were performed on
the oligomeric products. Both enzymes generated eight
oligomers, which were isolated and identified. On the basis
of their structures and rates of formation, a reaction
scheme for the oxidative oligomerization of 4-chloroaniline
was proposed. The scheme shows that, once the substrate
was enzymatically oxidized, free-radical coupling followed,
and three dimeric intermediates were produced. Each of
the dimers initiated a nonenzymatic reaction pathway, and
the combined pathways accounted for the formation of the
first eight stable 4-chloroaniline-derived oligomers.

Introduction

Aniline-based herbicides readily decompose in the soil,
but the resultant degradation products may be trans-
formed into persistent xenobiotic species. Hydrolytic
cleavage of the aliphatic portion of the herbicides produces
substituted anilines, which often undergo oxidative po-
lymerization and binding to soil organic matter. A study
on the fate of substituted anilines in the soil found that
at high concentrations (500 ppm) 40% of the applied
material was recovered as polyaromatic products and 50%
was bound to soil organic matter (I). At low concentrations
(1.25 ppm), 90% of an aniline soil residue was bound to
soil constituents with only trace amounts recovered as
extractable oligomers (2). It is likely that the processes
leading to polymerization are also responsible for incor-
poration of the anilines into humic substances.

Models of oxidative reactions are essential for under-
standing the transformation of substituted anilines in soil.
Numerous studies have been conducted on the one-elec-
tron oxidation of anilines using oxidoreductases, such as
horseradish peroxidase and the laccases of Trametes
versicolor and Rhizoctonia praticola (3-7). Some of the
aniline-derived oligomers were structurally determined, but
neither comprehensive product identifications nor quan-
titative analyses were reported.

In a previous work, we identified the structures of all
products formed in the oxidoreductase-initiated polym-
erization of 4-chloroaniline and developed a method for
substrate and product quantitation (8). In this investi-
gation, we apply the quantitative method to follow 4-
chloroaniline disappearance and product formations as a
function of enzyme incubation times. We compare the
product profiles resulting from the reactions catalyzed by
horseradish peroxidase and the laccase of T. versicolor. On
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the basis of product structures and their relative amounts,
we postulate reaction pathways for the oxidative polym-
erization of substituted anilines in general and for 4-
chloroaniline in particular.

Materials and Methods

Chemicals. 4-Chloroaniline was purchased from Ald-
rich Chemical Co. (Milwaukee, WI) and was 98+ % pure
as confirmed by thin-layer chromatography (TLC) and
high-performance liquid chromatography (HPLC).

Enzyme Assays. Horseradish peroxidase with an RZ
(Reinheitszahl) of 0.43 and an activity of 45 purpurogallin
units/mg of solid was purchased from Sigma Chemical Co.
(St. Louis, MO). A purpurogallin unit is defined as the
amount of enzyme that forms 1.0 mg of purpurogallin from
pyrogallol in 20 s at pH 6.0 and 20 °C. The absorbance
change is measured at 420 nm.

The extracellular laccase of T. versicolor was isolated
from growth media and purified as previously described
(7). Laccase activity is given in DMP (2,6-dimethoxy-
phenol) units. A DMP unit is defined as the amount of
enzyme causing a change in absorbance at 468 nm of 1.0
unit min™ at pH 4.2 of a 3.5-mL sample containing 3.24
umol of 2,6-dimethoxyphenol. Absorbance was measured
with a Model 2000 spectrophotometer (Bausch and Lomb,
Inc., Rochester, NY).

Unless otherwise specified, enzyme assays were con-
ducted in citrate-phosphate buffers (pH 4.2) with 1
pmol/mL 4-chloroaniline at 25 °C. Horseradish peroxidase
assays contained 2.5 pmol/mL hydrogen peroxide and
0.012 purpurogallin unit/mL enzyme; 20 DMP units/mL
was used in the laccase assays. Boiled enzymes served as
controls.

High-Performance Liquid Chromatography. At the
specified times (0-120 min), enzyme activity was halted
by the addition of an equal volume of acetonitrile to a
2.5-mL aliquot of the assay solution. The 5.0-mL sample
was then passed through a 0.2-um pore Nylon 66 filter
(Schleicher & Schuell, Keene, NH), and 175 uL was im-
mediately analyzed by HPLC. All quantitative data points
represent the average value of triplicate sample injections.

Analysis was performed on a Waters Associates (Milford,
MA) high-performance liquid chromatograph. The system
consisted of a UK injector, M45 and 6000 pumps run by
a Model 720 System Controller, a Lambda Max 450 LC
spectrophotometer set at 280 nm (0.05 AUFS), and a
Model 730 Data Module.

Reverse-phase separation was performed on a 15 cm X
4.6 mm Supelcosil LC18 (octadecylsilica) column of 5-um
particle size (Supelco, Inc., Bellefonte, PA). The mobile
phase at a flow rate of 1.5 mL/min consisted of an aqueous
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Table I. 4-Chloroaniline and Amount of Products Formed by a Peroxidase and a Laccase at pH 4.2 after 15-min Incubation®

nmol/mL
B G H I
assay (4-chloroaniline) (dimer) (dimer) (dimer) (dimer) (trimer) (trimer) (tetramer) (tetramer)
horseradish peroxidase 825.2 2.8 84 8.1 5.5 15 22.9 13 3.1
laccase of T. versicolor 750.0 0.5 18.9 12.0 7.4 14 26.3 0.8 2.1
¢The initial substrate concentration was 1.0 umol/mL.
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Figure 1. HPLC chromatogram of 4-chloroaniline and eight oligomeric
products. The sample was taken from a peroxidase (0.012 purpuro- 30—

gallin unit/mL) reaction solution after 60-min incubation. The dashed
line indicates the gradient curve. (A) 4-Chloroaniline; (B) N-(4-
chiorophenyl)-p -phenylenediamine; (C) N-(4-chlorophenyl)-p-benzo-
quinone diimine; (D) N-(4-chlorophenyl)-p -benzoquinone monoimine;
(E) 4,4'-dichloroazobenzene; (F) 2-(4-chloroanilino)-N-(4-chloro-
phenyl)benzoquinone monoimine; (G) 2-amino-5-chlorobenzoquinone
bis(4-chloroanil); (H) 2«(4-chloroanilino}-5-hydroxybenzoquinone bis(4-
chioroanil); (I) 2-amino-5-{4-chloroanilino)benzogquinone bis(4-chloroanil).

component A (0.01 M KH,PO,, 0.05% triethylamine, pH
6.3) and an organic component B (methanol, 0.1% tri-
ethylamine). The composition was maintained at 40/60
(volume percent) A/B for the first 3 min and was then
brought to 10/90 A/B (see gradient curve in Figure 1)
within 15 min. The final composition was maintained for
5 min. The column was equilibrated for 10 min at initial
conditions before each injection. Quantitation of 4-
chloroaniline and products was performed as previously
described (8).

Results

The oxidation of 4-chloroaniline by horseradish per-
oxidase or a laccase of T versicolor resulted in the for-
mation of eight oligomeric products. These products were
isolated and identified in a previous study (8).

Enzyme assays were conducted in buffered aqueous
solutions, and the disappearance of 4-chloroaniline as well
as the formation of products was quantitatively monitored
with reverse-phase HPLC. The separation of 4-chloro-
aniline (peak A) and the eight oligomeric products (peaks
B-I) is shown in the chromatogram in Figure 1. The
HPLC quantitation method has been described previously
®).

Analysis of the peroxidase assay solutions showed that
20% of the 4-chloroaniline was transformed within the first
30 min of the reaction. Longer incubation times did not
effect further substrate transformation by the peroxidase.
During the first 15 min of the reaction, the peroxidase and
the laccase caused the disappearance of the substrate at
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Figure 2. Disappearance of 4-chloroaniline from assay solutions
containing a peroxidase (0.012 purpurogallin unit/mL) and a laccase
(20 DMP units/mL) at pH 4.2. Figures 3 and 4 show corresponding
product formations.

comparable rates. However, the laccase continued to
catalyze 4-chloroaniline oxidation, so that after 120 min
of incubation less than 30% of the unreacted substrate
remained. Substrate disappearance curves for the per-
oxidase and laccase reactions at pH 4.2 are shown in Figure
2.

Quantitative analysis of the oligomeric products was
performed concurrently with the substrate disappearance
determinations. The product quantitation studies showed
that both the peroxidase and the laccase catalyzed the
formation of four dimers (compounds B-E) and a trimer
(compound G) within the first 5 min of incubation. An-
other trimer (compound F) and two tetramers (compounds
H and I) were detected after longer reaction times. The
amounts of the respective products formed in the per-
oxidase and laccase assays were approximately equal
during the first 15 min of incubation (Table I). Longer
reaction times resulted in quantitatively different product
mixtures with the two enzymes. Figures 3 and 4 show the
product formation curves for peroxidase and laccase, re-
spectively, and correspond to the substrate disappearance
curves in Figure 2.

Discussion

Although the active site mechanisms for peroxidase (9)
and laccase (10) are quite different, both enzymes catalyzed
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Figure 3. Products formed from 4-chloroaniline after incubation with

horseradish peroxidase (0.012 purpurogallin unit/mL).
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Figure 4. Products formed from 4-chloroaniline after incubation with
a laccase of T. versicolor (20 DMP units/mL). Fifteen percent of the
substrate was converted to compound G after 30-min, 24% after
60-min, and 32% after 120-min incubation.

one-electron oxidation of 4-chloroaniline. The resultant
oligomeric product mixtures were qualitatively equivalent.

It is known that one-electron oxidation of substituted
anilines by an oxidoreductase can produce azobenzenes,
benzoquinone diimines, and benzoquinone monoimines (4,
5, 11, 12). However, the reaction mechanisms involved in
the formation of these oligomers have not been clarified.
Hughes and Saunders (11) and Briggs and Ogilvie (12)
proposed that symmetrical and unsymmetrical pairing of
substituted aniline free radicals leads to the formation of

azo and diimine compounds. Bordeleau et al. (4) suggested
that the azobenzene dimers are formed from phenyl-
hydroxylamine intermediates. Iwan et al. (5) combined
the proposed free-radical pairing and phenylhydroxylamine
intermediate mechanisms to explain the generation of
dimers and trimers from the one-electron oxidation of
4-chloro-o-toluidine. None of these reports included com-
prehensive product identifications, nor were quantitative
studies conducted. We have identified all products gen-
erated by the one-electron oxidation of 4-chloroaniline (8).
Product structure identifications, and the rates of substrate
disappearance and product formation, were used in this
study to develop a reaction pathway scheme for the oxi-
dative oligomerization of a substituted aniline.

The peroxidase appeared to lose activity after 15-min
incubation while the laccase continued to effect 4-chloro-
aniline transformation (Figure 2). Comparison of the
product formation curves obtained from the two assay
solutions (Figures 3 and 4) allows for a discrimination
between products that increased in amount, products that
decreased in amount, and products that remained at a
constant concentration in the absence of enzyme activity.
The concentrations of compounds B, C, D, and G de-
creased with the apparent decline in peroxidase activity,
while those of compounds F, H, and I increased (Figure
3). Previous experiments have shown that compound C
reacts nonenzymatically through the reversible addition
of two hydrogen atoms to form compound B, through
condensation with 4-chloroaniline to form compound I, or
through hydrolysis to form compound D (8). Compound
D also condenses with 4-chloroaniline to generate com-
pounds F and H. The respective product formation curves
in Figure 3 established the nature of these nonenzymatic
transformations. The formation rate of compound E was
directly proportional to the substrate disappearance rate
in both enzyme assay solutions. Therefore, it appeared
that compounds C, E, and G were formed first and that
compounds B, D, F, H, and I were all formed by nonen-
zymatic transformations of compound C.

The disappearance of compound G with the decline in
peroxidase activity could not be explained. When com-
pound G was isolated and incubated for 120 min with
either the peroxidase or 4-chloroaniline, its concentration
did not change. In the laccase solutions the amount of
compound G increased with incubation time until enzyme
activity was stopped by the addition of acetonitrile. After
the addition of acetonitrile, the concentration of compound
G remained constant for up to 24 h. Compound G did not
condense with 4-chloroaniline to form higher oligomers,
nor was it a substrate for peroxidase-catalyzed oxidation.

Figure 5 depicts reaction pathways for the oxidative
oligomerization of 4-chloroaniline, which explain the ob-
served course of product formations. All alphabetically
labeled compounds were isolated and identified, and the
proposed reaction intermediates are in brackets. In the
initial step, enzymatic oxidation of 4-chloroaniline pro-
duces an anilino free radical, which is resonance stabilized
by delocalization at the N, para, and ortho positions.
Three dimeric intermediates are formed by N-N, N—para,
and N-ortho radical couplings, and they initiate three
reaction pathways that can account for the formation of
the eight 4-chloroaniline-derived oligomers. The predom-
inance of any one pathway depends on the amount of the
initial dimeric intermediate formed.

The extent of N-N, N-para, and N-ortho radical cou-
pling is dictated by the degree of lone electron localization
in the N, para, and ortho positions. The highest lone
electron density is expected at the N and para radical
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Figure 5. Proposed reaction pathway for the one-electron oxidation of 4-chloroaniline.

positions, but since the para position is substituted, steric
hindrance limits the amount of para coupling (13). In fact,
the ratio of N:para:ortho positional radicals was 2.6:1:1 for
the oxidoreductase reactions as determined from the
amount of each oligomer found in the product mixtures.
The quantity of free-radical molecules that coupled to
initiate a particular oligomer-forming pathway was de-
duced by summation of the amounts of oligomers produced
by that pathway. For example, if the product mixture
solution contained 5 nmol/mL compound I, then 5
nmol/mL N radical and 5 nmol/mL para radical must
have coupled to give the observed amount of compound
1. In this manner, the ratios of N:para:ortho radicals were
obtained for assay solutions of 4-chloroaniline containing
the laccase at pH 4.2 (20 DMP units/mL) and the per-
oxidase at pH 4.2 (0.012 unit/mL), pH 3.6 (0.023 unit/mL),
and pH 4.8 (0.023 unit/mL). The ratio was always 2.6:1:1
and did not change with incubation time. This ratio
represents the relative reactivity at the N, para, and ortho
positions, as determined by localization of the lone electron
and steric factors. Variations in solution pH, enzyme
concentration, and enzyme type should not affect this
relative reactivity if initial product formation involves the
free-radical coupling mechanisms (14) as shown in Figure
5. Therefore, the observed constant ratio substantiates
the free-radical coupling mechanism.

