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Healih Effects o Gas-Acrostl
Complex

Repori to Special Committee
on Health and Ecological Eifecis of
increasec Coal Utilization

by Bernard D. Coldstein’

Combustion it rom 1 burpinge of coal are definitely capable of producing
human health effects C Wi f the combustion product mizture is soi
effects are due to a group o smopsunds. both gases and aerose in the eMuent
commbuslion processe Atthough incompletely d fined. the individual compone
pk'\a,\;‘ it be capable of interacting both in terms of atmospiieric chemistry
prunary air quality standards pertinent to regu l >|._1‘«n"‘!v'=~ll‘|!:.|“'l;"'“
a'though reasonab measurss of this ga I | comuiex. As @ group, thes
adequote to protect hurman heallh Convention vicological considera
health effects of any necessary incrcase i al combustion efTiuents would §

those areas which are most heavily populated nd have the highest pree ng level

complex. Inorder t decrease the degrec of uncertainty for future decisions 0 is Uy tis important t
prospoctive epiien logical and air moniionng i be inittmed in conjurihion with any large sca

intreduction of coal us
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at about the time of the 1952 London disaster that
sulfur dioxide and smokeshade were somewhat indi-
rect indicators of the agents responsible for human
effects. Since that time, much evidence has ac-
cumulated demonstrating that it is a complex of
atmospheric products and mixtures of emitted pol-
lutants which play ihe major causative role in ad-
verse health effects due to fossil fu2l combustion
products. The group of compounds participating in
this process, which will be discussed in more detuil
below, will be described as the gas-azrosol complex.
Although the nature of the availuble information re-
quires this document to treat tis complex in its
indi vidual components, it should be kent in mind that
it is the interplay of these many components which
result in the deleternious human health effects as-
sociated with fossil fuel combustio.

Inasmuch as the focus is on coal. this document
will stress studies in Great Pritain where control of
coal combustion effluents has led 1o a2 marked im-
provement in air quality, as well as American
studies. Unfortunately. in eeither country was there
a rnigorous attempt to study prospectively the health
conseguences of the major changes in fuei consump-
tion &nd emission control that led to the presence of
cleaner air. This lack of information is most unfortn-
nate. Itis possible to construct a granh depicting the
decrease in atmospheric pollution ey ~Is in the recent
past. Were one able to construct & similar curve
showing changes in community health associated
with the previous decrease in level of poliutants, it
would now be a much simpler proposition to predict
what effect, if any  would occur due to increased
poliutant levels attendant upon conversion to coal. It
is unlikely that retrospective studies in the Unite!
States will rectify (his serious omission in view of our
generally inadequate health statistics base. There is.
however, the possibility, worthy of exploration. that
pertinent information concerming the effect of de-
creasing coal use on human health couid be obtained
by a study of the more compiete British health rec-
ords. As an obvious corollary. 4 careful study of the
effect of reinstitution of coal use should begin as
soon as possible before the actual switchover oc-
curs, and continue for some time afterwards. While
such a siudy woudd be relat'vely expensive relative
to the curient funding level for studies of environ-
menially caused health effects. it is extiemely cheap
compared to the multibillion dollar impacts arising
from decisions concerning the energy program

It is assumed tnat those reading this review are
reasonably knowledgeable concerning the biomedi-
cal effects of pollutants, the inherent limitations of
the various types of toxicological studies, and the
need for confirmatory information from differing ap-
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proaches. A number of reviews describing the heu: o
effects of wir poliutants have been published m recent
vears. These should be consulted for detuiled infor-
mation beyond the scope of this document (/-4

The subject of health effects of photochemicul
oxidants will not be discussed in this review. ul.
though one of the precursors of these pollutants,
oxides of nitrogen (NO,), will be increased by the
proposed switch from oil to coal. It is difficult 10
assess the effect of increased NO, emis . dons on
photochemical oxidant levels because of the compii-
cated tme-dependent set of reaction mechanisins
leading to the formation of oxidunts.

Constituents of the Gas-Aerosol
Complex

The constituents of the gis-acrosol complex de-
nved from station:ry source fossil fuel combustion
are usually subdivided iito particles and gases (the
magor gases being sulfur oxiaes and nitrogen oxides )
The subject of airborne particles has recentiy been
reviewed by a panel of the National Academy of
Sciences (/). Of importance is that the particles
formed as a result of fossi! fuel combustion tend 1o be
mn the respirable size range (1.c.. <1 gm). The muior
an:onic components of toxicolozical importance aie
sulfates and nitrates, and perhaps sulfites and nitiites
aswell. These are predorimantly products formed in
the atmosphere from reastions of the emitted guses
(1.e., secondary products). More information about
the levels of the associated cations is becoming
available. These cations include trace levels of vori-
ous metal elements, ammonium 10ns, and protons
thydrogen ions). The effects arising from trace ele-
ments are considered in a separate document.

Sulfur in fossil fuel is converted mainly into su'fus
dioxide duning combustion. although a small per-
centage 1s emitted directly as sulfate. Sulfur dioxide
is a highly <oluble gas which exists in solution. either
as hydrated SO: or as the sulfite or bisulfite ion.
depending upon pH. Two general processes us-
sociated with polluted atmospheres act to convert
sulfur dioxide 1o sulfate aerosols. In the presence ot
various trace elements. SO: absorbed mnto agqueous
aerosols is catalytically oxidized to H:SO, (sulfuric
acid). This process is highly dependent upon humid-
ity. temperature, the type and quantity of trace c¢le-
ments present, and the pH of the aerosol. The second
general pathway for the formation of atmospheri
sulfates is through a photochemical process inwhich
the action of sunlight on hydiocarbons and oxides of
nitrogen generates species capable of oxidizing SO..
The cemplexity of both of these procasses requires
emphasis. There is a potentially large vanety of dit-
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ferent sulfates formed depending upon the cations.
These sulfates have a wide range of physicocheﬁncul

perties cnd, presumably. toxicity. Most are in the
respirable size range. Further informauion concern-
ing the mechanisms of formation, the reaclion rates,
the atmosphernic transport, and the dispersion of
sulfur oxides is necessery in order to better under-
stand the toxic properties of the aerosols, and n
order to attempt 10 construct successful .controi
strategies. Of particular value would be a determina-
tion of the chemical speciation of sulfates present in
ambient air. This would allow :.-pidemiuiogicnl and
controlled human exposure studies to focus on those
sulfates most likely to be responsible for toxicity. At
present, however. there is little reason to expect that
ary one sulfur oxide will be solely or mainly respon-
sible for the effects of ! ¢ gas-aerosols complex. It
should be kept in minc that sulfur in fuel and the
resultant sulfui dioxide, are the precursors of essen-
tially ali anthropogenic ulfur oxide aerosols.

The mtrogen oxides have usually been cons idered
separately from wlfur oxides and particulates in dis-
cussion of health effects of air pollutants. This in part
is duc to the faci that both statieny source and
automative fossil fuel combustion contribute sub-
stantially to atmospheric NO, emissions. In the past.
the toxicity of nitrogen oxides has been considered
almost solely in terms of nitrogen dioxide. (NIre
onide. the other Major gascous oxide of atrogen.
does not appear 10 be toxic at ambient concen
trations). Recent information has suggested that

aerosols containing nitric acid, organic and inorganic
nitrates and nitrites are present in the atmosphere
and may contribute 10 the observed toxicity of the
gas-ucmsol complex. The evolving evidence sug-
gests a situation analogous 10 that descnbed above
for sulfater i.e.. '"e presence of pitrates concen-
trated in the respirable size range and being derived
from atmospheric ransformation of gaseous NO,
precursors. There is, however, far less information
concerning nitrate air chemistry and toxicology than
there is for sulfate The subject of nitrogen oxide
formation and toxicity has recently been thoroughly

_reviewed by an NAS panel (2).

Basic Biomedical Considerations
Respiratory Tract Response 10 Inhaled
Irritants

The human respiratory tract contains a number of
relatively effective defenses against inhaled trritants.

" The nose I8 particularly efficient in removing those

darger particles which impinge upon the nasal turbi
nates. and also in «crubbing out soluble gases suchas
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sulfur dioxide. Pollutant removil within the nose
does not completely preclude pulmenary effects, as
there is some evidence which suggests that vagal
reflexes. leading to bronchoconsiriclion. may be ini-
tiated by nasal receptors. Breathing through the
mouth also cffectively removes soluble gases and
larger particulates. but to a lesser extent than the
nose. Smaller particulates. including most an-
thropogenic sulfates and nitrates. as well as less ol-
uble gases such as NO: and O3, more readily pene-
tzate deeply nto the respiratory tiacl. In normal
adults, mouth breathing usually occuis during
periods of high minute volume when the Aose dehiv-
ered 10 the lower airways would tend to be highest.
Such considerations presumably play a role in the
susceptibility of children and individuals with pre-
existing cardiorespiratory disease to pollution
Mouth breathing and high minute volumes occur
relatively frequently in these population scgments.

Acure Exposurc. Muccciliary clearance 15 d
cleansing process which results in a flow of mucoid
material upwards oW ard the pharynx. There is un-
fortunately relatively prtle information conceviung
the basic determinants of muceciliary clearance
rates or the effects of pollutants on this process.
Although some sudies have obtained indirest evi-
dence of altered pulmonary clearance rates follow ing
exposure 1o components of the gas-acroso! compley
the e is no evidence that usual ambient levels have
an effect on this process. Of potential interest are
recent animal studies suggesting that repetitive acute
exposure 1o sulfuric acid aerosol during a period of
months may lead to an alteration in baseling pulmo-
nary clearance (5). Also of interest i« the ability of
mucosal secretions 1o buffe s inhated acid aerosols.
This has been Lighlighted by recenl studies suggest-
ing that ammonia may be a constituent of the re-
spiratory tract 6). If neutralization of acid aerosols
does prevent toxicity, then it is conceivable that the
buffering capacity of the respiratory tract is the basis
for a true threskold for the acute effects of acnd
aerosols. although possibly subject 10 individual or
temporal variability. This is. of course, speculative
but represents an intriguing area of potential signifi-
cance.

The alveolar macrophage is an important compo:
nent of pulmonary defense. There is some evidence
suggestng that the basis for the potentiation of re-
spiratory tract infections by nitrogen dioxide may be
an interference in the shility of alveoliar macrophase
to kill inhaled microorganisms (7, 8. Such evidenve
is not available for sulfur oxides. More informafion
concerning the effect of inhaled particulates on al-
veolar macrophage function is needed. A better un
derstanding of the mechunism of the pactenocdal
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mechanisms employed by the macrophage is also
required.

. The major physiclogical response to sulfur oxides
in controlled short-term human and animul ¢ xposure
studies is an increase in airway resistance. In animal
studies. sulfuric acid aerosol has been shown to te a
stronger potentiator of Lronchoconstricuon than
ammonium sulfate aerosol which is stronger than
SO: gas (2). The pathways mediating bron-
choconstriction, which is generally believed 1o be
the basis for this response. include vagal refieves set

-oft by receptors focated in various parts of the re-

spiratory tract. However. studics have shown that
bronchoconstriction can occur even when the vagus
nerve has been inactivated. It s hypothesized that
humoral factors are capabie of acting on airway
smooth muscle, or may potentiate the effect of such
factors. In vitro studies have shown that acid salts
are enhancers of histamine release from cells (/0).
This bronchoconstnctive response could account for
many of the adverse health consequences associated
in epidemiological studies with the gas-aerosol com-
plex. Controlled human studies on asthmatics have
shown that short-term NO: ¢xposure potentiated the
bronchoconstrictive effect of carbachol (/7).

Long-Term Exposure. Studies of the effects of
long-term exposure of animals to sulfate aerosol
have produced evidence of some effects, put in gen-
eril, the findings have not been dramatic. Sheht
bronchial epithelial proliferaton. edema and alveo-
lar wall thickening mn animals exposed to at least S00
pg/m’ of sulfuric acid has been reported, as has a
decrease in CO lung diffusion capacity m beagles
continuaily exposed to H:SOy for up to two years
12).

Monkeys continually exposed to H:S0. levels of
100 p/m? for one year have shown o evident lung
abnormalities. At H:SO. exposure levels ¢! about
1000 we/m* in comyunction with about 500 pg/m’ v
ash particles, bronchio'ar wall thickening was ob-
served (1.3). Occupational studies of v orkers chroni-
cilly exposed 1o H:SOq levels above 10,000 gg'm?
have not indicated excess chronic discase incidence.,
but have indicated an excess number of acute attacks
in those individuals already suffering from chronic
respiratory disease, such as bronchitis. These results
yield an unclear picture of possible long-term wcid
sulfate aerose!l exposure effects. The real probilem is
that the underlying biochemistry of the diseuse etiol-
ogy 15 not well understood for sulfates.

Considerably more research is required to defini-
tively pin down the role of mdividual coa'-dernved
poliutants in the causation of chronic disease. The
biomelecular mechanisms must be elucidated as well
as the dose-response relatioaships.
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Individeal Variability

The cencept of individual varability in the sus-
ceptibility to pollutants is important for understund-
ing the health impact of the gas-aerosoi comples
Such variability must be considered to be operative
both ameng dfferent individuals, leading o some
membess of the population being inherentiy more
vitlnerable. and within a single individuead at different
time perioc s Inter-individual differences represent
inherted fuctors. including presumably the reactiy-
iy of the bronchial tract to external agents, and
acquired fuctors, such as preevisting cardiorespira-
tory disease. Intra-incividual variability includes
such temporal factors as the presence of microhial
respiratory tract infection and age. Controlled ex-
posure studies have clearly demonstrated widely
differing responses in groups of animals to bron-
choconstiictive pollutants. Inasmuch as animals
used in these studics generally have 4 common ge-
netic and environmental herituge, it is not surprising
that, based on the few available studies, there ap-
pears to be ot least as great a vanability m human
response. A marked variability in human response is
also suggested by some epidemiclogical studies.

Unfortunately, there are as of yet inadequate data
to statistically charactenize the degree of humun
variability inresponse to pollutants. This would be of
value in determining the validity of extrapolating
results of controlied human exposure studies (which
generully utiize a small number of healthy subjects)
10 high rsk populations.

Physicochemical Characteristics of
Pollutants in Relation to Respiratory
Respoise

Studies in anmals exposed to defined components
of the gas-aerosol complex have clewrly demon-
strited that there is a marked difference i the ability
of individual pollutants or combinations to elicit an
acute bronchoconstrictive response. This 1s pae
vcularly evident in the series of studies performed by
Amdur and her colicagues on guinea pigs (9, 14). The
physicochemical characteristics which appear to be
particularly significant are size. solubihty, pH. and
chemical reactivity. For example, purticles in the
respirable (<< 1 pm) size range appear to exert o
greater bronchoconstrictive respense than larger
particles given a similar misss concentration. Many
acrosols of the appropriate size are, bowever, mert
with respect to bronchoconstriction. In seme canes
the absence of response appears to be due to Lick o
chemical reactivity " (e.g., NaCl, inothers itis due
to the relutive insolubility of the compound which
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presumably allows clearance before any chemica.
reaction can occur. The pH of the aerosol also is of
saportance. In general, the greater the acidity, the
iigher the likelihood of & bronchoconstrictive re-
sponse. More information 1s needed on the role of
particle shape and hygroscopicity in determining re-
gional airway deposition and subsequent bron-
choconstrictive impact (/5).

Knowledge concerning the role of these physico-
chemical characteristics in mediating airway re-
sponse to aerosols has been of great value in under-
star Jing pollution effects and predicting response.
Simple manipulations of these parameters does not.
however. totaily explain the response of guines pig
airways to inhaled irritants. A better basic under-
standing of the biochemistry underlying the physiol-
ogy of airway response wWouid be of great value.
Another research area of related importance is the
determination of the responsivencss of the human
respiratory tract 1o these pollutants. Such studies
would consist of short-term acute exposures with the
aim of e-tablishing a hierarchy of responsivencss 1o
individual components of the gas-aerosol complex,
as well as determining appropriate no-effect levels.
In addition, more information is required concerning
potcatial synergistic mteractions of these aircontan-
inants. In particular. animo! studics of sulfu dioxvide
effects in the presence of ipert respivable particies
and photochemical pollutants including ozone. NO-.
and arganic irritants such as acrolem should be ox-
tended to inan.

Observed Healih Effecis of the
Gas-Aerosol Complex in Humans
Mortality

There is no question that exposure 1o past ambient
levels of the gas-aerosol compies has ded 1o in-
creased mortality during acute air pollution
epsodes. Those individuals who died during such
episodes were mainly the elderly. the infirm, and. n
some episodes. the very voung. Controversy does
exist concerning the extent. if any. to which current
pollutant levels are responsible for daily varitions in
mortality. To Study this problem it is pecessary 10
carcfully adjust for many variables, including
meteorological and scasonal effects.

In recent vears a number of investigators have
evaluated New York City mortality data in relation
to air pollution levels (/6-21).

The studies are in general agreement as to the
existenze of a residual variation n daily mortality
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that is explainable by pollution levels. There is. how-
ever. a lack of consensus concerning whether the
cfiect correlates more strongly with sulfur dioxide o1
total suspended particulates. Thisis not surpiising in
view of the interrelationship of these two measures
of the gas-aerosol complex. There i1s also con-
troversy concerning the interpretation of these
studies: the results of one ivestigation suggesting
little or no threshold for the association of mertaliny
with sulfur dioxide levels (20), while a more recent
analysis (27) reports no change in the excess mortil-
ity assoctated with pollution during a period in w hich
there was substantial improvement in ambient sulfur
dioxide levels.

A deficiency in most of these investigations, as
well as air pollution-related epidemiological studies
in general, 1s the use of only one monitoning station to
churacterize the pollutant exposure of a large popu-
Jation. This adds 10 the uacertainty of the resubis. It
should be noted that studies of daily mortahity
relation 1o daily air pollution levels are unlikely to
discover a life-shortening effect that is due to the
causation of a chronic discasce by these air poliutants.

NMorbidity

Acute Effects.  There are | “erally dozens of types
of adverse health effects which have been reported
to be associated with inhalation of the gos-aerosol
complex or its componeats. For many of these ef-
fects (e.g.. behavioral immune) the informauor is
inconclusive or at best, peripheral. Epidemiologic
studies of respiratory tract effects of these pollutants
have utilized a varicty of different measured param-
eters. These studies have tended to focus on popula-
tion groups believed 1o be at high risk for pulmonary
sffects, including children, asthmatics. the elderly.
and individuals with pre-existing cardiorespiratory
discase.

The impact of air pollutants on children has been
studied extensively [sce for example ieviews by the
American Academy of Pediatrics (22). Wehrle and
Hammer 23). and NAS ). A relation between the
gas-aerosol conplex and lower respiratory illness
has been established. Epidemuological studies in
Great Britain, including evaluation of up to 16,000
individuals. have reasonably clearly demonstrated
an effect of air pollution on bronchitis incidence
(24-26).

Of particular interest are two studies in which
cohorts were evaluated at varying time intervals. Ina
study of S-year-olds I' ing in four different areas. the
incidence of chronic cough correlated well with ex-
isting air pollution leve!s, and there was a significant
decrease in pulmonary function in the residents of
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\ Lier American study by Creagen et al. (18)
| Leates a0 association between mining and an in-
,:‘-’..séd' rate of cancer of the stomach and suggests
o the correlation is with socioeconomic class
. ther than with occupation. In this work . mortality
o wastric cancer in 23 coal mining counties in
\:wn.\l,ucs of the United States during the perniod
950 1o 1969 was compared with other counties.
Pupulations were carefully matched by educational
tevel and median income. While observed deaths
prom gastric cancer were 209 to AL greater than
evpected for men and women (statistically highly
significant) @ similar excess was noted for luny wnd
cervical cancer, tumors related to low socio
ceononic class, Fewer deaths occurred as aresult of
jeuhemia, and breast and colon cancers, tumors
which are assoctited with higher social class.

Ihe authors dismissed the excess stomach cancer
rate on the basis of 4 SOCIOECONOMIC association: yet
they stressed that the miners and nonminers were in
et closely matched on the basis of schooling com-
pleted and median family income.

It recent mortality study . Rockette (79) found «
1%, even ss of stomach cancer among a population of
3 99X coul miners, representing a 1077 probability
winple of altconl miners eligible for benefits from the
United Mine Workers of American Weltare and Re-
urement Funds as of January 1, 1989, The sample
popubation was traced through the year 1971, and
was contpared to all males inthe U.S. for 1959-71as a
control.

A definitive conclusion on the association be-
tween coal mining and increased risk of cancer of the
storach is not possible from the published
epidemiological data. However. when the availlable
dita are taken on balance, it would appear that the
evcess rate of cancer of the stomach in coal miners
over nonminers cannot be dismissed wholly on o
sovioeconomic basts, While the existing data imply
that an increase in coal mining might result in an
mereased incidence of cancer of the stomach among
coul miners and perhaps their immediate famihes,
turther work to identify the effects of conflicting
varuhles is required before such an association can
b cither confirmed or denied.

Carcinoma of the Lung.  Available epidemiologic
studies suggest that the death rate of coal miners
from cancer of the lung is appreciably lower than the
rate for nonminers of comparable age. In the carliest
reported study, Kennaway and Kennaway etal. (20)
examined the death certificates of men aged 20 years
and over who died in England and Wales durning
1921-32 of cancer of the lung and Larynyx. They cal-
culited age-standardized death rates for 63 occupa-
tions and noted specifically low rutes in agnculture
and coul miners. This finding was corroborated by
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diatee in the Registiar General’s Decenninl Supple
ment on Occupationa! Mortahity for 19491053 2/
Doll 22) found a similar associstion in the den
records of 15,000 men who had been residentsinfou
districts of South Wales during 194%-56. The ratio o
deaths from lung cancer 1o deaths from other Causes
was calculated for several occupational groups and
found to be particubarly low for coal mincis Iowas
shown that if cancer had accounted for the same
proportion of all deaths in coul miners @ it did in
other men. that 152 deaths from lung capcer would
have been expected in coal mincis whereas only 73
were recorded, adeficit of 520,

Sexveral studies of pecropsy ingidence of lung
cancer in coul mners have been reported. OF these,
the best controlled is that of Jumes 231, who con
pared the results of necropsies on IX27 coul minets
and 1531 male nonminers of similar age frone South
Wiales, Lung cancer was present in 2,37 of the nun-
ers and i S.477 of the nonminers. Howevei. it wis
sugeested that preumoconiosis wWas competing
cause of death leading to the low pecropsy imcidence
of lung cancer among these worhers, In maoce recent
papers. Goldman (24) ks presented furither support
for these earlicr observations. He reportad that the
standurdized montality ratios for cancer of the liung of
underground miners and ex-miners employed by the
National Coal Board of England wiss 74 in compan
sor to 100 expected deaths from this couse. The
mortality in surfice workers was found 1o he highet
(Table 6). Mortulity rates for cancer of the lung fora
small coal mining valley and the mortuhiy figtaes fo
lung cancer in several towns which are stuated m
mining and nonmining areas supported those figures
The author also summurized the dutaavaiiable onthe
relationship between smokig and fung cancer m
coal miners. He concluded that numerous mmves-
tigators have found little ditference in smoling habits
between coul miners and nonminers and found no
indication that the low ncidence of iy cancel
among coal miners resulted from unusually Jow
cigarette consumption. He speculuted thai s reduced

Table 6. Standardized mortality ratios (SVR) of miners and e
miners emplosed By the British National Coal Board, for cancer of
the lung and for other neoplasms, 19857

Underground Suiface
workers Wwaihers
I ung Other L uny Other
cancer neoplams  cancer  neoplasms
Observed deaths 216 459 54 Y3
Expected deaths 08 450 by K2
SMR" 0.1 1020 94 .8 1134
*Data of Goldmn 124)
tEnglind and Wales. nudes = 100
211
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risk of acquiring lung cancer 1s i specific effect of
working sn @ coul nmune, and that an occupationud
factor such as inhalation of coal dust may block the
induction of pulmonary mahgnant change.

One of two initial studies in the United States
failed to corroborate the British findings. Thus En-
terline (25). using occupational data from the N
tional Office of Vital Statistics of the U.S. Public
Health Service for 1930, calculuted standardized
mortality ratios for several selected causes of denth
in coal minzrs aged 20-64 and 20-59. In the age group
2064 there were 161 observed deaths caused by
cancer of the trachea, bronchus, and lung with 84
expected deaths giving a SMR of 192, 1.¢., 192 deaths
compared to 100 expected. In the 20-59 age groups
the SMR was 164. This study can be attacked on the
grounds that the expected deaths e based on
populations reported n the 1950 ¢ensus estimates
which recorded the last occupution preceeding the
date the census was taken: i.¢.. men who once mined
coal but changed occupations were not clussinied as
coitl miners.

Inthe positive Amenican study. Scarano ¢t al. (26)
found that cancer of the lung was dingnosed in 797 of
anthracosilicotios and in 1LOXD of nonanthracosili-
cotics. this difference being highly significant. How-
ever, no dita on the ages of THNErs Y ersus NONNMREr:
were published, agam rendening the concluston sus
pect.

In the most recent study of mortality from hung
cancer in U.S. coal miners, Costello et al. (27) fol-
lowed up a cohert of Appalachian coud miners who
were included in a 1962-1963 U.S. Public Health
Service prevalence study and compared the himg
cancer mortality of this sample with the 1968 death
rate of the United States males as a whole. Smoking
habits were recorded in the population under consid-

Table 7. Obseryed and expeeted deathe and standard mortality ratio
in a group of 451 Appatachian coal miners who died un or befors
Janwary 1, 19720

Age Ohserved Fapeciad
25-29 0 -
30 0 1
35 1 —
4044 o |
4549 -~ 0 3
SO 84 v O
§5-59 5 X
64 4 16
£S04 3 I
70-74 I O
7579 0 0
Total 24 i

SGAR = (2430 % 100 = &7, From a cohont of 720 maners
randomly selecied by the U S Public Health Service w 19621963
Data of Costello 7
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eration. The Standard Mortality Ratio obtained in
this study was 67 o figure which agreed well with
British figures and corroborated the assogiation re-
ported in the British hiterature between coul mining
and a decreased lung cancer incidence (Table 7).
Again no relationship between amount of Crgareties
smoked and the decreased rate of lung cancer Was
found.

The avinlable data strongly suggest that an un-
known factor in the coal mine environment, possibly
coal dust. exents a protective effect with regnd 10
cancer of the lung  Accordingly . it would be anuci-
pated that an increase in the scale of coul mining
would not increase the incidence of lung cancer in
coal miners. However, if cou! dust s in fact beneti-
cial with regard 1o lung cancer. it s alvo i causalive
fuctor in bluck lung. Thus while ling cancer rales
might not Increase as i result of an expansion of coul
production. black lung and other respiratody dis-
cuses would probably become more piey alent.

Coal Combustion

tir Pollution and Caneer.  This report considers
cuncer only: effects of air pollution on respiraton
disease e not discussed. Evidence for an associa-
tion between air pollution and car ¢r steins from two
types of studies. In the first, urbaa, and rural popu-
lattons have been compared for incidence of lung
cancer.

Severa! small European studies by Stocks an'!
Camphell 28), Daly (29, and Stocks (30) and i num
ber of Luge-sciule American studies stundardized
with respect to both smoking labits and 1o age by
Hammond and Horn (37). and Haenszel et al. (32)
indicae that there is approximately a two-fold mgher
incidence of lung cancer in ur ban than m rural arcas.

in the second type of study attempts have been
made 1o correlate cancer mortality dati with indices
of aw pollution. However, the evidence linking air
pollution and more specific ally benzotaipyrene
(Bal) directly to lung or ather Cancers 15 incoiisis:
tent. Thus Mench et al. (33 tound a correlation be-
tween the concentration of benzotu)py rene inair and
soil and the lung cancer mortality excess of 407 n
south central Los Angeles County. The highest
benzoGopyrene concentration found wis five times
grearer than would hive been expected from auto-
mobile exhaust alone and the excess was thought to
result from the petroleum and chemicul mdustries
concentrated in the area. This association 1s consis-
tent with carhier findings of Stocks (34) from En-
gland. 1t was postulated that the mcreased rate of
lung cancer ! the Los Angeles area resulted from a
synergistic action between smoking and neigh-
borhood i pollution.

Envirenmental Health Perspectives



1 s entension of the above studies. Henderson ¢t

o o5y measured actual levels of a number of poly-

e aromatic hvdrocarbons (PNAY an the sus-
o airho e particulate matter in South Central

o aaecles County. Four PNAs were found in ex-
o benzoteipyrene (BeP), benzotaipyrene (BaP),
‘t Srotghiperylene (GEE), and coronene (COR). A

Leelation was apparent between the geographic
:Th!n"nllun of lung cancer cases and the gencrul
Cction of industries which emitted these PN A

o the eniire Ccounty, OCcupation wWas an 1mpos-
vt Jetermmnant of & male’s lung cancer risk but
within the mits of proportional incidence statistics,
4 Jud not explain the excess male sk in the region,
wiggesting that occupationad risk may notexplain the
eveess lung cancer in south central Los Angeles,
soither did smoking habits appear to be a valul ex-
¢rmation for the mereased lung cancer riate. since
caby one (esophageah of the five type of cancers
sssonlted with Clgarette Consumption Wis in exCess
and simce the greatest excess rate was of adenocar-
cmonut of the lung, a histological type which does
nob appear 1o be related to smoking.

Fable 8 which summarizes the evidence for an
aociation between air pollution and lung cancer is
tahen from a paper by Lave (36) and i1s based on the
work of Buell and Dunn (37). For smokers, death
rates (adjusted for age and smoking) ranged from 28
w 123 percent higher m uiban areas than in roral
sreaes, For nonsmokers, all differences exceeded
120,

The incidence of nonrespiratory tract cancers has
abwa been related to air poliution. In a reworking of
datie trom England on rates of death from non-
espratory tract cancer, Lave and Seshin 37) ( Table
Y1 found that the evidence of stomach cancer was
siamficantly related o a purticulate deposit mdex
and i smoke index with nearly identical effects for
males and females. Intestingl cancer appeared to be
only marginally related 1o indices of eithier deposit or

smoke. For 26 areas m northern England and Wales.,
there appewred to be httle relutionship between
aearespitatorny tract cancers and o smoke index
The single exception occurred i males when the
socioeconomic vartable was social cliss: here the
smoke indey explained o sigmiticant amount of the
variation in the cancer mortality rute. Regressions
I through § mmpiv that of the guality of air of all
boroughs were improsed to that of the borough with
the best air, the rate of death from lung cancer would
full by between 11 and 44 percent. Regressions S and
6 indicate o relationship between air pollution and
lunge cancer which i~ enther isignificant or mverse

Winkelstein et al. (35), using as a measuie of pol-
ltion an indes of suspended poobcobates averaged
over a two year peniod. found the vate of mortahity
from stomach cancer i Butfalo, New York. and the
immediite environs to be more than twice as greatin
areas of high pollution «s in areas of low pollution.
However, the authors wccognized the necessity of
further work which would permit an independent
assessmeitt of the possible effects of cigarette
smoking. air pollution. and economic or occupa-
tion:) stiatis.

Hagstrom et al. 39, using four measties of wr
pellution, found the cancer mortalily rate 1o be 23847
higher in polluted weas than in arcas of relatively
clean air among middle class 1esidents of Nashyille,
Tennessee, between 1949 und 19600 They also found
signiticant mortality rote increases assocuted with
individaal categories of cancer such as stomach
cancer, cancer of the esophagus and cancer o the
bladder.