Although the N:para:ortho ratio did not change with the
pH of the reaction solution, the relative amounts of com-
pounds B-I did vary. At low pH, compound C is more
readily transformed to compound D, since the hydrolysis
of an imine to a carbonyl moiety has an acid-catalyzed
rate-determining step (15). Compounds H and I are tet-
ramers formed from compounds D and C, respectively, and
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according to the scheme of Figure 5, a more acidic assay
solution would be expected to give a greater amount of
compound H relative to compound I. This expectation was
met as experiments conducted at various pH values dem-
onstrated (data not shown). At pH 3.6, the tetramer (H)
derived from compound D was preferentially formed, and
at pH 4.8, the tetramer (I) derived from compound C was
formed at a faster rate than the rate at which compound
C was hydrolyzed to compound D.

Conclusions

This paper presents reaction pathways for the oxidative
oligomerization of a substituted aniline. The reaction
scheme was developed with data from qualitative and
quantitative analyses of the products obtained from oxi-
doreductase-catalyzed polymerization of 4-chloroaniline.
The scheme shows that free-radical coupling initiates
pathways that lead to the formation of a variety of ani-
line-derived oligomers. The same type of coupling could
presumably occur between oxidized substituted anilines
and soil organic matter and results in the incorporation
of the aniline into humus polymers. At typical herbicide
application levels, the bulk of substituted anilines reaching
the soil are converted into soil-bound residues. The te-
nacity of binding indicates covalent bonds with humic
substances (1, 16), but the complexity of humus structures
precludes the direct characterization of bound residues.
Investigations into the oxidative oligomerization of sub-
stituted anilines and of phenolic humus constituents are
necessary to gain an understanding of the incorporation
of xenobiotics into humic structures. This study offers
significant insight into the nature of this environmentally
important process.
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Mixed-Substrate Utilization by Acclimated Activated Sludge in Batch and

Continuous-Flow Stirred Tank Reactors
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B A number of biodegradability studies using acclimated
activated sludge and batch and continuous-flow reactors
were conducted. m-Nitrobenzenesulfonate, sodium salt
(m-NBS), acclimated activated sludge demonstrated dif-
ferent substrate utilization capacity when compared to
resorcinol-acclimated activated sludge exposed to the same
set of substrates. Out of the four mixed feeds treated in
batch reactors, utilization of m-NBS from the m-NBS—
catechol system was found to be aided by exogenous cyclic
adenosine cyclic monophosphate ((AMP). In a continu-
ous-flow reactor, the substrate utilization pattern with
m-NBS-catechol, resorcinol-m-aminophenol (m-AP), and
catechol-resorcinol mixed feeds was simultaneous at a
dilution rate of 0.042/h. In the resorcinol-m-NBS mix-
ed-feed system, resorcinol was the preferred substrate, and
an increase in resorcinol concentration in the mixed feed
resulted in the progressive reduction in m-NBS utilization.
However, with the m-AP-resorcinol mixed feed at a dilu-
tion rate of 0.323/h, the simultaneous utilization pattern
changed into the preferential utilization pattern.

Introduction

In waste process biotechnology, multiple-substrate
utilization in a biological waste water treatment system
is a common phenomenon. Waste waters containing
multisubstrates are common in organic chemical manu-
facturing industrial complexes where a variety of products
are manufactured. In biological treatment plants, the
substrate removal pattern in a multisubstrate system may
include simultaneous, preferential, or sequential utilization.
The diauxic growth observed by Monod (1) in Escherichia
coli suggests that the very presence of a particular sub-
strate in a waste water stream might prevent an organism
from acclimatizing to another substrate until the first one
has been completely metabolized. The blockage of me-
tabolism of one compound by another may lead to pref-
erential or sequential substrate removal from a multisub-
strate environment. Chian and Dewalle (2) have presented

0013-936X/87/0921-1003$01.50/0 © 1987 American Chemical Society

evidence for the sequential removal of waste components
during biological treatment of a leachate from a sanitary
landfill. Degradation of p-nitrobenzoate by acclimated
sludge was found to be inhibited by benzoate (3). Desh-
pande and Chakrabarti (4), in a batch reactor, demon-
strated preferential removal of m-nitrobenzenesulfonate,
sodium salt (m-NBS), from a mixture of m-NBS and
resorcinol, compounds that are known to be present in
m-aminophenol (m-AP) manufacturing waste waters.
However, resorcinol was found to be the preferred sub-
strate when the same substrate mixture was fed to a con-
tinuous unit with m-NBS-acclimated activated sludge (5).
Mateles et al. (6) have collected steady-state data from the
continuous culture of Pseudomonas fluorescens and E. coli
bg on a mixed-substrate feed capable of producing a diauxic
phenomenon in batch cultures. The data for the growth
of E. coli bg on glucose and lactose show simultaneous
utilization of both sugars over a wide range of dilution
rates. At higher dilution rates, however, a sudden change
to preferential utilization of glucose was observed, sug-
gesting that dilution rates have a profound influence on
the substrate utilization pattern when a mixed-substrate
feed is subjected to biological treatment processes.

Mechanisms of repression and induction involved in the
regulatory processes when an organism is exposed to a
multisubstrate environment would be explained by the
operon theory of Jacob and Monod (7). The induction of
operon requires the participation of adenosine cyclic
monophosphate (cAMP) and cAMP receptor protein
(CRP), and exogenous cAMP has been reported to trigger
cAMP-mediated responses in a wide variety of microor-
ganisms (8-10). Knowledge of the cAMP requirement in
mixed-substrate utilization could help in understanding
whether an operon type of mechanism is responsible for
sequential removal of substrates by the acclimated acti-
vated sludge.

The purpose of this investigation is to study the utili-
zation of substituted benzenes of industrial relevance from
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a multisubstrate environment and to determine the in-
volvement, if any, of CAMP in the utilization process.

Materials and Methods

Acclimation. Activated sludge from an oxidation ditch
treating domestic waste water was divided into 10 parts
and separately exposed to catechol, resorcinol, m-NBS,
m-AP, benzenesulfonic acid (BSA), metanilic acid (m-AA),
and mixed feed containing (i) m-NBS and catechol, (ii)
m-NBS and resorcinol, (iii) resorcinol and m-AP, and (iv)
catechol and resorcinol for acclimation. The organic
loading in each case was maintained at 0.11 g of total
organic carbon (TOC)/g of mixed liquor volatile suspended
solids (MLVSS). Diammonium orthophosphate (200
mg/L) provided the required nitrogen and phosphorus.
The fill and draw technique (4, 5) was employed, and
acclimation was determined from the rate of TOC utili-
zation by the respective sludges.

Substrate Utilization Studies. m-NBS-acclimated
activated sludge was divided into six parts and separately
exposed to catechol, m-NBS, resorcinol, pyrogallol, hy-
droquinone, and phloroglucinol at an organic loading of
0.11 g of TOC/g of MLVSS in batch reactors of 1-L ca-
pacity each and equipped with sintered glass diffusers.
Biodegradation experiments were also carried out with
resorcinol-acclimated activated sludge using the same
substrates under similar experimental conditions. The
experiments were conducted for a period of 6 h, and the
TOC of 0- and 6-h samples in each case was monitored
with a Beckman TOC analyzer (Model 915 A) as per ref
11.

HPLC Analyses. The organic components present in
samples were quantified with the help of high-performance
liquid chromatogrpahy (HPLC) (Model 204, Water Asso-
ciates Inc., Milford, MA) in a system equipped with M-
6000 and M-45 pumps, a u6K septumless injector, a Model
440 UV absorption detector with a 254-nm primary filter,
and an HPLC recorder (Houston Instrument Series B-5000
dual pen, Austin, TX). Solvents used were double-distilled
spectroscopic-grade dioxane and water in the ratio of 1:24
in the case of catechol-resorcinol system and only water
in the case of all other systems investigated. The column
used for HPLC analyses was pBondapac C-18. Samples
filtered through Millipore membrane filter were analyzed
by reverse-phase chromatography. Operating conditions
were (i) chart speed, 25 cm/h; (ii) flow rate, 2 mL/min;
and (iii) column temperature, ambient. Analytical-grade
standards were run with each experiment.

cAMP Addition Experiments. Adenosine cyclic
3',5-monophosphate (cAMP), anhydrous crystalline va-
riety, was obtained from Sigma Chemical Co., St. Louis,
MO. Four aerobic batch reactors were employed to study
the effect of cAMP addition (1 mM) on the utilization of
substrates from a mixed-substrate environment. The four
reactors were fed with mixed feed consisting of (i) m-NBS
(1000 mg/L) and catechol (200 mg/L), (ii) m-NBS (1000
mg/L) and resorcinol (500 mg/L), (iii) resorcinol (180
mg/L) and m-AP (160 mg/L), and (iv) catechol (425
mg/L) and resorcinol (475 mg/L), respectively. The ex-
periment was conducted for 90 h in the case of the first
reactor and for 24 h in the cases of the second, third, and
fourth reactors. Influent and effluent samples from these
reactors were subjected to HPLC analyses.

Continuous-Flow Experiments. An activated sludge
unit (12) having a 2.725-L aeration cell and a built-in
0.725-L settling compartment was used for continuous-flow
experiments. The unit with the acclimated activated
sludge was operated at room temperature (25 = 2 °C) by
feeding continuously the mixed feeds (one feed at a time)
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Table I. Biodegradation of Substituted Benzenes by
Acclimated Activated Sludge®

mg of TOC utilized
substrate (g of MLVSS)! h!
(i) catechol 26.4 £ 0.7
(ii) resorcinol 210+ 1.9
(iii) BSA 10.7 £ 0.6
(iv) m-NBS 6.8+ 0.6
(v) m-AP 14+£0.1
(vi) m-AA not utilized

?Loading: 0.11 g of TOC/g of MLVSS. Results are the average
of six experiments * standard deviation.

Table II. Utilization of Substituted Benzenes®

mg of TOC removed (g of MLVSS)™ h™!
limated

m-NBS-acclimated resorcinol-

substrate activated sludge activated sludge
(i) catechol 22.1 89
(ii) m-NBS 16.9 not utilized
(iii) resorcinol 8.7 22.0
(iv) pyrogallol 77 3.2

(v) phloroglucinol not utilized not utilized
(vi) hydroquinone not utilized 5.7

?Loading: 0.11 g of TOC/g of MLVSS. Results are the average
of three experiments.

and maintaining a 24-h hydraulic detention time. The
mixed feeds in the case (i) of m-NBS and catechol con-
sisted of 300 mg/L and m-NBS and 450 mg/L or catechol,
(ii) of resorcinol and m-AP consisted of 500 mg/L of res-
orcinol and 250 mg/L of m-AP, and (iii) of resorcinol and
catechol consisted of 475 mg/L of resorcinol and 425 mg/L
of catechol. The mixed feed containing m-NBS and res-
orcinol had a constant amount of m-NBS (1000 mg/L) and
varying amounts of resorcinol (210-690 mg/L). Di-
ammonium orthophosphate (200 mg/L) added to the
mixed feeds provided the required nitrogen and phos-
phorus. A requisite volume of mixed liquor was wasted
from time to time to maintain constant MLVSS in the
aeration cell. After a stable condition was attained as
indicated by constant TOC in the affluent, the influent
and effluent samples from all sets of experiments carried
out were subjected to HPLC analyses. The dilution rate
maintained was around 0.042/h for the above experiments.

In another experiment, the continuous-flow activated
sludge unit was operated at different dilution rates with
resorcinol (500 mg/L) and m-AP (250 mg/L) as the mixed
feed, and the effluent was monitored by HPLC for the
presence of substrates. The dilution rates tried ranged
from 0.042/h to 0.323/h. Suspended solids in the effluent
were estimated as per ref 11. The filtered effluent was
subjected to HPLC analyses.

The sludge from the continuous unit was then divided
equally, transferred to three batch reactors, and aerated
with resorcinol, m-AP, and the mixed feed. Samples were
collected at hourly intervals and analyzed by HPLC for
resorcinol and m-AP.

Results and Discussion

Results of biodegradation studies by acclimated acti-
vated sludge are summarized in Tables I and II showing
the degrading ability of an activated sludge from an oxi-
dation ditch treating domestic waste water acclimated to
a variety of substituted benzenes. It can be seen from
Table I that the activated sludge possesses the necessary
catabolic enzyme systems required to degrade catechol,
resorcinol, m-NBS, BSA, and m-AP. The sludge, however,
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could not be acclimated to m-AA under similar experi-
mental conditions. Table II shows catechol, m-NBS,
resorcinol, and pyrogallol utilization at a loading of 0.11
g of TOC/g of MLVSS, the order of removal rate being
catechol > m-NBS > resorcinol > pyrogallol when sludge
acclimated to m-NBS was employed. However, the sludge
could not degrade hydrquinone and phloroglucinol. On
the other hand, resorcinol-acclimated activated sludge
could degrade resorcinol, catechol, hydroquinone, and
pyrogallol at a loading of 0.11 g of TOC/g of MLVSS, the
order of removal rate being resorcinol > catechol > hy-
droquinone > pyrogallol. Resorcinol-acclimated activated
sludge could not, however, degrade m-NBS and phloro-
glucinol. It could be seen from these results that an ac-
tivated sludge obtained from the same source and accli-
mated separately to m-NBS and resorcinol assumes dif-
ferent biochemical characteristics as is evident from the
substrate utilization rates when exposed to the same set
of substrates. However, neither m-NBS- nor resorcinol-
acclimated activated sludge could degrade phloroglucinol,
although this compound has been reported to be biode-
gradable by acclimated activated sludge (13). These results
also suggest that m-NBS-acclimated activated sludge loses
the capacity to degrade hydroquinone whereas resorcin-
ol-acclimated activated sludge loses the capability to de-
grade m-NBS.

Figure 1 shows the effect of cAMP addition on the
utilization of m-NBS from a mixed feed containing m-NBS
and catechol by activated sludge acclimated to the mixed
feed. It could be seen from Figure 1 that m-NBS utili-
zation was only partial (74%) in the control system without
cAMP addition, whereas with the addition of cAMP com-
plete utilization of m-NBS occurred in the experimental
system, both systems being run for 90 h. The utilization
of m-NBS began only after catechol was fully utilized and
continued for 13 h in both the systems. This was followed
by a 14-h lag period. At the 28th hour, removal of both
m-NBS and cAMP started taking place in the experi-
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Figure 3. Utilization of m-NBS and resorcinol from a mixed feed in
the presence and absence of cAMP by acclimated activated sludge.

mental system. cAMP removal was complete in 50 h
(Figure 2) whereas that of m-NBS was complete in 90 h.
On the other hand, m-NBS degradation between 27 and
90 h in the control system was only around 31%. It is,
therefore, evident from Figure 1 that exogenous cAMP
facilitates biodegradation of m-NBS by the acclimated
microbial consortium present in the activated sludge. This
presumption is strengthened by the simultaneous disap-
pearance of m-NBS and cAMP in the experimental system
at the 27th hour of the experiment. The observed se-
quential catechol and m-NBS utilization and cAMP re-
quirement for complete utilization of m-NBS indicate the
existence of an operon-like mechanism for m-NBS utili-
zation by acclimated organisms from a mixed-substrate
environment containing m-NBS and catechol.

Figures 3-5 show the effect of cAMP addition on the
utilization of m-NBS and resorcinol, m-AP and resorcinol,
and catechol and resorcinol from mixed-substrate systems
using acclimated activated sludges. Resorcinol was found
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catechol by acclimated activated sludge.

to be preferentially utilized over m-NBS and m-AP from
the respective mixed feeds, and the utilization rates were
unaffected by cAMP addition. Similarly, preferential
utilization of catechol folllowed by resorcinol was observed,
and the utilization was unaffected by cAMP addition.
Also, the level of cAMP exogenously added to these three
systems remained unaltered throughout the experimental
period. It has been reported that cAMP is not the only
compound that plays a role in mediation of catabolic re-
pression (14). Factors other than cAMP such as indole-
acetic acid and imidazoleacetic acid can replace cAMP for
expression of the arabinose operon (15, 16). It is interesting
as well as significant to conclude from Figures 3-5 that the
catabolic repression caused by resorcinol in both systems
appears to be distinct from cAMP-mediated effects as
observed in the case of the m-NBS-catechol system.
Further, there is little or no lag between utilization of
resorcinol and m-NBS or m-AP, suggesting that cAMP is
not required for the initiation of utilization of either of the
second substrates when present with resorcinol. Thus,
more than one genetic mechanism is involved in m-NBS
degradation.

The substrate utilization pattern from the mixed feeds
in the continuous-flow activated sludge unit by appropriate
acclimated sludge in this investigation was found to vary
with the characteristics of the influents as well as with the
dilution rate. For example, when the influent contained
m-NBS and catechol, resorcinol and m-AP, or resorcinol
and catechol, the substrates were simultaneously utilized
at the dilution rate of 0.042/h (Figures 6-8). On the other
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hand, when a mixed feed containing m-NBS and resorcinol
was fed on a continuous basis to an activated sludge ac-
climated to the mixed feed at the same dilution rate of
0.042/h, resorcinol was found to be utilized completely
whereas m-NBS was found to be utilized to the extent of



Table III. Effect of Increasing Resorcinol Concentration in a Mixed Feed® on the Utilization of Resorcinol and m-NBS by an
Acclimated Activated Sludge in a Continuous Unit?

m-NBS resorcinol
ST, pH influent, effluent, reduction, influent, effluent, reduction,
no. influent effluent mg/L mg/L % mg/L mg/L %o
1 6.3-6.5 4.0-46 1051 + 24.5 638 £ 22.2 39.3 208 £ 4.2 0.0 100
2 6.9-7.2 6.2-6.4 992 + 66.4 741 £ 19.1 25.2 4497 0.0 100
3 6.3-6.5 5.2-5.5 1007 = 42.6 797 £ 49.9 20.8 686 + 42.2 0.0 100

?Resorcinol (ranging from 210 to 690 mg/L), m-NBS (1000 mg/L), and MLVSS at 2370-3000 mg/L. °Results are the average of six
experiments + standard deviation. pH values are expressed as a range indicating minimum and maximum.

Table IV. Effect of Different Dilution Rates on Resorcinol and m-AP Utilization from a Mixed Feed by an Acclimated

Activated Sludge in a Continuous Unit®

influent effluent

sr. dilution m-AP, resorcinol, m-AP, resorcinol, suspended solids,
no. rate, h mg/L mg/L mg/L mg/L mg/L

1 0.042 ND ND 22

2 0.055 ND ND 55

3 0.081 246 + 19 510 + 18 ND ND 96

4 0.162 ND ND 130

5 0.322 224 + 21 ND 260

2MLVSS at 2500-3820 mg/L. Results are the average of six experiments + standard deviation. ND, not detected.

Table V. Utilization of Resorcinol and m-AP from Single Feeds and Mixed Feed by Mixed-Feed Acclimated Activated Sludge

m-AP feed resorcinol feed mixed feed
time, m-AP, resorcinol, m-AP, resorcinol,
pH mg/L pH mg/L pH mg/L mg/L
0 A 250 71 475 75 255 490
0.5 7.9 150 79 290 7.6 255 300
3 8.0 90 8.0 ND° 7.8 130 ND
5 8.3 40 8.0 ND 8.6 70 ND
24 8.6 ND 8.0 ND 8.2 ND ND
MLVSS? 2596 2080 2200
¢ND, not detected. ®mg/L.

25% only (Figure 9). Table III shows the effect of in-

creasing resorcinol concentration in a mixed feed con- ELNENEE=s wATER

taining resorcinol and m-NBS on the utilization of resor- FLOW:-mmoooe 2nt/min

cinol and m-NBS by acclimated sludge when the system | S P eata

was operated on a continuous-flow basis at a dilution rate TE MPERATURE !~ -AMBIENT

of 0.042/h. Resorcinol was found to be utilized under all CHART SPEED 25 cm /n

experimental conditions. m-NBS utilization was only 2 PRIMARY FILTER284mm

partial; the extent of m-NBS utilization decreased from &) -

39 to 21% as the resorcinol concentration was progressively 2

increased from 210 to 690 mg/L (Table III). 2

Table IV shows the effect of varying dilution rates on g

the substrate utilization pattern from a mixed feed con- g

taining resorcinol and m-AP. These substrates were uti- é

lized simultaneously when the dilution rates were main- 5

tained at 0.042, 0.055, 0.081, and 0.162 per hour. At a g

dilution rate of 0.323/h, however, resorcinol was found to =

be preferentially utilized. Our observations agree well with

the observations made by Mateles et al. (6), who observed

simultaneous utilization of glucose and fructose from a ~

mixed-substrate feed by P. fluorescens and E. coli bg at % 9 15 1% W 3 4

low dilution rate and sudden change to preferential uti-
lization of glucose at a higher dilution rate. It appears that
at low dilution rates both resorcinol and m-AP can support
the growth of microorganisms utilizing these substrates.
At a high dilution rate, however, the microbial consortium
utilizes resorcinol, only causing m-AP to appear in the
effluent. However, when the acclimated sludge from the
continuous unit is separately exposed to resorcinol, m-AP,
and the mixed feed (Table V), the oxidation of resorcinol
and m-AP, when fed as the sole source of carbon, com-

RETENTION TIME,(min}

Figure 9. HPLC scan for chromatographic separation of m-NBS and
resorcinol. Influent (A) and effiuent (B) from a continuous-flow acti-
vated sludge unit.

mences without any lag period, although from mixed feed
m-AP utilization commences only when resorcinol is com-
pletely utilized.

It could be seen from the above experiments that the
oxidizing properties of activated sludge acclimated to
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mixed feed is different from batch and continuous systems.
cAMP-dependent diauxic removal of substrates in batch
reactors was observed only in the case of the catechol and
m-NBS mixed feed. In continuous-flow reactors, a si-
multaneous substrate utilization pattern may become a
preferential utilization one at a high dilution rate as was
observed in case of resorcinol and m-AP systems.

Conclusions

(1) Activated sludge treating domestic waste is versatile
in degrading a number of substituted benzenes of indus-
trial origin.

(2) m-NBS-acclimated activated sludge had a different
substrate utilization capacity when compared to resorcin-
ol-acclimated activated sludge.

(3) Substrate utilization in four mixed feeds, namely,
m-NBS and catechol, m-NBS and resorcinol, resorcinol
and m-AP, and catechol and resorcinol, was studied in
batch and continuous reactors. In batch reactors, se-
quential utilization of catechol followed by m-NBS was
observed. Resorcinol was found to be preferentially uti-
lized over m-NBS and m-AP from the respective mixed
feeds in batch reactors. Similarly, preferential utilization
of catechol followed by resorcinol was observed in batch
reactors. Utilization of m-NBS from the m-NBS—catechol
system was found to be aided by cAMP addition. Utili-
zation of substrates from other mixed feeds was unaffected
by cAMP addition.
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Prediction of Algal Bioaccumulation and Uptake Rate of Nine Organic
Compounds by Ten Physicochemical Properties’

Héléne Mailhot

Biology Department, McGill University, Montréal, Québec, Canada H3A 1B1

B Many quantitative structure-activity relationships de-
scribe steady-state levels of accumulation of organic con-
taminants in aquatic organisms, but few treat the dynamics
by which these levels are achieved. This paper extends
this approach by developing relations to describe the time
course of uptake for different organic compounds. The
instantaneous rates of uptake and the bioconcentration
factors (BCF) of nine organic compounds were determined
by following the bioaccumulation of radioactively labeled
compounds in the green alga Selenastrum capricornutum.
When all nine compounds are used in regression, capacity
ratio and the octanol/water partition coefficient predict
BCF equally well. However, if the hydrocarbons alone are
considered, the capacity ratio predicts BCF most effec-
tively. The uptake rate, which could only be measured
effectively for five compounds, is best predicted by the
connectivity index. These two regressions were effective
in reconstructing the original experiment; they may also
be effective at predicting the time course of contaminant
bioaccumulation.

Introduction

Because new chemicals are produced at a rate exceeding
our capacity to test their environmental impact, we need
models to predict their biological activity (I). This need
has led to the development of quantitative structure-ac-
tivity relationships (QSARs), which relate one or more
physicochemical properties of a group of compounds to
their biological activity. In ecotoxicology, QSAR studies
have been applied to predict toxicity, absorption, distri-
bution, transformation, excretion, and persistence of or-
ganic compounds in contaminated aquatic ecosystems, and
QSARs are among the most promising tools for the as-
sessment of environmental hazard (2-5).

Most applications of QSAR have predicted the biocon-
centration factor at equilibrium (6-11) and the acute
toxicity (12-14). Although these are essentially static
properties, bioconcentration factor is often calculated as
the ratio of the uptake rate and the clearance rate (6,
15-17). Therefore, there is good reason to believe that
rates of contaminant flux may also be predictable from
physicochemical properties. Recent studies have demon-
strated this by developing QSARs to treat the time course
of uptake of organic compounds by fish (18) and inver-
tebrates (19) but not by algae.

Both initial rate of uptake and final concentration are
of great importance because these two parameters are
sufficient to predict the time course of biological uptake.
This paper examines biological uptake of nine organic
contaminants by the green alga Selenastrum capricornu-
tum to develop relationships that describe these parame-
ters as functions of quantitative indices of chemical
structure. An alga was chosen because phytoplankton are
important entry points through which entire food webs

tA contribution to the Limnology Research Center, McGill
University. The LRC is funded by NSERC, FCAR, and the Donner
Canada Foundation.

0013-936X/87/0921-1009$01.50/0 © 1987 American Chemical Society

may be contaminated. This alga was selected because it
is an easily grown, widely available, laboratory species. The
compounds studied—atrazine, benzoic acid, anthracene,
chloroform, 1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane
(DDT), benzene hexachloride, hexachlorobenzene,
2,4,5,2' 4’ 5’-hexachlorobiphenyl, and 1,2,4,5-tetrachloro-
benzene—were selected because they could be purchased
in a “C-labeled form and because they differ greatly in
many physicochemical properties that could be used as
independent variables in quantitative relationships to
predict bioconcentration and rate of uptake. Such rela-
tions should allow us to predict the immediate biological
fate of organic contaminants in aquatic systems (20) and
may form an important subcomponent in larger models
that describe the transfers and effects of such contami-
nation over the longer term.

Materials and Methods

Physicochemical Properties. The sources, the specific
activities, and the physicochemical properties of the nine
organic compounds used are listed in Table I. These
organic compounds represent three chemical families in-
cluding one triazine (atrazine), one acid (benzoic acid), and
seven hydrocarbons: one polycyclic aromatic (anthracene),
one cyclic halogenated (benzene hexachloride), one ali-
phatic halogenated (chloroform), and four aromatic halo-
genated (DDT, hexachlorobiphenyl, hexachlorobenzene,
and tetrachlorobenzene).