FLevinetal @ reponed for sl tvpes of cancer the
followirg relationships: the age adiusted cancer evi-
dence rates for urban males was 24 percent higher
than for rural males in New York State texclusive of
New York City) (1949-51). 367 higher in Con-
necticut (1947-51), and 2077 higher iy lowas (1930);
the incidence for urbuan females waus 1497 higher thun

Tabie B. A comparison of pubiished lung cancer mortality duta from rural and urhan arcas.
Number of deaths from lung cancer per 100,008 papulation,

No. of deaths
standandized for
age and smokang

No. of deaths
M NONSMOLLTS

Urban -

Urban
Uthan Rural rusal Urban Rural rural Study
L] U 1.26 36 1 .22 California men: death rates by counties
2 9 1.33 15 0 x American men
%9 XS an S0 27 hIBT England o d Wales
N I 1RO Northern frelund
149 €9 =18 b R 79 Foaglond: po adgstment for smoking
1w S0 200 16 b 120 Amencan men
PO

*Data of Lave (36)

December 1979
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Table 9. Associations hetween cancer, air pollution. aind sociocconamic statis. Multiple regressicns based o data from Frgland,

. W Numbers in parenthe os are the ¢ statistic .
Indens
RY An Sogio
Category pollution eCOnNIL
Lung cancer mortadity rute
§3 County borough-? 0415 0 041 0154
(deposit idex, personsacre) . (2.09) “2n
2% County boroughs® 0.476 0 864 0 161
tsmoke, persons ucres i 0Ny 13,84
Mude, 26 area' 0.7%1 0.137 0118
(smoke, persons/acrel (2 86 i m
Male, 26 arcas” 0.RO% 0161 01
tsmoke. sovtal cliss) (86 247
83 Urbuan areas” 0 344 0 086 0184
(smoke. personsacre) (-342) (4 83)
S3 Urban areas 0.39% 01058 0 197
(80);, persons acred ~3.00 (S.3%)
Other cancers
Stomach. nude, $3 county boroughs 0.167 007 0.00°
tdeposat index. persons acre) (0% M.12)
Stomuch. female 0.178 0Ny 0023
(308 t- 0.5
Stomuch. male. 28 county borouehs 0257 0.714 0065
(smoke. personsacre) £2.57) 1250
Stomach. femule 0453 O Kad 0 6o
“4.i% (1 6y
Intestinul, $3 county Bovoughs (0d) 001% 0o
(deposit indox. persons acre! (1451 (-0.52)
Intestmal, 28 county boroughs 0.129 0174 0.03%
(simoke. persons/acre) (12 11.3%)
Other cancer, mude. 26 areas 0454 (N ] 0073
(smoke. personsacrel th 54, (1 60
Othey cancer, female. 26 arcas 0044 0039 -0 (2
(moke. persons acrel 093y (—1.0%)
Other cincer, male, 26 areas 0 39 0.6 0017
tsmoke. soa! chins) 275 ({URRY]
Other cancer. female. 26 arcas 0002 0008 0013
(smoke, social classy (017 019

*Datit of Lave (393

YThe coefficient of deternunation. u valve of 0386 indicates a muitple conelation coefficient of 062, and indicates that 395 of the
variation in the death rute 1 “explained”™ by the regression

“The 1 stauistic. for w one-tailed r-test with 23 degrees of freedom, o value of 1.71 indicates significance ot the 0.05 level: for 25 or SO
degrees of freedom, the cnnica! values ure 1.71 and 1 68

Persons per acre imultiplied by 101 the ramige is 6910 364, and the mean s 163, Death rutes are measted a8 ides number<, with tie
mean for all boroughs i Enciand and Wiles equal 1o 100, Renses within ths sample are as follow s bronckites imales), 73 (o 259
bronchins tfemales). 72 to 268: lung canver, 7010 139 stomach cuncer tmudes). 67 to 168: stomach cancer tfemales), 8410 161, intestinal
cancer, 87 1o 123

“Data for 28 country boroughs in England and Wales equul to 100 Ranges within this sumple are as follows: hronchitis imales). 73 1o
259 bronchitis tfemalest. 72 10 268: lupg cancer, 70 1o 189, stomuach cancer tmales), 67 1o 168 stomach cancer females), &4 1o 161
mtestinal cancer. K7 10 I3

Data for 28 county, boroughs 1 Englind and Wles as reported by Stocks. A pollution is measured by o smohe indey tsuspended
matter. inmg 100 m*i: the range 1s 61049 Aguin. the socioeconomic indes s expressed in numbers of persons per acre + » 10 the range 1
Ko 342

*Data for 26 areas i northern England ind Wales as teported in Stock s, Air poliution is meastted by i smoke index: the rance is 151
562 m/ 1000 m™ and the mean 15 260 One socoeconomn varadle is the mimber of persons per acre C5 1) the ranee 1s § o 342 and the
meanis 102, The other socioeconomie variable is social class the ringe s 61 10 295 Death rutes are measured os for ¢ iteior v Lowithin thas
sample. the range tor lung cancer is 2310 165 for other cancer 610 172 imales) and 8K 10 1S4 femadesy for branchitis., 1810 239 imales ) and
12 10 240 tfemules): for prcumonia, 61 to 227 imades) and 40 to 245 temales)

*Data for SR arcas as reported by Ashiey . Au pollution s measured by i smoke inde (as for category 3. with a runge of 2310 261 wgm’
and amean of 124, or by an SO imdex capporently i the same unit< ), with a range of 3310 277 Gnd o mean of 124 Death tates are measured
as for c;m:gur\ 2 within thes sample, the range for lung cancer ix 70 1o 146, and for Bronchitis, 64 1o (86
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for rural females in New York State, 28% higher in
Comnecticut, and 34% higher in lowa. For botiy
pudes and femades the incidence for each of 16 ¢ute-
gorics of cancer was higher in urban than in rurad
arcis. - o«

Lave and Seskin (37) speculated that approvi-
mately 25% of mortality from lung cancer and 157
mortality from all cancer can be eliminated k- S0
reduction in air pollution. In monetiary 1en.. . these
decreases i cancer rates would represent $33 mil-

“hion and $390 million respectively.

On the other hand. Higeins <41) found hitile corre-
lation between benzotalpyrene or total suspended
pareutite levels and lung cancer death rates in some
SO standard Metropolitun Statistical Areas. How-
ever, a significant correlation with sulfate levels ap-
peared to exist (Table 10,

A strong relationship of BaP 1o lung cancer was
also absent in o study by Waller @21, He reported
that the incidence of lung cancer in gas workers was
only about 1.5 times that expecied in spite of i 100- 1o
10.000-10ld excess of benzotalpyiene in the an
breathed by those workers in comparison with air to
which & normal wrban populistion is exposed.

Perhiaps the most convincing support for « re-
ltionship between air pollution and lung cancer
stems from migrint studies. In this approach. lung
cancer death rates in migiants from one countiy 1o
another were compared with those in their home
populations and with those in populitions in the
countries to which they had immigrited. If such mi-
grants can be considered as equivadent to random or
representadive samples of the populations of the
home countnies. differences in death rates from
those in the home countries can be ascribed to
changes i environmental conditions, since concen-
trations of pollutants including benzotaipyrenc vary
considerably worldwide.

The results of these studies indicated that persons
migrating from i more polluted environment 1o i less
polluted environment had an increased risk of lung
cancer compared to the native population. but &
lower risk than their home populations. The risk

increased with aee at time of migration. Unfoine
nately most of the vtadies lack data regarding 1he
effect of the smoking tuctor, However. i seversd
studies such as that of Eastcott 2.9, an evalisation of
migrants from the United Kingdom to New Zeadand
showed that the migrants had 4 359 hizher sk of
lung cancer than mature New Zealunders if they
came from the United Kingdom before the age of 30,
This was true regardless of the fuct that the migiants
generadly increased the number of cigireties smohedd
after antiving in New Zealand.

Deian’s studies ¢4, 45) are also important in thi-
regard. He compuared lung cancer rates in British
subjects who migrated to South Afc and Austradio
with those in native born South Africans and Aunstri-
lns.

Australizns have heavier smoking habits than per-
sons in the United Kingdom and South Africans are
among the heaviest cigarette smokers m the world.
Biitish migrints 10 South Africa tended to merense
their consumption of ¢igarett=s markedly . While the
butt lengths of cigarcttes smoked by British and
South African smokers were closely comparable.
255 vy, 28,2, respectivelvy a grealer peicentage of
South Africans inhuled deeply @nd some South A
cans ook more putts per agarctte. In spite of this.
migrants from the United Kingdom had 2 signify
cantly lower lung cancer death e than persons
remeaning in Englind but o higher rate than native
South Africans or Australians (Tables 11 and 12).
The Tung Cincer death rates in mierants to Austrabia
from the United Kigdom (45) weie also higher than
mnative Australians but lower than ina cohort group
in the United Kingdom.

Similar findings vwere reported by Reid (96) fo
migrants from the United Kmgdom and Norway to
the United States as compared with peisons re-
matning in the home country wnd with nutive-born
Americans, Again. fung cancer death rates of mi-
grants were intermediate between those of mative
LS. residents and those of nonmigrants in the home
countries (Tahle 13).

A recent study relevant 1o both the orban-rural

Tabl: 10, Epidemiology of lung cancer in the 1 nited States”

Death tates from lung cancer 1959. 194,

Muales Females

Measure of pollution = White Nonwhite White Nonw hite
Total suspended particolites 003 0.28 am 002
Sulfiates 042 03 019 0.02
Benzotapyrene 0.17 0.00 0.0 o

*Data of Higeins 1441, Correlation coclicient between measures of air polistion and sge-standardized death rates from heng cancer (1CD
162-163) in approvimately SO standard metropolitm statistical areas of U.S

December 1.929
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Table 1. 1 ung cancor death rates for white male natives of Fn-
gland, Wales, ard South *frica and United Kmgdom migrants to

South Afeoe 1947-19%6.7 .
Annual lung cancer death rate
(per 10 persons)

45-64 years old 65+ years old

Population groyp

Native white South Africans S0 12
United Kingdom nugrants 1o
South Africa 2 172
Native white United Kingdom 138 249
“*Data of Dean (44)

Tahle 12, Age-adjusted (30« years old) lung cancer death rates,

19501938~

I ung cancer deatl rate

Populition group per HXLID persons

Native Ausirabuns 41
United Kingdom migrants

o Austiahio 94
United Kmgdon cohort group 154

*Dute of Dean 45)

Table 13, Age-adjusted death rates from Ling cancer in Great
Britain, Norway, and the United States.”

Lung cancer death rae
per 100,000 persons

Popul.ion group Mules

Females
Great Brotan resdents 1512 19.1
Great Britain born U.S. residents 937 14.5
Norway residents 305 S
Norwiay-born U S residents 475 0.7
Nutive US. residents 2.2 98

*Data of Reid et al. (46).

comparison studies and migrant studies s that of
Mortis etal. (47). In this work. mortality experience
was determined over a 13-veur period (1960-1972) for
sample populations in two small Pennsylvania com-
munitics with widely different air poliution levels. A
relationship was suggested between mortality rate
and length of residence in the polluted community
(age adjusted) but not in the control community. An
influence of smoking on mortahity was clearly evi-
dent. While a small (volunteer) population size pre-
cluded definitive conclusions. (socioeconomic pat-
tems were also not determined) it appeared that
those with over 20 vears exposure to air pollution in
the polluted community (151 ug'm® suspended par-
ticulate: 3.7 mg/ 100 em?/duy sulfation rate) had about
one-tenth the excess mortality of those smoking one
pack of cigarettes a day i the control community
(109 pg/m* suspended particulutes: 0.6 mg 100 ¢m~/
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day sultation rate). The data support the hypothesis
thiat the eftects of smoking and wir pollution are
additive. An important consideration arsing from
these data which 1s relevant to migration studies is
the hypothesis that immigrants to a polluted commu-
nity are a self-selected unusually healthy group

These fuctors require further examinsion. 1he
above findings provide a strong basis for concluding
that differences in lung cancer death rates in different
populations are related to more thun cigaretie
smoking i.¢.. to an urban factor,

Possible Lffect o1® aneer Incidence of Inereased
Coal Consumption. Among the polynuclear hydro-
carbons produced by coul combustion is benzo-
(alpyrene, a carcimogenic hyvdrocarbon under ex-
perimental conditions. Concentrations of benzo-
ta)pyrenc. benzote)pyrene. and benzGianthracenc
in the flue gases from coal-fired mstallations have
been published by Dichl et al. (48) (Tables 14 and 15),
These results indicate that pols nuclear hydrocarbon
concentrations in flue gases from coal combustion
can be highly varable and that the vanation cannoi
normally be reluted to identifiable operating param-
cters.

While BaP cannot be assumed to be the cause of
lung or noarespiratory cancer in man, it can be used
as an indes of air poilution since its concentration is
correlated with other hydrocarbons and sulfur
dioxide. and since it appears in solid form in air.
usutally sdsorbed on particles.

A quantitutive estimate of the relationship be-
tween lung cancer death rates and atmos phene BaP
concentrations was uttempted by the Commitiee on
Biological Effects of Atmospheric Pollutants of the
National Acidemy of Sciences +19). This committec
used the comparnison between urban and rural cancer
rates (i.e.. a male urban lung cancer death rate up-
proximatety twice that found i corresponding rural
areas) and the urban (6.6 we 1000 m* BaPi and rural
(0.4 g/ 1000 m* BaP) concentritions of Sawiki (50),
On this basis, approvimately w 10077 increase in lung
cancer rate is asseciated with o 6.2 vnit (one unit of
BaP = T pg/ 1000 m®) mcrease in BaP or an increuss
of approximately 1577 in deaths per unit increase in
BaP. However, since the 10077 increase represents
the difference between the most heavily urban and
the most rural environments. the pollution effect
estimated from these studies should be somewhat
less thun 157, Using the difference in lung cancer
death rates of 13 per 100,000 of population reported
between urban and rural areas in i study by Ham-
mond and Hom (52), there 1s a change of ubout §77 1n
the lung Cancer death rate per unit of BaP.

The committee aiso utilized regression analysis to
separate the effects of fuctors that differentizite urban
and rural environments, using the assumption that

Environmental Heaith Perspectives
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Table 14, Concentration of three polynoclear by drocarbors in the flue gas of coal-fired installation..”

Benzotaipyrene Benzote)pyrene Benziaunt! racene
. load — 2 - — =
0 Capacity,  factor e 1000 w100 w100 g 1y el [V TR (g
Co fype of bumner b steamvhr sampled m' B1U  mghr m* BTU  mgh m’ BTU  mgp'hr
1 Chan grate 13,000 061 — i | 250 119 15 o ’ 1=,
*  Chun grate 18 00 0.45 9 4 01 Gl 42 10 44 20 04
T Chan grate 40,000 047 Ho 75 2.8 440 W00 1 . s A
4 Chan grivte £2.000 041 LA AL 20 $30 R Y] 2 1.400 K20 n
€ Chan graig 55000 081" -— . o — P — . - —
#  Undeiteed 160 (%00 074 240 120 1 140 7n 7.2 N0 200 2
= Underfecd 25.000 (R s3 k3| 11 S90 86 12 — -— -
s Spreadar 24,000 0.75 120 (33 k3 R0 470 9.1 - - -
v  Pulsatng ginte 2470 1.00 650 30 L2 0 670 2.7 1,300 670 2.7
i Pubvenzed coul 40,000 080 420 230 9.1 60 470 19 400 220 8.7
i Pulsenzed coad 240,000 0 8% isu 120 45 00 ERO 10 - - .
S Pulverized coul 6(K) K0 Lo —_— —_ —_ 160 64 0 o — _—
i Pubvenzed coul 830,000 1.08 o6 21 R} 110 K] Su s - -
3 Futverizad coal 1,060,000 100 i% 6 HT IR0 130 220 = — o=
18 Pulvenzad coal 1,250, 000) | 02 X0 2 9 Iy X7 S0 -y o -
Pulserized coul 2030000 078 §9 20 4 130 4 10 - —_ —_—
17 Puberized coal 2.100,000 0 xs 6 17 2K 120 37 62 — - -
v Cyslone 2,200,000 0w 40 16 49 140 S8 170 s o —

Proa ot Dieh! W)

Tuhle 15, Polynuclear hydrocarbons in the Nue gas produced by different types of coul (puisating grate stoker).*

Benzotopyrene

Benzoteipsrene

Benzia)nthracene

Finng rate.  pp/lO0 a0 g 1000 g LY PR 1000 pp et
Coal 10" RTU hy m’ it g hr m' RTL pahr m’ HIU rehr
¥ s No. 8 K7 1500 840 32 3800 2100 x1 700 200 | g
i 1yl 145 — - - 64 20 0.1 24 il 004
e No. 3 4.45 S40 210 10 1200 4x0 2:1 70 RILY 1.3
I vy So, S 4.9 1700 K20 35 2600 1200 S 1O 450 v i |
o e N R 3,29 120 71 02 k0 160 0s - - -—
. ee g 352 S4 23 09 Ky 41 0.3 190 SK 0
e 650 10 1.2 1300 670 7 1300 670 2.7

“4r o of Dich! W5)

Lanle 16, Multiple regression analysis of lung cancer death rates for males in 19 countries and cigareite and sohd-fue) consumption . *

Regression coefficients »

Solid fuel,

Average Cigarettes, metric tons
death rate 1.0DO°s ner persen per person
Age group per mutlion Constant per year per year
yeurs persons (el tavg = 1.76) Ginvg. = 1.55)
Ape-adyosted 7493 3300 1100 1440
IS 100 28 20 20
KL R 732 9.7 230 15.0
4¢.53 4276 164.0 780 800
5564 13772 704.6 138 0 276.0
6574 1.939.3 KOO 210 361.0

NS dita 47)

the lung cancer death rate is related both to cigaretie
semtimption and to solid fuel consumption and that
the ettects are at least approximately additive. With

this approuch the regression coefficient for solid fuel

consumption s approximately 2007 of the average

vcember 1979

el e e L e e

lung cancer death rate. This suggests an increment in
male lung cancer deuths of 2097 per metric ton of coal
burned per vear per capita (Table 16).

The conclusion suggested by these results is that
the products of sohd-fuel combustion or of some
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V:ll:dhlf\ highly correlated with sohd fuel miy be un
Important etiologic factor i lung cancer. However,

as discussed elsewhere in this paper, an extrapola-
tion hased on BaP levels appears to be a gross over-
sunphluatmn considenng the importance of ad-

sorptive pwpcrllu of soots and the synergistic
capabilities of anr pollutants, particularly those n
tolucco smoke.

Carbon Black Manufacture

Commercial soot production has become i sizable
industry and it is of interest to learn that a car-
cinogenic hazard has not been detected i the work-
ers due 10 the presence of curbon black i the an
Although it 1s not clear what paiticle size carbon
blacks were prepared in the faciory under study.
Ingalls could not demonstrate any cancer risk o
lh.u group (52). Similar findings were reported for
workers in @ French carbon bluck manufucturing
facility (53). A plausible explanation was oftered by
Ingalls in the low content of acetone-estructabie
matter from the ciarbon blicks manufactured in the
plant under study compared 1o the seots thut were i
contact with the British chimney sweeps’ shin.

Laboratory Studies Wiiich Support
or Contradict Epidemiologic Data

A few diti are given in this section to orient the
reader on some background information which may
be helpful in the cancer visk evaluation of increased
exposure 1o coal dust and soot. However. none of
the e xperiments are adequate o answer guestions on
human risks guantitatively

Formation of Polynuclear Aromatics (PNA)

Fhis (54) gave an explanation for the formation of
largely pericondensed aromatic hydrocarbon from
organic matenals on pyrolysis. AUTOOCLmethane.
for instance. would break down to methylene vadi-
cals and hydrogen. the free radical would dimerize to
ethylene which on losing additional atoms of hvdro-
gen would give rise to what was referred to by Groll
(55) as “nascent acetylene™ from which by poly-
merization aromatic hydrocarbons would be formed.
The simpler structures would then break down losing
hydrogen to give rise to carbon, hydrogen and more
compley aromatic hvdrocarbons The same products
were obtained by pyrolysis of natural gas. contiuning
hydrocarbons with two and more carbons in the
molecule. From these findings one can understand
the observations of Kennaway that pyrolysis of or-
ganice-materials might lead o carcinogenic tars (56 ).
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Effect of Temperature on Formation of PN A

Kennuway made the mportunt observabion that
on pyrolysis of sopreae polvevchic hvdrocatbons
were only formed at temperatures shove 7500 C. He
identifred benzene, naphihalene. anthracence.
phenanthirene. and chrysene. The i thus formed
was highly carcmogenic and probabiy contained
higher condensed systems of PNA o well (371 A

genic palycychic hydrocarbons was also postubited
by Dickens and Weil- Matherbe who produeced o none
carcinogenic soot extract from wood that had been
heated to 400-450°C (58). These dati support the
findings on lung cancer incidence among workers
employed near carbonization chumbers as shown in
Table 17 (59)

Table 17 Tamperature range of carbonizing clambers and excess of
lung cancer reported.
lthlr.! (1ELRIS l SCUss
ranoe of hung
Carbomzmng chamber ( Cancer repoit
Verncad renwts Atk Siwi hay LS
foront iyl retonts G- 8344
~ Ok OV ens 12N p3ew) A
Japangsg gas pencators ] Sini SO,

Mty of Kennaoway (57)
Carcinogenicity of Sclected PNA and
Heteroceyclies Found in Air Poliution

Few of these compounds were studied for then
abtlity 1o induce lung tumors
studies on their carcinogenicity on orad administia-
tion. but each and ey ervone has been tested for car-
cinogenicity to the shin by puinting the back of mice.
However, by repeated apphcation of the solation, it
is difficult to estimate the total dose required for a
carcinogenic response and for that reason the sub
cutaneous injection route in mce is chosen here fon
comparison of potency. It s wahzed that '.cl.emc
potency necd not he the <ame i other organs of
tissue and forother species, [t may seive the p_n. asg
of refreshing one’s memory on the different con-
stituents of seot belonging to the PNA and hetero-
evelies,

Benzotapyrene. injected ina 1:9 cholesterololive
oil minture, produced sarcomas in CS7 mice. When
the dose was 40, 4, or (.4 pg, sarcomas weie pro
duced in 23, S. or | mouse in each group of S0 @0)

Bun/h:l.mthm\gm. dissolved in trcapny lin. pro-
duced sarcomas in C57 bluck mice on subgutancots
intection. With a single injection of S0 pe theic woie
five srcoma-bearing animals among 43 nuce, with
200 g 11043, with 1000 ge 1531, with S.000 uz
49145, and with 10,000 wg 516 (67

Thore are also few

Environmental Health Perspectives



s o e

b
v R
iy

T

e

oA

Ry, 5%

Tines

|
L-—b—r—-r- ISR o

- N T e

L i B R

o I oy, PO

( hirysene in tricaprylin at a dose of S000 pg pro-
Hued four sarcomas in 39 muce ©2). n a simlar
eapersment also on C57 black mice. of 20 mice. 1o
Jeveloped sarcomas on subcutaneous ingection of 10
doses of 1000 pg each of chryvsenc in arachis oil 16.3).

Benztbuoranthene was given subcutaneously to
NV ne 'z mice in three imections of 600 ue cach.
and 18 out of 24 survivors had sarcomas (64).

Jodenotl,2.3-cdipyrene in olive ol was inmected
into NV e’z mice and produced 10 sarcomus in 14
pude and 1 sarcomain 14 female mice on thiee doses
of t00 ug each tod).

Ditenztahacridine. at a dose of 1000 uy in
wsime oil injected subcutancously into 19 mice,
produced B sarcomas in 13 survivors (651 while the
wime dose in A strain mice with tricapryfinas solvent
produced no sarcomas at the mjection site bui multi-
ple hing tumors (66). Dibenztapacridine dissolved in
Lschis oil and injected i three doses of from SO0 1o
o pe each into strn XVIE mice produced no
wrcomits in the few survivors at 4.5 monthis in7).
Other experiments with better survival also had
nesdive results. At repeated injections of SOC0 e of
the compound into 10 mice, Badger et al. observed
P Ssarcomas (68).

There is good evidence that all the specific chemi-
cals mentioned above we carcinogenic also when
apphied to the shin of mice 69). Fiperiments hive
heen carried out with specific PNA 1o attempt the
induction of cancers of the respitatory tract. The
Sy rian golden hamster was used for these studies and
the chemicals were given by intratracheal insullation
asa suspension in saline with an equal weight of won

onvide (Fe:00. Without the fine suspension of the
iron oxide, the carcinogen falled to induce tumors,
One study gave 30 weekly doses of 2.1, 0.5, or 0.25
g dase of benzotopy rene and the same dose of won
onide 1o 30 humsters of each sex and observed 34,42,
19. and 10 tumor-bearing animals, respectively.
equilly distributed between the sexes. The location
of the tumors was mainly n the bronchi. also in
the trachea hut Jess in the lungs (70). Increasing the
quontity of iron oxide administered with the benzo-
Lapy rene suspension 1o twice and thrice the quan-
ty of carcinogen did not alter the wmor response
(71). Replacing the dust by magnesium oxide gave
a similar result. although the location of tumors
wis difterent (72): choosing titanium diovide as dust
produced the same response in the hamster
tracheo-bronchial tree as with iron oxide. Aluminum
oride and carhon were less effective. however. The
carbon was identified only «s a carbon blick without
details on particle size and the few tumors produced
were largely benign (79).

When a number of ditfferent PN A, present in typi-
¢al sooty atmospheres were compared with BaP in
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the above experiments using iron oxide os particn
Lates. it was found that 20 mstillgions of (0.8 mz each
of benztGnanthracene produced no respratory tact
tumors in 47 hamstors: 3insnllitionsof 3 img pyrenc
produced one tumor an A% ammals 0.5 my
benzibiluoranthene given 30 tmes produced one
wmor in 47 anmials and 30 instillations of 025 my
dibenzta h-anthracene produced two tumors in 46
hamsters (740

In contiast to these largely pegative resnlis the
hamsters responded to four instillations of 2 ing ¢iwh
of dibenzGaipyiene with the production of 16 1¢
soiratory ract tmors i 34 amimals and inoanother
exneriment with the same cucinogen given in 24
doses of 0.8 mg eoch with induction of ¥ amors i
& anvnals, Here, then s achichiy potent Carcmopen
for that system (74).

Feron (75 palso ased mstilltion of o saline suspen-
ston of benzotaipyvreae intratiacheally o Sy
eolden hamsters to study the vespititorny tractiesions
induced without the use of dust but with nritants hke
furrucal. When only bepzotipy rene at o dose of Ling
each wis administeied tor 30 weeks 41 out of 62
hamsters had respiratony wmoes G contisst o the
findings above). but the introduction of « 1.5 fur-
fural solution instead of suline made only nunet
changes: i.¢.. not so much in epithelisl tamor induc
ton, but in shortening the Latent penod i in cans
ing induction of peritrachead sarcomis 1 20 fmsters
out of 61 s compared to 2 sarcomis in the benzea)-
pyrene trested group of 62 animils (750, Simida
studies using bepzopyfene as the cacmogen and
acrolein as cofactor did pot show any CoCursmogenic
activity v hen the hansters were exposed 1o r con-
tining 4 pom acralen for 7 hriday . 8 days week for
one year (7o),

Cocarcinogenicity of PNA and Componnids
Related to Coal Combustion

Incomplete curcinogens were_identified by Vin
Duurenet al (77110 :'\p..-nm--nhfn which the chemi
cal was apphied in a single dose 1o the shin of ICK i
Swiss mice and with repeated apphcation of phorbol
myristate acetate, one of the active principles of
croton resin. to the skin for o year or longer. With
benzGoanthracene he obsersed bemen tumors in 10
out of 20 animals after application of 1 mg total dose.
For perylene and benzig.hperviene, the dose
applied was 0.8 mg and the tumor mduction was of
borderline significance. but the shotened Litent
period definitely suggests initiating activity In o
separate study coronene at 0.5 mg total dose was
found to be a weuk initiator, while two other PNA
not encountered mm soot namely., dibenzia.crn-
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thrgcene and 6-methylanthanthrene, were potgntin:
itiators. Benzote)pyrene was Inactive, as was an-
thanthrene (78).

Cocarcinogenicity was also tested by Van Duuren
etal. (79) by apphcation of a low dose of benzotipy -
rene to motse skin (5 ug, three times a weeki to-
gether with 15 ug benzote)pyrene for one year, In
different cyperiments 45-48 mice sunvinved m cach
group and the above treatment produced 34 tumor-
bearing mice with a total of 70 papillomas uned 27
carcinomas. The painting of the shin with 12 pe

pyrene and 5 ug benzotalpyrene produced »

tumor-bearing animals with 40 papillomas and 19
carcinomis: and 21 ug benzotg haperviene with
benzota)py rene produced 20 tumor-bearing animals
with 33 papillomas and 17 cancers. Painting benzo-
Gpyrene alone produced only 13 tumor-beane
animals with 14 pupillon.as and 10 carcinomas. Thus
the PNA on test showed a cocarcinogenic effect with
benzotalpyrene (791

In & different type of experiment, Horton and
Christian applicd some of the PNA of relevance to
this report on coal combustion to the backs of mice
decalin (non-promoting) or a SO SO mintuie of decalin
and dodecane (promoting). C3H male mice were
treated for 80 weeks and tumor induction was moni-
tored. A 60 ug dose containing 0,159 chrysenc was
applied twice a week and yielded 13 carcmomu
bearing mice and two with paptllomas-only out of 17
mice. The average latent period wis 45 wecks.
Pyrene, similarly tested at a 0.5% copcentration.
produced 1wo carcinoma-bearing mice and two with
papillomas. The latent period waus 56 weeks
Fluoranthene and perylene were negative. The vehi-
cle alone produced only two papilloma-bearnng am-
mals with a latent period of 75 weeks. All the above
results were obtained with the solvent system con-
taining the promoter dodecane. Without the pro-
moter the equivalent studies with 10077 decalin as
solvent were largely negative (80),

In contrast to the cocarcinogenic effects described
above another type of experimentation Was used
by Finzi et al. (87). A 0.3% benzene solution of
benzo(a)pyrene or dibenzia.clanthracene (alternat-
ing every second day) was painted on the backs of 30
Swiss mice for 28 weeks. This group was compared
to two other groups painted with BaP and benzene
only or dibenziu.clanthracene and benzene every
second day. The percentage of tumor-bearinz ani-
mals after 25 weeks reached 907 for BaP painting
compared to 457 tumor-bearing ammal - with the
combined painting. A comparable study using
perylene instead of dibenzta.clanthracene with o
shightly ditterent protocol produced similar results.
Instead of the 907 tumor-bearng amimals with
benzta)pyrene alone, the combination of BulP and

20

penylene reduced the ncidence of wmonbewrmy
animitls 10 3370 (87, "

Turning rove from skin paunting 10 subcutanenus
injection into CS7 blawch mice, inticarimozenic of
fects were observed for anumber of PN A intooduced
at a ratio of PNA o BaP as encountered b totuieco
tar. The cancinogen benzota)pyvieny Was givet ol o
dose of 400 py o tricapryhin, The other PN A were
benzota)Nuorene, benztmanofluorantbene. pen
ence. perinaphthosanthene. benzialcarboz e,
chrysene. benzotkfluoranthens, and o mistie of
phenanthrenc. anthrucene, and prrene. Only those
mentioned ahove inhihited Cuvmogenes by 150
significantly 82). More detal is not given becouse
the subcutancots route is often considered tou 1
removed from the actwal targel m human cander
mdoction

Experiments on Soot

] CHRTCTN

1 eitch (83) attempicd to produce sero!
inrats and rohbits by the apphcationof oot bat i
one vear's ime observed nonu, Scehig i denienus
i) replaced the shavings in coges of 100 Bottalo
stratn mice with coual soot and observed ¥ lung
wmers compared with 1 in 50 contral ammi’s. No
<kin tumors were reported for these animads Evingin
coal oot (84). Campbell (83) exposed 75 mice to g
cloud of chimney seot 30 tunes avweek foi one yea
and got @ lung tumor yield of 077 However in los
conttol groups he also observed lung tumoer ingr-
dence as bigh as 200 Feeding carbon black to mice
produced no wumors i the anunals and feeding
methvl cholinthrene ndsorbed o carbon bladh slbso
produced no tumors i mice. When the eviract of
carbon black. on the other hand. was fed 1w mice m
their diet, tumors appeared in the stomach (84)

Eatructs of soot were known to be carcimozsenic
since the studies by Passev (571 1922, who painted
ether extracts of household soot from bituminoen:
coal on the skinand observed nine malignant tmers
in 18 mice surviving one yeur, Passey and Lariat
Braune fractionated the extract by distlicion nd
obtained an sctive distillate above 190°C and
tive residue 858).

Chimney soot extracts gave o 4077 yield of s
comas mn C3IH mice on subcutancots injection (441
Also. an extract of wood svot painted on The shin o
mice produced three neoplasms in 10 puce ot -
vears (90, Therve s little doubt that carcrmasein
PN A are present in those soots which goes Pack
very early findings of Sir Percivall Pott on the 1
quent occunrence of chimney sweep canat v

Davis et al. recently studied ity tracheal vt
tion of benzotapyrene in Infusine at ditferent
Jevels with and without carbon black. The o
black contained extractable pyrene. but ne o

Environmental Health Porspocimes
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' A In these experiments on Wistar SPE rats the
v esttAtors found squamous neoplasms of the
¢ ox in proportion to the dose of benzotapy rene but

seerved only half as many cancers when carbon

oh wis atlso present i the mfusate (92).

Al these experments taken together suggest that
4r aromatics adsorbed on soot we not
aatlable for carcinogenic action unless a proper
vehicle is availuble for elution from soot. Where the
emaunt of adsorbing carbon black or soot 18 inade-
ate to remove the carcinogen from solution some
acers miy develop.

111 this connection it may be of interest to note that
s s ol require @ lipid solvent to elute polyeyche

iy drocarbons from soots above a certam particl

o but that plasma will suffice to extract them.

powch less rapidly and efficiently . The rate of ¢lu-

1 has been studied for 48-hir exposure 10 saline,
Lhech eluted none of the PNA on soot, and up to
pimn expostre o plasma which eluted several
PNy completely including benzotapyrene and
el ers 1o more than S0% . Not all of the compounds

i nucle

ey

.

could be accounted for 10077, so thit metaholismoor
degradation of some of the PN A represents it possi-
bility (15). (hig. 4.

Projections of Carcinogenic and
Cocarcinogenic Rislk Buc to Ceai
Utilization with Achievabie
Safzguards Due to Technolegica
Developments

. Inorder Lo assess the potential carginogenic risk of
greatly increased coal utihzation for combustion, 1t is
necessary 1o assume the mmposition of s ety mea

sures. controls. and safeguards which can carrently
be formulated. Coal mining would be betterand sades
if it were donc by surface mining. except for the
enhanced destruction of agricultural Tand and the
ecoluic impoct of the disturbance of the Lind. Asa
compromise will hive 1o be worked oat. the advan-
tages and disadvant:zes must be compiied and

% 100 .4 &0 40 20 0 Y (3 s %
-l ARO:ATIC
SAURE | w0 POIYCYCLIS FYDROCEREDNS
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Fiovre 4 Flution of PBA from soot by plasma 115
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weighed and possibile health effects must be ncluded Removal of Marticulatc Matter
in the assessment. Depending on the loc.tion of the

! coul seams. underground nuning will undoubtedly be ri't‘c""'\l-'llx‘ precipitators have been cn‘-:"j‘ﬁmf
necessary ., bat the new mines will have 1o hive the suceesstully for many years for the removit o P

; banefits of technolo; ¢ advances, such as igh i uculate matter and they can be very efficion: R-

i circulation 10 reduce the sccumulation of coal dust moval of most trice clementsas wellas soor ha

l and gases in the air. Ao the use of powerful dicsel Fecomplished. One problem remains. Le.. Hi

z machines will carry out much of the worl. so that the posal of !hc..u.-dc,_ l-u-x mg trace clements o :

$ miming population will be smull. PoRSess carcmogenic or othes YORIC propetties, g

utilization of waste mates il will produce profte

! Similarly the soot May Carny carcinogenic p y

: Removal of Sulfur Dioxide _ which may persist

' ¢

! ) ‘.()n_lhc other side ()f lhc: engrgy pun’!ucuun‘ pro- Destruction of PN A in Soil

: gramas the pollution from coul Ccombustion which is

. already under ¢ Table control. Removal of Sott will not readily decompose niasy polyangie,

; oxides of sulfur has scen accomplished by a variety aromaties, although specinie organismis have b

] of means. some leading 1o usable products, others to wentified that can destroy polyeyelic hydrocarbog,,
waste materials, but all able 1o remove the SO, pro- Most soil orgamisms do not seem 1o have that cap
duced with rather hizh efficiency, This technology is bility %50 Uptahe of the PNA by plants s been
obligatory and will be mcluded in any new plant documented. These studios used the hyvdrocarhon
development. The efficiency ai this stage of e- without soot as Cirics which must clunge the ey o
velopment inremor l of SO, is estimated 1o be 9077 upthe considerab!ly . I will probubly he best o cong
and needs stll further improvement. Other pro bust the material collected on the electrostatic e
cesseswhich would Iead 1o the recovery of sulfur and Cipitator to destioy the PN A that Ve

avoid some problems of disposal of waste materials

are also on the drawing boards (93), Undoubedt, Destiuction of PNA in Lir
under other conditions of coul uilization complerely
different Dl‘\litf\\f\ will be des cloped, such as the cipitator it will sty in the atmosphere for somic trs o
extraction of inorganic sulfides tron sulfider from oo Shis.om ”n'_"k.,_.'_“',.‘“““ of polves clic b dre,
puiverized coal and remoy i) of organic <ulfur com carbons by light and it when adsoils J‘w Bt
pounds by treatment with hydrogen and & Cittalyst, sorbed ‘_“'\m,‘i (96, 97). The raie is ‘““‘,..,L,nz Eind el b
These processes will be connidered under coul ;m*ml‘:t of the PN \ éncr-u’.icmd Gt i polius £
gasification and liquefction when these techniques Benzotopyrene ,; not one of the ‘rz‘\‘tw o ~-.-1
are up for health assessment. i Founy '

If some oot passes through the electiostutic p

LR

'
i

- —— o l—
e

: hydrocarbons. In the free state beszobops rene is
i % . destroyed or gone 16 2007 in 24 br exposwre 1o h.

§ Removal of Chiorine and inr. When adsorbed on s, it 15 oy Bt 1o 1

i The presence of chlorine in coal may be handied during 4% hr in Jight, When exposed. sdsorbed o

i by the same process s described ahove, e using NOOL 1o an artificial oxtdunt stmosphere, prep, e
1 lime scrubbing devices, but hydrogen chloride i, fromozone A vaporized gisoline, “‘-'d"'*""‘-_-" I
: quite corrosinve to the equipment. gone i 1 hr. Exposure toan ovidant atmosphes ¢ b«

L N . . also a far greater effect on miny other polypuc e
Reduction in Oxide of Nitrogen Formation aromatics encountered on soot - p ¥ TR iy
Onides of nitrogen are formed purthy by the onida- Stroyed
tion of organic mitroren-contuinine companents of L, , . -
¢ e : parch | ’S )

coul and partly by the interaction of atmosphernic {{.u"'"t.’“!x ‘\':‘(‘d\ for Re olution o]
oxygen with mitrogen. the Latter accounts for most of Reertainies

the ovides of nitrogen formed. Reduction of the tem-
perature of combustion is the best w ay of reducing
oxide of nitrogen formation from air constituents. It
1snoteffective in preventing the ovidation of organic

On the assumption that neither the mit- nor 1
urban dwelier will i e to be exposed 1o the bz
of increased coul production or combustion amd 1
technologcal improvements over today s indast

: nilmgen-com.linmg components of coal. However technigues will further reduce mng Fezods
scrubbing devices can remove some of the osides of polition of urban areas., it is sull very desita

: nitrogen and catalytic reduction or decomposition understund better some of the funcirons of

J technigues cin reduce NO, emission from Stibonary cychic hydrocarbons in producing then healih o

{I SOUICes (94). fects.
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PN (arcinogenicity for the Lung

D.tsoh the carcinogenicity of PNA were obtaincd
., the beginning by skin puimil_'lg on miqc. \uuoh-
ceqienthy by subcutaneous mjccunn into mice. The
rotenvy 0 these chemicals in refatonship to each
her is Largely bused on these finding-. It would be
cveenttal to get @ Gimilar comparison of activity fon
1 (r;uv||c.,\-h|mchi;xl tree. Knowing the difficultics
& mdneing tmors in the respiratory triact compared
o the shin o the connective tissue, it should’ be
JLorermined how the varions PNA compaie n car-
CROZCIHCIY for the respiratory tract.

PN A Synergism with Particulate Matter

In cxpenmentson rats and hamsters, intratrac heal
b tion with Bal? has produced negative results
which led mvestigators 1o introduce dusts, cony
awed of various metal oxides leading 1o enhance-
et of tumor production. Replacement of the dusts
by soats iy make the expenments somew hitt more
comparable to real life and may clartly the pictore of
wdsorption of the PNA on soot, leading to unayail-
st of carcinogens and thus preventing cancel
viduction. The particle of the general air pollution i
of the size that would release the PN A after phago-

s iosis

PN A Synergism with Compounds Present in
Palluted Air

Some groups of chemicals have heen tested ton
wnarcinozenic activity, mostly on mouse skin. and
fol vory many were active. Phenol itself and
catechol were two active promoters. Aldehydes
were also expected 1o act as promaoters. Furfural
comunction with Bal’ was found inactive for the skin
of mice but active as promoter for the lung of
hamsiers (75). Another important aldehy de, acro-
Jein. was inactive as u cocarcinogen for the hamster
lune i conjunction with BaP (74). 1t may be worth-
whiie to undertihe a more systematic study of typi-
o1 air pollutants that could act as COTATCINOZC NS
with the PN A particularly when applicd to the lung of
hoamters. Similarly, it would be most desirable 10
le o more about incomplete carcinogens., those that
at only as mitiators of carcinogenests for mouse
shin. but may have important propertics for the lung
i the presence of appropriate promoters.

Anticarcinogens

Some studics on anticarcinogenic propertics of
PN A have been carried out by subcutaneous injec-
tion into mice (2). others by skin painiing. The
resulis at times were quite contradictory . which was
mot sufprising because ditferent dose Jevels were

Pecember 1979

applied and different modes of administration. tim-
ing. and animal strains OF Species were wsed. A
clearer picture could be obtimed if @ systematic
study was carried out.

senetic Susceptibility

Species that cannot activate PNA seem to suffer
no ill effects from their presence. Recet studics on
mice and man suggest that genelic variation inm
ducible mived function oxidasss nuy mike the indi-
vidual more or less susceptible to the dey clopment ol
lung cancet (981 Tt muy b worthwhile to understand
this relationship better and ultimately to be i a post-
tion to screen those to be exposed to PNA ol their
workplace for their inducible enzyme capability.

Hazards of Coal Utilization by Gasification
or Liguefaction

An entirely different problem will be encountered
if these processes are introduced on a luge scale m
the U.S. The processes and the prodicis will repre-
sent a different degree of carcinogenic risk which
should be recognized betore these approaches are
activated.

Epidemiological Studies

Further epidemiological studies w hich address the
qucstions giresolved by the available duta on s
sockitions between coal mining and cancer and atr
pollution and cancer are urgenthy needed Speeitic
arcas which need to be explored wres the appareit
evcess of stomach cancer coul miners and then
wives: the possible role of tobacco consumplion
(smoking and chewing), ait pollution, and occupa-
riona! status in the etivlogy of stomig h cancer incoal
minets and their families: prospective eprdemioiog-
cal studies of the role of G pollution and moie spect-
fically the eftfiuents of coul combustion. in the etiol
ogy of cancer with emphasts on moie independent
and quantitative assessments of the eftects ol Cigi-
rette consumption, it pollution thased on amdytic
environmental suneillonee) and ceonomic or eccr
pational status: and a re-evaluntion of migrant
sudies with specific reganrd to self-seleciion of the
Innnerants.
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114 D. F. S. Natusch

Characterization of Atmospheric
Pollutants
from Power Plants

Professor of Chemastry

ossil-fueled power plants constitute a ubiquitous source of

air pollutants in most developed countries. In the United
States they have the dubious distinction of ranking third to motor
vehicles and industry in total emissions and contribute approximately 25
percent of the particulates, 45 percent of tne oxides of suifur, and 25
percent of the oxides of nitrogen emitted nationwi

At the present time approximately 80 p:reent of the electric
power generatec in the United States is derived fre... the combustion of
fossil fuels. Of this total, coal combustion accounts for approximately 70
percent—the balance being made up by natural gas and oil. It is now
epnarent, however, that increased coal utilization will be the main source
of the nation's electrical energy for the next several decades and that
much of the coal may come from midwestern fields

While particulates, sulfur oxides, nitrogen oxides, carbon
monoxide, and a variety of aliphatic organic compounds constitute the
ma)or atmospheric emissions from fossil-fueled power plants (Table
significant amounts of trace metals and metalloids, acid mists, and
polycyelic organic species are also produced. Most of these so-called
minor pollutants are emitted in particulate form and many are higt
toxic to living organisms. In-~discussing the characteristics of pollutan
emissions, therefore, emphasis is placed not only on the amounts en

ted, but aiso on the manner \n which both major and minor poliutants

form and on the physical and chemical nature of the
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Tabie 1. Average Alr Pollution Emissions From Power Plants Ac-
cording to Fuel Type (pounds per 1000 pounds of fuel)’

:
B
i

Fuel Particiea®  CO HC NO,  SO,” HCOM

o8 85 (1-€) 025 0.1 19 19S 0002
: 1.7 (1-€) 007 0.5 17 198 0.
OSphenc “ateral Gas 27 (1-€) neg.  neg. 70 19SS 02

ts

ity, Fort Collins,

ubiquitous source of
tries. In the United
Ing third to motor
te approximately 25
s of sulfur, and 25

cent of the electric
the combustion of
T approximately 70
and oil. It is now
be the main source
decades and that

en oxides, carbon
nds constitute the
r plants (Table 1),
, acid mists, and
of these so-called
many are highly
stics of pollutant
the amounts emit-
minor pollutants
ical nature of the

> the mass collection efficiency of the control equipment.
S 'S ine percent sulfur content of the fuel by weight.

sulfur Oxides

In the absence of controls the amount of sulfur oxides emitted
m a4 power plant is directly related to the sulfur content of the fuel
irned. The average sulfur content of U.S. coals is about 2.5 percent
.ith about one-third of current production having less than 1 percent
Jfur and thereby classifying as low sulfur coal. The sulfur is present
~rurally both as pyrite (metal sulfides) and as organic sulfur cempounds.
Residual fuel oils contain between 0.7 and 5.5 percent® of sulfur in the
m of dissolved H,S, elemental sulfur, and organic sulfur compounds.
About one-quarter of the United States supply contains less than 1
percent sulfur. Natural gas used for power generation is typically very
w in sulfur (which is present primanily as H.S).®
While reducing conditions occur in parts of the fuel combus-
tion zone of a power plant so that sulfur may initially be gasified as H,S or
S, rapid high temperature oxidation of these species to SO, occurs both
during and immediately following combustion. In addition, the reversible
reaction

280, + 0, & 280, (1)

can take place, so that between 1 and 10 percent of the sulfur may be
emitted as SO..** The actual amount of SO, emitted depends upon the
temperature profile in an individual plant. The reaction rates associated
with Reaction 1 are fairly slow so that high temperatures promote more
rapid attainment of equilibrium and thus SO, production. However, high
temperatures also drive the equilibrium to the left (i.e., towards SO,).
The net result is that fossil-fueled power plants most commonly emit
about 1 to 2 percent of the sulfur as SO,, which rapidly reacts with water
vapor to produce sulfuric acid. A small amount of the SO, is also
chemisorbed by fly ash particles to form metallic sulfates, primarily iron.

Overall, it is estimated that approximately 95 percent of the
sulfur present in fossil fuels is emitted ir. the form of sulfur oxides. This
amounts tc 19 S pounds of SO. per 1000 pounds of fuel where S is the
weight percentage of sulfur in the fuel. The actual SO, concentrations

o ot 5 Sl YL
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appearing at the stack exit depend, of course, on the ratio of feed air to
fuel consumption as well as on the sulfur content of the fuel. Typical
values lie in the range 500 to 3000 ppm with 1000 to 2000 ppm being most
commonly encountered in the absence of control

Nitrogen Oxides

By contrast with sulfur oxides, which are derived from sulfur
present in the fuel, nitrogen oxides produced by fossil-fueled power
plants are derived primarily from fixation (oxidation) of atmospheric
nitrogen present in the combustion feed air according to the reactions

N. + 0, 2 2NO

2N + 0; 2 2NO

(o)
Consequently, nitrogen oxides cannot be effectively controlled by selec
tion or pretreatment of fuel

The extent of nitric oxide form.ation depends primarily on the
0. and N, contents of the feed air, the combustion temperature, and the
average residence time of the oxygen and nitrogen molecules in the
combustion zone.** These dependences, which are reproduced from ref
erence 8, are indicated in Figures 1 through 4 and are summarized by the
experimental equation*

[N( 5.2 x 10t « exp 72,300 T] Pp.~ PN |

o &

where t is the residence time in seconds, T is the absolute temperature,
and PO. and PN are, respectively, the partial pressures of oxygen and
nitrogen in the feed air

The amount of nitrogen dioxide (NO.) formed during com-
bustion is generally much less than than that of NO, and its rate of
formation depends upon the O, and N, concentrations according to the
relation

d[NO.l ppm = (P.¥ « P() (11
dt

The temperature dependence of NO., formation by Reaction 3 is analo
5 v

(S 103 A

gous to that of SO, formation by Reaction 1. Thus, high temperatures
promote attainment of equilibrium and hence NO. formation, but they
move the position of equilibmum in Reaction 3 to the left. In practical
situations, therefore, the amount of NO. formed depends primarily on
the amount of NO formed and thus on the combustion temperature

Representative emission factors for NO and NO, combined
are given in Table 1 although 1t should be recognized that NO, emissions
are not directly related to the amount of fuel consumed. Rather, they

depend on the feed rate of air supporting combustion. Actual concentra

a0

Figure 1. Net NC
a Function of Ter

Figure 3. Effec
Pressure on NO F

tions of NO, are
emissions. Signific:
ral gas combustion

It is int
nvolved in many
elevated pressures
ly indey
cation processes op
a2bove) have been p

|
even eliminated, s

18 essential

rFigure 1)due tot
neaction

Carbon Monoxide

As can




ratic of feed air to
f the fuel. Typical
POO ppm being most

erivea from sulfur
ossil-fueled power
n) of atmosphenc
% to the reactions

(3)
ntrolled by selec-

primarily on the
perature, and the
molecules in the
roduced from ref-
ummarized by the

(I

Lluu temperature,
res of oxygen and

ed during com-
, and its rate of
according to the

(ID

action 3 is analo-
igh temperatures
ation, but they
left. In practical
nds primarily on
temperature.
d NO, combired
at NO, emissions
ed. Rather. *l ey
ctual concentra-

Tempersters ¥
o2 un M ei2 w2
nar

At o Do w90 co/men

000> / B
/
-d-/ .
I I T %0 200 2100
maaatvre *C

Figure 1. Net NO Production as
2 Function of Temperature

/ Tow fow wia = |00 cuime
L 4
SX0
- ) [ 75 B
Parcant &,

Figure 3. Effect of Nitrogen
Pressure on NO Formation

tions of NO, are normally in the

Atmospheric Pollutants from Power Plants 117

Tomg = 19750C (2087 *F

KN =70

Town tom ave = 100 oo e

o i85 50
Percem )"

Figure 2. Effect of Oxygen
Pressure on NO Formation

1 %a0C
 pp——————
" 4

10000 - : Aw ot tamp = 1978 %C
i asarer
$ ¢
50005 »

T T T

Rendence me s

Figure 4. Effect of Residence
Time at Temperature on NO For-
mation

range 300 to 1300 ppm in stack

emissions. Significantly higher concentrations are produced during natu-
ral gas combustion than during combustion of coal or oil (Table 1.

It is interesting to note that the relatively low temperatures
involved in many proposed coal gasification processes " operating at
elevated pressures will markedly reduce NO, formation since Reaction 2
18 essentially independent of pressure. On the other hand, a few gasifi-
tation processes operating at extremely high temperatures (~2000°C and
above) have been proposed. Here also NO, formation may be reduced, or
even eliminated, since NO production rapidly falls off above 1900°C
(Figure 1) due to the onset of NO dissociation by the reverse process of

teaction 2

Carbon Monoxide

As can be seen from the data in Table 1, carbon monoxide
emissions from fossil-fueled power plants are negligible where the fuel is
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natural gas. The higher emission factors given for oil and coal-fired power
plants are directly related to the efficiency with which high temperature
oxidation of CO takes place in the combustion region

In general terms fossil fuel combustion can be thought of as
taking place in three distinct zones. In the first, or oxidation zore, the

reaction
C+0.-CO

exposed to a reduction zone where the reaction

CO, + C — 2CO (4

takes place. Finally, at the periphery of the ccmbustion region, CO 18
A 13 p .

oxidized by secondary air such that
2C0 + 0, — 2CO (5)

At normal combustion temperatures Reaction 4 is about ten times
faster than Reaction 5 so that complete oxidation of CO is strongly
dependent on the availability of oxygenat a sufficiently high temperature
for Reaction 5 to take place. This requirement is achieved for gaseous
fuels and. to a lesser extent, for liquid fuels, both of which are well
dispersed with respect to the oxygen supply Combustion of coal, how-
ever, takes place in a bed where the efficiency of CO oxidation depends
more sensitively on the amount and configuration of the secondary air
supply

As pointed ou’ ~reviously, CO emissions from fossil-fueled
power plants do not contribute greatly (~2 percent) to the anthropogenic
CO inventory. Stack concentrations are normally in the range 200-70¢
ppm but can vary greatly depending on operating conditions

Particles

Particulate emissions from coal-fired power plants constitute
a major air pollution control problem. By comparison oil- and gas-fired
plants emit relatively small amounts of particles Table 1). Consequently
current emphasis is on the characterization of fly ash from coal-fired
power p ants

"ly ash from coal combustion constitutes a | uch more com
plex physical and chemical system than do the gaseous pollutants pre
viously discussed. Not only do the physicochemical charactenstics f the
bulk particles influence their environmental impact. but these particles

also contain a wide vanety of more or less toxic trace constituents

L

including metals, metalloids, and organic -speetes. It is appropriate
therefore, to consider fly ash in terms of its bulk properties, its trace

element constituents, and its organic constituents. It should be stressed
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nowever, that fly ash is heterogeneous and that its composition can vary
wite dramatically between different coal types and power plant operat-
ing conditions.

‘ulk Properties

Partic mitted from ¢ : : v —iher—

sanic in nature being derived fromommreral Tmpuiities preset TITthe-eo6!.
{ "ﬁggy_gﬁz_tﬁ?}mmf [_nineral-smatier present—i—a-given coal
.rongly influences the particle emission_factor-ef that coal. Oil and
ratural~gas, whithreentam only small amounts of inorganic impurities,
..ve much lower particle emission factors than coal and a larger propor-
.lon of these particles are carbonaceous as compared to coal fly ash.
The major elemental constituents of coal fly ash are Si, Al,
*e, K, and Ca. Some typical composition ranges representative of hoth
the eastern and western U.S. coal fly ashes are presented as the weight
rercent of the oxides in Table 2. In general, western U.S. coals have a
higher ash content and exhibit higher alkali and alkaline earth metal
contents than eastern coals, which are typically high in sulfur.

Table 2. Typical Matrix Element Composition Ranges of Some U.S.
Coal Fly Ashes Expressed as Weight Percentages of the Oxides."

-~ Major Constituents
- ANLO, SiC, Fe,0, K0 Ca0 .
14-50 22-60 321 0.2-3.5 0.5-31.0
Minor Constituents
U,O m UQO TlO, P:Ot) 7o A
0.01-0.07 02-23 0.7-12.7 0.6-26 0.1-1.1 0.1-2.2
‘Soluble sutfate
During comhustion-ima powes plant the major aluminosilicate
impurities in coal melt forming small,_mostly rical particles. These

panic]@??iﬁmiﬁ;m X-ray diffraction patterns and are, in
many cases, transparent under an optical microscope. In fact the compo-
sition of fly ash is closely similar to that of si@a_t\ejla}_with individual
particles containing widely different amounts of iron and various trace
impurities. ™ In addition some elemental carbon (soot) particles are pres-
ent. It is interesting to note that"much of the iron present occurs as
ferromagnetic Fe O,, and for some fly ashes as much as 95 percent of the
mass can be separated magnetically. ' This suggests the possibility of
magnetic collection of fly ash, although such collection could not be
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universally applied since the proportion of ferrom+gnetic mass vanes

widely between different fly ashes
The aerodynamic equivalent mass median diameters of ecoal
fly ashes emitted from uncontrolled power plants typica..y’ lie in the range

8 to 30 wm * and the mass is, to a reasonable approxamation, (0g-normai

Fistributed The mass median diameters of fly 2ches emitted from
control devices are considerably smaller than indicated above and depend
largely on the collection efficienicy of the control devices In the case of
electrostatic precipitation, removal efficiencies as high as 3% percent

weight are claimed'’ and mass median diameters of fly ashes emitted fr

these devices are typically in the range 0.5 2.0 um. The efficiency
essentially all currently operating particie control devices falls off with
decreasing aerodynamic particie size below about 1 to 2 um, nowever

and it is these submicrometer size particles which are of primary concern

since they have long atmospheric residence times, provide large specific
surface areas for heterogeneous reactions, contribute greatly to visibility
reduction, and are deposited mainly in the innermost (pulmonary) regi
of the human respiratory system when inhaled

The morphological characteristics of coal fly ash can be clas-
sified into four types.* The first consists of non-spherical “clinkers  which
occur mostly as very large particles and are rarely emitted to the

atmosphere. The second ‘type involves solid spheres Essentially all fiy

ash particles having physica! diameters less than about 5 to 10 um are

solid with densities close to 2.7 gm em '. The third type consists of hollow

spheres. These may have either quite thick or extremely thin ( 1 pm
™
I

shells, and they predominate in the physical size range 20 to 60 um

h

1€

most intriguing particies are the fourth type, which consists of hollow

particles filled with large numbers 10-200) of small solid particles
(Figure 5). These occur primarily in the physical size range 20 to 60 um

and preliminary studies indicate that between 20 and 40 percent of the
mass of particles smaller than about 5 to 10 um may be present as
encapsulated particles in fly ashes emitted from coal fired power plants

The occurrence of hollow and encapsulating particies be

f

of considerable significance from an environmental stan it. In the

case of hollow particles the low density, and thus small aerodynam

diameter, will enhance the probability of their emission compared witl

Tus

Aill

solid particles having the same physical diameter In addition, these
particles tend to behave like ping pong balls on impaction so that they

mav bounce off collection surfaces. This is particularly important in

l‘;"ir‘."ﬂl.’.)ﬂg particle size distryputions using cascadqe "*‘pa-,'t s
-~

sho ANAN f . 10 Ve 1lat " ™m
The phenomenon of particie encapsulation may

represent a very positive factor in particie contro

amic size range of the encapsulating particles (22 tc

they will be efficiently couected ! t paruc
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Figure 5. A 10 um Fly Ash Particle Showing Encapsulated Spheres
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Particulate Trace Elements

As a result of their geological orif
essentially all known stable elements in trace 2
Mn, and Mo occur In
material in coal—mainly in the pyritic fraction

Ti. Sb. and V are associated with
:'.

?‘r‘ Zn‘ C(i AsS, pb

marked organic association. P, Ga,
organic and inorganic material in coal but show a preference

natural process for the control of undesirabie
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association whereas Co, Ni, Cr, Se, and Cu tend to be associated more
with inorganic impurities.”* Trace element concentrations in oil are much
lower than in coal with the notable exception of vanadium which is
present as organic porphyrin complexes. During combustion these trace
elements are partitioned between bottom ash and fly ash although most
of the Hg, Br, and Se are emitted as elemental vapors.”

The specific_concentrations. (ug/gm) | f individual trace ele
ments fnJm_ in _co aA :A_r]g oil "\ ashes deM k)"man ly on the trace
element coruen__g;‘__._g_gwn:x, ‘ug.. _In general, a fly ash which contains
high concentrations of one trace element will also have high concentra-
tions of most others as well. However, the relative concentrations may
differ markedly between fly ash and fuel due to the different partitioning
characteristics of individual trace elements between bottom ash and fly
ash. Table 3 lists some representative specific concentrations and volume
concentrations (ug/m?) of particulate trace elements emitted from coal-
and oil-fired power plants. Volume concentrations will, of course, vary
greatly with plant operating parameters as well as with fuel type

One partitioning mechanism thought to be of importance in
power plants involves high temperature volatilization of certain trace
elements (or their compounds) followed by their condensation onto the
surface of entrained fy ash particles as the temperature falls.** This
behavior would account for the observation that volatilizable trace ele

Table 3. Specific Concentrations (.g/gm) and Volume Concentra-
tions (ug m') of Trace Elements in Coal and Oi Fly Ash*=

COM Fiy Auh Oil Fly Ash

wgm’
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nts are preferentially enriched in fly ash as compared to bottom ash. It
4ls0 accounts for the fact that some elements exhibit a noticeable increase
n specific concentration with decreasing particle size (Table 4). The
increase, which 18 a direct result of the dependence of specific surface
rea on particle size, is very marked when concentrations are plotted
sainst the BET surface area of fly ash particles

Table 4. Dependences of Specific Concentrations (.g/gm) of Some
Trace Elements on the Aerodynamic Particle Diameter in a Repre-
sensative Coal Fly Ash

Farticle
diameter
{um) As Cd Cr NI Po Sb . mn v Zn
1.3 680 13 740 460 1100 17 13 29 150 8100
7.3-11.3 800 15 290 400 1200 F 44 1 40 240 9000
47- 73 1000 18 460 440 1500 34 16 62 420 8000
313 47 900 22 470 5S40 1550 14 16 67 230 3800
21- 33 )@ 26 1500 900 1500 7 19 65 310 150
1.1- 21 '\\:9 35 3300 1600 1600 53 59 76 480 13000

This dependence of trace element concentration on particle
ize has the net effect of decreasing the aerodynamic equivalent mass
median diameters of volatilizable trace elements with respect to that of
bulk fly ash.” Therefore the following is true:

(1) Many toxic trace elemev nts tend to be most concentrated
in small, lung depositing fly ash particles which are least efficiently
collected by existing particle control devices

(2) Specific concentrations of volatilizable trace elements—
determined by __ﬂm “ash retained in control devices are very y much _
lower 'han the concentrations in particles actually P'Dm
ment emission factors cannot, therefore, be obtained hy multiplying the
specifie-comentration of an element—in-retained fy ash hy the bulk-
particle emission factor

(3) Thq%en"a‘ toxicities of trace elements deposited on

particle surfaces are enhance Teit titfe =uri ace which comes
in direct Contact w \nth lung_ “tissues where efficient absarption can take
place

By ¢ § 1 ™) present time there is little definitive information about
the chemical forms of trace eiements
diameters of emitted trace elements. [t has, however, be.n established
that selenium occurs as the element in fly ash.?
demonstrated * that the elements As

in fly ash and about the mass mediar

It has also been reliably
Sb, and Pt

‘0

> enriched at least
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124 D. F. S. Natusch

fivefold in emitted fly ash as compared to the coal burned, and that V, Ni,
Zn, As, Pb, Se, Sb, Br, and | are enriched at least fiftyfold in emitted

particl
fly ash as compared to crustal dusts.*

tially
aggRion
Particulate Polycyelic Organic Matter (POM ash par
The exact nature and extent of emissions of particulate ..
organic species.from fossil-fueled power plants is not well established f=re5>u;
However the highly carcinogenic nature of polycyclic organic species th‘f\ "
(notably benzo-a-pyrene) has stimulated a number of studies of the class “"r?:’e?
of organics known as POM.* "Wh,ﬂ“

Combustion of any carbonaceous fuel, whether it be pure e
methane or coal, leads to the formation of a large number of species
containing two or more aromatic rings. The actual mechanism of POM
formation is not fully understood although the available evidence® sug
gests that high temperature vapor phase formation of carbon-carbon
bonds takes place probably via a free radical mechanism. In any event
essentially the same severa! hundred compounds are formed in similar
relative amounts irrespective of the type of fuel.™

POM emission factors for fossil-fueled power plants are gen-
erally small ** but tney show a remarkable appgrent dependence onthe

’ arngce operation (Table 5). Total annual emission estimates

for residential heating and power generation in the U.S. amount to 500 .
tons expressed as benzo-a-pyrene.™ I{ is generally held that the very low Sdsorpt
POM emissions from power plants result from their efficient breakdown
to carbon dioxide and water at the high Témperatures involved How :
ever, the extraordinary dlﬁ';’x?n’ciwmfiwtuwn emissions from Piant sh

tivals
tively o

glass-lik

power plant furnaces and less efficient combustion operations leads one to '
suspect the validity of the numbers. In this regard it should be noted that €Xpenim
emission factors are generally based on analyses of fly ash retained in
control dervices and it is by no means clear that this material has similar e
POM content to emitted fly ash "

siderabl
posed
neffect:
peratin
Table 5. POM Emission Factors for Coal Fired Furnaces*' In nate in
(pounds/ton of coal) X 10* ybservat

Chein Grate Hand
Species I Stoker F-Nfﬂ

Benzo-a-pyrene 0.3 2520
Pyrene s 5260
Benzo-e-pyrene ’ 1.1 880
Perylene 3 - 526
Fluoranthene 6.0
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A'mospheric Pollutants from Power Plants

The way in which POM vapors become associated with fly ash
particies 1s not well understood.®” It has been suggested” that esse:
tally pure POM particlec may form by self-nncleation foliowed by
igglomeration. POM may also adsorb onto the surface of entrained fly
ash particles. Both mechanisms would lead to the predominance of POM
n extremely small particles (~0.1 um). Consideration of the vapor
pressures ol representative polycyclic aromatic species at the te \pera

Lures enct

dntered in a power plant shows that neither self-nucleation nor

ndensation would be likely to occur. POM would, therefore. be ex
pected 1o exist in the vapor phase at all points within the plant. Con
séquently it is appropriate to think in terms of an adsorption mechanism
The equilibrium for the process

POM,,.. + Particle = (Particle) (POM,

dsoroed

dependent on temperacure T, and is given by an equation of

i

r -
N,) (@.)] w—<tw exp (AE/RT
. sl i 48
| T MR
where N, is the number of fly ash particles per unit volume, o, is the

mean particle diameter, M is tae molecular weight of the adsorbin

y

[ 4
species and AE is the difference between the activation energies for
aasorption and desorption

Evaluation of Equation III for adsorption of POM ont
glass-like fly ash spheres of the size distribution encountered in a power
plant shows (Figure 6) that POM would be expected to adsort quantitz
tively onto fly ash at, or close to, the stack exit Preliminary field
experniments substantiate this prediction.?