Values for solubility, 1-octanol/water partition coeffi-
cient, molecular weight, boiling point, melting point, and
density were found in the literature. The molar volume
is the volume occupied by 1 mol, and it is numerically
equal to the molecular weight divided by the density. The
connectivity index was calculated following Kier et al. (21),
who derived this index from the numerical extent of
branching in the molecular skeleton. The parachor is a
molecular size parameter that can be thought of as a molar
volume corrected for surface tension. The parachor is an
additive-constitutive property (22), because it can be ap-
proximated by summing the atomic parachors of individual
atoms constituting the molecule; thus, the atomic and
structural constants of Vogel (23) were used to calculate
the parachor value for the nine organic chemicals used in
this study.

The capacity ratio for a chromatographic column is
computed as (T, — Ty,)/ T, where T, and T, are the re-
tention times of the sample solute and the mobile phase
(KNOjy), respectively. Many investigators (24-27) have
correlated partition coefficients to the retention times of
chemicals in a reversed-phase HPLC column system.
Therefore capacity ratio could be used instead of log Py,
in structure-activity relationships. Capacity ratios were
determined experimentally with a reverse-phase high-
pressure liquid chromatograph, equipped with a Varian
UV detector. The separations were performed on a 25 cm
long ALL TECH RP-18 column in which particles 5 um
in diameter provided solid support. The column was
conditioned at 60 °C, and the effluent flow rate (2 mL/
min) was monitored continuously. The compounds were
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Table I. Specific Activity, Chemical Supplier, and Value of the Ten Physicochemical Properties for the Organic Compounds

Used in This Study

sp act., connectivity

compound Ci/mol log P log k’ log S, M index
benzoic acid® 294 187 024 -165 3.01
anthracene® 151 449 101 -645 4.81
atrazine® 250 269 016 -3.84 5.71
DDT® 40.0 570 158 -7.68 7.01
benzene hexachloride® 620 4.06 062 -4.70 5.46
chloroform® 139 194 -010 -1.15 1.73
hexachlorobenzene® 135 564 166 -7.36 4.50
hexachlorobiphenyl® 125 7.08 198 -7.98 6.56
tetrachlorobenzene® 72 460 106 -5.08 3.65

molar molecular melting density, boiling
parachor volume, cm® weight point, °C g/cm® point, °C

175 924 122 122 1.32 249
410 143 178 216 1.25 340
456 216 174

663 228 353 109 1.55

479 156 291 112 1.87 323
190 80 119 —64 1.49 62
443 182 285 229 1.57 324
618 232 361 103 1.56

364 116 216 139 1.86 245

2 New England Nuclear, Lachine, Québec. ® Amersham Canada Limited, Oakville, Ontario. ¢Pathfinder Laboratories Inc., St. Louis, MO.

eluted in a mixture of methanol-water (65:35) containing
0.01% H3PO,. Compounds not readily soluble in the
eluent were initially dissolved in pure methanol. Retention
time is unaffected by this addition (26). All estimates of
capacity factor were made at least in triplicate. The
coefficient of variation of the solute retention time (T,)
measurements varies between 0.25% and 7% depending
on the compound (mean = 1.75%).

Algal Culture and Uptake Experiment. Stock cul-
tures of the test organism Selenastrum capricornutum
were maintained in the synthetic medium recommended
in the S. capricornutum Printz algal assay: bottle test (28).
Flasks were maintained at a constant temperature (24
1 °C), shaken at 100 rpm, and constantly illuminated from
above at 4.3 klx by cool white fluorescent light (approxi-
mately 1.4 W m2, 29). Stock cultures were transferred to
fresh medium every 7-10 days. Bacterial and fungal
contamination was monitored by plating 1-mL aliquots of
stock on nutrient agar and incubating the plates along with
the cultures. Contaminated cultures were discarded. The
algal cells were used when in exponential growth, since
such cultures are less variable (30). Cell densities were
determined from haemocytometer counts made at the start
of each experiment.

For uptake experiments, the cultures were diluted with
sterile stock solution to yield 300 mL at approximately 10°
cells/mL, in 500-mL Erlenmeyer flasks. The radioactive
xenobiotic in a solution of ethanol or 0.1% aqueous di-
methyl sulfoxide (DMSO) was added to these flasks, and
two 1-mL aliquots were withdrawn at intervals. One ali-
quot was placed in a scintillation minivial for determina-
tion of total activity. The other was placed in a micro-
centrifuge tube and centrifuged at 13000 rpm (11600g) for
6 min. A 0.5-mL sample of supernatant was then placed
in a scintillation minivial, and the algal pellet and the
remaining supernatant were vortexed. The resulting algal
suspension was also placed in a scintillation minivial. A
similar procedure was followed with a control flask con-
taining isotope but no algae. Pellet radioactivity was
corrected for the activity of the supernatant to determine
the amount of activity associated with the cells. Each
uptake experiment involved 3, 4, or 6 replicates, depending
on the amount of chemical available, and each run included
6 analyses of the control, 6 determinations of total activity,
and 12 analyses of the radioactivity in algal cells. This
method is a modified version of the procedure of Harding
and Phillips (31), who found that this procedure precludes
possible reequilibration during washing of the pellet and
is highly reproducible. It also avoids problems with ad-
sorption of the radiolabeled compounds by filters. Samples
were placed in 4 mL of scintillation cocktail and counted
in an LKB Wallac 1215 RackBeta II liquid scintillation
counter.
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Benzoic acid, chloroform, atrazine, and benzene hexa-
chloride were the most hydrophilic compounds. Because
these compounds were taken up very slowly by the algal
cells, the uptake experiments were long, and the amount
of radioactive uptake by the algae was near the detection
level of the scintillation counter. As a result, the experi-
mental procedure had to be modified. After the algal
culture was spiked with a radiolabeled compound, it was
returned to the incubator for 28 h (atrazine), 44 h (benzene
hexachloride), or 6 days (benzoic acid and chloroform).
Appropriate times were selected on the basis of a prelim-
inary uptake experiment. Four replicates plus a control
containing the radiotracer, but no algae, were treated.
After this exposure, five 10-mL aliquots of each of the four
replicates and the control were filtered through a 0.6-um
Nuclepore filter and rinsed with 50 mL of distilled water.
The activity in the algae was determined as the average
proportion of total activity on the filters from the four
replicates less the proportion of total activity on the control
filter.

A nonlinear, iterative, statistical method (32) was used
to fit the data to the empirical model

y=ax/(b+x) (1)

where y is uptake of radiolabeled compound by the cells
expressed as a percentage of total activity and x is time
in minutes. This model (a square hyperbola) is easy to fit,
has a high coefficient of determination (2 > 0.9), and is
equivalent to the familiar Michaelis-Menten equation.
The first derivative of eq 1 at x = 0 is the instantaneous
rate of uptake and corresponds to a/b. The asymptotic
value obtained from the model [a (%)] was transformed
to the bioconcentration factor (BCF), the ratio of the ac-
tivity in 1 mL of algal cells to the activity in 1 mL of water,
as

BCF = a/[(100 - a)(cell volume)(cell concentration)]
(2)

The BCF's and the uptake rates were regressed against
each of the physicochemical properties with the method
of least squares after the variables were transformed to
stabilize the variance and to linearize the data. Taylor’s
power law (33, 34) was used in some cases to choose the
best power transformation of the dependent variable,
which stabilizes the variance. In each case, several rela-
tionships were developed, and that with the highest r2,
which also appeared to be linear and to have stable vari-
ance on visual inspection, was selected as the best re-
gression. An F test (p = 0.05) identified regressions that
did not differ significantly from the model with the highest
r’. Spiegel’s (35) test for the significance (p = 0.05) of
differences in correlation coefficients was used for rela-
tionships that had different dependent variables.



Table II. Means and Standard Deviations (SD) of
Measured Bioconcentration Factors and Instantaneous
Rates of Uptake

uptake rate,
BCF % /min

compound mean SD mean SD
benzoic acid 7.6 0.65
atrazine 20 3.0
chloroform 690 160
benzene hexachloride 1500 190
tetrachlorobenzene 7700 4400 0.03 0.01
anthracene 7800 2700 011  0.03
DDT 12000 6000 0.44 0.08
hexachlorobenzene 26000 4700 0.09 0.02

hexachlorobiphenyl 37000 15000 029 0.08

Results and Discussion

Mean estimates of uptake rates and bioconcentration
factors for the chemicals studied are presented in Table
II. Overall, individual values for BCF range from 6.9 to
56000, and the average coefficient of variation within
compounds was 28% (range 8% to 56%). Individual es-
timates of uptake rate range from 0.02 to 0.48 (% /min).
The coefficient of variation over all compounds averaged
27% and ranged from 18% to 41% within compounds.

Bioconcentration Factors. The relationships for BCF
were based on only the five most lipophilic compounds,
because the BCF of the other four compounds were esti-
mated from only a single sampling, which was assumed to
represent equilibrium. BCF was best predicted by capacity
factor (k) and 1-octanol/water partition coefficient (P,,).
These two relationships are significantly better than all
others, and there is no significant difference between them.

log BCF = 3.1 + 0.74 log k’ @)
log BCF = 2.6 + 0.28 log P, @

These equations explain 68% and 64% of the variance of
log BCF, respectively. When BCF estimates for the four
hydrophobic compounds are included in the regression, the
data are linearized best by a power transformation of BCF.
For all nine compounds, capacity factor and partition
coefficient predict BCF with success. These relationships
are significantly better than any others and do not differ
significantly (Figure 1).

BCF% = 6.9 + 28 log k’ ®)
BCF%¢ = -21 + 12 log P,,, (6)

These models are more general because they include
compounds from three different families. They suggest
that BCF values for both compounds that accumulate
rapidly and compounds that accumulate slowly can be
described with the same relation. However, when the data
are plotted (Figure 2), the two non-hydrocarbons, benzoic
acid and atrazine, fall well below the regression line. This
can be explained in two ways. Either these two compounds
did not reach equilibrium, so the values of BCF are un-
derestimated, or as some investigators suggest (35-37),
structure—activity relationships are family specific. If so,
an equation should be calculated for the hydrocarbons
alone. Again capacity factor, partition coefficient, and
solubility are the best descriptors of the bioconcentration
factor of hydrocarbons, but capacity ratio is significantly
better than the others:

log BCF = 2.9 + 0.86 log k&’ (7)

The relationship between BCF and partition coefficient
was used to compare this study with the work of other

80
| BCF%4= 6.9 + 28 log K’

60 -

40 1

e

204

log kK’

801 BCF%*= —21 + 12 log P

ow

60 1

40+

BCFO4

20

3 5
log P,,
Figure 1. The two relationships that best described BCF: (A) capacity

ratio (n = 36, r? = 0.88, MSE = 60.9); (B) 1-octanol/water partition
coefficient (n = 36, r? = 0.85, MSE = 74.4).

log BCF

1 atrazine

1
benzoic acid i
— ——— equation 3

0 ) 1 ' 2

log K’
Figure 2. Relationship between log capacity ratio and log biocon-
centration factor for the hydrocarbons (n = 28, r? = 0.89, MSE =

0.04). The dashed line corresponds to the regression for the five
lipophilic compounds (eq 3).

investigators. The literature relationships are quite het-
erogeneous. One study uses microorganisms (curve A in
Figure 3), one uses S. capricornutum (curve B), and 11
involve fish in either flowing or static systems (curves
C-M). Some are based on original experimental values and
others on values from different authors. Finally, most of
these relations are based on several families of organic
compounds. The relationship for hydrocarbons developed
in this study has a much lower slope than any of the others,
except that for algae. This suggests that, compared to fish,
algal BCFs may be higher for hydrophilic compounds but
lower for lipophilic compounds. When all nine compounds
are included in the regression, the slope of the regression
increases (dashed line in Figure 3). Both relations and the
data lie within the range described by previously published
relationships, so it appears that BCFs measured in this
study are consistent with expectation.

Instantaneous Rate of Uptake. The best relationships
between the rate of uptake and various physicochemical
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This study, hydrocarbons
log BCF = 2.1 + 0.36 log Poy
n=28

r2=091

log BCF

This study, all compounds— - -
log BCF = 0.51 + 0.64 log P,
n =36

r2=0.86

log P,y

Figure 3. Comparison of literature relationships describing biocon-
centration factor (BCF) as a function of partition coefficient (P,,) with
those determined in this study (line A corresponds to ref 39; B, ref 40;
C, ref 6; D, ref 41; E, ref 16; F, ref 11; G, ref 42; H, ref 2; I, ref 2;
J, ref 43; K, ref 45; L, ref 44; M, ref 10).

log rate = —2.6 + 0.32 X
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Figure 4. Relationship between the common logarithm of instanta-
neous uptake rate and connectivity index (n = 20, r? = 0.90, MSE =
0.002).