The consequences of this adsorption mechanism are of con
siderable importance since they suggest that POM emissions from fos

sil-fueled power plants may be very much greater than hitherto sup
posed. They further show that particle control devices would be
ineffective in

removing POM which is present as vapor at precipitator
Operating temperatures, and that after adsorption, POM would predom
inate in very small particles. This prediction is in accord with the
observation of small mass median diameters for POM in the atmos-

phere.”* Finally the mechanism would account for the large emission
factors observed for small furnaces from which fly ash is collected for
analysis after it is emitted and Reaction II] has approached equilibrnum

In view of the disquieting correlations which have been re

ported between atmospheric POM levels and the incidence of
cancer,™ it is of considerable importance to reevaluate the actual
sions of POM from fossil-fueled power plants. In this regard it is also
important to establish whether POM is decomposed within the plant, as

Biad . ® . ey — ——
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Figure 6. Theoretical Ratio of POM Adsorbed on Fly Ash to that in
the Vapor Phase as a Function of Temperature. Particie diameters of
2um and an activation energy [AE in Equation M of 8 kcal are
assumed.
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Atmosphere

currently supposed, or whether it has simply evaded detection by its

presence in the vapor ;fna.w

; Other Emissions
[n addition to the pollutants already discussed, fossil-fueled

power plants emit a very wide vanrety of pollutants in more or less minor

aAamounts. roremost among Lhese are gaseous ."».'f"n‘:‘."-'-" 8, aldehvyde

and sulfumc and hvdrochloric acid mists

TS

The nature of the various hydrocarbons, aldehydes, and other
EAS€0uUs organcs 18 not well known as these compounds are generally
letermined by nonspecific techniques. The actual emission factors are
ow (Table 1). While mechanisms of formation similar to those proposed
for POM™ can be invoked to explain the formation of certain hydrocar
bons, mechanistic pathways are, for the most part, unknown
Sulfuric and sulfurous acid mists are formed in small amounts
near the exit to power plant stacks where the temperature 1s sufficiently
ow to allow formation of liquid water droplets which absorb SO, and SO
| Some metal-catalyzed oxidation of sulphite to sulphate almost certainly
COITOSIVE

3 takes place in these droplet which are extremely acidic ar
' ! .

Indeed, sampling equipment is often rapidly corroded near a stack exit

| due to the presence of sulfuric

to a lesser extent, hvdrochloric acid
; mists. Quantitative information on emissions is apparently not available
| $0 the relative importance of acid mist emissions from power plants is

unkKnown

| Conclusions

|

: In overview, it appears that the most important pollutant
[ emussions from fossil-fueled power plants have been identified and that
; approximate emission factors are known. An important cxceptior may
j involve POM for which currently accepted emission factors may be
spuriously low

"
1600
The basic processes giving rise to each major pollutant species

are Kknown in outline, although there i1s need for much more detailed
<

investigation of mechanisms. In particular, control of the oxides of

nitrogen, of particles, and of POM may be facilitated by modificatior

Fly Ash to that in
NG rticle diameters of
‘: i) of 8 kcal are

combustion and post-combustion conditions based on a detailed under
vy

standing yrmation mechanisms
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tration and transformation . wel) as syaergistie and antspenistic actions #mon: troce coulan
drcvssed in forms of their nrourtance in mohitity,

vomequences of i lementivg (he Presidest’s Natie na
the NEP in 1968 and 2000 on th potentio effects of ¢y
Areas of needed resesrch are identified i specific r

Intreduction

{ oaibustion of ¢oul for the production of electrical
Pibenmal energy s not without atiendant health
vl emvitonmental effecis. Numerous reports have
reen prepared inrecent years concerning these ef-
st redative w our current pattern of coul utilizathon
vioappiovinkely 650 million tons per vear. Most
Sabies hove dealt with spectfic parameters of coal
Wiz anion such as health effects of coul cambustion
G tonicity of conl-derived trace clements ), ef-
fects of coul-derived trace elements on water Gy
toad eftects of coal-derived radionuchdes ().
Recenth several repoits have appeared addressing
Pinteensted assessment of coal utilization (5-8) and
these reports have been utilized extensively in de-
seloping the following materials, Specifically,
PRI 7764 “Effects of Trace Contuminants From
Codl Combustion™ (5) has been used as a Basis for
the present analysis and sections of that report have
en repeated verbatum with new mformation in-
serted m uppropriate locations.
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nants are

persctence, availabifity, and ultimate toy iy, Ihe
TEnetgy Plan ere considered in terars of fie impact of
ACC and radioactive elements from the coal fut cxele.,
eeonimendaticns,

The President’s National Energy Plan (NEP)
contains assumptions which bear directly on ques-
tons abost health and emvronmental impacts of
trice elements and radionuclides from increased
coal atiization. The most Important assumptions are
that annual coal production will grow from 650 mil-
hon tons (153 quads) in 1975 through 1,200 milhon
tons (28.2 guads) in 1985 1o 1.910 million tons (34 9
Quadsiin 2000, and thot by 1985, allemission sources
will be in full compliunce with environmental regu-
Litions promulgated by the U.S. Environmental
Protection Agency (EPA) and by individua! states
The NEP is based on apphcation of the Best Avuil
able Control Fechnology (BAC | theing spphied to all
new or expanded utihity and industria! boilers. As
outlined i Public Law 95.95, the 1977 amendiments
o the Clean Air Act of 1970, B ACT s to replace the
New Source Performance Standirds (NSPS). Al
though not directly addressed inthe NEP, fly ash and
scrubber sludge may be defined us hazardous sub-
stances under the Resource Conservation and Re-
covery Act of 1976. This will have significant im-
pact on allowable release rates from Lindfills und
setthng ponds used in fiy ash disposal. The Surfuce
Mining and Keclamation Act of 1977 will play a nmon
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role in determining coal avalability by placing more
stringent regulations on levels of mine drainage and
on reclamation practices for both existing and new
mines. The NEP assumes no advanced coal com-
bustion or coal liquefaction before 2000, Coul gasifi-
cation is assumed to contribute 1.2 quads by 1985
and 3.8 quads by 2000 with attendant solid waste and
water use problems.

The objective of the present paper is to discuss the
current status of our understanding of health and
environmental effects of trace elements and
radionuclides from coal utilization and to estmate
the probable impacts of increasing coal utilization as
envisioned in the NLEP. A discussion ot environ-
mental and biological transport is inclieded beciuse
transport and transformations of haziavdous ele-
ments determine organism exposure and ultimate
toxicity. 1t should be pomted out carly that accorate.
inexpensive analytical technigues for determming
amounts and chemical forms of trace contaminants
are essentinl 1o understandimg and evaluating trans-
port and effects of these materials, With the excep-
tion of trunsportation, which is covered elvewhere,
the complete coal fuel eycle is addiessed in this
study .

Summary

Trace elements and radionuclides potentindiy
hazardous to human health and ecosystems are
present in coal. Trace elements of concein mclude.
among others. As, Be, Cd. Cr. F. He. Niand Ph
Concentrations of these elements vary considerably
among coul types. Radioactive elements of concern
in coal include U, #*U, *“Th, and associated
daughter products. Concentrations of radionuchides
in coal are generally less variable than those of trace
elements. values of 1 ppm for U and 2 ppm for Th
being reasonable national averages.

Trace and radioactive elements can enter the envi-

ronment prior to coal combustion thiough runoff

from mining. cleaning, and storage operations: dur-
ing combustion in atmospheric emissions of respiru-
ble particulates and volatile elements: and following
combustion through runoff and leachate infiltration
into ground water from bottom ash, fly ash, and
scrubber sludge deposited in setthng ponds and
landfills. Trace contaminants released to the envi-
ronment from the coal fuel cyele may result in ex-
posure of organisms at considerable distances due to
atmospheric transport of particulate ana gaseous
forms. or contaminants from sohd wastes tash) may
reach drinking water supplies through hydrologic
transport i ground and surfuce waters.

At nearly every point along physical transport
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pathways in aquatic and terrestrgl environments.
oppartunities exist for mteractions of trace clemients
with Iife forms. Organisms, especially microor
ganisms I aguatic envitonments, can absorh, con-
centrate, and tansform trace and radicactive eles
ments into more concentrated forms or more o
compounds. Biotransformation of trace and
radioactive elements is particularty rapottant i de-
termining effects on man and other organians. sShice
it is the moleculat form of these contummants that
determines their persistence., avatlability . bioag-
cumulation, and toxicity . Bioaccumalation is of par-
ticular concemn for elements such as Cd. He. und b
becitse currem intihe levels for these substinces
are near tolerable human health mits.

Ecological effeets of trace and radioactive ele
ments from the coul fucl evele are presentiy orwill be
associated primanty with mining., cleaning, and solid
wisle tash, sludee) disposal. The acidic nature of
mine draineee from eastern coal ficlds tends to hold
mictal fons meselution and promotes thair trensport o
surfuce and cronnd wateis, Acid tvine duonnage from
inactive mines in the castern United Staies s the
greatest single source of drainage and tunsport to
aquatic envizonments, and is very difficalt to con-
tro!, Western coa! genarally tacks acid-forming sub-
stances. although increased sahinily of sutace and
ground waters i western coal repions could become
a problem due 1o soluble salts inomine spoils. Dunng
overburden removal for strip pining, ground water
aguifers are commonly intercepted: hazardots ele-
ments may enter these disturbed sgquifers, Impacts
associated with clements m runofic o feachute trom
caal cleaning and storage are similar 1o but of lesser
magnitude then those assoctted with coal meming

Concentrations of trace contuminants m atmo-
spheric emissions from coul-fived power plants do
not appear o be a significam ceologica! hazard
Trace element concentrations in soils fall rapidhy
with distance from power plants and tend 10 be at
background levels at distances 3 hm from the
plant. With installation of ¢fficiont clectrostatic pre-
cinitators. atmospheric emissions of trace elements
should not be acutely harmful to vegetation and
other biota, especially bevond o 3 km radius. Only
fluorine appears to deserve spectal watching.
Likewise, the potential for chronic tovicity to
ecosystems is relatively fow . except in local areas
already enriched with & particulur element. How-
ever. sublethal, chronic or synergistic effects of
trace elements on ecosystems have received hittle
attention.

About 929 of particulute materals produced in
utility boilers is removed by electrostatic pre-
cipitators. Fly ash, bottom ash and scrubber sludge
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all eontain trace and radioactive elements. These wie
generally released to ground water at tow concen-
trations, with attenuation occurning very closedothe
disposal site. Very hittle information s available on
the chemical form. bioavailubihty and toxicity of
these contaminants. By 1985, 60 to 100 mithon tons
of fly ash with elevated levels of trace elements will
be annually discharged into setthing basins or Lind-
fills situated in close proxinmity to coal-fired pover
plants. Elements such as As, Cd, Co, Heo N PhoSe.
U. and Zn all exhibit mobilization rates from these
deposits that are larger than 107 of the natial
weathering rates. Cadmium, Hg, and U appear to be
mobilized through coal combustion ut rates con-
parable to their natural weathering rates. These ele-
menis have a definte potentia! for runofl 1o surface
waters and leachate intrusion into ground water and
their concentrations should be monttored closely

There is reasonable concurrence that some trace
contaminants in cou! may constitute human health
problems from either directtoxicity on risk of cuncer,
Amony those most toxie to man are Cd. Heoand Pb,
intake levels of which are already near tolerable
health limits. Three elements — As (LD, CrtV L and
Ni (carbonyl) — are accepted as having high car
cinogenic importance to man, Of these, As (D and
Cr (V1) probably occur in fly ash leachate, but
vnknown concentrations, wlile Nt (carbony hh does
not occur. There is httle or no teratogenic potential
from Cd, Hg, or S¢ compounds at concentrations
found in atmospheric emissions or fly ash leachate.
The potential for comamination of drinking v to
supplies by trace clements in leachutes from settimg
ponds or fandfills is very real and needs to be
evaluated. As previously noted. ash disposal sites
will increase in both size and number, wmounting to
60 to 100 million tons of wastes annually by 1985,

Estimated annual release rates for rudionuchdes
from a 1000 MWi¢) coul-fired power plant amount 1o
0.04 10 0.35 mrem'yr whole body dose, s a manimal
annual dose commitment per individual. To compare
the magnitude of radiation from coul combustion
emissions, it is useful to use dose equivalent rutes for
natura! background and coul emisstons. The dose
equivalent rate for the whole body from all natural
radiation sources is 80 = 40 mrem'yvr. The core-
sponding coal combustion radiation rate is 0.007
mrem/yr. On this basis, atmosphene releases of
radionuclides from increased coal combustion do not
represent a significant pubhc health problem unless
coul containing > S ppm U ¢ome into general use.
Radionuclide releases from ash disposal sites have
not been evaluated. and depending upon ash leach-
ing rates. could become a significant human health
consideration.
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There are several arcas of uncertainty which
should be pointed out. These arcus are histed below
recommendations for needed reseirch are listed o
the concliston of this report.

(1) The chemical forin of truce elements is ven
important as a determinant of transport through the
emvironment and of toxic effects on health and
ccosystems. Most studies of coal emissions and
leachates focus on simple elemental analy s Lack
of knowledee of chemical species of trace elements
precludes making « confident and adequiste assess
ment of the potentia! health and ecological cfiects of
e elemenis from ¢oal utilization

(2) Potentiud contimmination of drinking water sup
plies by several tovic or radioactive elements in
leachates from waste di<posal presents a real public
health problem. The chemncal forn of ¢uch element
may be sienificantly altered by nucroorganisms m
the physical transport process, and these chemical
forms will determme the rate of enyuonmental
transport, the broaccumulation and tosicny of these
elements. Too hittle is known about these processes

£3) Given that several trace ¢lements in Jeaciuntes
exhibit mobilization rates that are kogey than 1Y 7 of
natural weathermg rates, do these elements effeq-
tvely remain m seithng basins or are they injected
mto witerways and mito foad chains? Unguestion-
ably, the movement of trace clements from coal
combustion Jdisposal sites should be regarded as a
potentialiy significant headth problem and bears m-
lensive MORItorng in some sies,

41 While thie ambicnt atmosphenc loading of triace
elements does not appear 10 be o great a potential
problem as intrusion into waterways from leachates.
there is a need 0 monitor stmosphene concen-
trations at selected sites. Few diata exist on trace
element ambient concentrations, fallout and re-
entizinment from disposal sites. Atmosphenie and
envitonmental levels of cadmivm, fluonne. mer-
cury, lead, arsenic (1), and possibly Cr (V1) should
be particularly monitored at these selected sites.

Cunen! Status

Sources of Hazardous Elements in the Coal
Fucel Cyele

Extraction, cleaning. transportation, storage.
combustion or conversion, and ash disposal are the
sotirees of trace elements and radioauchides in the
coultucl evcle (h). These contaminants may enterthe
atmosphere, landscape. and hyvdvosphere and. de-
pending upon physical, chemical. and biological
fuctors, enter tood chains leading to man. Contamt-
nants introduced into the atmosphere may reach man
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Table 1. Average trace dement concentration in coal by st

.
L Trace element concn, ppm
Northern Powda
Appalschimn Southern Appudachian Fastern Interon Riser Regwon Four Cornei
Fastern Wastein New
W. Vu Penn. Ky. Ala. Va Tenn . Ky Ind  Mont Wyo Movico  Anw
As 9 1% 6 13 1Y 9 6 7 7 <6 1 3 2
Ba 77 70 ™ [ 9 120 49 44 1 is0 170 20 L
Be L2 0 1.8 (U T I 0158 13 14 [ i 1S 24 ([R5 0ny”
B 0 18 149 0 11 e | K| 70 RS 6 i 41 449
Cd - = — - - — °9 - - AN | 0.46 “26 < ()53
Cr L] 24 & 19 20 19 e S 19 Kl LN 1 9"
Co 17 I8 18 I 14 13 15 16 hd 7.7 83 15 -
Cu 1 1 1 14 11 1 K3 KA 97 3.3 44 £9 49
| 4 70 90 i 9() QO 120 9 e S0 70 i 160 70
Ph 49 8.3 4 .7 6l a4y i 64 7.2 4x 061 47 iy
1 44 64 7K 75 u s 48 It 24 27 19 It 1v
Mn d | i 26 19 42 n b 19 b 57 14 19 U
He 012 0.20 — - - - 08 —~ 0ox 067 O s 0 0% 008
Mo 6.2 9 R 8.3 1 £ 78 L 7.4 8.2 45 9 20 097
No I 20 1o 17 22 14 28 I L) 113 4! L 49
Se 14 o ] k| 51 4.4 449 1 31 4 i 0N 20 8
Te - - —_ - - -— - - - 0.625 M e
T e - o - . - i — .- - 04 LU S Ul
Sn 1S 11 46 oe 23 1% & 2.8 074 1.1 14 (R ua
v 30 il 3 i 1 34 RA » L 12 15 i 97
Zn 1?7 2 15 P 44 3 b 140 4N 71 4?2 3 19 9.7
7 () 6K 60 56 44 45 KX 77 10 7 19 110 L0
U
trange, <1030 20190 10 - =10 — <Ky - 10 106330 101006 106200 -

not sved

*Source. Ivorak vy

and other animals thivugh inhalation and plants
through fumigition while those entering the aquatic
and tervestrial environments reach plants and ani
mals through root uptabke and mgestion. Trace ele-
ments and radionochides in ULS. coals have been
widely studied @, 7. &), Concentiations of trace ele-
ments in coal wre sometimes ditficult to determine
accurately and tend to vary considerably among dif-
ferent coal types (Table 1), Thus. itis not appropriate
to compute a national average for euch trice element
in coal (9). Radioactive clements i coal, #V U, =7,
227Th, and associated danghter products. are also
variable (Tabie 23, but values of | ppm U and 2 ppm
Th have been assumed to be reasonable national
averages (7, 10

Coal extraction, both surfuce and subsurfuce.
produces solid wastes and acid or alkaline mine
drainage which contain trace elements and
radionuclides that are transported to aguatic envi-
ronments (6). Acid mine drainage from mactine un-
derground mines is difficult to control and i~ the
greatest single source of dranage in the eastern
United States (/7). The acrdic nature of acid mine
drainage tends to hold metal 1wons in solution and
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promotes transport to surface and ground wisters,
Trace elements of concern include Al As, Cd, Cr,
Co.Cu, Fe, Ph.Mn, Ni, Se, and Zn ¢72). In western
coal provinces acid formation is almost noneistent,
but trunsport of alkaline dranage contaming soluble
salts from mine spoils 1o receiving waters is one of
the most significant water quality problems in those
regions (/3

Coul processing or cleaning produces coal fines
and rock materal. The refuse s sepiated into gob
(course-boulder 1o pebble-size rock) and slurry
(clav-sized particles of coul fines). Problems as-
sociated with coul ¢leaning refuse are generally hia-
ited 1o the coal regions of central interior and eastern
provinges (6). Acid drainage or runoff of refuse piles
are sources of trace elements to terrestrial and
aquatic ¢nvironments,

Large coal-fired clectricity-generating stations
[= 1000 MWiei] require coul storage in order to
maintam @ continuous supply between shipments.
Permanent coal stockpiles for a typical 1000 MW (e)
plant may vary from 500 1o 900 thousiand short tons
and require from | to 2.5 hectares (6). Suspenston of
coul dusts and mfiltration and runoff waters are

Emvironmental Health Perspectises
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Table 2. Range of uranivm and thorium concentrations and geometric means cexpected values) for coal samples taken from varios regrons of
the United Stetes.”

L .

Urpmiam congentrition Thorum concentiaton

{(ppm' tppm"
Number -~ —_ ———— e e
of Gu!nu‘ll‘u Ceometng
Region Coul sumples Range meat, Ranre mean
Pennsy Ivani. Anthracite bk} 03252 52 2¥ 144 4°
Appalachia Briuminous 11 “0.2-10. 58 1o 2337R R
Inteno Bituminous . 141 0.2-43 14 “37 16
Noithern Cireat Plans Subbituminous. hgnite 91 <229 07 JOR0 24
Gulf Pagnite u 0:596.7 2.4 <0284 ERU
Rocky Mountun Bitunmiinous, 134 <0.2238 0 <3 03¥ 20
stubbwiuminous
Alaskia Subbituminous X 0482 1.0 10 x 3l

Source McBnde. 9y

Mrhe anthmetic average concentrations of thoram and uranmm for all coal samples

States are given i Table ¥

Table 3. Arithmetic averaged conceatrations of wranium and
thorium in coal for the whole U .S,

Thonum, Uranuim
Coal rank Samples ppm ppm
All coal 799 47 18
Anthracine 1 £4 1.5
RBituminoiis L 5.0 1.9
Subbrtuminous Ix3 i 1.3
Lignite 54 6.3 28

.

major trace element and radionuchde sources to the
environment. Tervestnial effects are gencrally neg-
ligible except on arcas immcdiately below and odjo
cent to the piles, Ground scaling prior to establishing
the coal pile can reduce mfiltration into ground water
(14). Contumination of aquatic environments fiom
runoff from coal piles is similar to but of lesser mag-
pitude than that from acid mine dramage.

Coal combustion produces fly ash and slag o1
bottom ash as sohid waste products. Slag is that por-
tion of total ash which melts to a viscous flid at
combustion temperatures, and bottom ash is the re-
mainder that does not melt and is oo heavy 1o be
entrained in flue gas. The amount of slag and bottom
ash produced in combustion is a function of coul type
and boiler design. Bottom ash s generally mixed
with fly ash and pumped in a slurry to setthng ponds
or dewatered and transported to landfills. Settling
ponds are sometimes hned with clay to reduce
leachate movement into ground water (/4), In the
absence of liners, truce elements and radionuclides
in leachates can move ito underlying soil and
ground water (/5) and are subject to a variety of
chemical, physical. and biological fuctors that gov-
em their mobility and avalability in the environ-
ment.
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and s arous raoks of cou! for the whole Linted

Trace elements in ¢oul tend to partinon or con-
centiate in certann phases during combustion. Klein
el al. (J6) categorized trace elements into three
chisses: (1) elements that are not volatitized in the
combustion zone, but instead form a melt that be-
comes both Ny ash and slag (AL B, Ca. Ce, Co. Eu,
Fe, HE, K. La, Mg, Mn. Rb, Sc. Sm. Se, Ta, Th T
(21 elements that are volatifized on combustion, and
condense o adsorb on the fly ash as the flue gas
cools, leadig 1o depletion from shaz and concentra-
tion in the fly ash (As, Cd. Cu, Gi, Pb, Sh. Se. Zn:
and (3) elements that remain almost completely in
the gas phase tHz, Se, Cl, Bry. The elements Cr. Cs.,
Na., Ni, UL and V were mtermedsate in behavior and
were placed between chisses one and two, Following
combustion, tince elements reledsed 10 the dimo-
sphere inassoctation with particulates may by selec-
tvely adsorbed in different panticle size ranges (17)
and may be enriched on fly ash particle surfaces
relative o the intenor of the particie (18).

Coul gasification appears 1o be the only coul con-
version techuology that will be on-hine by the year
2000 (19). Trace elements and radionuchdes may be
relcased 1o the environment from gasification pris
marily from noncombustible solid wastes that wall be
disposed of in landfills or slurry ponds. Atmospheric
releases of volatile or hydride-forming species s a
potential but undefined source of trace elements
from gasification.

Environmental Transport

Before the effects of coal-derived trace contami-
nants o man and ecosystems can be evaluated. it
necessary to estimate the transport, triansformation
and bioaccumulation of these contuminants as they
~move from the poswer plant o the receptor. in addi-
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tion to detcrmining routes of transport and transfor-
‘mation, rates for these processes abso must be de
termined before we can predict environmental fate
and levels of exposure. Information  the physical
and chemical charactenistics (e g, particle size. sol-
ubility, and valence state) of matenals relcased to the
environment is a vital prerequisite to study of trans-
port processes The following discussions of cn-
vironmental transport are - ed n opart on an
alysis by Crawford ¢t ol (20). )

Atmospherie Transport and Dispession.  Sco-
sonal and annual pollutunt concentration fieids in the
atmosphere can be calculated with reasonable accu-
racy (within s factor of 2 1o 3) ut distances of up 1o 10
km from the effluent source if attention s restrigted
to simple terrain types and typical daytime atmo
spheric stability categories (27, 22). Probubility dis
tributions of hourly concentrations from season!
and annual data can also be calcutated with simila
accuracy. At longer distances, models ¢an be for-
mulated to secount for transport and, 1o a lesses
extent, dispersion. The data requied for distances
> 10 km are not readily available however, and the
models have not been thorough!y vahdated,

Wer Deposition.  Precipitalion scavenging of
particles and gases has been measured in the neigh-
borhood of coul-fired power plants, and the ex-
penmental results are furly well modelicd themeti-
cally, at lcast for estimates of total mass scavenged.
Details of the removal as a function of particle size,
however, remain in a primitive state.

To estimiste precipitation scavenging on i tota
mass basis, two approaches are available, Inone, a
scavenging rate coctficient which accounts for the
particle size of the trace contaminant is used 23).
Estimates of the removal rate for snow scavenzing
are also available (24). In the second approach, awet
deposition velocity is derived using washout ratio
data (23, 25). These washout ratios show relatively
little variation for the trace contuminants and using
them, one can define a convenient wet deposition
velocity for typical annuad rainfull amounts m the
northeastern United States (+ 100 codyry as ap-
proximately 1 em/sec for trace metals of interest, Itis
appropriate 1o use the washout rano for long-term-
average estimates: the scavenging rate approach
should be used for short-term estimates. Methods for
including precipitation scavenging in diffusion cal
culations are availuble (26).

Dry Deposition and Resuspension. iy depos
tion of particles to smooth surfaces as a function of
particle size and turbulence intensity s farly well
known from wind tunne! studies. and theoretical
analyses demonstrate a fair understanding of the
processes involved. Dry deposiion of submicron

22

particles 1o real surfaces (e.g . grass, shrubs, tices,
lakes. e1c.) 1s an unknown. Best available *guessti-
mates” sugeest using a dry deposiiion velocny tor all
particles 1o all real surfaces: vy = 1 emisec. How-
ever. different values are obtuned for different at
mospheric condiions and surface 1oughnesses.

Resuspension of particles hus only recently be-
come of interest in the atmosphenie sciences, al-
though muoch useful information s avatlable in 1he
soif and agnicultural seience Ineratire. Howeser. in
these fields, the emphasis has been more on wind
erosion than on the resuspension of submicron parti-
cles which s of dominant interest for evalustion of
inhalation health effecis In this regind. anention
mist be pierd o bounce-ofl during the deposiion
process 271 resuspension by rain splashing (285,
and freeing of submicron partictes from superniicron
particles dunng dissolution m water (29 and by
bombardment of farger particles (0.

Water and Solutes Transpoit in Soils,  For sites
downwind from a coul-burnine power plunt wkere
trice elements or thew cemplenes roach the soil sur-
face by wet or diry deposition from: the atmosphere,
the most important determinants of their environ-
mental fate are likely 10 be sorption and desorption
on soil particles at the soil suifiuce and the sub-
sequeint mobility of these trace elements as @ result of
soll erosion cansed by both wind aind wate

The transport of coal-denived wace clements and
radionuchides within the soil depends on witer
mowvement and chemical reactions within the soil
profile. The use of avinlabie technigues for predicr
g and monitonng movements of soil water in the
vicinity of a coal-burning power phant depends upon
accurate field determinations of the horzontal gra-
dients in the water table head und hydiaulic conduc-
tivity at the site in question.

When the movement of water through the soil has
been chivacterized, informunion about chenical and
physical reactions which occur simultancously with
the soil water behavior is required in order to predict
the retention and transport of trace elements i the
soil. Processes of sorption and desorption between
the organic and imorganmic solid phises of the soil are
ustally strong and can prevent raptd leaching of
these elements into surface and ground waters. On
the other hand. some chemical forms of truce sub-
stances are repelied from the solid phases and may
leach readily with the water. Muny reactions m the
sotl wre Eh- and pH-dependent. Some contaminants
present in coal wiste matenal nusy interact with the
soil exchange compiex and may be far more soluhle
than one would expect from a simple water extract:
athers, although highly soluble in water extracts,
may precipitate with materials present in the soil.

Environniental Health Perspectives
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Processes of erosion and sedimentiation represent
larges portions of the muss flow and should be -
cluded i conceptual models and measurements of
hydrologic transport (37).

When the kinds of information described iihove
are available, estimates of the migration of trice
elements from land disposal sites that receive shae.
sciubber effluent. fly ash. and bottom ash can be
made. Vertical and horizontal movements m both
the vater-saturated and unsaturated zones of the soil
can be estimated from the disposal site 10 the re-
cetving waters.

Transport in Aquatic Environments. Trace con
taminants that enter the aguatic environment we
usually rapidly taken up through adsorption by com-
ponents having the highest suiface-to-volume ratios.
primarily the small suspended sohds and sediments.
and absorption by similar sized microbiota. The
largest reservoir of trace contaminants is the bottom
sediment. Here a compley association of inorganic
and organic components similar to those found i soil
form a system which governs the availubility of con-
taminants 1o the rest of the ecosystem. The physicid
factors pH. Eh. pore spuce. and chemical transtor-
mations influence the retention mobility of contami-
nants in aguatic systems. Similarly . bological
transformations play a key role in aguatic trunsport
and distuibution. In streams. contanunants may be
transported downstream in dissolved form or m as-
sociation with suspended sediments, ultimately tohe
deposited into lake sediments or tuken up i food
chains and cycled among various bivlogical compo-
nents.

Biological Transport and Transformation

At nearly every point along the physical transport
pathways i both aquatic and terrestrial environ-
ments, opportamties exist for interactions with the
biotic components. Organisms can absorh hazard-
ous elements from their physical enyironment and
dilute. concentrate, transtorm. and immaobilize these
materials which may or may not affect ulimate con-
taminant toxicity. Biological transport play s a magor
role in Jetermining exposure of organisms (o con-
tamiinants, but only a minor role in matenal transport
through the environment with httle or no eftect on
contiaminant inventory.

Food Chains.  Primary producers generally serve
as the base of food chains and may accumulate ele-
ments through roots iplant uptake), leaves toluir
absorption), absorption through cell walls in aquatic
plants. and adsorpuion on external surtaces. Ele-
ments physiologically fined in plant tissues as op-
posed to those on plant surfaces or in intracellubar
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water streams may have different properties and be-
have difterently when angested by consumers (329
Elements may return to the physical environment
through death und leaching, or they muy enter food
chamns through ingestion by cousumers. Following
meestion, elements may pass straight through the
dizestive tract or they may be assimilated. Assimili-
tion rates may vary from < 19 per day for certan
clements up 10 1007 per day for others depending
upon both ammal and element species m question
(13). Foliowine assinulation, clements aire distrib-
uted 110 various tssues at varous rates in the ¢on-
stimer’s body. Cadmiunt. for example. tends to ac-
cumulate in renal tissues and methyimercary in the
central nervous system., Other elements. particulbarly
heavy metals and transuranics tend to be bone seck-
ers. Elimination of elements from varouos tissues
proceeds at various rates and results inrelease of the
chemical o the digestive tract to be chiminated
from the consumer through egestion. Consumers
miy die or they may be consumed by subsequent
steps i a food chain. Compounding this simplified
picture of a food chiin are the Fiotransformations
that may occur, changmg the stractere and biologicul
activity of chemicals, and the guestion of direct up-
ke from surroundme air onhalation) and water (il
and eprdermal absorption).

Sotls tend 1o be the sink for most chemical con-
taminants released 1o terrestriad environments. In
addivion 1o water relanons and soil sorption
desorption phenomeni. microbial intenctions and
rool uptake play nugor roles i transport and dis-
wibution of chemicals in terrestnal systems, Mi-
crobes can operate it both acrobic and anaerohic
environments and have profound effects on element
mobility. From the soil-soil-water continuum plants
may accumulate elements through root uptake, a
process of both active and pussive nature. Plant
roots show preferentiul uptake of particular elements
and can exclude others at membiane boundaries
Heavy metals entering plant roots are believed to be
chelated prior 1o their movapent in avlem and
phloem streams (34)

Typically. aquatic food we s are more compley
thin those found in terrestriai systems. Adsorption-
desorption of elements on suspended sediments and
direct abserption by organisms from water are added
parameters in aquatic systems. Chemica! contami-
nants gencrally reach aquatic ensironments by direct
deposition tdisposal), runoff from Lind surfaces, and
leachates in ground water. Chemical and physical
reactions among sediments, interstitial water, the
water column. and decomposers can affect the
routes and rates of transfer as well as the chemical
and biological properties of contaminants. Aquatic
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’;lam\ obtain clements from the water column
through absorption although surface adsorption s
important because of high surfuce-to-volunic ratios
found in algae and other phytoplankion. Decompos-
ers may act upon organic matter in anacrobic sedi-
ments resulting in release of heavy metals 1o inteist-
tial waters and their subsequent diffusion into the
overlying wuter mass. Because of the chenical and
biological activity present, sediments nmay act as
sources and sinks of chemical contuminants in the

. aguatic environments.

Biological Concentration.  The ability of animuals
and plants to accumuliste chemical contaminants to
levels above those of their food source or substrate is
acommen biological phenomenon. [race elements.
including heavy metals and radionuclides. are ac-
cumulated to varying degrees (35-37). In aguatic
systems., wateristyprcally the reference point. while
soll serves o similar role i terrestrial systems.
Biological concentration of elements is governed by
the amount of element present in the diet or sur-
rounding enviconment, the chemical and physical
forme of the element which determine its biologic.al
avatlability, the quantity of food consumed contaun-
ing the element. the degree of assimilation of the
clement through cellular barniers (e cuticle, lung.
digestive tract. gills, et¢. ), and the extent of retention
n the organism’s tissues. Biologica! concentration
occurs with natural elements for cellular muainte-
nance and growth. It can also ocour with hazardous
elements when there is a strong chemical or phy sical
resemblance to & common element or molecule
which is necessary for evervday hife Processes (38).

Due to the vanations that existin the fuctors pos-
erning biological concentration among different en-
vironments and species as well s within one species
in i particular environment., it is not true that be-
cause biomagnification occurs at one step in a4 food
chain, it will also occur in subseguent steps.

Biological concentration factors for hazardous
elements (Table 4) may vary over many orders of
magnitude (1 10 10°) v aquatic and terrestrial
envitonments (36, 37. 39 Typically. bromagnifica-
ton s greatest in aguatic environments where
surface-to-volume ratios are greatest and where ad-
sorption may overshadow absorption in relative im-
portance. Bioconcentration factors for trace ele-
ments in terrestral environments ire generally less
than unity with some exceptions.

Biologicol Transformations.  Troce elements and
radionuchdes miroduced mto the environment we
subject 1o biochemical interactions 1y pically with
microorganisms i soils and sediments lthoush
there are some biochemical transformation of
hazardous chemicals in higher organisms. Mictoor-

pAR )

ganisins are very vorsatile in their ability to chemi-
cally mteract with natial and synthetic chemic.ils
W] 420

The biochemical process of methy Lition of he oA
metals and metalloids has received considerable at-
tention m recent years although the reaction was fira
observed with arsenic in the Late 1930°s (494, Methy -
fation ix believed 1o be o detovification mechanist,
for converting 1oxc 1ons 1o @ more yolatile form sy
will be relcased 10 the atmosphere 4). Several ni-
crobial species are capable of porfor nnng this trans-
formation in soils and sedimients under both aerobic
and anaerotie conditions. Meths Bted forms of tiuce
metals aie frequently more tonic and are more read-
iy absorbed by hicher orgimisms than are NOrEanic
forms. MethyLition of mercury by microbes in
marine and freshwater sediments is the best
documented case of this type of biolovsical transfor-
mation (35). Arsenic, selenium, lead. and tin we
examples of other tovic elements that undergo
methykition 45).

Higher organisms. mcluding pum, e capable of
affecting biotransformations of hiazindous chemi-
cals. Reuctions of Cd and metallothionene i 1eien-
tion of this element in renal tissues are well
documented by Friberg et ol e,

Brotrunsformations of b dous chemicals in the
emvironment are particularly important in defer-
ming clects on nian and other orgamisms becaise
the molecubar form and brochemistry of these trans-
formed chemica!s determine thei avanlbility, per-
sistence, bioaccumulation. and toxicity .

Syuergismus and Antagonivis,  The combined ge-
ton of two different chemivals may be greater thon
or less than the sun of the independent actions of
eiach mateiial. If chemical effects we simply addi-
tive, the mercase isiosimple aleebrae addition. If e
effect is greater than o simple algebre addition.
then synergism or potentiation has occurred. If the
effect 18 less, antagonism evists, In the case of
additive effects. the two compounds hane the simie
pomts of attack. In potentiation. one compound usi-
ally ucts on the metabolism of the second compound.
The concept of synergism o1 potentiation covers
both mcreases in usual effects of tovic compounds
and production of festons not observed by the action
of either toxic compound alone (47). Sy nergisms and
HNLAZONISMS are important in systems receiving
multiple inpits of trace contuminanis tie.. aguatic
ecosystems and ground witer ).

Ecological Effects
Ecological effects of hazardous elements huve 1o

cetved Increasing altention i recent years (6, 48, 49),
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Table 4. Biotogical concentration factors for selected trace eloments in aquatic and terrestrial envirenments.”

1" ) Brological concentration factn”
As Cd Hg ph /n

Agquatic

Water 1 I ! 1 |

Plants 170 LU [ILEY 200 (L

Invertehrates 230 2008 L UREA] 14%1 1O %

Fish an 200 HELY R LT
Tes. estna! '

- Sonl 1 1 | 1 1
Plants 00l 03 (1 007 (1
Invertehrates 00 17 0.02 X
Mammuls 0001 0 00K s (.06 06
Birds (AN S0 0.001

sSource Van Hook 40

BRatio of concontration in orgamsm to congentration m substiale

although most of thes attention is focused on atmo-
spheric relcases of particulates and issociated tuce
clements. Only recently have the problems as-
sociated with ground water contamination fron ish
disposal come to light (3, 75) although there has been
considerable work with acid mine drainaeee and the
hazardous elements contimned thesein 1. Sinnlarty
coal-derived radionuchde impacts have bheen
addressed from the human health point of vicw 4,
500, but insufficient daticexist to evaliate the poten
tial mpact in natoral ecosystems. Fhe following
discussions are based primarily on the work of jones
et al. 9 with supplements! information added
where appropriate.

Coal Extraction, Cleaning, and Storage.  Piccts
of hazardous elements from extraction on aguatic
ecosystems will result primanily from acud puse
drainage and erosion-induced siltation (37). Histon-
caliy, these eftects have been severe throughout
eastern coal regions. The recently passed Surflice
Mining and Reclamation Act of 1977 should dehi
nitely mprove this sitnation. Effects include de-
creased productivity and dinversity, temporally and
spatially altered species composition. altered
species composition. and, - heavily polluted sy
tems. absence of life. Factors which influence the
effects of acid mine drainage and assocrated hazard-
ous elements include degree of efftucnt dilution m
receiving waters, the presence of other pollutants
including sewage and industrial wastes, ~hemical
states of metals in natural waters, pH. temperature,
organic muatter content. and syoergisms 371 West-
ern coals generully lack acid-formung substances
(i.e.. pyritesiwhich, along with the alkadine nature of
western soils and overburden. sugzests that acid
mine drainage should be minimal in western coal
mgion:. Increased sahnity of surtace and ground
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walers inwestern conl fvgions pppeads 1o be due o
soluble salts g mine spails (5.2 Sertiee coal extrac-
tion can also wicet mound water resomces. Ground
water aggmfers are commonly antereepted during
ovorbirden removal with subscguent ¢etledts on
ground water Tow and guality . Hozardous clements
mury enter these disturbed aguifers and be mobilized
and leached nto sufice waters,

Eeological elfects of coal cleaning and storage are
stinttar m naiure but Jesser in magnitide o those
asodCkated with qoid mine dradamaee from cos! extiae-
tion. Acid drunage or runolt from refuse piles may
affect terrestinad and aguatic systems by lowering
pH. Soils surrouding the refuse piles may accumu-
ke potentiatly tovie feavels of e elements or
radionuchdes leached from the refuse by acid wates
Aguatic environments idjacent to refuse piles can be
severely impigted threugh sedimentation of fines
and associated elements 6). The magor long-term
impact totervestrial sy stems will probably be that the
disposal area can only be returned to limited land
uses tre.. wildhife cover. recreatton).

Coal pile runoff and leachutes contiin ¢oul fines.
hazardoas elemsents, and bamic acds and may be
acidic, Temestind eftfects are hmdted to Lnd under
and immiedutey adjacent 1o coal piles while aquatic
effects including elevited element concentrations
and suspended <olids will be more widespread. in
arid environments, or during div spells in other
areas. fugitive dusts from coul and refuse piles may
be suspended in the atmosphere and we subject to
deposition on vegetation surfuces and inhadition by
armals

Coal Combustion — Solid Wastes.  Combustion
of coal results m solid wastes including precipitated
fly ush. bortom ash, slaz. and SO, scrubber sludges
which require onsite disposal, and gaseous and par-
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Al
ticuliate emissions that pass through emission control
. gevices and are released through stachs to the atmo-
sphere. Currently, about 929 of the particulate
matenal produced in utility boilers s removed with
electrostatic precipiiators (54). Fly ash. bottom ash.
and slag all contain trace and radioactive elements.
but the ¢xact composition can vary widely depend-
ing on coal geelogy and boiler operating conditions.
Elements tend to partition themseives into dificrent
ash components as has been discussed ¢itlicr,
Studies of migiation of truce elements from ash pond
leachates through soils have produced variable re-
sults depending on coal type. operating conditrons,
and ash disposal sites. One study suggests no mior-
tion into ground water (55). whercas other inves-
tigators (15 ) indicate that trace metals e relesed to
ground water at generally fow concentiations, with
attenuation occurring very close 1o the disposal site.
While this may tend to minimize ground water con-
tamination. it does not prevent aptike by plants
whose roots penctrate the new water table ereated
by the presence of the ash pond. Water and solites
will move upwand and Laterally through the sonl from
the new water table when soil suifice evaporation
and plant transpingtion exceed rainfa!l infiltration.
Accumulated hazardous elements may be tovic (o
the vegetation, or they may simply be stored and
then become tonic to ammals which consume the
vegetation.
Aquatic environments receive trace clements and
radionuchdes from ash disposal thiough eround
ater (mmimah) and dircet runoft frem setthng by
sins. Direct runoff may contuin dissolved and sus-
pended materials which niay o1 may not be availuble
chemically to the biota. EPA guidelines eall for ap-
plication of BACT (hest available control technol-
ogy) to wuste water effiuents by 1983, Currently,
best practicuble control technology is applicd at
varying levels of success. At least 30 trace elements
have been identilied in measurabic quantities in coud
ash and & number of these are toxic o aquatic or-
ganisms it either the initiad concentration or foilow -
ing biological tansformation and or con. entration
(56). Concentrations of radium. thorium. and
uranium have been reported in flv ash (501, but there
are insufficient dota 10 assess the effects of these
radionuchdes or their daughter products on aquatic
or terrestrial ecosystems from ash disposal sites.
These data are particularly imporiant considering
that about 927 of the ash produced in coul combu,-
tion is placed in settling ponds ard Lindfills. There
are few data on the effects of tuce elements on
surfuce waters, but a study by Hollund et ). (55)
demonstrated concentrations of B. Ba. Cr, He. and
Se in ush ieachates exceeding federal surfuce water
-
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stundards for these elements, Results from this studs
vaned from sample to sample and cure miust be e -
ercised m generalizing o new sitgations.

To vnderstand the effects of coul fired steon
phent-dernved elements on the agoatic sv<lem. it i
necessiary o guantity discharae of these clemernts
Calculations reported by Vanchan of ol (481 and
Dvowak et ul. 8 indicate that the atmosphor ic depo
sition of elements devived from cou! combustion
should excrt & minima!) infleence on the ¢hemical
composition of tales and rivers. The ouly elements
that could Be cievated were Me. Cu. Sn. and Mo
This conclusion was reached despite the use of
aeamum taanster cates of Iy ash deposited on ol
and s mugziation 10 the drainege strcams in the
hypothetical watershed, An importan: additiona)
consideiation. however, i the impact of sl and 11y
ash discharzes into the agueous environment. The
bussis tor this congern is that .xy\;"o\.mmh'!_\ 2= 1o
tons of 11y ash wath elesated levels of 1o clements
eannually dischareed o settlive Weins sitaated in
close proxiniey 1 many coal-tived stcan phants (37
Becavse it is known that mony elements are feached
from the iy ash G5 ) 10s nnportant o determine the
mobilization potenticl of tosie metals from ly sk
seithing basins wo the nonion’s sutliuce and subsurface
Salers.

Toohtain i better understanding of this mobiliz-
tion potential, Kiein ¢t al. (38 caleulited the qum-
tity of elements that were wnnually discharged o
o 1975 in slag and 11y ash to setiling pomds and
compared these values with date on natimn) weath-
ering. Results of those comparisons indicate thai
exceptfor Br. which ss admost exclusiv 2lv emitted s
a vopor. the discharge nto ash setthng basins we-
counts for more than 197 of the elements mobilized
by weathering. Elements such a8 As. Cd. Co. Cu.
Feo Mo N Ph. Se.Se. UL and Za all exhibit mobili-
Zation rates that are Lrger thon 1077 of the weather-
g rate, while rates for Mo, Se.and U are compats-
ble 10 nutaral rates. Apphication of this analy sis to
more recett informtion 14 19 oy cod combis-
tonte.R « 10 vy nand on Cd and Hg concentriations
m coal (0.5 und 0.2 pga g, respectivelv), in soil (0.2
and 0.03 pe'e. respectively), and in water (0.1 and
007 pgl. respectively). indicates that these ele-
ments are currently mobilized in coal combustion it
rates equivalent to thewr nutural weathering rates.
Cadmium releases are predominamtly associated
with precipitated fly whi mosettling pomds and land-
Blls whercas the majority of the He exists in the plant
stack-with only about 10¢7 gaing into solid wiste
disposal sites. Due to these considerations., it would
be appropriate to mvestigate the regional effects of
these fly ash-derived elements: that is, do the ele-
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mends effectively remain in the setthing hasine or are
they ijected mto the nation’s waterways. Until such
evalpations hive been made. it will be impossibie 1o
predict. in a quantitative manner, whether coal-tied
steam plants will exert any modification on the
chemical composition of the nation’s walerwin s,

The very high pH encountered m ash setthag ba-
sins may influence the behavior of trace elements if
this pH influence extends beyond the confines of the
ash settling busin (i.e., mto subsurfuce and surface
waters). This hugh pH resulis from the vdrolssis of
alkali and alkaline carths und may oftenesceed 1. In
most ash settling basins it appears that atmospheie
CO: diffusion into the water 15 not rapud enouch to
lower the pH. One would predict that muny motads
would precipitate either as hydrovides or by co-
precipitanion (¢ g, calcium carbonate). If setthnz is
not complete, however, particolate matier contain-
ing elevated levels of metal carhonutes, hydronides,
or sulfates could reuch the discharge waters. LUpon
reaching lower pH dischinge waters, these paiiicu
kates might redissolve. this prodocing an incresse m
availuble metals to aquastic plants and organisms
Alternatively. high pH eftfluent waters mughi pro
duce a beneticia! effect. in terms of metal remosal,
on lahes and fivers with las butfering capaity. Tie
change in pH. however. might also fteet the plaats
and organisms in the recerving waters. These implh-
citions showld be considered before the wapuct of
coul-fired steam plants on the agualic ¢Ccosy ke cun
be evaluated.

Coal Combustion — Atmospheric Fuission. Coul
combustion cnmissions released throngh stach< o the
atmosphere can be tansported over considerable
distances (se¢ Environmicntd Transport secton).
The ecolozical effect of hazardous elements as-
sociated with these emissions will vy as a tunction
of chemical and phy sical form of the element. the ste
of deposition, and the amaant of material deposited
As pointed out earlier. volatile elements i coul in-
clude As, Be. Cd. F.He. Se, Sh. By CLCu. G 1L .
Mo. Ph, and Zn (16, 38, 593 All pose some deziee of
potential hazard o man and might adversely imjact
the environment at some threshold concentration,
The amounts and forms of these elements that exit
the stack of a coul-fired power plant we Largely un-
known and probably vary between plants, depending
on the coul souree and polintion control techuoloey.
The effect of electrostatic precipitators in redocing
these emissions is hkewise unclear, althongh some
consider o high percentage of these elements skould
be found in the particokie of the precipitators.
Natusch ¢t al. (/71 reported that As, Sh. Cd. Ph. Se.
and T1 preferentially concentrated on particulates in
the respirable range. a large part of which is not
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removed by existime lngn-efficiency precipitalors.,

Cannon and Swanson 6601 foond that concen-
trations of frace elements i soils (e Mg, As, 8¢,
Te. G, Be. and Phs dropped rapidly with distance
from the Four Corners Power Plant, and congen-
trations wore lower than those for averuge soils at
distunces beyond 3 km, Vegetation within 3 km of
the plant had not.within the time span of their study .
accumulbited significant quantitics of these poten-
tally tonve e elements. The anthors concluded
that with the mstallation of more effwient pre-
cipitators. the atmosplienic trace element emissions
from this plam would not be considered harmful to
the bBiota. Horton et al. 67 mcasured the voncen-
trations of 29 trace elements in soils and vegetation
within approximately 11 km ol & coud-tned power
plant in South Carolina that led been operating since
1952, With the possihle exception of Se tin soils)and
M tin wound water), none of the trace elemants
relcased to the atmosphere from the plant comtrib-
uted significuntly 1o the concentiations of the ele
ments in the immediate envitonment. Noenchment
ordepleton of truce clements was detected i soils in
ihe vicinity of Allen Steam: Plnt ness Momphis,
Tennessee. but the sor! was under the influence of
asticudtuead practices 92). Klem and Russell 1631,
however, reported thit sandy seils on the eastern
shore of Lahe Michizan near o power plant were
found to be enriched in Ag, Cd. Cs, Cr. Cu, Fe, He.
Ni. T and Zn. Vegetation was enriched in Cd. Fe.
N and Zn.

Vaughan et al. 48) modeled the comulative im-
pacts of trace element emixsions over i d40-yea
period froo o hypothetical TH00-MWie) power plani
n the western United States bivning re presentanive
western coul, Their model predicted that four trace
clements. Cd, Mo, Cu. and W, might accumulae thy
at least afactor of twol in growing plunts. However,
they did not his e sufficient data to make predictions
for a pumber of tace clements such as Ga, Ce, Ra,
Te. The Tl and Vo In o simifar aitalysis on &
hy pothetical T000-MW el pover plint. Dyvorak et al.
61 concluded that even when the atmospheric par-
Gonlate emission tate is ud the muvimum allowed by
NSPS (0.1 Ib107 BTU ), the impacts to vegetation are
expected 1 be minimal. These anthors point out Cd
and Se as having the greatest potential for adversely
affecting anmmuals.

A number of the tnce elements Gie.. Fe, Cl. B.
Mu. Zn. Cu, Mo, Co, Se. 1 Cro Sn VU F, Sand N
are essential at low concentiations for either plant o
amimal hife but are tonie ar higher concentrations
41, Some of the nonessential trace elements. such
as Cd and Hgz and essential Zn and Co in marine
COVITONMENtS, dre LOVIC 1O sensitive SPecies i con-
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Table & Potential tovicity of trace elements in coal *

\
Terrestnal .
.
Element Plant Animal Aquatic Comments
As T ow Low Low
B High Medwum Low® Know enough on toveny for terrestial
CCONYSIEMIN, 1IN SOMC imstunces muy
be hencticial
Be Medinm High High" Speciation smportant
Bi Medium low Low'
Cd High High Hizh
Co Hich Medivm High
Cr High Medim Mcdmum Cr " very tonie — need 10 know
speciation
Cu High Medivm High Complavion i sor! reduces tosiciny .
, in some instances may be beneficid
I Hiph High 1 ow ’
Hg Medium High! High Enriched in plants, toxiony in food cyele
Mn 1 ow 1 ow Low Potentin! for net hencficial effecrs
Mo I ow Mediim I ow High entichment i plants — beneficind or adverse effects
Ni High High Medium Very sobile in plants
P 1Low Mediam Medium
Sh Madinm High® low'
Se Moediom High Low" Interacts with other trace metal e.g.. N, Hg
Sn | ow Low Iow
1§ low Fow! Medium®
R High Hich Medwm®
v Huh Low" Muodiom®
W Medium Medium' I ow” Very mobile in plants
n I ow Mediam Madiom Potertio! for net beoeticial effect

*Sowrce: Tones e al {9
MUncerun

centriations only slightly ahove those occuning
natirally (63). Biotic dose-response relationships o
trace clements are ut best poorly defied. and alnos
ponexisient for those species comprising nahiral
ecosystems, The effect of high concentrations of
trace clements is wlumately o function of the woler-
ance of individua! plants or animals.

Jones e al. <791 have classified the potential tos-
icity of various trice elementsin coul into three mam
categorios — high. medinm. and low —forteriestrial
and aquatic lite (Fable 51, The authors consider this
information to be o “best estimate”™ bused on their
collective experience. knowledge, and mtimtion. It
should be pomted out that the impact on the overall
soll-water-plant system s also o functon of the
chemical state of the tace element which impocted
the system and its imteraction with the local envi-
ronment. This interaction will determine the trace
element avalability and. therefore. the fraction of
the total trace element Soncentration that can aftect
growth,

Soils represent the principal repository of trace
contaminants from fossil-fuel combustion over
geologic time. Therefore, the soil is the principal
medium for long-term exposure of coal effluents 1o
tenvestrial plants and animals. The effects of trace

28

metals on important soil microbial processes and the
role of soil microorgantsms in inflnencing the long-
termt avattubility of trace metals 1o plants are targely
usknown. Inhibitien of microbial processes may
hive important secondarny effects on the ecosyiem.
Furthermore, microorganisms exist predominately
in the immediate vicimiy of the soil particle where
trace metal concenttations are highest. Microor-
ganisms thus have the potential for alieration of the
form of the metal through imteraction with normald
metabolites or by direct conversion processes.
Trace elements have long been known 1o affect
plunts. In the case of the essental tnice murients
thFe. CL B, M. Zn. Cu, and Mod, a broad range of
possible responses exists, ranging from deficiency 1o
toxicity. In the case of the nonessential triace ele-
ments, only the no-effect (tolerant) and toxic por-
tions of the dose-response curve are expressed
Under natural conditions, there are examples of
plants growing under both deficient and toxic condi-
tions. Whether the trace element emissions from
coul-fired power plants can enhance or inhibit plant
growth depends on whether these elements will have
a significant effect on naturally occurring concen-
trations, There 1s no reason to expect acute effects
on plants from atmospheric truce clement emissions
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from coal combustion svstems and little reason o
expect acute effects to aguatic systems. The poten-
tial'for chronic toxicity 15 relatively low except for
particularly toxic elements such as F(66) or n local
areas already enriched with o particular element.

Some trace elements combine the properties of
high toxicity . a potential for broaccumulation m food
webs, and persistence in the environment. Many of
these substances ire ONIC in sensitive ammal species
at concentrations that wre only shehtly above natur-
ally occurring levels (64, 65). Hizhe trophic levels,
as a result of bivaccumulition, may be atfccted al
“ambient’” concentrations that would not be ex-
pected to affect plants. Even with these reservie
tions. it is probahle that trace elements i cmyissions
have little or no discernible effect on ammals, Fitects
would seem possible oniy 1f the conssions that are
currently accepted are in error by an order of mag.
nitude. Sublethal, chronic, or synergistic effects of
trace contuminants that may be of significance m
natural terrestrial aninid! populations have receved
little attention 6). However, because some of the
trace elements have been reported to adversely ai
fect soilllitter communities (67) and possibly alter
primary productivity (67, 65). and. i turn, secon
dary productivity. potential long-term impacts on
ccosystems could Goour if trace elements emitted
from coal combustion persist or accumuiate m
ecosystems to foxic levels.

Health Efiects

Any assessment of possible health effects from
coal combustion contaminants requires, inter alia,
definition and quantitation of source and trinspott
terms. Given information on “what™ and “how
much' can be breathed and ingested. an evaluation
of the human exposure and mtahe etinations can
proceed utilizing bac keround. dictry, occupational,
experimental, and envitonmenta! information, pio-
vided these data exist. A number of reports have
been published on bealth aspects of trace contami-
nants from coal combustion (1, 4,6, 48, 69-71). These
reports have been utihized in developing the follow-
ing discussion.

Physiological and pathological responses of a
population to radionuchdes and trace clements from
coal will reflect the individual's ubility 10 respond
and the duration of exposure. Short-term adverse
effects will be manifest in those subgroups more
sensitive to the poltutant Gi.e.. children. aged. wnfirm)
as an increased incidence of respriatory diseises,
aggravation of preexisting chroni cardiopulmonary
discases, and premature death. Chronic exposure on
the other hand may tesult in an increased incidence
of respiratory discases and caneer in the total popu-
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Yation. The major health effects of concern refutive to
coal combustion products include physiological i
ftation. direct toxicity., carcinogenesis. and phy sical
synergisms. The follovang discussions center pri-
marily around atmospheric emissions from Coul
combustion with much less emphasis on solid wastes
(ash and shigh. This 18 due to o vittua absence of
information about the contribution of coul-ush-
devived hazardous elements to the wmbient levelsin
man’s environment or thenr subsequent contamiin.
tion of food or drnking water,

Electrostatic precipitators are typically more ¢ffi-
cient for larger diameter particles in flue gas, Par-
ticulates existing the power plant stach aiv generally
in the respirable size class. The toxic eftect produced
by respirable particles depends on the chemicil
species they contuwm. Smatler particles tend to be
more tovic than lorger ones die 1o size and selective
adsorption of heavy metals (/7). Submicron fy wsh
particles repiesent i double threat to human headth
6): they reach the pulmonary region and FenLan
there for extended time periods, and they candeliver
a given concentration of huzadaus element Loa very
locahized area thereby muagniiving the etlect.

Coal Extraction, Cleanivg, and Storage.  Human
health effects of bazardous clements associated with
coal extraction, cleanme, and storage ingiude anha
lation of coal dusts which may contiibute o de-
velopment of black lung (coal worker's pncumo
coniosis) (721, and ingestion of trace clements and
radionuclides from drinking water contuminated by
acid mine dramige. Ackd nmne drnaze mpag s are
generally more widespread. and COMMUNItes
withont alternate sources of water, or nndeveloped
water sources, these impacts can represent o severe
problenm(6). Runoff from coal prles and o d-cleanmny
wisies contribute to water quality Jegradation but
on a much smaller scale than acid pune drimze.
Atmosphenie loading of coal particulates arises
through resuspension of coud fines from storage piles
and from accidental ignition of both coal piles and
coal-cleaning wieste piles,

Coal Combustion.  The radiotogical impact of
coul-fired power plants wppears 1o be adequaicly
evaluated for atmospheric releases (4. 73). McBnde
ot al. () estimated smnual release rates for a HKK-
MW (¢) power plant burning coal af a rate of ap-
proximately 100 tonshr, contuining | ppm of
uranium and 2 ppm of thorium (both sissumed (o be in
secular equilibriom). and releasing 197 of s Iy ashto
the atmosphere tthe averaze ash release for 1972 was
87). Under these condittons, “*th, “*“Th, **'Ra.
and “VPh cach contribute approvimately § x 10

“Vyrs U, #HU, #Th, T Th, # Ra, uph 2P0,
2Ry each contribute approximately & > 1071 Ciiyr:
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and *#"Rn and “**Rn together account for cpprosi-
mately 1.2 Cuyr. These release rates were then
apphied to a population of - 3.5 million persons Living

" within a 90-km radius of the power plint. The dose

calculations took Into account doses froun immer-
ston, contaminuted ground surface, inhalation. and
ingestion, wherein all doses from food and water
weie derived from within the 90-km radios of the
plunt (74, 75).

* The follow ing popubiation dose commitments were
determined: 10 10 28 man-rem/yr whole body dose
and approximately 10010 240 man-rem 'y r bone dose,
The corresponding averase individind dose com-
mitments were 0.003 10 0 007 muem vy and 003 1o
0.07 mremy v, respectively . where the ranges pertain
to emission putterns from different stach heiphts
(300-50 m) The avaximum individua! dose commit-
ment at SG0 m from the stack was 1.9 meem vy and
was independent of stack height  The dose commit
ment is bused largely on “2 Rimeestion and cssen
tially doubles if the U content of the coul is donbled
If bituminous couls are used. the U concentiation is
often as high as 20 parts por mitlion. <o this could
increase both the releuse und dose commitment fig-
ures by an order of magnitude, assuming al! other
factors remuin constani

Of relev ance are the duta of Moantinet al. (5¢1, who
measuwred downwind levels of U from o 1400 MW (¢
coul-fired power plant and found fCim’ concen-
trations. imphying daily intakes by houmans won! ] be
of the order of & few femtocuries. Ambient aii levels
of approxumaiely 400 4Ciim® of U have beew e
ported, indicating a concentration of shout 2 pC
for atmosphicric dust or approximetely 2 ppas b
weight, which is not greatly dificrent from the U
concentration in fly ash from an aversge snthracitic
coul.

To compare the magnitude of the radiation Jdose
from coal combustion emissions 1o thaet froos naturad
background (76, it is usetul 1o use dose-equivalent
rates. On this basis. NCRP 761 indicates that the
dose equivalent rate for **“Ra from natur! back-
groand is about 7 mreny'yy for bone and less thun |
mrem'yr for the whole body. The do<e equivalent
rate for the whole body from all naturd radiation
sources is 80 » 40 mrem/'yvr: the corresponding coul
combustion figure would be 7 = 10 mrem/vr. Rudi-
ation protection hmits for whole body irradiation of
individuals within & population are set at 300
mrem/yr with an average genetic dose limited to 170
mrem/yr (S rem in 30 years) A proposed guideline
would imit the whole body dose to menibers oi the
enitical population to § mrem/'yr from atmospheric
releases.

The new EPA Primary Drinking Water Reculation
for Rudicuctivity (40 CIR 141, 1975 Hunits the 7 Ru

e
\

and R combined activity o S pCiLL, gross oo
vty 1o 15 pCrL. and any combination of 2aa v hio
conceitrattons produce o dose cquivilent of 4
mrem 'y o the whoie body. Whether coy of thow
regublations might be excecded i the immedinte o
viwns of a coul-fred power plant s anceitain. This
uncertanty s due to o Lk of information conecin
g the release of radionuchdes from solid Wit
disposad sites which receive in addition 1o bogtom o
amd slae the 927, of the Oy ash from combusiion tha
s removed from flue gas by clectiostaiic pre
cipitiutors

Morrow et al. 695 have made estimates of chenyi
cal toxiciiy of ponadiouctive trce elenmonts naang
maximid expected aivhorme levels 1 m above th
ground assocuded with O to 15 p m dinme ier pariic e
within o 20m rudios of o HOEMWier coal-tired
povet plint with & plurie hoight of 300 m |see Tuble
230f Vitsghan e ol 98, The predicted air conge
trations resaling from thedy caleulations, wnd pre-
sumiihly cood toa fctor of 3, were compared 10
awnibient s comcentrations, stmospherie stumdan b
for populstion exposuies, reference man dity (o
inholiation intake .., Fhireshold
Lot Values €1 Vi By this approach. generally

accepted . saf@ ringes of ATMOSPHLIIC conentratie
]

and [EIST S U NI

were estatninhed

Resulis of their analyvsis acvepled severol
uneertaintivs. Three elements |As (1D, Cr (V]
ol and Ni Gebonyi] are generatly accepted o
having potential Cocinosenic importance, s the
pencral approsch wsed i this tebakation sy oc in
appropriate. For Ni, As, and Cr. aenticad question
concerns the accurrencee snd miiraitnds of the cur-
cinngenic farias of these elomeni namely . Asiii.
CraVE meald), and nichel cirbonvl, oside, sulfide.
and corbomate w cond combus vion ¢fflovnts, On the
bianis of the Sttivently svailable informetion, Cr v
protably ocvurs: the nature of the aichel componnis
s unhnoen, kot the highhy volabie Cibony b s -
soredly absent from By ash. For As, the expectation
s god for bathithic U and V osidation stsies, bt mo
quaitative trding s exist — only the oo tion thet
fly ash feachates contan both [rms,

The reporied testogenic propertios of certiin Cd.
Se, and He compeunds, the mutagenic potential of
certam Pb and He compounds., il the carcinogenic
propartics of Be and Se (77) are, it gencral. only
demonstiuble at high doses or under unconmon it -
cumistances. Consegarently they warrant o species
concern at this time

Information on the metallo-organic forms of He is
Licking, s it is for other elements, but there is httle
hikelihood that they ocer in the entissions from coul
combustion associited with particulate mutter. Even
i alky b mercury were the singular form of Hg emit-
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ted, its acceptable ain concentration indicates that ot
probably would be nnimportant toxicologically .

Begause of the uncertiinties i the assamptons
and madels used. the varability in the trace element
composition of coal and in the naturally occurnng
levels at specific power plamt sites. Be and b opiy
constitute potential health problems i the immedi-
ate envivonment of coul power plants, Otherwise,
the majority of the elemental concentrations caleu-
lated by Motrow et ol (49) appoat o be one o moie
orders of magnitude betow the “acceptable wir con
centrations.”