Table III. Relationships between Logarithm of
Instantaneous Rates of Uptake and Various
Physicochemical Properties

property slope intercept n r? MSE
connectivity index 0.32 -2.6 20 0.90 0.002
parachor 0.003 -26 20 0.84 0.035
molar volume 0.008 -24 20 0.82 0.038
solubility 0.026 ~2.2 20 0.79 0.045
log solubility -0.34 -3.2 20 0.79 0.045
log partition coefficient  0.31 =27 20 049 0.11

properties are listed in Table III. Because only 20 data
points representing only 5 organic compounds were used
to calculate these regressions, the relations can only provide
a direction for further work. The highest r? was achieved
in regression (Figure 4) with connectivity index (X):

log rate = -2.6 + 0.32X 8)

The time course of uptake of organic compounds by the
green alga S. capricornutum can be estimated for values
of BCF and uptake rate. These are predicted by eq 5 and
8 and then used to calculate a and b of eq 1:

Qealed =
BCF preq(cell biomass) /[1 + BCF,.4(cell biomass)] (9)
bealed = eglod/TARYreq (10)
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observed uptake

0 2 4 6 8 10 12 14 16
predicted uptake
Figure 5. Regression between observed (Y) and predicted uptake (X)
of organic compounds by S. capricornutum. Y = 0.12 + 0.94X (S,

= 0.44, S, = 0.06, r? = 0.83, and n = 66, where a refers to the
intercept and b the regression coefficient).
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Figure 6. Uptake of DDT (A) and tetrachlorobenzene (B) by S. ca-
pricornutum. The squares represent experimental values derived from
single experiments; the line is the time course predicted with eq 5 and
8. The DDT experiment had one of the best fits of observation to
prediction; the tetrachlorobenzene experiment had one of the worst.

where cell biomass is the product of cell volume and cell
concentration. Although this calculation used eq 5 (be-
cause it is the most general), any of the equations de-
scribing BCF would be as effective. These calculated
values are then substituted into eq 1 to estimate the
percent uptake over time:

predicted percent uptake = @ .q(time) /[begeq + time]
1y

Predicted uptakes were calculated for every sample time
in every experiment in order to compare them with the
observed data. A regression between the predicted values
and the means of the observed uptake values for all rep-
licates of the five compounds shows that this approach is
generally successful (Figure 5). The intercept is not
different from zero, and the slope is slightly, but not sig-
nificantly, less than unity. Figure 6 shows that this also
holds for representative examples, DDT and tetrachloro-
benzene. Although some lack of fit is apparent, the pattern



is reasonably well represented in both panels. These
comparisons show that the process of abstracting experi-
mental results through two regression analyses has not led
to a fatal loss of information. In other words, the final
abstracted equations still describe the original data fairly
well. Future studies will have to examine the predictive
power of this approach.

Registry No. DDT, 50-29-3; benzoic acid, 65-85-0; anthracene,
120-12-7; atrazine, 1912-24-9; benzene hexachloride, 58-89-9;
chloroform, 67-66-3; hexachlorobenzene, 118-74-1; hexachloro-
biphenyl, 26601-64-9; tetrachlorobenzene, 12408-10-5.
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Kinetics and Products of the Gas-Phase Reactions of OH Radicals and N,0;

with Naphthalene and Biphenyl

Roger Atkinson,* Janet Arey, Barbara Zielinska, and Sara M. Aschmann

Statewide Air Pollution Research Center, University of California, Riverside, California 92521

m Naphthalene and biphenyl are two polycyclic aromatic
hydrocarbons (PAH) present in ambient air, and their
atmospheric chemical removal processes are known to be
via gas-phase reactions with the OH radical and with N,0;.
The kinetics of the gas-phase reactions of NyO5 with
naphthalene and biphenyl have been investigated, and the
products of their reactions with the OH radical in the
presence of NO, and with N,0; have been studied. The
rate constant for the reaction of naphthalene with N203
at 298 = 2 K was determined to be (1.4 + 0.2) X 1077 cm
molecule™ s71. The 1- and 2-nitronaphthalene products
formed in the reactions of naphthalene with N;O; and with
the OH radical in the presence of NO, were determined
to have yields of 0.153 % 0.022 and 0.0032 % 0.0028 for
1-nitronaphthalene, respectively, and 0.069 % 0.021 and
0.0027 £ 0.0034 for 2-nitronaphthalene, respectively. The
OH radical initiated reaction of naphthalene also produced
the 1- and 2-naphthols. Biphenyl was observed to react
only with the OH radical, with 2-hydroxybiphenyl (yield
0.204 £ 0.078) and 3-nitrobiphenyl (yield 0.047 + 0.034)
being the major products identified and quantified. The
nitroarene products and yields are consistent with ambient
air measurements and suggest that many, if not most, of
the nitroarenes observed in ambient air are formed from
their parent PAH via atmospheric reactions.

Introduction

A wide variety of organic compounds are present in the
troposphere, arising from direct emissions from both an-
thropogenic and biogenic sources as well as from in situ
formation as a result of atmospheric transformations. In
recent years, much attention has focused on the ambient
atmospheric concentrations and the atmospheric chemistry
of polycyclic aromatic hydrocarbons (PAH) and related
compounds (for example, polychlorobiphenyls) and their
derivatives. In particular, numerous measurements of the
ambient atmospheric concentrations of PAH and nitro-
arenes have been reported at a variety of locations (see,
for example, ref 1-4). Recent kinetic and product studies
show that gas-phase reactions with OH radicals and with
N,O; can be atmospherically important loss processes for
the PAH (5-10). Indeed, it is now apparent that 2-nitro-
fluoranthene and 2-nitropyrene, two of the most abundant
nitroarenes observed in collected ambient particulate
matter, can be formed from their parent PAH via gas-
phase reactions involving N,O; and/or OH radicals during
atmospheric transport from source to receptor (3, 4, 7,
9-11).

In a recent study (4) we have analyzed gaseous and
particulate ambient air samples and have identified a
number of aromatic hydrocarbons and their nitro deriva-
tives that are distributed between the gas and particle
phases and that are not collected with any significant
efficiency by conventional filter sampling techniques.
Among the compounds identified were naphthalene, me-
thylnaphthalenes, dimethyl- and/or ethylnaphthalenes,
and biphenyl and nitro derivatives including 1- and 2-
nitronaphthalenes, 3-nitrobiphenyl, and methylnitro-
naphthalenes.
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Naphthalene and biphenyl react in the gas phase with
the OH radical at room temperature with rate constants
of 2.17 X 10 and 7 X 1072 cm® molecule® s, respectively
(5), and naphthalene has been shown to react in the gas
phase with NyO; with a room temperature rate constant
of ~(2-3) X 10717 cm® molecule™ s (6). This reaction of
N,O5 with naphthalene produces the 1- and 2-nitro-
naphthalene isomers with yields of ~18% and ~7.5%,
respectively (6). However, data are not available con-
cerning the products of the reactions of the OH radical
with naphthalene or biphenyl, and only a qualitative ob-
servation exists that the reaction of biphenyl with N,O5
and/or the NO, radical is slow (12).

In this work, we have conducted a detailed investigation
of the kinetics of the gas-phase reactions of N,O5 with
naphthalene and biphenyl and have carried out product
studies of the OH radical initiated reactions of naphtha-
lenes and biphenyl in the presence of NO, and of the
reaction of N;O5 with naphthalene. These product studies
specifically focused on the nitroarene products due to their
possible toxicity (13) and their importance in elucidating
the transformations of PAH in ambient atmospheres.

Experimental Section

Kinetics of Reactions of N,O; with Naphthalene
and Biphenyl. Rate constants for the gas-phase reactions
of N,O5 with naphthalene and biphenyl were determined
at 298 + 2 K. For naphthalene, the rate constant was
determined by monitoring the enhanced decay rate of N,Oj
in the presence of known concentrations of naphthalene.
In the absence of secondary reactions, the reactions re-
moving N,O; are

N,0; —% loss of N,O5 o
N,05 + naphthalene — products (2)

Under these conditions, and assuming exponential decays
of N,Os, then

d In [N,O;s] /dt = k, + ky[naphthalene] I

where k, and k, are the rate constants for reactions 1 and
2, respectively. Hence a plot of the N,O; decay rate against
the naphthalene concentration should be a straight line
with a slope of k,.

Experiments were carried out in a 5800-L evacuable,
Teflon-coated, environmental chamber equipped with an
in situ multiple reflection optical system interfaced to a
Fourier transform infrared (FT-IR) absorption spectrom-
eter (14). Naphthalene was introduced into the chamber
by flowing N, (>99.998% stated purity) at a measured flow
rate through a Pyrex tube filled with crystalline naph-
thalene and was monitored by FT-IR absorption spec-
troscopy at 785 cm™ with a spectral resolution of 1 cm™
and a path length of 62.9 m. The infrared absorption
coefficient was determined by addition of incremental
amounts of naphthalene to the chamber, with the Pyrex
tube containing the naphthalene being weighed before and
after each addition of naphthalene.

0013-936X/87/0921-1014$01.50/0 © 1987 American Chemical Society



Known pressures of N,O5 in calibrated Pyrex bulbs were
introduced into the chamber by flushing the contents of
the bulbs with a stream of N,, with simultaneous rapid
mixing by a fan rated at 300 L s™. N,0; was monitored
at 1246.3 cm™, and its concentrations were determined
with the absorption coefficient of Graham and Johnston
(15). N,O5 decay rates were obtained in the presence and
absence of naphthalene, with synthetic air (80% N, + 20%
0,) being used as the diluent gas. The initial reactant
concentrations in the experiments where naphthalene was
present were naphthalene at (1.1-15) X 10'® molecules cm™
and N,O; at (1.4-6.1) X 10’ molecules cm™. NO,, at
concentrations of up to 2.4 X 10 molecules cm™3, was
added to the majority of the experiments to minimize the
concentrations of NOj radicals formed from the thermal
decomposition of NyO5 and to scavenge any radical species
formed in these reactions.

An upper limit to the rate constant for the reaction of
N,O; with biphenyl was obtained from a relative rate
technique in which the relative decay rates of biphenyl and
naphthalene were measured in the presence of N,Os.
Experiments were carried out in a 6400-L all-Teflon
chamber, and naphthalene, biphenyl, and N,O5 were in-
troduced as described above and previously (12). Dry
purified air was used as the diluent gas, and NO,, at a
concentration of 1.2 X 10 molecules cm™, was also added
for the reasons noted above. Biphenyl and naphthalene
were monitored by gas chromatography with flame ioni-
zation detection (GC-FID) (12) prior to and after the ad-
dition of N,O; to the chamber. Under these conditions

§ [biphenyl],, -
"\ Toiphenyl), ] ~ 7t 7
ky [naphthalene],, -
k—z ln [naphthalene], L
where [biphenyl],, and [naphthalene], are the concen-
trations of biphenyl and naphthalene, respectively, at time
t, [biphenyl], and [naphthalene], are the corresponding
concentrations at time ¢, D, is the small amount of dilution

(0.0064) at time ¢ caused by the (single) addition of N,O5
to the chamber, and k; is the rate constant for the reaction

N,0; + biphenyl — products 3)

Products of Reaction of N,O; with Naphthalene.
The yields of the 1- and 2-nitronaphthalene products
formed from the gas-phase reaction of N,O5 with naph-
thalene in the presence of differing concentrations of NO,
were determined as described previously (6). Two ex-
periments were carried out in the dark in a 6400-L all-
Teflon chamber. Naphthalene (at initial concentrations
of ~1.2 X 10' molecules cm™) and NO, (at initial con-
centrations of 2 X 103 and 2.2 X 104 molecules cm™ for
the two experiments) were introduced into the chamber
as described above. Two additions of N,Os (yielding initial
concentrations in the chamber of ~6 X 102 molecules cm™
per addition) were then made to the chamber for each
experiment. Naphthalene was monitored prior to and
during the reactions by GC-FID (12). The 1- and 2-
nitronaphthalene products were monitored by collecting
~8-L gas samples onto Tenax GC solid adsorbent, with
subsequent elution by 2 mL of diethyl ether and quanti-
fication by high-performance liquid chromatography
(HPLC), on a Vydac 201TP5415 octadecylsilane column
(4.6 mm X 15 cm) eluted with acetonitrile/H,0 (50/50)
at a flow rate of 1 mL min™’. Phenanthrene was used as
an internal standard, and the 1- and 2-nitronaphthalene

isomers were quantified on the basis of their UV absorp-
tions at 254 nm.

In preliminary experiments, the Tenax GC adsorbent
was doped with naphthalene-dg and, after sample collec-
tion, analyzed by gas chromatography-mass spectrometry
(GC-MS) for the presence of nitronaphthalene-d; prod-
ucts. No nitronaphthalene-d; products were observed,
showing that no significant reactions of adsorbed naph-
thalene with N,O5 and/or NO, + HNO, to form nitro-
naphthalenes were occurring during the sample collection.

Product Studies of OH Radical Reactions with
Naphthalene and Biphenyl. These experiments were
carried out in a collapsible 6400-L all-Teflon chamber
equipped with black lamps emitting in the ~300-400-nm
region. Naphthalene and biphenyl were introduced into
the chamber as described above, and their concentrations
were monitored by GC-FID (12). Hydroxyl radicals were
generated by the photolysis of methyl nitrite in air at
wavelengths 2300 nm (12), and NO was added to the
reactant mixtures to avoid the formation of O; or NyOs5.

In order to calculate the integrated OH radical concen-
trations during these irradiations, and hence the fractions
of naphthalene and biphenyl reacting with OH radicals,
cyclohexane was added to the chamber and monitored by
GC-FID (16). The initial reactant concentrations were as
follows: CH;ONO, ~2.4 X 10! molecules cm™; NO, ~
(0.4-2.1) X 10™ molecules cm™3; NO,, (0.05-1.2) X 10%*
molecules cm™; cyclohexane, ~1 X 103 molecules cm™;
naphthalene, (2.2-33) X 10> molecules cm™3; biphenyl,
(3.5-31) X 10'2 molecules cm™.

The first set of experiments (ITC-1010 to ITC-1013)
consisted of 3.0- or 3.5-min irradiations of the reactant
mixtures at maximum light intensity, with gas samples of
4060-4740 L (calculated from the cyclohexane concen-
trations measured in the chamber after irradiation and
after refilling the chamber with pure dry air) being col-
lected on polyurethane foam (PUF) plugs during these
irradiation periods. In all subsequent experiments, the
reactant mixtures were irradiated for 1.5 min at maximum
light intensity, and after the lights were turned off, gas
samples of 2620-4050 L were then collected onto PUF
plugs. In all experiments, the initial and final NO and
initial NO, concentrations were measured with an NO-
NO, chemiluminescence analyzer.

The chamber was cleaned prior to each experiment by
flushing with dry pure air with the lights on at 100% of
the maximum intensity for several hours. In addition to
the above irradiations, the following control experiments
were carried out: (a) sampling ~5000 L of pure dry air
containing 1.2 X 10 molecules cm™ of NO, onto a PUF
plug doped with 2-hydroxybiphenyl to investigate whether
nitrobiphenyls could be formed from adsorbed-phase re-
actions between NO, and 2-hydroxybiphenyl; (b) sampling
~5000 L of an irradiated CHjONO-NO-air mixture onto
PUF plugs doped with biphenyl-d,,, naphthalene-dg, 2-
hydroxybiphenyl, and the 1- and 2-naphthols with the
sampling being carried out while the irradiation was in
progress; (c) sampling ~5000 L of an irradiated
CH;ONO-NO-air mixture onto PUF plugs doped with
biphenyl-d,,, naphthalene-ds, 2-hydroxybiphenyl, and the
1- and 2-naphthols with the sampling being carried out
after the irradiation had been terminated. In all cases no
nitroarene products were observed, showing that any
formation of nitroarenes from adsorbed PAH or hydroxy
aromatics during sampling was negligible.

The PUF plug samples were Soxhlet extracted with
CH,Cl,. Initial product identification was conducted by
GC-MS with a Finnigan 3200 GC-MS interfaced to a
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Table I. Experimental Conditions Employed and N,0;
Decay Rates Observed for the Gas-Phase Reaction of N,O5
with Naphthalene

103 X concn, molecules cm™

EC  naphthalene NO, N;O5 10* X N,0;

run (av) (av) (initial)  decay rate, s1°¢
1090 1.44 5.57 1.32 = 0.03
1091 1.51 20.5 247 4.42 £ 0.05
1092 2.62 20.4 2.78 6.05 £ 0.17
1093 4.03 22.3 5.64 7.13 £ 0.20
1094 0.96 20.7 1.51 2.82 £ 0.10
1095 2.78 2.45 3.53 6.28 £ 0.15
1096 4.13 3.14 6.07 10.7 £ 0.3
1097 2.16 8.45 0.83 £ 0.05
1097° 24.6 ~5.95 0.88 £ 0.03
1098 1.85 5.98 0.88 £ 0.02
1099 4.15 20.8 1.42 6.47 £ 0.20
1100 7.34 21.8 2.90 12.1 £ 0.3
1101 8.69 22.9 437 119 £ 0.3
1102 114 23.6 5.69 12.7 £ 0.3
1103 5.62 3.24 1.46 9.93 £ 0.20
1105 14.3 5.45 4.82 228 £ 0.6
1106 9.89 5.33 4.39 18.0 £ 0.4
1107 3.82 5.71 0.78 £+ 0.03
1203 4.10 15.6 1.73 £ 0.03
1204 7.08 3.02 5.86 176 £ 14
1205 7.44 22.4 3.72 121 £ 0.2
1206 7.20 1.97 3.86 23.0 £ 0.7
1207 7.90 0.98 173 20.3 £ 0.8
1208 7.90 3.46 1.73 15.2 £ 0.9

%Indicated error limits are 2 least-squares standard deviations.
®NO, added during background N,0; decay experiment.

Teknivent data system and operated in the electron impact
mode. A cool on-column injector and a 30-m DB-5 ca-
pillary column eluting directly into the ion source were
used. For quantification, the PUF plug extracts were
concentrated under reduced pressure to 5 mL and filtered
through an Acrodisc (Gelman Sciences, Ann Arbor, MI).
After the addition of phenanthrene as an internal standard,
the samples were analyzed by HPLC (Beckman Model 334
equipped with a Beckman Model 164 UV detector). Ini-
tially, an Altex ultrasphere ODS column (1 ¢cm X 25 cm)
was used with isocratic elution by CH;OH/H,0 (80/20)
at a flow rate of 2 mL min™l. Subsequently, a Vydac
201TP5415 octadecylsilane column was used, eluted with
CH;CN/H,0 at a flow rate of 1 mL min™ according to the
following program: CH3;CN/H,0 at 40/60 for 5 min; then
linearly to 60/40 over a 6-min period. Naphthalene, bi-
phenyl, 1- and 2-naphthol, 1- and 2-nitronaphthalene,
2-hydroxybiphenyl, and 3-nitrobiphenyl were quantified
on the basis of their UV absorptions at 254 nm. Cali-
bration curves were constructed for each compound prior
to analysis.

Materials. N,O; was prepared according to the method
of Schott and Davidson (17) and stored at 77 K under
vacuum. Methyl nitrite was prepared as described pre-
viously (18) and also stored at 77 K under vacuum. The
following compounds were obtained from the Aldrich
Chemical Co. and were used as received: biphenyl,
naphthalene, 1-nitronaphthalene, 2-nitronaphthalene,
1-naphthol, 2-naphthol, 2-nitrobiphenyl, 3-nitrobiphenyl,
4-nitrobiphenyl, 2-hydroxybiphenyl, 3-hydroxybiphenyl,
4-hydroxybiphenyl, naphthalene-dg, and 1-nitro-
naphthalene-d;. Biphenyl-d;, was obtained from Cam-
bridge Isotopes Inc.

Results

Kinetic Studies of Reactions of N;O;. (A) Naph-
thalene. The experimental conditions employed and the
N,0j5 decay rates determined for the reaction of N,O5 with
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Figure 1. Plot of the N,O; decay rates against the average naph-
thalene concentrations: (@) [NO,]../[N;Osliua < 1; (O) [NO,],/
[NZOS]INIIBI > 1)

naphthalene are given in Table I. The maximum con-
sumption of naphthalene during these experiments was
28% and was generally ~10%. The average naphthalene
concentrations during each experiment are given in Table
I. While for several experiments the naphthalene con-
centration was similar to the initial N,O5 concentrations,
the N,O5 decays were always exponential within the ex-
perimental uncertainties. The observed N,O; decay rates
are plotted against the average naphthalene concentrations
in Figure 1. It can be seen from Table I and Figure 1 that
the N,O5 decay rates for the experiments in which the
[NOy]4y/ [NoOslinitial ratio was <1 were significantly higher
than the decay rates for conditions where this concentra-
tion ratio was >1. Consistent with this observation, the
addition of excess NO, is expected to decrease the im-
portance of any secondary reactions involving NO; radicals
and/or reactive reaction products, since the presence of
NO, lowers the NOj; radical concentrations in Ny,Ojs-
NOy-air mixtures and NO, may scavenge any radical re-
action products.

Accordingly, a least-squares analysis of the data obtained
under conditions where [NO,],,/[NyOslinitias > 1 was carried
out to yield the rate constant

ky = (1.4 £ 0.2) X 1077 cm® molecule™ s1

at 298 = 2 K, where the indicated error limit is two
least-squares standard deviations of the slope of the plot
in Figure 1 combined with an estimated 10% maximum
uncertainty in the naphthalene concentration calibration.

(B) Biphenyl. The concentrations of naphthalene and
biphenyl were monitored prior to and after addition of
N,05 to a biphenyl-naphthalene-NO,-air mixture. Within
the analytical uncertainties of <5%, no disappearance of
biphenyl was observed, while 97% of the naphthalene
reacted over the course of the experiment (this consump-
tion of naphthalene is consistent with the rate constant
ky determined in this work). From these data, an upper
limit to the rate constant ratio of k3/k; < 0.014 is obtained,
leading to

k3 <2 X 107 cm?® molecule™ s at 298 £ 2 K
Product Studies. (A) Reaction of N,0; with

Naphthalene. As observed in our previous investigation
of this reaction (6), 1- and 2-nitronaphthalene were formed
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Figure 2. Plot of the 1-nitronaphthalene (1-NN) and 2-nitronaphthalene
(2-NN) concentrations against the amount of naphthalene consumed
in N,O;-NO,-naphthalene-air reaction mixtures.

in significant yields. Two experiments with differing initial
concentrations of NO, were carried out for product
analyses, and the concentrations of naphthalene and of the
1- and 2-nitronaphthalene products measured during these
experiments are given in Table II. A plot of the concen-
trations of the nitronaphthalenes formed against the
amount of naphthalene consumed in these experiments is
shown in Figure 2. The data from these two experiments,

A. STANDARDS

100+

Table II. Amounts of Naphthalene Remaining and
Nitronaphthalenes Formed in N,0;-NO,-Naphthalene-Air
Mixtures

10712 X concn, molecules cm™

nitronaphthalene

(NN)®

ITC run NO, (initial)  naphthalene® 1-NN 2-NN
1030 216 11.52

10.27 0.143 0.071

8.38 0.500 0.260

7.73 0.596 0.360
1033 20 12.00

9.94 0.285 0.136

7.42 0.764 0.314

6.24 0.800 0.357
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Flgure 3. GC-MS multiple ion detection traces of the M* ions of (A) 1- and 2-naphthol, 1- and 2-nitronaphthalene, 2-, 3- and 4-hydroxybiphenyls,
and 2-, 3- and 4-nitrobiphenyl standards and (B) the corresponding M ions observed from the extract of a PUF plug sample of the gas-phase
products of the reaction of OH radicals with naphthalene and biphenyl in the presence of NO, .

By GC-FID. *By HPLC.

with NO, concentrations differing by a factor of ~11, are
indistinguishable within the experimental uncertainties,
confirming our previous conclusion (6) that N,Oj, and not
the NOj radical, is the dominant reactant species under
these conditions. The yields of 1- and 2-nitronaphthalene,
obtained from the slopes of these plots by least-squares
analyses, are 0.153 £ 0.022 and 0.069 % 0.021, respectively,
where the error limits are two least-squares standard de-
viations of the slopes of the plots shown in Figure 2.
(B) Reactions of OH Radicals with Naphthalene
and Biphenyl. The products identified and quantified
from the gas-phase reactions of the OH radical with
naphthalene and biphenyl in the presence of NO, were the

B. REACTION PRODUCTS
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Table III. Initial and Final Concentrations and Volumes Sampled for the CH;ONO-NO-Naphthalene-Biphenyl-Air

Irradiations

107 X concn, molecules cm™

initial final . el wiinme
ITC run NO NO, naphthalene biphenyl NO NO,* [cyclohexane],) sampled, L
1010 20.6 24 2.38 2.62 139 ~19 0.238 4740
1011 10.1 12.2 2.02 2.32 9.1 ~22 0.213 4740
1012 14.2 1.0 3.29 241 5.0 ~18 0.434 4060
1013 5.5 5.8 2.66 2.32 1.0 ~18 0.398 4480
1018 94 9.8 2.57 3.12 8.2 ~16 0.092 3260
1019 10.1 0.6 2.50 2.79 6.0 ~10 0.176 3460
1020 5.1 5.3 3.27 2.69 2.3 ~13 0.175 3710
1021 20.3 11 2.64 2.14 16.4 ~10 0.114 3840
1024 16.8 4.1 0.245 0.384 14.6 ~11 0.104 2620
1025 89 12,5 0.300 0.346 8.8 ~18 0.105 3390
1026 9.6 0.5 0.228 0.362 6.1 ~9 0.304 3650
1027 38 5.6 0.662 0.384 4.6 ~10 0.285 4050

¢ Approximate value; calculated assuming that [NOoJgna = [NOolinitial + [NOJinitial = [INO)gna + [CH3ONOl,piia1 — [CH3ONO] i1, Where the
initial CH3ONO concentration was obtained from the amount added to the chamber and the fraction of the CH;ONO reacted was deter-

mined by GC-FID analyses.

1- and 2-naphthols and 1- and 2-nitronaphthalenes from
naphthalene and 2-hydroxybiphenyl and 3-nitrobiphenyl
from biphenyl (Figure 3). The reaction of OH radicals
with biphenyl also formed the 3- and 4-hydroxybiphenyls
in lesser yields than the 2-hydroxybiphenyl isomer (Figure
3), with the relative yields of the hydroxybiphenyl isomers
being similar to those of o-, m-, and p-cresol from the
reaction of toluene with OH radicals (19-21).

In addition to these identified products, it was evident
from GC-MS total ion chromatograms that the OH radical
reaction with naphthalene produced a number of other,
as yet unidentified, products. In particular, two products
with apparent molecular ions of m/z 132 were observed
from these naphthalene reactions, with estimated yields
higher than those of the nitronaphthalenes, together with
a less abundant peak tentatively identified as a hydroxy-
nitronaphthalene.

The initial concentrations of NO, NO,, naphthalene, and
biphenyl, the final NO and NO, concentrations, the
amount of cyclohexane reacted, and the chamber volumes
sampled for these reactions are given in Table III. The
fractions of the initial naphthalene and biphenyl reacting
were calculated from the fraction of cyclohexane reacted
by use of eq III, where Ryromatic and Keyeliohexane are the OH

[aromatic],, B oromatic [cyclohexane],,
In s = In
[aromatic], R cyclohexane [cyclohexane],
(1m)

radical rate constants for biphenyl and naphthalene and
for cyclohexane, respectively (5). For these irradiations,
the volumes sampled from the chamber ranged from ~
2600 to ~4700 L, and the average OH radical concentra-
tions were calculated from the measured cyclohexane
concentrations before and after irradiation to be (1.5-3)
X 10® molecules cm™.