Berry and Wallace (2) sampled the plants and soil
around a coal-fired clectiic plant it Moapa, Nevada,
burning approximatety 100 tons of high ash coul per
hour, and concluded that forage and milk from the
arca could become senioushy contanunated af high
arsenic coals (- S00 ppm) were used for severad
decades. Excessive Cd contamination of forage and
dairy products also conld be envisioned and some
concern was expressed rezarding I continination
In other studies of coul power plints, some ennich
ment of trace elements (e.g., He. Se.and Porin soll
and plunt Life has been teported 167, 67), In the Four
Corness study 6061, Prowas fovsd enniched in sonls,
but no tovic trace metals were found in excess of
averape soil values at o hmdistonce fronithe plat

Compurisons of duia from Vaughan et al. G5,
Pinkerion ¢t al. (28 and Bolton et al. 62} indicate
that the soi! build-up of 1o metal cont painants will
be slow, and allowtng arder-of magnitule pertirbi-
tions in depositions wne! soil conditions, one would
not expect excessive Bogecumulstion 1o occu
plants ouless the bioavailability of exopenous frac-

tions is orders of moegnitude greater thun that of

typical soil. There is evidence that exogenous ele-
mients @re more waier soluble. implving greato
bioavailability on the one hand @nd shorier soil 1o
tention Lines on the ather. A potenticlly more im
portant sowrve of water and biotic contammation
relates to stag and Ny ash disposal. Ponding, grownd
burial, and other disposal technigoes will lead 0
consequen.es of gre iy different magniude. and as
pointed out eathier. very fev dutiare available an this
arei. Thus, one of the greatest uncertaintios in this
health effccts evaluation relutes to the potential m
sake Of heavy metal contaminants from water and
food exposed 1o wsh disposal effuents.

The first Food and Drug Adimmistration Market
Basket Survey (79) indicated that for some metals
(e.g.. Cd) the dictury intuhe levels are already ap-
proaching tolerable linuts. The mitidd survey est-
mated the daily mtake of five selected metals
pgiday for a ULS. adolescent male i follows: As,
10.1;Cd, §1.2: He, 2.9: Ph, 60.4: and Se. 149 On the
busis ?! the provisional WHOF AO tolerated intiahe
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limits for heavy metals by adulis, the Market Basket
Survey estimastes for total He. Ph, and Cdantake are
dbout 7, 14, and 780, respectively, of the WHO
FAO himits. Cadmnm hias an unusaally wide dis
tribution in foodstafts so that soi! levels will be re-
flected generally o water, frust, vegetables, meals

and dairy products, In addition. current motilization
of Cd and Hg through coal combustion is near the
natorid weathering rates tor these clements and can
be expected 1o increase with inereased coal tse

Trace elements and radionuchdes do aot exist in
isolation m the environment: they are relessed i
assocition with nugor coal combustion contanu-
nantsiie. . SO, NO L patticulistes) and may undergo
chemical and physical transtormations following
dischorge from power plant stacks. 1t s probubly
thiat such seconduny chemical and phy sical nierae-
vons of the major and trace cmissions, togethar with
theiv physiologic interactions with fissues of exposed
PEISOiS, MAY JEPIEsent & most por it aspect of
the tovicology assockited with combustion of coal,
The two following exammples illustiate the potential
importince of such interoctions

Giarseons pollotnits, anchuding SO, NO,.and O,
that inerense the e of ol profferation of the
trachical-bronchic! epithefivm are highly suspect as
important promoters o cofuctors wm the patho-
genesis of lung cancer, Tnaosurvey of smelter work
ers exposed to AsOq, the greatest excess of lung
cancer was formd in instances where there were ace-
companying e xpostres to high te maoderae levels of
SO,

Oxidation of SO- 1w 80 dozs not always oconrat
percer ible rates i the stinasphere. Such osidation
appeins te depend on the ssmultuneous presende of
ather factors = possilily hydrocasbons from auto-
motive exhiaust, or trace metals which may act
cutalytically . Adverse health effecis in sensitive
members of the populution now appear 1o be botter
related to concentrations of sulfaie aerosals than 1o
SO).. Acidie sultate atrosols have, theorenca!ly, the
potential 1o combine with heavy metal cations with
unbnown conseatences. Thus g ey of synergis-
bic aciens from pollutant mistures can be antics
pated which will canse sndior exacerbate pulmonary
dysfunciion and chronic cardiopulmonary discases.

Conclucions
Current Situation

Ultimate!s trace elements from coul retun to the
soil or sediment systems whence they orizinally
came. The trace elements and radionuchides m coal
naturally occur in soils. Consequently, an-
thropogenic contnbutions of these elemenis i solls
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cial effects of Mo, Zn, Cu. and € «in tenestrial
systems and to the stimulating effee . particulaly m
respect to eutrophication, of same of the trace ele-
ments in agquatic systems. The migor pollutants in
stackh emissions from coul-fired power plaonts (80,
NO:. and their pansformation products) we of im-
portance in terms of their interactions (synergisims’
antagonisms) with trace elements and radionuchide:
as well as in terms of then direct effects

There 1s an madeanate dati base for determming
the health effects, present or potential, of the trace
elements from coal combustion or conversion
plants. There s, however, highly sugpestive evi
dence that some contaminants [e.e., Ni. Od, CreVi,
As (11H. and F] may constitmte potential health
problems from ecither direct tonicity or cardimo-
genesis. Mercury, Ph, and Cd should be followed
closely because current mtuke levels are near the
tolerable intike linnts. Redioactive emissions fiom
coal combustion currently contithbute < 190 10 Muck:
ground radiation dose from all natura! sovces.
However, they could become a health considerition
if bituminous couls with high Ugontent (7 Sppmibare
utilized. Important synergistic effects between cer-
tain coal-devived metals and other imorgamic and
organic substances in the environment cun be anticl
pated. and those may prove important inhealth of-
fect assessments, In the domain of food and watc
intake, particulialy as affected by astosetthing poads
and landfills, po toxicolozical assessment of Lagce
elements or radionuchdes s feasihle at this e
However, this should be regarded s o patenineliy
significant health problem area which jusufics
monitormg of these sites

Nationa! Energy Plan hinplications
Implementation of the NEP will sesult in a dou-
bling of coul extraction and use by 195 andwtnphing
by 2000. Industrial boilers currently wing gos and oil
will switch to coul, and electiie virlities will add
considerably to their gencrating copecity throush
coal com™ustion. Gasification may become i sierati-
cant coal consumer betore 2000, The NEP calls for
application of the Best Available Contro! Technol-
ogy (BACT) to new boilers. It is assumed that this
apphication will result in a 197 release of wsh from
combustion to the atmosphere. Assoming UUS. coals
average S ash. BACT appheation in 1985 will result
in 0.6 million tons of fly ash relensed to the atmo-
sphere and 59.4 million tons of solid wastes requinmg
disposal in settling ponds or landfills. Conveision of
industrial boilers to coal will serve to disperse
sources of particulates to an and will require
additional ash disposal wreas. Regional i and water
quality may change under this dispersed concept.
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Trace element and rdionuchde eficets on health and
the envitonment st be tooked at from the point of
view of the impact of the NEP on the coal fuel ¢yele
and the rebaive contribation of huzardous clements
from coal contrasted with other sourees of regionid
and local enyitonmental burdens,

Coal Extraction. Cleaning, and Storagze.  The
NEP will huve o doeet impict on coul extraction.,
cleaning, and storage. Doubling and tniphing coul
production 1 the next 28 years will result noin-
creses i acid e drainage. The amount of the
merease will depend vpon entorcement of current
regulations pad those promulzaed under the Surface
Mining and Reclnation Act, With BACT being
applied, western couls are Jess aftractive in the east
becouse of high transportaticn cost and Jow BTU
content even though they are low sulfur couls. East-
ern coad (hizh sulfun will be gsed in plunis equipped
with SO, serubbers, This Tewds 1o o considerable
ncrease in eastern coal minte with attendant acid
nite dradnece probloms. Razardous elements in
mvine deiing e may resch grovod and saface waters
with subsequent isgestion by i and other comals
Western con! production will also merease with at-
tepdunt attahne nane duunape problems. Coal
cleaning, typically restricted 1o the cast and cential
rezions., Wilt mcrease with leachate wnd runoff ¢on-
taning hesardoiie elements moving wto ground
waler, Stange piles waill be more widesprend with
more oprartinibes forrenoft toveach suifnce waters
andd perthars provnd waters. Additionad vanmy wnd
cleamng of cond will Tead o pereased spails and
cleaning wastes. Coud fines fiom these wasies atong
with dusts from conl storage areds wall serve as fugi-
tive sources of porticulates containing haz.odons
clements o the atmasphere. Dopending on focal en-
vironmenial conditiom, these puitictides muy con-
stitute o bealth hizard, From the pomnt of view of
trace eletents and radionuchides, the greatest im-
pact of increased coal mining, claming, and storage
1s the sdditiona] bucden of those elements to ., sonl,
aind water 1 eny ironraents that we already stressed
by ambicnt levels of these and othor pollutants. The
degree of synergisms occurring wmong these ¢on-
taminants 1s not well known, Potential hizards from
elements released in mininge and cleaning will be
restricted to particular regions. whergas potential
hazards from coal storage nuy enist nitionwaide.

Coul Combustion — Solid ' uste.  Application of
BACT coupled wjith i proposed tapling of coul utili-
zation By 2000 wil result annually insome Y3 nulhon
ons of ash requining disposal. Scrubber sludges for
SO, control will add to this solid waste disposal
problem. Unless new engineering designs e de-
veloped tor settling ponds and landhlls. diect runoft
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to surface waters and leachate intrusion ko growd
water will certainly occur on a larger scale thin
present. Trace elements and tadionuchides entering
surface waters will wdd 1o existing burdens and result
n degradition of woter quality and potential tovie
effects on aquatic species. Contamination of drigh-
g witer supplies presents o real bunian hazard for
elements such as Cd and Hg which are alicady near
tolerable intike linuts, and causes an economic b -
denin the form of advanced warer trestment plants
Although pres: 1 studies indicate minimal ground
water contamination from coul-ash Lindfilis becise
of attenuution i soils, the wotional mpact of un
additional 60 million tons of <k by 20000 will el
significantly 1o the e element and ridionuclide
burden in soils and in some canes exceed thew byt
fering capacities. which will lead 10 accelerated
ground water contamination. Further. this additionf
coal-ash waste will be much more widely distributed
actoss the country as i result of ndistiial boilers
switching to coal added 1o the new coal-fired boilers
put into service. Mobilization of eleracats thyouch
coul combustion alicady excecds I, of natugal
weathenng for several trace tovie clements and con
only be expected 10 increase w ith imncreased coal use.

Coal Combustion — Mimo: phervie Emicsions, Par-
ticulate emissions from coul combustion wad conver-
sion by 2000 are estimated 1o reach one milhon tons
annually. These emissions will he predominantly gn
the respiruble range and will contnbute both trace
element and radionuclide insalts e plants and ani-
mals, Volatile forms of hazardon elements will ac-
company stk gas emissions. It i difficult to HECTRNS
the direet health and environmental etfecis of coal-
combustion-derived hazurdous clements. Their ac-
celerated release from increased coul use will add,
perhaps significantly. 10 the ambient stmospheric
loading from all other sources, Synergistic actions
with coul-derived and other orgamic and inorganic
chemicals in the atmosphere will become more im-
portant i determining QrEanism respoiise to in
Creased ambient levels. Thus, Major determinant in
potential coal-derved hizardous element eltects will
be the ambient air quihity of the region (e, indus.
trial vs. ruraly receiving the additionas) burden. The
general public health of the U.S. populition will be 4
factor indetes mining hazardous element clfects from
the point of view of iritants, co factors. and phy sic.al
synergists,

It as unlibely th atmospheric emissions of

hazardous el ments wil have o measurabie effect on
concentrations in soil, vegetahion, and witer. In
local situations. however, certain trace elements (F)
and radionuclides (Rn) muy reach levels cutising
concern he_c.mse of both increasing coal use and

4

switehing to couls containing higher concentrinions
of these elemants or their parents. Because of the
ubigquitous natire of Cd and He Gind perhaps Ph) and
the fact that then datly intake alieady approachvs
tolerable fevels, these elements may become pead
health hazards from coal utihzution,

Reccommendations

The ability w assess the health and CAVIrOmE Nt
Ipacts of trace elements and radtonuchides derived
from current and fuiere coul utilizanon depends on o
busic understinding of (4) the chennstry and rhysics
of elements in coul aund ash in the tatural environ
ment tmmmg i, i settling ponds and landtilis tsolid
Wantesh o amd in fly ash SIMOSphene emissions): (b
the physical and biological transpon through an.
SOl water, and arganisms g 19) the mteractions
anong: cissons and mnbient politunts, w e, and
other natira! enyironmient 4 chewicads: o {d) the
ecological ind hunran healih efieers of ¢onl desived
emissions both singly and in e Presetice of otha
environmential stresses, Onee this mtormstion s
availabie, it will be possible o detennine reasonable
tace and radwctive element relense res s -
tons of bath environnient.d WermCe and Conts js-
socued vath efffuent controls, Uit this informa-
tion is on hand, certuin activ ities shioald be parsued.

(Y Charactcrizistion of concentirations and
physwochennedd stutes of SpeCitic e clements
and radionuslides in hath SEMOSPRCHL enmssions Gnd
sgiceus effinents from cont combirstion and o er-
ston shauld be peformed. T hese montoring jic-
tivitics should be carvied out e en thowgh Bizmious
elements are not consdered criere: pollutints sl
their 1edease rates are not repulated. Special atten-
bon should be wven to characterization of elemenis,
meluding As, Cd. Cu. Hg. Ni, Pb, and Zn. in
lecchite s from ash disposi! systems, tothe ovid ot
States and Chemvicnd forms of Ni, As, and Cr, 1y the
nature and occurrence of vrganometsllic corp-
pounds, and to the fevels of C4. Be, d fluorides in
terrestrial environments within 40 ki of coal-fired
power plints

(2) An sssessment of the contribution of trice and
radioactive elements fiom the coul fuel evele relative
to ull other somces should be mude to put coul-
derived hazardous elements in Proper perspective,

(3) Ril,’"d, reliable method- should be dey cloped e
ascertain the movement of water and soletes in the
viciniy of coul wvh disposal sites.

4 Watershed-scale mass flow budgets for trace
elements from coul mining and Processing oper;-
twons are needed and shouid be based on both mey-
surement and model simulations.
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(5) Mogdels should be developed that aceurately
track and predict atmosphenic transport and dittu-"
sion of coul-derived emissions over mgged ternun,
during very stable condinons, and over long dis
tances. Special emphasis should be apphed to dry
deposition on matural surfaces.

(6) Information about chemicil and physical be
havior of specific hazardous elements m soils and
water is needed. Duata requirements inclode rates of
solubitization and transformation, phase distribu-
tions. chemical form. and availabibity . The rate and

extent of solubilization on i regional basis s also
needed.

(7) The role of the coul-denved hazardous ele-
ments As, Cd, Cr. Cu. Hg. Nioand Pbon drimking
water should be evaluated in terms of toxicological
and carcinogenic potential,

) Compliance testing of environmental control
technologies for atmospharic emissions should be
vigorously pursued with emphasis on IMproving re-
moval efficiencies for particulates i the respirithle
size range

9) Methods of removing hazardous elements. n-
cluding As, Cd. Cr, Cu, He. Ph.and Zn. from wiste
streams (ie.. acid mine drainage. coal pile runoft.
settling pond outfalls) need w0 be doy cloped to e
duce the environmental contribution from coal utih
zation, |
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. Fly ash fractionated into <2-, 2- 10 5-, and 5 10 8-um size ranges and coated on the
surface with PbO, NiO, or MnO, was used 1o examine the sytotoxic effects in vitro of particle
concentration and size to alveolar macrophages (AM). For the various fly-ash samples,
statistically significant decreases weres demonstratec in viability, tow! protein, and lactste
dehydrogenase activity with increasing concentratior. and decreasing particie size. The toxic
effect was not due to solubilization of the test metals in the media since no toxcity could be
demonstrated using particle-free leaches. The percentage of meial adsorted on the fly ash
vaned within a narrow range and therefore at a given concentration the AM were exposed to
fairly constant amounts of the test elements irrespective of particle size. Thus cytotoxicity is
particle size as well as dose dependent and the greater toxicity of the smailer particles
1 appears to be due to their larger surface area.

i INTRODUCTION

Alveolar macrophages (AM) play an important role in the detoxification and
protection of the lungs from inhaled particles and infectious agents. There is
evidence that certain trace-metal-containing particulates released into the envi-
1 ronment as stationary or mobile source emission byproducts can adverse!y affect
1 the phagocytic, bacteriolytic, and metabolic functisns of AM. Since the nealth
i hazards associated with potentiaily toxic matals or metai cempounds entening the
| body as respirabie-size particulates have been recognizea, their efiects on the
' pulmonary cellular defense system has been increasingiy investigated. (Bingham
| et al., 1968, and 1972; Graham er al., 1975a,b and 1978, Graham and Gardner,
! 1977, Gardner et al., 1976; Adkins and Gardner, 1976). These cells have also been
': used for the in vitro screening and toxicologic ranking of various pure compounds
g that may represent inhalation hazards (Waters #r a/., 1974 and 1975, Aranyieral.,

i 1977). ,

The objective of these studies was to evaluate whether physizal characteristics
such as size and surface area of fly-ash particles alone as well as those coated with
various trace metals are contributing facters to their cytotoxicity to AM. Fly-ash
particles are formed during burning of coal in power rlants, when at temperatures
exceeding 1100°C the mineral residues fuse and are caitied into the effluent stream
by the gases and the voiatile coal fractions. It is known that in the fugitive emissions

' This paner was presented in pant at the Sixteenth Annus! Harford Biology Symposium on ~Pulmo-
nary Macrophage and Epithebial Cells”™ held in Richland, Wash. September 27-29, 1976
ks
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16 ARANYI ET AL.

The test suspensions were incubated for 21 hr at 37°C in 2 humidified 4% CO,
atmosphere in welis of disposable plastic cluster dishes that were placed on a
rocker platform for agitation. Aner incubaticn the suspensions were transferred
into siliconized centrifuge tubes and the AM attached to the cluster dishes were
removed with rubber policemen and combined with the corresponding suspen-
sions in the centrifuge tubes.

Viability was determined by microsconic counting of 400 to 500 AM. The per-
centage of AM that had phagocytized the test particles was determined from the
same slides. For monitoring cell lysis via loss of cclmlar protein, the test suspen-
sious were subsequuntly washied and centivuged turee times in HISS and the
pellets were resuspended in 2.0 ml of HBSS to remove serum and other mxerfcnng
media supplements before determination of total protein levels.

For determination of enzyme activity the washed cell pellet was resuspended in
distilied water for osmotic shock, the volume adjusted to 2.0 ml, and the suspen-
sion placed in ice was sonicated with the microtip of an ultrasonic generator. The
cell suspension was divided into two portions: one portion was used for enzyme
assays after centrifugation at 63g toc remove the fly-ash particles and the other
portion was treated with 1% sodium deoxycholate (Schwarz' Mann, Orangeburg,
N.Y.), the resuiting lysate centrifuged at 10,000g, and the supernatant used for
protein assay.

Fnzyme activity was determined using commercial assay kits (acid phos-
phatase, lactate dehydrogenase (LDH): Boehringer-Mannheim Corp.: 8-
glucuronidase: Sigma Chemical Co.). Acid phosphatase activity was determined
by using the enzyme to hydrolyze p-nitrophenyiphosphate at 37°C and measunng
the liberated p-nitrophenol colorimetrically at 405 nm. LDH activity was analyzed
by measuring the rate of oxidation of NADH at 366 nm. This oxidation is propor-
tional to the conversion by the enzyme of pyruvate to lactate. Total protein
content was analyzed by the Lowry method (Lowryv er al., 1951) with the use of
bovine serum albumin standard (ICN Inc. Irvine, Caiif.)

Experimental Design and Data Analysis
Three to six replicate experiments were conducted for each test sample using
AM obtained from one 10 three rabbits. Within one experiment a minimum of five
exposure concentrations selected to produce a viability response over a wide
range was tested in triplicate cultures using three wells of a cluster dish and three
replicate assay determinations within each well for every parameier examined.

Specific enzyme activities were calculated as mU/mg cellular protein. Except
where stated, changes in enzyme activity and of total cellular protein content were
expressed as percentages of the corresponding controls. Since viability of the
control AM was not affected by the 21-hr incubation, the viability values were
reported directly as percentages of total AM in each culture.

For statisticai analvsis, linear regression and inverse prediction were used to
determine the ZCy, ‘aluzs, i.e., the concentrations of {ly-ash particles which
reduced the responses of the various parameters studied to 509 of the control
levels. Williams' test { Williams, 1971 and 1972) was used ‘o determine the lowest
effective concentration (LEC) among the dose levels tested, for which at this and
a!! higher doses there is evidence of an effect on a given parameter. The ertor

e O




the Variability jn from €Xperiment to €Xperiment was eliminated
via a blocking factor. Duncan's multiple range test (Duncan, 1955) wag used to
elucidate significant differences jn the Phagocytic Tesponse of AM for the various
Particle types.

RESULTS
Characteri:anon of Fly-Ash Particles

The Percentage of adsorbed lead, nickel, or Manganese on the treated fly-ash

Untreated fly.ah sample Coniaining Jess than 0.03¢ of the test metals (Table 1).
In orde; 1o demonstrage that no Cytotoxicity was contributed by solubilization

€ toxicity of fly-ash particles wag first evaluated by Measuring their effect on

AN viability, When cells were incubated in the presence of varioys concentra-

tions of PbO-, NiO-, or MnOrtreated. Or untreated fly-ash particles in the <2-, 2.
4 _ g 0

toxic, NiO- angd Mnortreated particles had intermediate effects, and the untreated
fly ash was least toxic, as it reduced viability at Mmarkedly higher Concentrationg
than the treated Particles. The data also show, thap within the Same trearment

Weght Percentage of mer ) . SO O purticles sized:
Test e e e —— e
element <2um 2-3 um 5-8 um
P 3,85 334 s
Ni 2.63 2.9] 2
Mn 2 167 2.9

——
* Uncoated fly aeh contained < Q3 Pt and N; and <0.01% Mq.
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Fic. 2. Effect of particle concentration and size of PbO-treated fly ash on total protein content and
LDH specific activity in macrophages. Results are expressed as percentages of the control responses.
Each point represents the mean from three repiicate experiments with triplicate assay determinations
for each parameter. All regressions were significant at the 0.03 level.
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Fic. 3. Effect of particle concentration ard size of NiO-treated fly ash on total protein content and
LDH specific activity in macrophages. Results are expressed as percentages of the control responses.
Each point represents the mean from three replicate expenments with triplicate assay determinations
for each parameter. All regressions were significant at the 0.03 level.

studies conducted to determine if similar dose —responses for total cellular protein
levels und specific activity of LDH, acid phosphatase, and 3-glucuronidase could
be established.The MnOstreated samples were omitted, since their effect on
viability was somewhat similar to that of the NiO-treated particles.

When AM were assayed alter incudation with the test particies at concentra-
tions chosen to produce cell viabilities ranging from 30 to 807z, total cellular
protein levels and LDH specific activity for the PbO-treated fly ash (Fig. 2) and

Fic. 1. Effect of concentration and size of fly ash on viability of macrophages. The mean viability
observed at each concentration is plotted. although the regressions were calculated using the indi-
vidual dara points. Each regression for the S~8 um particies was based upon 50 data points, while the
sample size for the other regression lines varied between 56 und 81 points. The “'zero dose’” data points
{n = 28)shown as a sohd circle were used in each regression and all regressions were significant at the
0.000] level
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TABLE 2
CONCENTRATION OF FLy-Asu Particies REQUIRED TO REDUCE MacROPHAGE VIAKILITY,
Torar Prorein Conient. ano L DH Speciric Acrivity 10 S0 (EC L)

ECu (ug mh
Particle Viability Total protein LDH activity
eaiment size (pam) <2 2-5 <2 2-5 <2 2-5
PO 470 84 68) 488 <86 707
NO 670 1250 749 1007 1325 279

(1w (N

* Extrapolated above the tested concentration range.
* Highest concentration tested.

NiO-treated fly ash (Fig. 3) generally followed the decreases observed for viabil-
ity. However, this was not the casc for the two lysosomal enzymes examined. The
specific activity of acid phosphatase showed a moderately decreasing trend that
was not entirely consistent and no change in the specific activity of 8-
glucuronidase was observed.

Regression analyses demonstrated significant (P < 0.03) negative linear re-
lationships with particle concentration for LDH specific activity and total cellular
protein levels. The estimated concentrations of paricles that reduced these pa-
rameters and viabilitv 1o 5057 (EC,,) are summarized in Table 2. For LDH specific
activity of NiO-treated AM, the EC,, values had to be extrapolated beyond the
tested exposure range.

Based on the ECy, values a toxic ranking can be established for the particles
with respect to treatment as well as to particle size. As noted earlier, the results
for viability indicate that PhO-treated flv ash was more toxic than NiO-treated v
ash and within the same treatment group. hizher concentrations were required to
reduce viability with increasing pzriicle size. The estimated EC,, concentrations
of the particles for tota! protein content, representing cell lysis, and LDH spec:fic
activity generally confirmed the toxic ranking determined in the viability~dose -
response expenments, with the exception of total protein values found for the
PbO-treated fly-ash panticles in the 2- to S-um size.

Although it is of interest to establish the relative toxicity betweer these parti-
cles, more meaningful information to the environmental to\icologist is repre-
sented by the lowest concentration of the particles that re:ults in deleterious
effects. Thus Williams' test was used to estimate the lowes: effective concentra-
tions (LEC) required to reduce a given experimental paramete; significantly, rala-
tive to the corresponding control level. The results summanzed in Table 3 demcn-
strate that from the LEC values the same general observations as noted earlier can
be made, namely. toxicity is more pronounced in PbO- than NiO-treated fly ash
and smaller particles cause greater damage. It can also be seen from the data that
in contrast to the estimated ECy, values there is no inconsistency ir the toxic
ranking based on total protein determinations. As expected. the LEC levels are
substantially lower than the EC, concentrations for all of the metal treat-
ment - particle size categories. In addition, whereas no EC,, estimates could be

obtained for acid phosphatase and §-giucuronidase by linear regression analvsis,

LECs for acid phosphatase could be determined for PhO-treated fly-ash particles
using Williams™ test
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TABLE 3}
LowesT ErFecTive ConcenTraTiON (LEC) OF FLY-ASH PARTICLES REQUIRED TO PRODUCE A
SIGMIFICANT EFFECT RELATIVE TO ConTrROL RESPONSES®

LEC (ugml)
Acd
Viabihty Total protein LDH phosphatase
Particle
treatmentsize (um) <2 2-$ <2 2-5 <2 2-5 <2 2-5
PO 50 200 100 200 100 200 400 400
NiO - 20 250 200 750 1000 b b b

* Determined by Williams' test.
* Among the concentrations tesied, none was found significantly (P < 0.05) ditferent from control.

The effects of fly-ash treatment, particle size, and exposure concentration on
phagocytic activity were determined using analysis of vanance. The analysis of
the significant interaction between particle size and concentration is given in
Table 4. In the presence of <2-um particles, approximately 93% of the AM
phagocytized at the lowest concentration (250 ug/mi), while almost all oi the cells

“had engulfed partictes—atthe next highest concentration (500 ug/mi). This repre-
sented a significant difference between the percentage of AM that had
phagocytized at 250 ue/mi relative to ail other exposure concentrations. In the
preseace of the 2- to S-um partcles, only 82% of the AM phagocytized at 250

‘ ug/ml, the process was more concentration dependent, and more of the differ-

: ences between increasing concentration levels were significant.

, DISCUSSION
¢ Comparison of the toxicity of test substances on the basis of ECy, concentra-
{ tions is often advocated. Unless the slopes of the dose-—-response curves are
! parallel. the toxic ranking may be different if comparisons are made at lower dose
f ranges. The environmental toxicologist is greatly interested in determining the
! lowest dose at which there is evidence of a response. However, there are seldom
. enough dose levels studied such that there are sufficient data for determining the
: true regression model and often there is disagreement about what magnitude of

) TABLE 4
i Errect oF PaamicLe Size anD COMCENTRATION ON PHAGOCYTOSES
‘ Pamcle Jercentage of macrophages that had
CoM enlraboe phagocylized sized parucies®
(g ml) <2 um . 2-5 um
250 92.9 8t.7
0O 966 9.7
750 96.7 930
1000 97.7 95.1

: * Means connected by vertrcal line do aer differ significantly (P < 0.05) from each other, as deter-
anned by Duncan's muitiple range test.
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difference between the fitted regression and the backgrourd responsc level is
biologically significant. '
Williams™ test provides an alternative in that the anal\sis 1s based onlv on the
assumption that the responses to the toxican! are monotomcaliy ordered. Thus, 1
the experimenter assumes a priori that if there is a response it will be in 2 known
direction and will, if anything, increase in magnitude with increasing dose. There
IS aiso 2 nonparametric equivalent of Williams' test which can be used if the
requirement of normully distnbuted data with equal group vanances is not satis- 3
fied (Shirley, 1277). While in the current study the ranking between PbO- and ‘
NiO-ireated liy-asu paruicics Gid NOL GUiCT USING whnams les! irom ihe ranking i
2

obtained oa the basis of ECy, values (except for the total protein values of the
PbO-t1cated samples) such would likely be the case if another EC level would be

chosen for companson. Furthermore, the LEC is ol considerably more interest g
from an environmental perspective than is the dose causing a S0S¢ decrement .

relative to the control response.

The effects of the various fly-ash particle preparations on viability, total protein
content, representing cell lysis, and LDH specific activity in AM showed signifi-
cant dose responses with particle exposure concentration. The results demon-
strated that for a given treatment and a given concentration of fly ash, toxic effects
increased with decreasing particle size. The percentage of adsorbed metal varied
within a limited range for all test particles, and within a given metal treatment
category the variability was even smaller. Therefore. since the AM were exposed
to the particles on a weight concentration per cell number basis and, the percent-
age of metal was approximately the same for the various size ranges within a given
treatment group. the AM were exposed to fairly constant concentrations of the
test metals irmespective of particie size.

It also has been established that cytotoxicity was not due to any solubilized '
compounds released from the particles into the incubation medium. Thus, the
increase in toxicity observed with decreasing particls size sucgests that the toxic
effect is due to surface interaction between particles and AM as well as to particle
concentration. This is in agreement with the observation that for a given concen-

- tration, the percentage of phagocytizing AM increaseswith-decreasing particle— -
size. Moreover, since the smaller particles can be phagocytized in larger numbers,
they provide more surface area for interaction with the intracellular milliea. Large
particies do not affect AM as readily, because they canrot be engulfed in similar
numbers, and, after engulfment, a smaller surface area 1 exposed in the
phagolysosomes. ’

Thus, these studies provide experimental evidence that the size of the carrier
particles affects the cytotoxicity to AM of a substance adsorbed on their surface
and thereby demonstrate that for evaluation of inhalation hazards the size of the

-
particle delivered to the AM as well as the size range that permits penetration into
the alveolar region is extremely relevant.
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Asthma and Air Polluti-‘on‘fr.om a
Coal-Fueled Power Plant

Istroduction

Earher studies of the relationship between air pollution
and acute asthmatic episodes have generally been of three
tpes. In the first type. specific allergenic pollutanis le.g.,
castor bean Just or grain dust) were clearly established as
«thimatogenic on the basis of patients’ history. skin tests,
and re-exposure to the pollutant under control conditions.**
In the second., associations were found between uir poliution
w coneral and isthma symproms recorded in diaries, in emer-
gency room. clinic or physicians” records, or Juring inter-
vows Y I the third type. the clustering of asthma episodes
atad their association with Jow wind speed indicated that an
aburae substunce was involved, but standurd pollution
~oaotrements showed no correlation with attuck rutes 13

In none of the studies involving the usual ubiguitous
pollutants could researchers specify the harmful agent or
azents, or find those les ¢Is of pollution at which heulth effects
first become marked. Nor could they generully disentangle
the ¢tTects of wir pollution and weather.

The present study was designed to obtain such infor-
mation. For 7 months duily symptom reports were kept by
a panel of asthmatics who were intermittentiy exposed to
heh levels of pollution becuuse their homes were within
t: mile of u coul-fueled power plant. At the time of the
vudy, the plant had low stucks, no abatement desices, and
used high-ash, high-sulfur coul as fuel, and therefore emitted
substantial quantities of particulates, sulfur diovide and
ovdes of pitrogen. Our purpose was to quantitate the relation-
ship between short-term relatively high-dose pollution
evposure and frequency of asthma episodes

Methods
Population Selection

New Cumberlund, West Virginia was chosen for the
present study becatse e quadity measurements showed wide
dav-to-diay NMuctuation of pollution levels, and because 1ty
serall area (1 mile by Y: mile) made intensive monitoring
of pollution Tevels relatively simple. Subjects were located
M telephone survey of all households in the smull town
tpopulation 2.100). Al residents chiming respiratory symp-
wms were soreencd by oa st physician (2 C L Critenia
Lo ulusion in the study were two

I History of intermuttent episades of respiratory dis-
e, generatly unacoe ipated by fev o o mcrcased spatum
prowtiction, 1o which wheezing was the predominant symp-
o

Y Experience of three or more such episodes in the

rreceding 12 months

Arlan A. Cohen, M.D.; Steve Bromberg, M.S ;
Robert W.Buechley,Ph.D.;LeoT.Heiderscheit,
M.A.; and Carl M. Shy, M.D.

Most subjects had been told by their physician that
they had “asthma'" “allergenic asthma.”” or ““usthmang
bronchitis.** Euch subject was asked if he knew of neighbors
with respiratory symptoms; this enabled us 10 find severa!
subjects among the few Jocal families without telephones

Forty-three suitable subjects were identified. Of these.
14 were lost to the study, because of refusal 1o beinterviewed
(1), protracted Lospitahization or travel (2), or repeated failure
to return diury forms (11). Of the remaining 29 subjects,
9 reporied no attucks or one attack during the ~study. All
analyses presented are for the data of the 20 subjects who
reported more than one atiack.

A questionnaire administered 10 the 42 initial subjects
inguired into age, sen, race, education, rent paid. duration
and severity of asthma, medicine wxually taken, svmploms
during and between attacks and history of smoking and
wllergy. The distribution of these charactenstics among the

14 study dropouts was not sigmficantly different from that
of the final participants. The group of subjects excluded
becaus. their attacks were too infrequent was younger, hud
fewer smokers, was slightly better educated and paid slightly
muore rent than the final study group.

Monitoring of Pollution and Weather

Three pollution monitoring stulions were established
atsites piched to give a representative sumpling of population
capostire. At cach station. continuous meinurements minde
melnded total suspended particulates (High Volume Sampler
=23 hour  samples),t”  sulfur dovide (Conlometric
method)."* sothing index (IS tape sampler=2 hour tape sam-
ples).™ suspended sulfates (24-hour sumples.™) and sus
pended nitrates (24-hour samples™),

At onc weather station in the center of wown, and
one on i nearby ridge. meteorologists took continuous hourly
measurements of tempetature, wind speed and direction,

humidity and Darometng pressure.

Diary Reporls
Fach subject recened a diars form (Figure 7) and

aurs envelope weekhy o 1 he diary Tonm asked day of week

ASTHMA AND AIR POLLUTION 1181



time of day. duration. sey enty, and place of onset for each

episode. Three 10 five days sfter the end of euch weekly

reporting period. nontespondents were phoned and reminded
1o submit the missing report. Each wecek approvimately 15

per cent of the study populution had 1o be telephoned

Physician Visits

A stafl physician mude several week-long visits 1o
New Cumberlund. During these vists, subjects were asked
1o contuct the physiciun euch time they had an attack The
doctor then visited each one to confirm the occurrence of
an asthma episode.

Analysis of Data

Methods of analysis included g stepwise multiple
regression procedure with an analysis of the correlution coef.
ficients, for Yog-trunsformed us well as for untransformed
data. The association between attack rate and each pollutant
Wes examined within three lemperature ranges, as wus the
association of temperature with attack rate within three polle.
Hon ranges. Regressions were also culeulated for each pullu-
tant on the temperature-adjusted attuck rate. Best-fit lines
were plotted for euch pollutant against attuck rate and against
temperature adjusted attach rate

Results
The Population

Fable 1 gives the popubition’s age, se. duration and
severity of asthm.. allergy and smoaing histors . and educa.
tonal level. The fina! study group contained primanly aduls
IS0 per cent), with at et it high school education Aboui
hall the group were male, hulf were smokers, half hud a
history of allergy. and all were Caucusiun

Table 1—Characteristics of the Study Population

Variable Category
Age 16 or less Over 16
4 16
Sex Male Female
9 1
Duration of 10 years More than
Asthma or less 10 years
9 1
Fregquency of 12year More than
Episoges or less 12'year
0 20
(Non—as!hma(-c) Positive Negative
Allergic History 10 10
Smoking Smoker Non-smoker
History " g
Educational Did not HS or more
Leve! graduate HS
7 13
1182  AJPH SEPTEMBER. 1972, vol 62.No 9
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Association of Attack Rates with Poltytign ur Weathe
Parameters Two-Variable Analysis

Alcru).-rs——(,'orrcl.utmn coclficients were calculated -
between daily ay eruges of each Mmeasured pollution or
weather parameter ung reported dunly atsach rate, and thes
between pollution und weather purumeters. As the first cok
umn of Table 2 reveuls, ol pollutants s well as temperature
correlated significantly with attuch rate, although lempers
ture, sulfur dioxide, ynd soiling inden showed the greaiest
correlations. Figure | shows seatergrams for attack rate vep
sus each variable that wis significantly awsociated withaitack”
rate. “"Best-fit" hinear FEEression hines are superimposed o
the scattergrams. We atiempted to Gt threshold functions,
i.e.. S-shaped curves tothe duta F or euch variable, however,
the best fir § shaped curve did o explam more attach rae
Variaion than the best-fit hinear-regression hine.

Lags—The duata were feaanaly 2ed issuming 6, 12, 18
or 24 hour lags beiween pollation or temperature levels and
occurrence of asthma episodes Temiperature and soiling
index remuined significantly correlsted with altachk rate wity

e G me

——

Figure 1A—Scattergrams With Ees!-Fit Lines for Attack
Rate versus Signiticant Variatles
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Fgure 1B—Scattergrams With Best-Fil Lines for Attack
8,1e versus Significant variabies
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any of these lugs. The correlation between attack rate and
wilfir dronide level decreased with increasing fag. betonung
insignificant at lugs of 1¥ hours or more

Peaks—Anulyses were repeated for all varables
charucterizing 6-hour temperature rather than by 24-hoor
GNETages Correlations were virtually wenticul with those
found for duaily averages

Too few days occurred with a low 24-hour pollution
average buta high 6-hour peak, or with high 24-hour as erage
temperature but a low 6-hour minimum {or us 10 make a
meaningful analysis. The present study therefore could not
distingzuish the effects of shart term (6-hovr) high pollution
expostre from those of longer term (24-houn), lower dose
e\postire.

Logs—Anulysis of averages, lags and peaks of log-
transformed data produced results no different from those
Jescribed above

Hieh-low Analvsis—Table ¥ gives attack rates for
high- and for low-pailution days ard for days of high and
low temperature, humidity, baromelric pressure and
windspeed. Cut off points demarcating “high' from “low™
vanable duys were arbitianly chosen so as 1o roughly
equalize the number of davs in cach category and because
these were poinis ol which relutively Lirge increa &s of attack
rote vccuired. In addition the table shows rekative nskhs of
high pollution high humidity  andiow wir dypeed o temper-
qture ond low barometric pressire. Relative @iy o high
pallution varied from LOX for suspended sulfates and sus-
pended nitries to 1.24 for soiling index. The relative risk
of low ture was 1.29. Significant High-low differences
in attack rate were found for suspended partic ulate, sohng
index. sulfur dionide, temperature, humidity and windspeed.

General Temporal Patterny—Temperature sulfur
dionide and soilirz 1~dex, the three variables showing highest
correlstions with attack rate, were tabulated with attachk rate
by quarter of day. iy of week, und month of year

Pollution levels and atack rate both peaked dunng
the second quarter of the day: over half of all sttacks were
reported to hive begun duning this interval. Temperature
was lowest between mudnight wnd 6 a.m

Figures 2 and 3 show averuge values of temperature.
sulfur dioxide, soiling index and attack rate as functions of

remper

Table 2—Correlation Coetficients for Pollution and Weather Parameters, and Attack Rate

Attack Sunur Soiling Total Suspended Suspended Suspenced
rate dioxide index TYemperature particulates nitrates sulfates
Attack rate
Sultur dioxide - .320¢
Soiling index - 387t 5251
Temperature - 4271 - 2051 466°
Tota! suspended
particulates - 241t - 537t - 419¢ - 021
Suspended
nitrates - 19" - 316t ~ 438+ _ 084 - 543%
Suspended
sulfates - 199t - 3497 - 280* - 197" - 5671 -.3611
rometr: -
Bap:;essw: o - 055 . 122 - 043 - 156 - 165° « 107
Windspeed - 050 - 072 - -290¢ 124 - 033 - 023 - 2671
Humidity - 12 o - 223 . 162° 168° - 186" - 089
“ P08
t e 0
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day of week und mon:h of year. Figure 2 shows a "'middle
of the week™ trend for attuch rate and pollution, but no
trend for temperatire Figure 3 shou 50 crage monthly attuck
rates varying directly with “veruge monthly pollution levels
andinversely with temperature; these rel

mlionships obtained
M cach season studied Heancal tbulutions of the other
pollution variubles.

though not Presented here. showed
simulas characterintics

As these figures and Tuble 2 show, each variable sIgni-
ficantly correlited With atick rate was correluted with
several other variables o well. These simple analyses thus
fuiled 1o distinguish betw een Primary and secondury associ.
tions.

Figure 2—Attack Rate, Temperature, Sulfur Dioxide
Concentration, and Sciling Index as Functions of Day
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Table 3—Asthma Attack Rate and Pollution and Weather Variables: High-Low Analysis

Relative risk of  Significance of ' e
Attack rate on Pointdemarcating Attack rate on  “high'" variable differences In o :
. “low variable “high” and “low” “high” veriable days (B'A) or low mean altack L % {8
Veriable days (A) days days (B) Temperature (A/B) rates i, “
; Soiing index 0342 10Coh 0422 124 P<.01 4
Sufur gioxide 0 364 07 pom 0 448 123 P< 01 i i
To'a! suspenced i iR
particulate 0.349 150 ygm'm3 0412 1.19 P<.01 "ol
¥ Vi \

. Suspenced : RHI R

. vl

.t nitrates 0374 2 pgm'm? 0 388 103 NS g
e’ Suspended ' ,i ;
. su'fates 0378 20 ygm'm? 0382 1.03 NS il :

) ¥a + v

1 Temperature 0441 32°F 0346 1.29 P<.01 P ';

.’ Barometric sif s
L i

i : pressure 0.380 25 & inzhes Hg 0374 0.98 NS i '

s Wingspeed 0.367 4 mph 0391 1.06 P< .05 .5 - !

! HumiCily 0.362 80% 0.393 1.09 P< 05 3 }; v

i " o vt

s ’

14l
: S ;
! i i . ’ et

a “temperature-adiusted attack rate” against each poliution tion on attack rate. but could not specify which pollutants it v

; vansble. On these gruphs the difference between observed were most important Vi ',-

Pooatach e wnd attack rate predicted from temperaiure duty Figure S shows best-fit lines for attack rate versus 1 ;i;..;

L plotted against poliution level. The best-fit lines ure ull each pollution variable s i function of temperature range ) } i ‘.

* o wgnificant slope und expliin a significant proportion of These graphs show that air polluton’s effect on asthma s S H

:- residial attack rate variation. This senies of anulvses thus greater at moderate temperatures than at temperatures below - ’_i 4

i dowed independent effects of temperature and of wir poliu- A0°F, but that asthma atteck rate is greatest at low tempera- {3 :

! tures MRS

f Figure 6 shows best-fit lines for temperature versus ! Rt
Figure &—Temperature-Adjusted Attack Rate versus attack rate for three pollution levels and two indicitor pollu a3
Poliution Levels: Best-Fit Lines tants, sulfur dm\nqc and soiling index. These reveal thal 1 %

temperature variation has a greater effect on attack rate at i ‘: 2
s S—— 18 8 T T low pollution lev:ls thun at high pollution levels. 8
'3, n[ - e " i

p e ¥ e sep 7 Physician Visi!s A
. . o '

» ': ' * YoM . l ,i
S.:,‘: j £ oeap : The attack rate reported during the several physician « ok
£ 4 2. ::: j visits was not significantly lower than that reported for other b ’:

' Vanbd . oo g O LK o weeks matched for season and general pollution level i

P . o torbescerbensw 61l 3w ool . I‘t

¥ e R e HER L

‘ : SrrrvTYTTTYTT T Y Y :: b o = y vy :’

s S «*  op - t , 118

o ‘. )!L '.' topr - " T L |! l

R ok d " Ld . Table 4—Residual Variation in Attack Rate gt

g oot : P 4 o Explained by Each Variable After Effects of g i
oY ? »

£ =T 1 i AR T Temperature are Removed 2 b %
L% 1 o - se B E |

) . 1

| F Y onhel "':_"?!,‘N ‘:,: ':," Degrees Sumof % of sum 'J-g
» - W “wito vFal - L ap

E 3 b i g gl gl Factor freedom squares of squares [-value P e
HE

. .o Tota! 25363 100 .x i

' L e i geme i i e !

- 'O ¢ se Temp (alone) 1 0.5151 2031 387395 .00005 bt

Poe e 4 2 . Temperature with i

: ';, L q 2w AISI 1 003835 392 78268 .00585 [

et 1% . $0: 1 01002 395 78772 .00570

- - i :

LT 4 2= e TSP 1 00879 386 7.687% 00630 ".

Ce e 4 32 Nitrates 1 00601 236 46265 035 :

& - g .l ¢ i

! B e 1T .. Sultates 1 0130 548 111641 00106 h

9 ) 17 . Barometric ¢

T 4 % 1 Pressure 1 000003 000 00022 9627 |

i U 8 T T ke ndindiciidimdl Windspeed i 00044 017 0.3271 5685 i l\
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Figure 5—Attack Rate versus Pollution Levels Within
Three Temperature Ranges: Best-Fit Lines
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Discussion

We had feared that New Cumberland residents, in
their discontent with the local power compuny, would over-
report illness on days when pollution levels were visiblhy
elevated. However, since attack rates reported during the
3 weeks in which a doctor confirmed the presence of each
asthmu episode were not lower than those reported for pre-
ceding or following control weeks, it is unlikely that this
was a significant bias.

We uttempted to judge severity of attack by inquiry
into duration of attack. restriction of activities, dose of
medicine tuken. und whether or not a doctor visit wis made
These proved to be of little value for this population, because
little within-person, between-attack variation. occurred
Most subjects rarelv saw a doctor, rarely staved home from
work or school because of an attack, took one dose of
medicine, and had symptoms for less than 2 hours

Several aspects of the data deserve further comment
First, pollution levels and attack rates were associated within
euch season, The months of peuk attuck riate were Januury
and February. These months also had the highest pollution
tlevels and lowest temperature levels, and are characterist
wally the tume when acute respiratory infections are most
frequent

Second, the diurnal pattern for reported altack rate
in this study showed the peak rate of symptom onset occu
ning between Ga.m. and noon. rather than between midnght
amd 6 aom., as reported elsewhere * The reason for this s
unclear

Third. suspended sulfute levels showed the strongest
association with attack rate after the effecis of temperature

1972 Vol 62. No 9

1186 AJPH SEPTEMBER

Figure 6—Temperature versus Attack Rate for Each of
Three Pollutant Concentration Ranges: Bes!-Fit Liney
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were removed. This finding may reflect only the unusya!
possiive ~orreistion of suspended sulfates and temperature
tall other poliutunt variables show negative or insignificant
correlations), or may retlect the irritative properties of syl
furic scid mist. Prcvious studies have shown that suffuri
acid mist iy capable of increasing pulmonary resistance i
heulthy adults ?! and have shown associations of mortalin
with suspended sulfute levels. *?

A single pollutant cannot, on the basis of this data,
be singled out as the prime cause of asthma episodes. It
18 cleur. however that although temperature s strongly
associated with artack rate. air pollution concentrations are
sizmificantly asscended with attack rate. 100. even after the
effects of iemperature have been remosed.

Increases 1n air pollution concentrations were found
to have a greater effect on asthmutics when temperatures
were moderate than when they were below freezing (Figure
Sicalthough the reported attack rate on davs of low tempera
tare was usuatly high regardless of wir pollution concentra

tons. Similarly, decreasesin temperature had o greater effec
fow pollution days than on high pollution

ch pollution davs

on #itachk rate on
cavs. On
hich and were not sigmiticomtly affected by temperastare var
Fhese dati seem to imply that there is an upper limi
to the ability st brington asthme
epnodes, at leist in the temperatire and pollution ranges

studiod. Once this ot his been reached, by virtue of tow
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Psie 7—New Cumberland Asthma Diary Division of Healih Etfects Research
« National A Polivtion Contro’ AZ=mrsiration
" Pudlic Health Service DHIw
) NEW CUMBERLAND ASTHMA DIARY
! Date No Your Name
Suncay Moncay Tuesday |wecnescay | Thursday Fricay Saturlay
f No
L you Pave an asthma of .
’ wweiing al1ack today? XN L Sincs
Yes moee than 1
i shanght 10 § £V
:01 AM 10 Noor
. 4 A wtat time 2id the
P e bepin? Noon o ¥ DM
6 01 PM 1o micn gnt
4 Swa g in New Cumberiane No
s whan 1he B11ACK Degan? Ve
s
4 None
wow many Goses of ! Sose
wed.cine €18 you take? 2 doses
:-
J

——— T~ — o — —— -

Pas 1he #i1ack Dad enough No

0B mAke yOu Se 3 JOCiO
Yes

Bas 1he ATIBCk Sevee
"ough 10 kee; you 'rom
hoo! o work, o from No

your usual activiiies?

a1 ¢o you think
o it on the allack?

Less than 1/2 hour
s

Mow long did the attack 1/2 to 2 how'

st
210 4 hou's

More than & nours

wemperature or high pollution levels, further variation in other
ensironmental fuctors has no effect.

The temperature-independent poliution effects
weurred at pollution levels commonly found in our mujor
Jties. In New York City, for example, for the months June
through November 1969, 14 of 38 representative monitoring
vaations reported sulfur dioxide averages grester than .07
prm, end 33 of 18 reported average soiling indices greater
than 1.0 Coh ™ The city-wide average sulfur dioaide level
tor Chicago exceeded 065 ppm in 1966 und 0.07 ppm in
197, with corresponsingly high particulute concentrutions. =
furthermore, as the need for electric powerincreases, expan-
von ol existing coal-fueled power plunts and the construction
of new plants appear tnevituble. The present data should
emphasize the desirubility of expanding fucilities in sites rela
wely distant from population centers

Previous attempts to relate air pollution to asthma
have been blocked by several problemis. Pollution monitoring
has been inadequute because of unsophisticated instrumenta
won or the impossibility of continuous monitoring '
tin o Procedures for guantifying morbidity have beeninacvu-
tale or insensitive. **¥ ' Terminoloey hus been unclear
** It bus not been possible to separate the effects of air
pollution from those of temperature, season, burometric pres-
wire or windspeed, or to reasonably estimate dose response
telationships between air pollution and heulth effects o

Inthe present study. weather and pollution were inten-

v

sively and continuously monitored, a fairly sensitive device
was used 10 measure attack rate, checks on biases were
made. und a clear, generally accepizhle definition of asthma
was used. With these precautions, significant effects of pollu-
tion have been found independent of, or in addition to, those
of weather. In this study. too, certa'n desirable information
could not be obtained. The effecic of the srveral poliutants
could not be separated, since they came from the same source
and accumulated under the same inversion conditions. For
both pollution and temperature, it wias not possible 1o tell
whether 6-hour averages or 24-hour averages were of greater
predictive value for asthmatics, The effects of sharply fulling
barometric pressure could not be eviluated, since no such
drops occurred. Finally. since there were no nearby com-
munities without significant pollution exposure, there were
no area controls. The conclusions of the present study would
be strengthened by finding that a group of asthmatics in a
nearby but minimatly pollined rea did notalway s show sy mp
toms increases on the same Lays as the New Cumberland
asthmatics

It is clear that similar < tudies in other areas and with

more subje would be desit ble

Summary

Twenty asthmatics gave daily symptom reports for

over 7 months, while local e polunon amd weather param

1187
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Clers were piensnely momioed
were found between reported attiuck rate and lemperature
and between aitack rate and pollution levels after the effects
of temperature had been removed from the analysis. These
temperature-aindependent ur pollution effects occurred at
levels of poliution commonly found in large cities. and

appeared greater at moderate than at low temperutures
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'“>Mt-nag?:nicit}'of Filtrates from Respirable Coal Fly Ash

Py
[

Abstract. Incubation of histidine-requiring auxotrophs of the bacterium Salmonel-
la typhumunum with cyclohexane-, saline-, and serum-soluble surface components of

resnirgole
shift

Av sk particles produced an increased number of revertanis in two frame-
tester strains. The resuits are consistent with the hypothesis that both organic

and inorganic mutagens are present in coal flv ash.

Coal combustion for electric power
generation is predicied o increase dra-
matically throughout the remainder of
this century. It can be estimated that in
1974 a total of 2,4 X 10 metric of
fiy ash was released 10 the atmosphere”
from all coal-buming facilities in the
United States (/). As part of our studies
of the potential health impacts of electn-
cal energy-producing coal combustion
technologies. we evaluated the muta-
genicity of soluble components of respi-
rable coal fly ash. Recent studies have
shown a high positive_correlation be-
tween carcinogenicity of substances for
animals or man and mutagenic_activity ip
a bactenal test system (2).

Kilogram quantities of size-fraction-
ated Ay ash were collected downstream
of the electrostatic precipitator from the
smouaes:ack breeching of a large modem
power plant burning pulvenized low sul-
fur, high ash coal (3). the four sized
ocuions obtained, the finest fraction,
“ih & mass median duumeter (MMD) of
-.cpmand geometnc standard deviation

'S the most biologically im-

nce particles of this size have

— — e —

'ﬂospﬂcm residence time

w1 efficiently deposited in deep
efficiently removed
TTI.T: réquinng
rophs of the bacterium Sa/-

irtum (supplied by B. N
were used. The testing methods
tions involved have been de-
strains TA100 and

= been used to detect base

TA1537
strains_that are
"u"’es’* r
nd TAI
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mutagens;
L AYS are
muiagen
) have an ampi-
{ present in the
histidine_ was
the hist-
to replicate sev-
ce of the test sub
Ltion, the
e s

hist dine
revertunt) b.u‘cl.a

factor no
“Sufficient
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selected
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Ibecco’s
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e was used be
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phys:

rse¢ serum
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TAI00 did not.
S ————

carcinogenic_heavy metals (5). Fly /_ash
samples were incubated s_e;n_:%lgy__lm
cach of these media for 2 weeks a1 37°C,
After mcub.uon fly ash mixtures
were cemnfuged at 35 sL-
permatanis were passed through a 0 45-

B D membruoe_Slier _10_remgve particu-
late matter. Media controls of serum or

saline were treated in the same fashion
as the fly ash mixtures. Eiltrates were
added tofilter paper disks in_the standard
spot tes; and also added to soft, top agar
pour plates. No mutagenic activity _was
t‘ound wnh the spot test, but revertants
were seen with the plate technique. This

was endencc that the mutagen or myta-
pens did not diffuse into the media from
the paper dvsks of :hc_ﬁ__Lsrrams test-
d-'[_q% and TA1538 showed his* re-
vertants, whereas TAI53%. TA1537, a and
Because strain TA1538
showed two 10 three times the nurrbcr of
revertants as TA98, TA1538 8 was used jn
subkcquen' tests wit h v \mmg.on.c \Ua
tions _g_ﬂ_\_nb Serum filtrate had ap-
proximately tenfold g g'cale' acuvity than
the saline filtrate (Fig. 1). Solubility of
substances respgns:ble or mutagenic ac-
tivity in saline "T\T»-;r' Sup-
p’mp esence of polgr__qrg.:r,‘ or
mormrw _Mmutagens  Although these
tcms confirmed the presence of direct
mutagens. many mutagens require meta-
bolic conversion by cellular microsoma
ev;me« to active mutagens (2). In fur-
ther expeniments, addition of optimal
concentrations of rat liver homogenales
from r;.mgonw yrinated
SIg

bxp rn [TArochlor 1253, ) 4.3 not
Ic | \ .b r of revert-
nificantly increase the number of revert

Table 1. Number of TAI518 His*
The concentration of % ash incubated
¢yclohexane extract was evaporated

10 the equivalent of 7
Spot

n of rat

8 mg'ml. All con
matenyls
fractic
Mean

The number v“ spontaneous 'c»e"w s per
addiion of S-9 aion

liver homogenate, cer

€ wWas :J > |
Test
media

Serum fi
Saline fily
('I\ onexane exiract

revenants per plate with and w
with serum and saline bef:
under nitrogen and
ols were treated in 2
€sls were posilive with 4-mitro-qu
nfuged a1 9000,
values = the standard error of the mean (S . E. M

plate was 7 = |

ants in either the saline or serum filtrate
(Table 1)

Further work was designed to evaluate
the chemical nature of the active fiy ash
components’ ‘Fly ash was extracied di-
rectly with cmane a nonpolar.
nonmuugemc orgamc solvent. The ex-
rracx was cvaporaled 10 drymess and re-
consmuted \vﬂh dimethyl sulfoxide, and
thns mixture was tested for matagenicity
Abaut 40 percent of the mutagenic aciiy-
ity of the serum filtrate was present, and
metabolic activation increased the num-

ber of reveriants 2.2 fold (Table 1). At
——.

least a portion of the . activity thus Tam
probably be attributed 10 mutagenic non-
polar_organic compounds. In contrast,
after extraction

found only in the agueous fractio
connrmed hg polar naiure ol ihe-eciivjty
of the saline-soluble w
gested the prese of at |east

genic compounds
To further assess the chemical speci-

ation of the mutagenic activity in “the
serum filirate, 2 mAM disodium ethyl-
enediamiMeTETraacenic acid (EDTA). a
metal chelator, was added to serum fil-
trate TW( his™ revertants was
1 dsEXDy aboul £0 percent compared
to the unireaied fitrate (Table 2) In or
der 10 (eSITE hypothesis that EDTA had
chclatcd mulagenic metals complexed
wilh Serum | 'cxem.Aj;_Lt_‘_,m
untreated serum fltrates were fraction-
ated on 2 Sephadex PD-10 coL_* n with a
cutoff ar 25.000 dalions, min
WAS Bd0ed 10 one portion of serum fil-
trate and stirred overnight at <°C before
elution on the ¢ A _second portion
was prepar iin zhe same manner w with-
ment wilk ED OTA. Each of
Mrates was cluted with three
void volumes of d\uh'-«;lsuncg water
The firsi {rac’ contained more than 95
PCTC_?&WM pr\,.elr. The
second had (he remaining protein and a

ns i 2

olumn

ithout metabolic activztion

7 mgm the
dimethyl sulfoude

re filtration was
reconstituted with
manner Jnalogous 1o the tes
noline-N-oxide without S-9 (the cupema
and with 2 aminofluorene an.

were for three rep

The number




small amount .of low-molecular-weight
* cothpounds, while the third fraction con-
tained” only low-molecular-weight com-
ponents. Each of the three frastions was
lyophilized and reconstituted with dou-
Bie-distilied water before testing. Re-
MnsMDTA
the total mutagenic activity in ty in the frac-
tions was lower than thatin the original
filtrate (Tabie 2). Of the total net activity
after subtraction of background revert-
ants (50 = 1.0 percent), 79, 1§, and 3

gercent mzms_'@i?d
uve-

ly. Of the toml pet activity after

mn_o-,ﬂ_nmgy_mmm
(T.Hc 2) 83 17 percent were

a6 s EDTAwated e,
uoas. mpccmdy. The significant in-
crease (P < .001) in the activity of the
low-molecular-weighl “fraction—of the

EDTA-u _lends _cre-
dme to the hypo(beus that EDTA act-
ed by chelating muiagesic metals from
semm protems The mutagenic activity
was with the

postulated. as a resull of the cyclo-

hexane extraction studies, (o be present
on fly ashf surfaces. Mutagenic_organic
compounds—Tor _exampie, polynucle-
ar“aromaiic_hydrocarbons—hz ve been
shown 1o bind 1 proteins (6. Additional
explanati tive enhance-
ment 0 serum

zymes in serum capable of converting
promutagens to mutagens or () protein-
mutagen complexgs that are_more avail-
able 1o the bacterial cells.

We have studied the trace element
composition of the fractiomated fiv ash.
The respirable fly ash fraction, relative
13 the other sized fractions, has the hng.h-
esl Toncentration of many elements (7)
that in some themical forms have been
reported to be mutagenic ( -IT)—:!r car-
cinogenic (14) In order of decreasing
concentration enhancement, FelamveTo
the coarsest fraction [MMD = 20 um;
o, =179, the [ollowing elemental con-
centrations (micrograms per gram) for
some_mulagenic 0r carcinogenic metals
analyzed by instrumental neutron activa-

uon analysis O A10MIC ADSQRLOA-SPEC-

trophotometry (/5) in the finest fractior

have been determined: Cd(4.6), Se(198),

As(132), Sb(20.6), Mo(50), Pb(278),
Co(21). Cu(137). Be(103), Ni(40),
Mn(309), and Fe(32,000). The inverse

dependence of concentration on particle

size has been explained, for the most

part, as being due to condensation of vol-
7

,Mnmﬂx%
fracton of higher molecular weight, with
or wi A treatment. This activi-
ty ma) be ue to organic compounds

ﬂli%es_ic;,mﬁsd—m the_saline fltarss
m:w& (i) en-

Tabie 2. Effect of EDTA treatment and serum
fractionalion on the number of TAISI8 His*
revertants per plate. The concentrations of fiy
ash incubated with serum was 78 mg/ml (as in
Tabie 1). The mean values = S.E .M. were for
five determinations. The number of spontane-
ous revertants per plaie was S = |. Controls
were serum samples with EDTA added and
treated in a manner analogous o the lest ma-
tenals. Abbreviator: UF, unfractionated.

Serum Fly

filtrate 2; ash + ('::;'
fraction EDTA

UF 162=18 261225 8=2
Fraction | =1l 4=i0 7=21
Fracuon 2 21z 4 1= 4 1122
Fraction 3 722 22=23 4=1

atile metals and their oxides on the sur-

mtnm of po-
tentially toxic materials on the surface of
these aluminosilicate spheres (/7) may
be on the order of lens or hundreds of

ma’ozy_n_;_m surface concen-

trauons may be as high as | to 5 percent

(/8). Of the metals found in fiy ash, a
number_have been demonstrated to be

mutagenic _in the Salmonella reversion

sulfite, which may be present on the su'.'
face of fly ash 20), Las also been shown
to be mutagenic 2/).

Although we have not analyzed for
organic compounds. they (particularly
polynuclear aromatic hydrocarbons)
have been reported 10 be present on the
surface of fly ash (22). Studies of sus-
pended particulates in urban aerosols
have also resulied in the identification of
polynuclear aromatic hydrocarbons, as
well as oxidized species, including poly-
cyclic quinones (23). Although most
polynuclear aromalic hydrocarbons re-
quire metabolic activation, some of the
oxides do not (24). It has been postulated
@5) that, in addition to polymuciear aro-
matic hydrocarbons, urban aerosols con-
tain other extractable organic com-
ponents that are mutagenic mn the Ames
test system. Since our fly ash samples
were collected at 100°C from the power
plant smokestack. concentrations of or-
ganic compounds were probably lower
than weuld be present if the iy ash were
cooled rapidly to ambient temperatures
as occurs in the smokestack piume; how-
ever, the organic compounds may be al-
tered by interaction with effluent gases

assay (8). These include compounds of . or light and other environmental constii-

chromium (/0, /1), iron (/2), manganese
\(/3), and selenium (/0). Sirover
Loeb have suggested that the mechanism
of damage by many mutagenic and car-

, cinogenic metals is due to decreased i’ power
" delity of DNA synthesis (/9). Sodium bi- )

R x
240 /

| )

§ = )
' -

4

J

)

]

“

25 1 3 7

ncuboton concentrs o of Ty osh @ medwm (mg/mi)
Fig. 1. Dose response curves for mutagenicity
of fiy ash fiitrates with strain TAIS38. The
number of his* revertants per plute s the
miean of S to 20 reph.ue determinations mi-
05 the mgarof (hé apprepriate ba:kgromd
revertants (sefum or saline). The background
reve™sion Was defined as !he‘l‘t’GG’r_rr'sLa of
the-spontaneous revertants and the appropn-
ate media controf afier it was determined that
the number of s’ revertants in all negalive
controls was not significantly different from
that of spontaneous revertants. The means (=
S E.M y-of the background revertanis were

/8R8(204),69(20.9),4.0(=96) for the spon-

taneous revertants, serum controls. and saline
controls. respectively. Filirate (100 ul) was
added 10 2 mi of soft top agar before plating
Plates were incubated for 2 duys at 37°C. The
vertical bars are ! S EM

uents (22).
In summary, evi been pre-
semed tha: fitrates from a respirable

fra oal fiv ash couected from a

vera av contain
substan;g; xh..l_c;mse fmnahvn muta-
tion _lg:kwmal

excision ir. These substances appar-
emiy include both organic ¢ and IMorganic
compounds. Increased mutagenicity of
the serum filtrate compared to the other
filtrates may indicate that exuraction with
serum increases the sensitivity of “the
Ames rechnique for detecting foutagenic-
ity of complex mixturgs. It may be ex-
pected that substances on the surface of
fly ash dcpcsued in the geeg___g_houlo
be similarly soluble in .\Oveobar fluid. The
prospect of a large increase in. the
amount of coal burned _for energy_pro-

duction_warraals specific identification
of these mulagemc subsiances an and a

c‘gmu.smmnx.nf_m:mwble carcin-
ogenic_properties of respirabie fiyash.
T CTECHRisy
G. L. Fisner. J. E. LavMEr?
Radiobiology Laboratory,
University of Culifornia, Davis 95610
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Abstract. A Gram-negative, rod-shaped bacterium has been consistently isolated
from grapevines with Pierce's disease. Grapevines inoculated with the bacterium
deveioped Pierce's disease. and the bacterium was reisolated from the plants. The
bacterium was serologically and rltrastructurally indistinguishable from the one in
naturally infected plants, and also indistinguishable from a bacterium isolated from

almonds with almond leaf scorch disease.