For the first four irradiations, samples were collected
during the entire 3.0- or 3.5-min irradiation times. This
procedure complicated the derivation of product yields
from these data since the amounts of reaction ranged from
zero at the start of the irradiations to those at the ter-
mination of the irradiations. In addition, the products
were also reacting with the OH radical during the sampling
periods. Over these short irradiation times, the OH radical
concentrations could be considered to be approximately
constant, and the amounts of naphthalene and biphenyl
in the sampled volumes that had reacted were calculated
from the analytical expression given in the Appendix,
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which is available as supplementary material (see para-
graph at end of text regarding supplementary material).
Corrections were also made to the observed product yields
to take into account their reactions with OH radicals (see
Appendix).

For the remaining eight irradiations, the gas samples
were collected after the irradiations had been terminated.
Thus, the amounts of naphthalene, biphenyl, and cyclo-
hexane reacted were given by the decreases in their con-
centrations as measured prior to and after the irradiations.
The fractional amounts of biphenyl, cyclohexane, and
naphthalene reacted were consistent with the relative OH
radical reaction rate constants for these compounds (5).
However, because of the higher precision of the cyclo-
hexane measurements, the cyclohexane data were used to
calculate the fractions of biphenyl and naphthalene re-
acting, and these fractional amounts reacted were then
combined with the observed preirradiation biphenyl and
naphthalene concentrations to calculate the amounts re-
acted. Corrections for reactions of the products with OH
radicals during these eight irradiations were determined
as described previously (22).

Rate constants of 3 X 107! ¢cm® molecule™ s! and ~1
X 107 cm?® molecule™ s~ were estimated for the reactions
of the OH radical with 2-hydroxybiphenyl and the 1- and
2-naphthols, respectively, on the basis of the available
literature data and estimation techniques (5). These lead
to rate constant ratios of Ryydroxy aromatic/ Raromatic = 4-5 for
both naphthalene and biphenyl. The resulting correction
factors to take into account hydroxy aromatic losses via
reaction with the OH radical are given in Table IV, to-
gether with the calculated yields of these products. The
rate constants for OH radical reaction with the nitroarene
products are expected to be lower, by at least a factor of
2, than those for the parent PAH (5). The calculated
correction factors to take into account reactions of the nitro
aromatics with the OH radical are then <1.2 for the 1- and
2-nitronaphthalenes and <1.1 for 3-nitrobiphenyl. These
correction factors are sufficiently small so that no cor-
rections were made to the observed nitroarene yields,
which are also given in Table IV.

For the first eight irradiations (ITC runs 1010-1013 and
1018-1021), the initial naphthalene and biphenyl concen-
trations were each ~2.5 X 10'® molecules cm™, and it was
observed that the nitroarene products were generally not
completely collected on the two or three PUF plugs used
for sample collection. Hence, where indicated, the values
given in Table IV are lower limits. The last four irradia-



Table IV. Hydroxy Aromatic and Nitroarene Product Yields from the Gas-Phase Reaction of OH Radicals with Naphthalene

and Biphenyl®

product yields

biphenyl naphthalene 10713 X NO, concn

ITC run® 2-HOB® 3-NB 1-HON 2-HON 1-NN 2-NN NO NO,
1010 0.190 (1.39) >0.045¢ 0.076 (2.41) 0.045 (2.41) >0.0024¢ >0.0014¢ 21— 14 2—-19
1021 0.208 (1.27) >0.058¢ 0.082 (2.03) 0.023 (2.03) 0.0029 0.0017 20 — 16 1—10
1024 0.273 (1.25) 0.075 e (1.91) e (1.91) 0.0041 0.0045 17— 15 4—11
1011 0.136 (1.39) >0.039¢ 0.024 (2.20) 0.047 (2.20) >0.0035¢ >0.0027¢ 10—9 12— 22
1018 0.214 (1.21) >0.049¢ 0.067 (1.79) 0.030 (1.79) 0.0049 0.0045 9—8 10 — 16
1025 0.257 (1.25) 0.068 e (1.92) e (1.92) 0.0058 0.0064 9-9 13— 18
1012 0.216 (1.80) >0.032¢ 0.078 (3.95) 0.061 (3.95) >0.0018¢ >0.0011¢ 14—5 1—18
1019 0.163 (7.46) >0.029¢ 0.069 (2.86) 0.034 (2.86) 0.0013 0.00080 10—6 1—10

1026 0.162 (1.88) 0.035 e (5.29) e (5.29) 0.0018 0.0017 10 —>6 1—9
1013 0.203 (1.67) >0.032¢ 0.075 (3.59) 0.049 (3.59) >0.0031¢ >0.0020¢ 6—1 6—18
1020 0.226 (1.45) >0.071¢ 0.10 (2.84) 0.047 (2.84) >0.0047¢ >0.0034¢ 5—2 5—13
1027 0.202 (1.81) 0.030 e (4.84) e (4.84) 0.0021 0.0018 4—5 6— 10

2The observed hydroxy aromatic concentrations were corrected for their reaction with OH radicals by use of the correction factors given
in parentheses. Abbreviations: 2-hydroxybiphenyl (2-HOB), 3-nitrobiphenyl (3-NB), 1-naphthol (1-HON), 2-naphthol (2-HON), 1-nitro-
naphthalene (1-NN), radicals 2-nitronaphthalene (2-NN). ®Grouped by initial NO and NO, concentrations. ° Approximate value (see text
for explanation). ¢Not completely collected on number of PUF plugs used, hence a lower limit. ¢Not available (see text for explanation).

tions (ITC runs 1024-1027) utilized initial naphthalene and
biphenyl concentrations a factor of ~10 lower (~3 X 102
molecules cm™), resulting in the nitroarene products being
collected mainly on the first PUF plug, with markedly
lesser amounts being observed on the second and third
PUF plugs. However, because of the low amounts of
products collected, the 1- and 2-naphthols could not be
quantified from these irradiations.

The yields listed in Table IV for 2-hydroxybiphenyl have
a likely uncertainty of up to #30-40%. In the initial
HPLC quantification, the 2-, 3-, and 4-isomers were not
resolved, resulting in a potential overestimation of the
amount of 2-hydroxybiphenyl present. While subsequent
HPLC analyses were carried out with a Vydac 201TP5415
octadecylsilane column to resolve these isomers, loss of the
more volatile 2-hydroxybiphenyl isomer during the workup
procedure led to an underestimation of the amounts of
2-hydroxybiphenyl formed. These lower limits to the
2-hydroxybiphenyl yields are ~45% lower than those
obtained from the measured combined 2-, 3-, and 4-isomer
yields, which may also have suffered from some losses due
to volatilization and /or incomplete sampling. Because of
these factors and the relatively low 3- and 4-hydroxybi-
phenyl/2-hydroxybiphenyl product ratios (see Figure 3),
we have used our initial HPLC quantification of the com-
bined isomers as the 2-hydroxybiphenyl yield, with the
realization that the uncertainties in these yields are likely
to be ca. £30-40%.

After correction for reaction with OH radicals, the for-
mation yields of the 1- and 2-naphthols, the 1- and 2-
nitronaphthalenes, 2-hydroxybiphenyl, and 3-nitrobiphenyl
are given in Table IV, together with the correction factors
used. The factors used to correct for the OH radical re-
actions with the 1- and 2-naphthols were high, being in the
range ~2-4, and introduced additional uncertainties into
the derived formation yields of these products. However,
within the relatively large experimental uncertainties there
is no dependence of any of the product yields on the av-
erage NO and NO, concentrations during these irradia-
tions. Figure 4 shows plots of the 3-nitrobiphenyl yield
and of the 3-nitrobiphenyl/2-hydroxybiphenyl yield ratio
against the mean NO, concentration for each irradiation.
It can be seen from this figure that there is no correlation
of either the 3-nitrobiphenyl yield or the 3-nitrobi-
phenyl/2-hydroxybiphenyl yield ratio with the NO, con-
centration. Thus, least-squares analyses of these data yield
small positive slopes (shown in Figure 4), which are within
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Figure 4. Plots of the 3-nitrobiphenyl yields and of the 3-nitrobi-
phenyl/2-hydroxybiphenyl yield ratios against the average NO, con-
centrations for the CH;ONO-NO-NO,-biphenyl-naphthalene-air irra-
diations carried out.

Table V. Observed Average Hydroxy Aromatic and
Nitroarene Product Yields from the Gas-Phase Reactions of
OH Radicals (in the Presence of NO,) with Naphthalene
and Biphenyl

product formation yield®
naphthalene
1-naphthol 0.071 £ 0.043
2-naphthol 0.042 + 0.025

0.0032 + 0.0028
0.0027 + 0.0034

1-nitronaphthalene
2-nitronaphthalene
biphenyl
2-hydroxybiphenyl
3-nitrobiphenyl

0.204 £ 0.078
0.047 £ 0.034

e Corrected for reaction with OH radicals (see text). Indicated
errors are 2 standard deviations.

1 standard deviation of zero, and intercepts which are >3
standard deviations from zero. The average yields of the
hydroxy aromatic and nitroarene products are given in
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Table V, together with the associated two standard de-
viation error limits.

Discussion

Reactions of N,O; with Naphthalene and Biphenyl.
The rate constant measured here for the gas-phase reaction
of N,O; with naphthalene of (1.4 £ 0.2) X 1077 ¢cm?
molecule? s supercedes that of ~(2-8) X 1077 cm?®
molecule! 57! reported previously (6) from a computer fit
of the time—concentration profiles of N,O5; and naphtha-
lene for a single N,O5;—naphthalene-air reactant mixture
without initially added NO,. The lower rate constant
determined in this study is consistent with our previous
data (6), since it is apparent that secondary reactions occur
in the absence of added NO, leading to enhanced decays
of N;O5. The more accurate rate constant k, leads to a
calculated atmospheric lifetime of naphthalene due to this
N,Oj reaction of ~80 days, for an estimated ambient N,Oj
concentration of 2 X 10'° molecules cm™ during 12-h
nighttime periods (23).

The yields of 1- and 2-nitronaphthalenes determined in
this study of 0.153 £ 0.022 for 1-nitronaphthalene and
0.069 + 0.021 for 2-nitronaphthalene, independent of the
NO, concentration, are in excellent agreement with our
previous values of 0.172 £ 0.034 and 0.075 + 0.012, re-
spectively, determined in the absence of added NO, (the
values given in ref 6 are slightly incorrect due to typo-
graphical errors). Clearly, other products, possibly in-
cluding hydroxynitronaphthalenes, are formed in signifi-
cant yields, and further work is necessary to identify and
quantify these products.

The absence of any gas-phase reaction of N,O5 with
biphenyl (with k; < 2 X 107'® cm® molecule™ s77) is con-
sistent with our previous data concerning the monocyclic
aromatic hydrocarbons (24), since no reaction of benzene
with NO; radicals or NyO5 has been observed and the
reactions of NOj; radicals with alkyl-substituted monocyclic
aromatic hydrocarbons are postulated to occur via H atom
abstraction from the alkyl substituent groups (24).

Products of the OH Radical Initiated Reactions of
Naphthalene and Biphenyl. The products identified
and quantified in this study of the gas-phase OH radical
initiated reactions of naphthalene and biphenyl are
analogous to those observed from the reactions of the OH
radical with toluene and other monocyclic aromatic hy-
drocarbons in the presence of NO, (19-21, 25-27). Thus,
the major aromatic ring containing products observed from
toluene are benzaldehyde (which is formed subsequent to
H atom abstraction from the -CHj substituent group),
o-cresol (together with much smaller yields of m- and
p-cresol), and m-nitrotoluene (together with lesser amounts
of 0- and p-nitrotoluene). The reported hydroxy aromatic
yields from toluene (21, 25-27) are similar to those ob-
served in this work for biphenyl, as is the isomer distri-
bution.

For neither naphthalene nor biphenyl will H atom ab-
straction from the ring be important (5), and hence the
OH radical reactions will proceed via OH radical addition
to the aromatic ring. For example, for biphenyl OH radical
addition will occur mainly at the 2-position:

Ph Ph
OH
OH + —_— H

Previous literature reaction schemes have postulated that
these hydroxy aromatic adducts (hydroxycyclohexadienyl
radicals) then react with O, via two routes, (a) an overall
H atom abstraction process to yield the hydroxy aromatic
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and (b) reversible addition of O, to the aromatic ring to
yield a hydroxy aromatic-O, adduct (5, 21, 25-27):

Ph

+ HO, (a)

OH
Ph
OH
H + 02 Ph
OH
== " (b)
(o}

A further postulated reaction of these hydroxycyclo-
hexadienyl radicals involves the initial addition of NO,,
leading to the formation of nitroarenes (20, 25):

Ph Ph Ph
OH OH
H +NO, — H — + H,0
NO, NO.
H 2 (c

The reaction schemes proposed to date for the reactions
of monocyclic aromatic hydrocarbons with OH radicals in
the presence of NO, postulate that the hydroxy aromat-
ic—0, adducts formed via reaction b undergo ring-opening
reactions leading to a wide variety of ring-opened products
(see, for example, ref 21 and 25-31). Indeed, the limited
data available, including those obtained in this study, show
that the formation of hydroxy aromatics and nitroarenes
accounts for a relatively minor fraction of the total prod-
ucts formed from these OH radical initiated reactions.

Reaction pathways a and c are consistent with the hy-
droxy aromatic and nitroarene isomers observed from
biphenyl and naphthalene. Thus, OH radicals are ex-
pected to add at approximately comparable rates to the
1- and 2-positions on naphthalene, leading to the formation
of the 1- and 2-naphthols and the 2- and I-nitro-
naphthalenes, respectively. Similarly, OH radical addition
to biphenyl is expected to occur mainly at the 2-position,
with addition at the 4- and 3-positions being much less
important. Hence, the expected hydroxy- and nitro-sub-
stituted products from biphenyl are mainly 2-hydroxybi-
phenyl and 3-nitrobiphenyl.

The reaction scheme a—c predicts that

Yy _ ke [NO]

)

= v
Yaon ~ ks [0] e
. kINO,] v
= o+ R)[05] + £[NO;] ¥l
and
k,[O.
[0,] -

YHOA = o 7 [0] + AINO;]

where Yyoa and Yy, are the hydroxy aromatic and ni-
troarene yields respectively, and k,, ky, and k. are the rate
constants for reaction pathways a, b, and ¢, respectively.
From the data obtained in this work, £ [NO,]/{(k, +
ky)[0,]} « 1, and hence

Yna ~ k[NO,] /{(k, + ky)[O,]} (VID)
and
Yuoa ~ Ra/ (ks + k) (VIII)

The data obtained in this work, as shown in Tables IV
and V and Figure 4, are not consistent with the presently
accepted reaction scheme a—c, since for biphenyl there is



no observed dependence of Yy, or of the ratio Yya/ Yioa
on the average NO, concentration (the data for naphtha-
lene are more uncertain because of the lower yields of the
naphthols and nitronaphthalenes and the higher factors
necessary to account for secondary reactions of the na-
phthols). This is in agreement with the data of Gery et
al. (21), who observed no dependence of the m-nitrotoluene
yield from the reaction of toluene with OH radicals on the
initial NO, (HONO + NO + NO,) concentration, which
was varied by a factor of ~4 from ~(1.1-4.8) X 10
molecules cm™.

A further reaction yielding hydroxy aromatic products
was postulated by Hoshino et al. (19) for benzene, toluene,
and ethylbenzene, involving the reaction of the hydroxy-
cyclohexadienyl radical with NO,, for example

OH

OH
©<H + NO, — ©/ + HONO

This general reaction pathway, which is significantly more
exothermic [by ~28 kcal mol™ (32)] than that with O,
leading to HO, production, would lead to an independence
of the ratio Yya/Ygoa on NO, concentration and would
not necessitate any reaction of the hydroxycyclohexadienyl
radical with O,. Clearly, further kinetic and product
studies are needed to elucidate the formation pathways
of hydroxy aromatics and nitroarenes from the parent
aromatic hydrocarbons and to identify and quantify the
products not yet identified.

Atmospheric Implications. The nitroarene products
arising from the gas-phase reactions of the OH radical with
naphthalene and biphenyl in the presence of NO, are those
isomers that we have recently observed in ambient air (4).
Specifically, 1- and 2-nitronaphthalenes, at similar con-
centrations, and 3-nitrobiphenyl (but not the 2- and 4-
nitrobiphenyls) were measured in ambient air samples
collected at Torrance, CA, during a wintertime 2-3-day,
high-NO, episode (4). Additionally, 2-nitrofluoranthene
and 2-nitropyrene, nitroarenes that are also formed via OH
radical initiated reactions (9), were observed in these
samples. These data strongly suggest the atmospheric
formation of these nitroarenes via OH radical initiated
reactions (4, 9).

However, our observations of significant concentrations
of these nitroarenes, with the observed daytime concen-
tration ratio of 3-nitrobiphenyl/biphenyl of ~0.1 (4), are
difficult to rationalize if the nitroarene yields are de-
pendent on the NO, concentrations as suggested by pre-
vious literature reaction schemes, i.e., a—c above. Thus,
the ambient near-ground-level concentrations of NO,
measured at our Torrance sampling site were <6 X 102
molecules cm™, a factor of 220 lower than the average NO,
concentrations present in this study. Assuming an initial
release of biphenyl into the atmosphere with a reaction
time of ~10 h and using our measured 3-nitrobiphenyl
formation yield of 0.05, an average atmospheric OH radical
concentration of ~4 X 108 molecules cm™ is necessary to
achieve a 3-nitrobiphenyl/biphenyl concentration ratio of
0.1. While the estimated OH radical concentration is
consistent with our present knowledge of ambient OH
radical concentrations, unrealistically high ambient OH
radical levels would be necessary to account for our am-
bient measurements if the 3-nitrobiphenyl yield is de-
pendent on the NO, concentration and was thus lower by
a factor of ~20 (corresponding to the lower ambient NO,
concentrations) during our sampling period.

Thus, while it is now clear that certain nitroarenes may
be formed in the atmosphere via reaction with the OH
radical [and in some cases with N,O5 (6-8, 10)], there are

still important issues to be resolved before we have a
complete understanding of the atmospheric chemistry of
aromatic hydrocarbons, especially with respect to the
formation of nitroarenes.

Of further interest is the observation that hydroxy
aromatics are formed in appreciable yields from these OH
radical initiated reactions (~20% for 2-hydroxybiphenyl
and ~10% for the combined 1- and 2-naphthols). This
class of compounds reacts rapidly in the gas phase with
OH and NO; radicals (5, 24) and is hence expected to be
present at only low concentrations in ambient air. The
NOj; radical reactions are postulated to occur with the
formation in large yield of less reactive hydroxynitro
products (24, 27). Since these hydroxynitro aromatics can
also be formed, though in much lower yields, from the OH
radical initiated reactions of nitroarenes and of hydroxy
aromatics in the presence of NO,, it is possible that am-
bient particulate organic matter contains appreciable
quantities of hydroxynitro aromatic compounds formed
during atmospheric transport. Clearly, studies of the am-
bient concentrations of these and other aromatic products
are needed.
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Soil-Gas Measurement for Detection of Groundwater Contamination by Volatile Organic

Compounds

Henry B. Kerfoot

Environmental Programs, Lockheed Engineering Management Services Company, Las Vegas, Nevada 89109

W A soil-gas sampling probe was designed and field tested
in soil above a chloroform-contaminated aquifer. The field
investigation included correlating the results of soil-gas
analyses with groundwater contamination and evaluating
overall method precision. Soil-gas analysis results for
chloroform were significantly correlated with chloroform
concentrations in underlying groundwater samples.
Chloroform concentrations in the unsaturated zone in-
creased linearly with depth.

Introduction

Sampling and analysis of soil gases as a technique for
locating volatile organic compounds (VOCs) below the
ground surface was originally used for oil exploration (I).
Only recently has this technique been used for locating
groundwater contamination by VOCs. Few evaluations of
the method have been reported. This paper describes the
performance of a grab sampling technique for soil-gas
measurement. The study assessed the correlation between
soil-gas and groundwater analyses with trichloromethane
(chloroform) as a model VOC. The study was conducted
under contract to the U.S. Environmental Protection
Agency (2).

Experimental Section
Apparatus. The sampling probe was a 2.3-m, 19-mm

1022 Environ. Sci. Technol., Vol. 21, No. 10, 1987

o.d. pipe of high-strength steel with horizontal 3-mm
sampling ports in the conical tip. The ports led to a central
plenum connected to a 3-mm stainless steel tube inside the
pipe. The stainless steel tubing was connected at the top
of the probe to a septum-equipped stainless steel sampling
manifold constructed from commercially available fittings.
Figure 1 shows the sampling probe and the manifold at-
tached to it. Soil gas was drawn from the subsurface into
the manifold by use of an MSA Samplair manual air-
sampling pump. Subsamples were drawn from the ma-
nifold with Hamilton gas-tight syringes. Soil-gas analyses
were performed on-site with an Analytical Instruments
Development Model 511 gas chromatograph (GC) with a
*H electron capture detector (ECD) and a 183-cm X 3-mm
stainless steel column packed with 10% DC-200 on
Chromosorb W HP (80/100). The GC was operated at 43
°C (oven), 37 °C (injector), and 37 °C (detector). Chlo-
roform gas standards were prepared by serial dilution of
neat chloroform (Alltech Associates) headspace vapors in
45-mL septum-capped vials (Pierce Chemical Co.). A
Shimadzu C-R3A integrator and Hewlett-Packard 7155A
recorder were used to record the chromatograms. Ana-
lytical instruments were operated in a van, which received
electrical power from a gasoline-powered generator located
approximately 6.4 m (20 ft) downwind. Water samples
were taken with a bladder pump, collected in 45-mL sep-
tum-capped vials (Pierce Chemical Co.), and analyzed by

0013-936X/87/0921-1022$01.50/0 © 1987 American Chemical Society
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Flgure 2. Solil-gas probe and monitoring well locations at the study
site.

U.S. Environmental Protection Agency procedures on a
Finnegan GC/MS (4).

Procedure. Sampling probes were hammered 1.3 m (4
ft) into the ground with a sledge hammer, after which the
sampling manifold was attached. Seventy-five cubic cen-
timeters of gas was drawn through the sampling assembly
by the air pump. Subsamples were withdrawn from the
sampling manifold and transported in an opaque plastic
box to the analytical instruments for soil-gas analyses. In
an attempt to reduce cross-contamination, blanks of am-
bient air were drawn through the probes and analyzed
before use, and syringes were purged with ultrapure ni-
trogen between uses. Groundwater analyses were per-
formed at a remote laboratory. The GC/ECD detection
limit for chloroform in soil gas was 5 ppbv. The GC/MS
detection limit for chloroform in groundwater was 5 pg/L.

Survey Site

A site of known groundwater contamination by chloro-
form was chosen for the study. A set of groundwater
monitoring wells have been installed at distances of 64 m
(200 ft) apart in a line perpendicular to the northward
direction of groundwater flow. Groundwater is present at
3-5 m below the ground surface.

The hydrogeology of the site is relatively simple. Un-
confined groundwater is present at a depth of 3-4 m in
calcified unconsolidated alluvium overlying a clay aquitard
at 8-13 m below the ground surface. The soil is a gravelly
sandy loam with a clay content of 2-8% that decreases
with depth (3). The soil has a low shrink-swell potential
and a permeability that is relatively high [i.e., 5-15 cm/h
at a depth of 0-40 cm and 15-50 cm/h at 40-150 cm (3)].
The ground surface, water table, and aquiclude all slope
down to the north at approximately 1°. Groundwater
samples from five wells ranged in chloroform concentration
from 11 to approximately 1000 ug/L.

Experimental Design

The study was designed to evaluate soil-gas analyses and
assess their correlation with groundwater analyses. Soil-gas

Table I. Chloroform Concentrations in Groundwater (ug/L)
and Soil Gas (ppbv)

soil-gas concn®

ground-
water 64m 6.4 m 64 m 64 m
well concn  mean west north east south
631 ND? 5.0 5.0

629 11 23 10(2) 25 (2) 27(3) 381(1)
627 175 67 28(5) 72.9 (0.1) 124 (53) 45.6 (0.2)
625 866 370 266 (6) 326 (10) 376 (6) 511 (17)
623 555 40 115 (6) 12 (5) 6(3) 27 (2)
621 28 10.5 10.5(0.3)

aTripli 1 tandard deviati

tected; value of 5 used in regression.
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Figure 3. Soil-gas and groundwater chloroform concentrations.

samples were collected from four 1.3 m (4 ft) depth loca-
tions symmetrically placed at 6.4 m (20 ft) from each of
four groundwater monitoring wells (Figure 2). The mean
concentration of these four samples was compared to the
groundwater concentration at the corresponding well. One
sample was collected at a distance of 6.4 m (20 ft) from
wells 621 and 631 in order to delineate the edges of the
plume.

Three locations separated by 1 m along a north-south
line were also sampled. Samples were taken at five depths
between 0.3 (1 ft) and 1.7 (5 ft) m in 0.3-m (1-ft) incre-
ments at these locations, and the results were used to
determine the vertical distribution of VOCs. Assuming
that the soil has a 30% air-filled porosity, the 75-cm® purge
corresponds to a sampling sphere of influence of approx-
imately 250 cm?® (radius of 4 cm). These calculations
suggest that minimal disruption of soil gases took place
as a result of sampling at 0.3-m intervals.

Results and Discussion

Table I lists the mean values of chloroform concentra-
tions in soil gas, which were measured in units of parts per
billion by volume (ppbv). Also listed are chloroform
concentrations in groundwater (ug/L) from six monitoring
wells. A linear correlation coefficient of 0.85 was calculated
for chloroform concentrations in soil gas and groundwater;
for six data points, this indicates a statistical significance
of greater than 95%. Figure 3 shows the spatial distri-
bution of chloroform concentrations in groundwater and
in the soil gas.

The precision of the method is limited by variability due
to sampling procedures. The analytical precision, as in-
dicated by analyses of external standards over the course
of a day, yielded a relative standard deviation (rsd) of 2%.
The rsd values for replicate soil-gas subsamples collected
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Table II. Chloroform Concentrations from the Three-Probe
Depth Study

chloroform chloroform
depth, m  concn, ppbv® depth, m  conen, ppbv®
0.3 21.6 (2.3) 1.3 145 (11)
0.6 68.0 (9.2) 1.6 185 (19)
1.0 106 (6) 1.8 236 (29)

4 Mean of three locations along a 2-m line; standard deviation in
parentheses.

at the same location and for closely spaced (ca. 1-m) lo-
cations were 12-40%. Comparison of these rsd values
indicates that the combined sampling and analysis process
is less precise than the analytical procedure alone. There
is a linear correlation between the rsd of chloroform and
carbon tetrachloride measurements in these soil-gas sam-
ples, suggesting that precision is affected primarily by
factors that affect the whole sample. Such factors would
include leakage of sample from syringes between sampling
and analysis.

The results of the study of the depth dependence of
chloroform concentrations are listed in Table II. A com-
parison between chloroform concentrations and sampling
depth produces a linear correlation coefficient of greater
than 0.99. This result can provide useful information for
planning sampling networks.

In summary, the soil-gas survey technique produced
results that correlated with levels of groundwater con-
tamination. Chloroform concentrations in soil gas at this
site increase linearly with depth. Work is under way to
develop additional sampling techniques and to evaluate

1024 Environ. Sci. Technol., Vol. 21, No. 10, 1987

the method at other sites and for other VOCs.
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