The etiologica! agent of Pierce's dis-
ease (PD), an important and often devas-
tating disease of grmpevines (Viris vinif-
era L.) (1), is also considered to cause
alfalfa dwarf (2) and almond leaf scorch
diseases (J). Prior to 1971, PD was con-
sidered to be a viral disease (4), but
chemotherapy . thermotherapy, and elec-
tron microscopy subsequently impli-
cated the ‘“‘rickettsia-like"" organism
seen in the xylem vessels of diseased
grapevine: as the etiological agent (2, 5,
6). Many investigators have reported
failure to isolate the PD pathogen from
diseased plants using artificial media (2,
6. 7). Similar insect-vectored bacteria
have recently been associated with a
number of other piant diseases. and al-
though determination of their pathoge-
Nicily and taxonomic position has been
Ocluved by the inability of investigators
o culture these bactena, they apparently

” e Ty O N SRt

constitute a new group of plant patho-
genic bactena (8).

Recently. a Gram-positive, catalase-
negative bacterium that could be 1solated
from infectious leafhopper vectors but
not from diseased plants was reported to
be the etiological agent of PD (7). How-
ever, this bacterrum did not infect
healthy plants following direct inocu-
lation, and contradictory evidence as
to 1ts causal role has been reported (9)

We now report the consistent culture
of a Gram-negative, catalase-positive
bacterivm from grapevines with PD, and
evidence that this bacterium causes PD.

A rod-shaped, Gram-negative bacte-
rnum was first isolated on our JD-1 medi-
um (Table 1) from grapevines expeninen-
taily inoculated by the leafhopper vec-
tor, Hordnia circellata (Baker). Initially,
the inoculum was collected by centrifu-
gation of sap from surfuce-sterilized peti-

oles; in later isolations, inoculum was ob-
taned by expressing sap from petioles
with forceps. The inoculum was blotted
directly from the petioles onto the me-
dia. Colonies on the JD-1 medium ap-
peared after 2 to 3 weeks of aerobic in-
cubation at 28°C. Progressive refine-
ments in the culture medivm shortened
the necessary incubation period. On the
JD-3 medium (Table 1). small but distinct
colonies are visible without magnifica-
uon within 6 days. Colonies are circular
with entire margins, white, smooth, and
convex, and reach a diameter up to 1.0
mm within 2 weeks.

We have consistently isolated the PD
bacterium from diseased grapevines. I~
one isolation experiment, single petioles
from 195 rooted cuttings of eight Euro-
pean grapevine vaneties (Pmot Noir,
Mission, Ruby Cabernet, Fiora, Caber-
net Sauvignon, White Riesling, Barbera,
and Thompson Seedless) were used.
Pierce's disease had been transmitted
with leafhopper vectors to 116 plants. Of
the 79 remaining plants categorized as
healthy, 52 haa been subjected 1o feeding
by leafhoppers but did not develop PD,
and 27 were noninoculated controis.
Posilive isolations on the JD-2 medium
(Table 1) of the PD bacterium deter-
mined on the basis of colony character-
istics were obtained from 97.4 percent
(111/116) of the diseased plants. Only
one plant in each group of healthy ptants,
or a total of 2.5 percent (279), yielded
bacteria with colonies resembling those
of the PD bacterium. Other bacieria
were rarely isolated from discased or
healthy plants.

The pathogenicity of the PD bacteriumn
was tested by inoculaung green stem cut-
tings of the grapcvine vaneties Pinot
Noir, Mission, and Ruby Cabernet. The
upper end of cach two- or three-node
cutting with leaves intact was attached 1o
a vacuum pump, and 0.1 to 0.2 mi of a
turbid suspension of the PD bactenum
(approximately 5 x 10* bactena per mil-
liliter) in sterile tap water was drawn into
each cutting. Controls consisted of non
inoculated cullings and cuttings in-
oculated with sterile tap water alone. or
with sospensions of Erwiniu amylovora
(8 x 10" bacteria per milliliter). Aftar in-
oculation, the cutlings wete rooted on a
heated bench under intermittent mist for
I4 days aad transplanted. Typical PD
symptoms (/) developed in R6 percent
(43/50) of the cutuings inoculated with the
PD bacterium within 2 to 4 months, and
many of thesc plants died within $
months. All 47 of the control plants re
mained healthy throughout the study
Colonies charactenstic of the PD bact
num were reisoluted from 35 of 36 §




Fiz. 2 show tha: the mean absolute re-
frctory periods of CMA neurons were
s.gnificantly shorter in castrated rats af-
ter treatment with TP (U = §, P < 002,
two-tailed). Compansons of refractory
periods between the first and second ex-
penments show no significant difference
beiween the mean refractory penod of
intact (experiment 1) and testosterone-
treated (experiment 2) animais (U = 71,
N = |12 and 13, not significant). This ex-
periment shows, therefore, that testos
terone reverses the effect of castration
observed in the first expenment.

In & third experiment we measured re-
fractory periods ¢f CMA neurons stimu-
lated antidromically not from the MPH
but from the VMC. Refractory periods
were detcrmined for 57 neurons from 13
ntact rats and 59 neurons from 13 cas
trared rats. The results show no signifi-
cant difference in mean refractory period
between the two groups. Means and
ranges are |.23 and 0.84 10 2.11 msec for
intact rats and 1.21 and 0.97 to 1.79 msec
for castrated rats (U = 81, not signifi-
cant}.

All the neurons for which results are
gvena were locsted in the cortical and
medial nuciei of the amygdala as defined
in (/7). In accordance with anatomical
evdence (8), the neuroas driven from
the MPH and VMC were encountered in
the same caudal region of the CMA. The
refractory penod is altered, therefore, in
amygdala neurons projecting via the dor-
sal stria to the MPH, but not in adjacent
amygdaia neurons projecting via the dor-
sal stria to the VMC. So the effect of cas-
traton is resiricted to the pathway
known on other grounds to be involved
in the control of sexual behavior. The ef-
fect of castratron must be due to the re-
moval of testosterone, since it is re-
versed by testosterone injections. Tes-
tosterone must be affecting these neu-
rons directly. since it s the refracto-
7y penod that 1s aliered, and a change in
refractory period implies a membrane
change.

The change in refractory period that
we have demonstrated would alter the
output of the pathway to high-frequency
inputs. Presumably these inputs would
be olfactory. This interpretation receives
support from a previous study @ ). which
shows thal testosterone Joes alter pre-
Jptic neuron responses both to electrical
stiimulaticn of the olfactory bulb and o
natural sexual odors

K. M Kenpricx
R F Drewerr*
Dvpartment of Psychology
Umversity of Durham
Duurkam . England
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Physical Factors Affecting the Mutagenicity of
Fly Ash from a Coal-Fired Power Plant

Abstract. The two finest, most respirable coal fiv ash fractions collected from the
smokestack of a power plant were more muiagenic than two coarser fractions. Muta-
genicity was evaluated in the histidine-requiring bacierial strains TA 1538, TA 98,
and TA 100 of Saimonelia typhimunum. Ash samples collected from the hoppers of
an electrostatic precipitator in the plant were no: mutagenic. The mutagens in coal
Sy ash were resistant to x-ray or ultraviolet irradiation, possibly as a result of stabili-
zarion by fly ash surfaces. All mutagenic activity is lost with heating 1o 350°C.

In 1977, fly ash produced and collected
by coal-fired power plants was consid-
ered (0 be the sixth most abundant min-
eral in the United States (/). Of the 50
million metric tons of fly ash produced,
13 percent was reused commercially,
predominantly as a partial replacement
for cement or as fill material in construc-
tion; of the remainder, most was depos-
ited in landfills. Electrostatic precipita-
tors (ESP s) are used in most coa:-fired
power plants for in-plant collection of
acrosolized particulate martter. The total
mass collection efficiencies of the ESP's
vary from 95 to 99.5 percent, with the
lowest relative efficiency for collecting
respirable, submicron-sized particles (2)
Because vast quantities of fly ash are
produced in the gereration of electnc-
ity, detailed studies are required of
the potential public and occupational
health hazards of fly ash released from
smokestacks and collected in power
plants

We have demonstrated that extracts
from a stack-collected. respirable fly ash
sample were mutagenic in the Ames bac-
ienal assay (J ). morevver, because of the
correlanion between mutagemicity and
carcinogenmcity ), vur study indicated
that fly ash s ¢
We

wentially carcinogenie

descnbe bore physical factors af-

fecting the mutagenicity of (i) four size-
classified, stack-collected fly ash sam-
ples; (ii) one size-classified, ESP-collect-
ed sample; and (iii) one unsized, ESP-
collected sample

The stack sampling was performed at
95°C; two measurements of the stack gas
temperature dunng the 30-day sampling
period varied from 107" to [ 15°C (5). The
velume median diameters (VMD's) of
these four size<lassified samples, frac-
tions 1 through 4, are 20,6.3,3.2. and 2.2
um, respectively. All have geometnc
standard deviatons (o) of approvimate-
ly 1.8

We alsc collected fly ash from the
power plant's ESP hoppers (6). Three
measurements of the temperature of the
ESP’s during 2 days of collection varied
from 104° to 107°C. Because the ESP fly
ash 1s predominantly composed of rela-
uvely large particles. it was aerodynami-
cally sizeclassified to obtain a fraction
withaVMDof23cmand o, = 1.4 The
physical and chemical properties of the
stack-collected samples and of similarly
collected unsized ESP ash have been re-
ported (7)

We evaluated the relative mutage-
nicity of serum filtrutes the four
stack-collecr *¢ tructions using TA-1538
because our p

from

>

evious studies indicated it
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were observed at temperatures above

300°C and 3PC. respectively. For the

three bactenal strains studied, = S-9. no
mutagenic activity was observed for fik
trates from fly ash heated to 350°C

Our studies of physical factors af
fecting the mutagenic activity of coal fly
ash extracts provide msight into the
chemical properties of fty ash mutagens.
The finding that the grealest activity I8
associated with the finest fractions of
stack-collected ash is consistent with the

observations of Natusch (/7) that-Rak. -

are_adsorbsd on paglicls sudacesdunmy
cooling of the effluent stream. The obser-
vation that ESPcollected fly ash was not
mutagenic (whether size<classified or
not) suggests thal condensatian of wmete-

Natusch
ed that a temperature near 100°C is cniti-
cal for the adsorption of PAH onto fly
ash. Our observations of

gomsnscisn B

mental hegting o 150°C are coasisient
with the hypothesis thai the buik of the

mutagenic acyvity of the fly ash samples
is associated with organic compounds.
This loss of activity from stack-<cellecied
fly ash appears to begin at temperatures
greater than the operating temperatures
of the ESP. The temperature difference
probably reflects the_fact that organic
compounds are chemisorbed to fiy ash
surfaces i )

tions that the mutagens in fly ash are re-
sistant to photochemical decomposition
upon UV- or x-ray irradiation. Similarly,
Naiusch and his co-workers 8, /5) have
observed ihat PAH adsorbed from the
vapor phase on fly ash surfaces may be
stabilized agmnst photochemical decom-
position at solar radiation wavelengths.
photodecomposition occurred with irra-
diation of PAH as dry powders, in solu-
non, or adsorbed onto silica, alumina, or
glass.

These studies demonstrate that (i) the
most respirable stack-collected fly ash
samples are the most mutagenic, (i) the
ESP<ollected fiy ash from the same
power plam is not mutagenic, (iii) the
surface-associated mutagens are resis-
ant to photodecomposition with UV- or
1-ray irradiation. and (iv) the mutagemc-
ity of My ash is completely removed by
heating to 3S0°C. The observation that
mutagens were associated with v ash
particles when collec.ed at temperatures
below 100-C suggests a possible im-
provemrent in control technology. Fly

SCIENCF. VOL 204, 25 MAY 199

ash could be collected at lower temper-
atures than normally present in ESP's.
However, if such an approach were
used. the industry would be confronted
in 1980 with a predicted 100 million tons
(/) of weakly mutagenic solid waste. A
reasonable strategy, therefore, would
consist of high-temperature, hgh-effi-
ciency collection of particulaie matter
from the flue stream, followed by sub-
sequent condensation and in-plant col-
lection of volatilized organic matter:

G. L. FIsHER

C. E. Crrisp

0. G. RaaBe
Radiobiol.gy Laboraiory, University of
California. Davis 95616

L e e

. Chem. Eng. N~ws3 (6 November 1978). p. 26
. Vancegrft, L J. Shannon. P. G.
m. Eng (N.Y.) 99, 107 (1973).
G. L. Fisher, ] E. Lammert, Sci-
. 73 (1978).
1 J. McCasm, E. Yamasaki, Murar.
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11. We carried out the UV-arradiaton with & 15-W

A. Tomkins. Carcimogenesns 3 P
W Jones and A. | Freudenthal. Bds. (Raven,
New York. |978) pp. 145-153
D F. S Natgsch, personal commumcalon

acknowledge the technxal sup-
of | E. Lammert. D. Sidberman. and B. A

ment of Epergy umder comract EY WCoN
72 «ih the Umversty of Califorma, Davis
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Estimating Fatness

Part of the controversy between
Frisch and Trussell (/) Pinges on the
manner in which Frisch has estimated
fatness as a linear function of height and
weight rather than measuning it physio-
logically. It appears that the random var-
iability of the estimatcr has an impact on
the arguments which has not been fully
appreciated heretofore. Rather than ac-
tual measurements of fatness. Fnisch
uses the Mellits and Cheek equation (/):

TW = -10.313 + 0.252WT (kg) +
0.154HT (cm)

to predict a girl’s total body water (TW)
(assumed proportional to fatness) from
ber height (HT) and weight (WT) al men-
arche. Since this regression line has a
multipie ~# = 97, one might be tempted
to suppose that the random vanability i1s
negligible, but this is not the case. Exam-
ination of the Mellits and Cheek data ()
shows that one needs (0 provide a bund
of 3.03 liters to either side of the line to
cover 90 percent of the individuals in the
Mellits and Cheek study. With this error
band one has: .

TW = 10313 + 0.252WT +
0.154HT = 3.03
and thus,
~10.313 + 0.154HT = 3.03
TW/WT - 0.252

Now, according to Frnisch, the mini
mum required wermght for the onset of
menarche is given by the 10th perceatile
fatness line, where TW/WT = 0.59,
and thus we have, :

of:

Minimum required weight =

~10.313 + 0.184HT = 3.0}
0.598 - 0.252

From: this it can be seen that about 9 kg
of uncertainty i1s wided 10 or subfracted
from the predicted minimum required
weight by the error bands. Clearly. this
9-kg vanability in estimated minimum
weight occurs for all heights and weights
involved. rendenng this procedure for
determining fainess rather questhionable
and undermining any support these data
might be thought to give 1o a cntcal fat-
ness hypothesis.

Y —

Jaxk REEVES
Statistics Department, University of
California, Besheley %720

Referemces

1. ) Trussell Sciemr 208
Frsch. (A  p 198
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Potentially Carcinogenic Species
Emitted to the Atmosphere by
Fossil-Fueled Power Plants e

by D. F. S. Natusch*

AR

The ideptities and phyvicochemical characteristics of poteatially carcinogenic species emitted to the
stmosphe ¢ by fossik-focted power plants are presented and discussed. It is pointed out that many
so-called crrcinogens are preferentially concentrated o the surface of respirable Ny ash particles thes
encbling them 0 come (nto intimate contact with lung tissues when nhaled. Relatively Nttle information is
svailable about the dentities of particulate potycydic nrgmnic compounds whose emission from coal fired
power plants may well be substantially grester than hitherto supposed. The importance of chemical
chenges, which severa species may undergo following emission (but prior to inhalstion) in determining

their potential carcinogenic impect, is stressed.

Introduction

Froduction of electnic power from the combus-
tion and conversion of fossil fueis represents a
ubiquitou: and increasing means of obtaining
energy in mos: countries throughodt the world. It is
now well established that such power plants emit
substantal quantities of many carcinogenic and po-
tenuially carcinogenic chemical species to the at-
mosphere. Consequently, it is of considerable im-
portance to establish whether these matenals are
active in promoting the occurrence of lung cancer in
populations resident in the vicinity of fossil-fueled
power plants.

In order to make any assessment of risk it is
necessary to have knowledge of the nature, con-
centrations, and physicochemical characteristics of
potentially carcinogenic materia. emitted from the
varnious types of fossil fueled power plants. This
paper, therefore, presents a brief survey of the in-
formation currently available. Special emphasis is
placed on what is known abou® the physical and
chemical charactenstics and behavior of each
species since these properties may have a profound
mfluence on the inhalation toxicology of individual
species (], 2).

*Department of Chemistry. Coborado State Urniversity, For
Colhns. C. wo 80523
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Fossil-fueled power plants are considered to be
those utilizing gases, liquids, or solids as primary
fuels derived, respectively, from nacural gas, oil, or
coal. Some difficuity is encountered in specifying
individual pollutant species since definitive data on
carcinogenicity are sparse. For the purpose of this
paper, therefore, compounds are classified as
known carcinogens, suspected carcinogens, and
reactants. Compounds classified as reactants are
those which are considered likely to be involved in
chemical reactions which may result in the produc-
tion or removal of carcinogenic species or which
may interact synergistically with known car
cinogens. In Table | are given examples of concen-
trations of known and suspected caicinogens in
urban and rural atmospheres.

Gaseous Emissions

Gaseous emissions from fossil-frelec power
plants generally contribute more material to the at-
mosphere than do particulate emissions (except in
the now rare case of uncor:trolled coal combustion)
The major emissions, i terms of mass, involve car-
bon monoxide (CO), hydrocarbors (HC), nitrogen
oxides (NO,), sulfur oxides (SO,), and oxvgerated
species often classified as formaldehyde (H COH).
Representative contributions are indicatec in Table
2 (13). In addition, minor emissions of mercury
occur, and it has been suggested that bromine (Br,),
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Table | (cont’d.)
Poly cyclic nitrogen compounds, ng/m? 2,12)
Acndine Suspected 0.10.5 - -
Fiuorene carbonitnile Suspected 0.02-0 1 — —
Lead tetraalkyis, ng/m? (6)
Tetraethyliead Suspected  50-2000 75 -
Benzene-soluble orgamcs, ng/ns Recognized  1000-20,000 7000 2003000 12.4.7

“The substances sted include both known and suspected carcinogens for which reasonably reliable atmosphenc con-
centration data are available. Also listed are several compounds which are considered 10 be capabie of promoting car-
Cluugews activity in noncarcinogenic compounds or modifying that of carcinogens as a result of chemical reaction

*Most values represent 24-hr averages established over periods ranging from several days to one or more years. -

“Approximate averages vaiues have beer estimated for urban air noting that individual areas may exhibit atmosphenc
concentrations which differ considerably from the average. Due to paucity of data it is considered inappropriate 1o estimate

similar averages for rural atmospheres

“Fluorine is present in the atmosphere as both flucrine gac and particulate fluorides. The values listed refer to the sum of

both forms

“Values histed for lead refer to concentrations measured in countries utilizing lead aiky! gasoline additives. Significantly
lower vaiues are encountered in countnes which do not use leaded gasoline.

"Seienium is present in the atmosphere ic both gaseous and particulate form The values listed refer to the sum of both
forms. Also, selenium has not been implicated as a causative agent of bronchial carcinoma but only of liver and kidney

cancers

*The two sets of values listed for vanadium refer, respectively, to urban areas where considerable use is made of fuel oil
for power generauon and domestic heating, and (o urban areas where oil burning is minimal.

*A very large number of organic compounds have been implicated as causative agents for bronchial carcinoma. Only a
few of these are listed here, however, since reliable atmospheric concentration data are unavailable. [n general, com-
pounds are listed by class with specific examples being given where data are available

These hydrocarbons are not in themselve: considered to be carcinogenic. They may, however, promote formation of
photochemical smog which contains several carcinogenic components

The data for nitrosamines are very tenuous. they are, however, included because of the considerabie current interest in

these compounds.

*Several noncarcinogenic polycyclic compounds are listed, since some of these are known 1o react photochemmally (0
produce oxygenated denivatives (such as quinones, phthalates, and endoperoxides) which are suspected carcincgens. It
wil! be noted that some very wide concentration ranges are listed for the polyaromatic hydrocarbons. The upper ends of
these ranges correspond to values measured in Europeaa cities where extensive coal burning is practiced.

Table 2. Average sir pollution emissions from pewer plants

according te fuel type.*
Emissions, 16/1000 |b fuel
Fuel Particles* CO HC NO, SO, HCOH
Coal 85(1-Ey 025 0. 10 198 0.002
O 1.L7(1-E) 007 0.5 17 198 0.1

Natural gas 27(1-E) neg. neg. 70 198 0.2

*Data of Goldstein and Waddams (/7).
*E is the mass collection efficiency of the control equipment
€As the percent sulfur content of the fuel by weight.

hvdrochloric acid (HCI), selenium dioxide (SeO,),
arsenic trioxide (As,0,). and organometallics such
as nmickel carbonyl (Ni[{CO],) may be emitted as
vapors (6, 14).

Sulfur Oxides

Sulfur oxides are not, in themselves, thought to
be carcinogenic. They are. however, quite reactive
and are known to rezct with, for example, polycy
clic aromatic species 12} and to promote 'ung damage
when associated with a2ircome particles. In the ab-

February 1978

sence of controls the amounts of sulfur oxides emit-
ted from a fossil-fueled power plant are directly re-
lated to the suifur content of the fuel burned (Table
2). In this case, typical SO, emissions lie in the
range 500-3000 ppm with 1000-2000 ppm being
most commonly encountered (/5). Nowadays,
however, most major installations utilize control
equipment which typically achieves 85-9%0 percent
removal of SO .. Generally, about |-2% of the emit-
ted sulfur oxides are in the form of SO,, which
reacts rapidly with water vapor to produce sulfunc
acid mist. A small amount of the SO, is also
chemisorbed by fly ash particles to form metallic
sulfates (primarily calcium sulfate and alkali iron
tnisulfates) (/6}

The rate and extent of sulfur dioxide conversion
to sulfuric acid mist and solid particulate sulfzte in a
power plant piume are unknown; however, current
thinking is that these processes occur fairly exten-
sively, so that a significant proportion of the gase-
ous sulfur oxides produced actually occur in urban
atmospheres as sulfuric acid mists or as particulate
sulfate (). This is an important consideration, since
it means that the hLealth hazard presented by gase-
ous sulfur oxides may be pertly manifes’ tirrough
inhalation of sulfunc acid and sulfate particles.
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many countries the proportion is even higher. As
indicated by the data in Table 2, particulate emis-
sions {rom coal-fired power plants are much greater
than those derived from oil or natural gas combus-
tion. Some idea of particle mass emission factors
can be obtained by noting that modern electrostatic
precipitation equipment usually operates with mass
removal efficiencies in excess of 98%.

Assessment of the carcinogenic hazard as-
sociated with airborne particulate matenal such as
fly ash is very much more difficult than is the case
for a gaseous pollutant. This is because particles
contain a large number of potentially carcinogenic
chemical species including both organic and inor-
ganic compounds. The relative amounts of these
species. and thus their net carcinogenicity, can vary
significantly witk the type and origin of the fuel
burned and even with the operating characteristics
of individual power plants. Furthermore, the way in
which a given chemica’ species is distributed among
different particles and even within a single particle
can suongly influence its potential health impact.
Finally . it must be recognized that, although many
potentially carcinogenic compounds may be as-
sociated with solid fly ash particles these com-
pounds are unlikely to constitute a hazard to health
unless they can be mobilized into solution, e.g.,
body fluids.

The extent to which information is available
about each of the above f2ctors is discussed in the
following sections. For convemence, different class-
es of chemical compounds are considered sepa-
rately even though all may be present together. In
this regard it is useful to note that a single particle
effectively concentrates many chemical species ina
localized microregion so that its influence is likely
to be exerted over a very localized area of lung
tissue when inhaled. This is in contrast to the more
generalized influence of inhaled gases.

Particie Morphology, Size Distribution, and
Matrix Compeosition

2urticles emitted to the atmosphere from fossil
fuelel power plaiiis are more or less sphencal. In
the case of coal combustion both solid and hollow
spheres occur and some of the latter have small
respirable spheres encapsulated inside them (75,
19). Particles denved from oil and natural gas com-
bustion have a highly porous structure rather like
that of a sponge (20)

The aerodynamic size of a particle is a major fac-
tor in determining the efficiency with which it can
be collected by control equipment. its atmospheric
transpurt charecteristes and lifetime, and its depo-
sition and clearance behavior when inhaled (/). In

February 1978
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addition, the size of a particle determines the
specific surface area which can come into intimate
contact with body fluids and tissues. The size dis-
tributions of particles produced by different power
plants exhibi! considerable vanation; however, a
typical size distribution of fly ash emitted frum a
coal fired power plant equipped with an electmstatic
precipitator is presented in Figure 1 (2/). 1t is ap-
parent from this figure that much of the emitted fly
ash falls in the respirable size range.

100
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FiGgure 1. Representative acrodynamic particle size distribution
of fly ash emitted from a coal fired power plant equipped with
an electrostatic precipitator (2/)

Relatively few measurements have been made of
particle size distributions in power plant plumes. As
a rough indication, however, particulate material
collected at a distance of 5 miles downwind from a
coal-fired power plant plume under stable plume
condiiions has an aerodynamic mass median diamc
ter in the range 0.08-0 25 um. Such samples usually
exhibit 2 bimodal distribution, with the two modes
being centered around 0.04 um and 0.3 um. The
smaliler modal particles are thought to represent a
sccondary 2e 0sol consisting primanly of sulfate
particles. Comparable information is not, to our
knowledge. avzilable for oil or naturai gas-fired
power plants, although similar general behavior
would be expected.

The mAor Malax-slemenis-pracon-n-eonl-tyash—

are Al, Si. and A

! Same typical composition ranges,
scd as weight percent as the oxides, are pre-
sented in Table 4 (22). The matrix elements in oil fly
ash are C, Ca, Fe, S, Si, Ti, and V (23), whose
relative proporticns vary considerably in individual
particles. Coal fly ash consists primanly of . semi-
transparent aluminosilicate glass with small amounts
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Table 5. i
Sm&m“vamﬂMuhwudoﬂﬂy“.

S = Coal fly ash Oil fly ash
pecilic concn,
Element LE/g Volu:‘v:;?mn‘ sm'ﬂ:‘:"’“"' Volume concn,

Al 70,000~ 149 000 5000-10,000 .

. 100
As 2500 B e w5000 130-300
Au O.GéU‘T. e 47
:. 10600 - = -
$00- 7000 i =
Be 1-10 ut-_uo H0-10.000 1600
(t_u 0.3-20 1-$ _ -

"a 6000- 180,000 - oy
Cd 0.1-50 ——— - 500-700
Ce 100-300 - = y-
a 10-500 = - 12
Co 1-$ -y .

&=l %0
& s — “ 3
. - - o [
".;u 50-650 - $0-2000 il
G: 25.w0—3f)3 wo;)::g.ow 10,000-100,000 700-1000
Hf $-10 i = -
Hg 0.02-0.4 — . =

I 0.5-7 1540 . -
in 0.1-0.3 i ki o
K 150035000 - 1000 o
La 35-100 2-10 - 2.5
Lu 0.5-2 = _ =
Mg 11,000-60.000 300-1000 500-5000 "
Mn 30-300 — 1-100 8
Mo 540 70-200 - =
Na 1200-18.000 - 2000-350,000 4000-7
Ni 5100 10-25 s - -
b £1000 10-20 200-2000 -
Rb 40-300 — - —
Sb 1-18 0.5-3.0 s 1
Sc 1040 24 - 0.03
>e 1-20 S-18 s 0.

Sm 10-20 — - ov?s
Sn 30-30 - - -
Sr $0-4000 - - -
Ta 0.5-1.5 i e, -
Th 15-70 0.5-3.0 - 0.13
Ti 3500-8500 300-700 | —
m 2-30 — - —
U 5-20 ou - -
v s A 1C-60 100-200,000 1006--1200
w lfm -~ - -
Yb 37 = .
Zn S0-S0m 20-70 200-3500 680

concentrations are employved. This is because vol-
ume concentrations depend upon the way in which
the bulk particulate mass is distributed with respect
to aerodynamic particle size. Some typical elemen-
tal size distributions determined in the stack gas of a
coal fired power plant are presented in terms of
volume concentration (ug/m?) in Figure 2 (23).

As mentioned previously, coal ccrabustion re-
suits in the emission of several carcinogenic

radionuchides in paruculate form. Specific concen-
trations of “"*Pb, Rz, **Ra, **Th, #**Th. and =*U

February 1978

have been measured in coal fly ash (25-28): how-
ever, only *'*Pb and ®*U are enriched with respect
to the levels found in soil. Measurement: of *™Ra.
¥¥Th, and U in the plume 6 km downw:nd from a
coal fired power plant show that these clements are
enriched over normal background levels by factors
of 9, 4, and 28, respectively (29). These authors
have assessed the lung doses from a 1000 MW coal
fired power plant to be approximately 10 man-rad

per year
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ready availability. (2) Conventional bu!k analyses
of particulates provide a poor measure of the actual
concentrations of toxic trace elements to which the
external environment is exposed. This fact must be
considered in designing toxicity studies using
synthetic particulates. (3) Since the surface layer
contains an increasing fraction of the total particle
mass with decreasing size, small, lung depositing
particles will have a greater proportion of their as-
sociated toxic species in immediate contact with
lung tissues than will large particles, i.e., as indi-
cated earlier, lung-depositing particles definitely
constitute the most potenually carcinogenic frac-
tion of all fly ash particles.

Solubility

Probably one of the most important properties of
particulate matter emitted by fossil fueled power
plants is its solubility. Indeed, unless the associated
toxic chemical species can be extracted by lung
fluids their ability to act as chemical carcinogens is
probably negligible. Surprisingly, this point is fre-
quently overlooked.

It is now well established that only about 2-3% of
the mass of both coal and oil fly ash is soluble in
water. Very little more is soluble in most diiute
acids or bases. However, while the fly ash matrix is
effectively insoluble, the so-called surface layer, in
which many potentially carcinogenic elements are
highly concentrated, is quite soluble. This is illus-
trated for the case of Pb in Figure 3, which shows

the dependence of concentration on radial depth
into coal fly ash particles before and after leaching
with water (/6).

The factors controlling the rate and extent of sol-
ubility of individual elements associated with fly
ash are complex (32); however, it is apparent that a
substantial fraction (probably ~50%) of most poten-
tially carcinogenic elements is extractable from re-
spirable particles.

It is appropriate here to draw attention to the
distinction petween the concentration and amount
of a species extracted from a particle. Thus. the
total amount of a given species may be quite small
and unlikely to constitute a hazard. On the other
hand, the localized concentration of that species
may be very high (due to its surface predominance)
and quite capable of causing damage in a micro-
region surrounding each particle. The question is
whether or not such local effects are important. If
not, then the surface predominance of carcinogenic
trace elements may be of little consequence.

Particulate Organic Compounds

Particulate associated organic material emitted
from fossil fueled power plants is known to contain
both aliphatic and aromatic compounds. To date
essentially all studies have been directed towards
the latter class of compounds with special emphasis
being given to polycyclic aromatic species which
inc'lude many well established carcinogens (2)
Even within this group, primary emphasis has been
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Ficure 3. Depth profiles of Pb associated with ccal fly ash recorded (a) before, and (h) after leaching the fly ash with water and

dimethyl suifoxude (/%)
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Chemical Conversion of POM

A number of studies have shown that particulate
polycyclic organic, species can be modified in the
atmosphere as a result of photochemical decompo-
sition or reaction with sulfur or nitrogen oxides (2).
This is of considerable importance, since such reac-
tions may significantly alter the carcinogenic poten-
tal of POM. Indeed, the chemical compounds ac-
tually inhaled may be quite different from those
onginally emitted to the atmosphere.

Recent studies (34) of the photochemical decom-
position of several polycyclic aromatic compounds
adsorbed onto the surface of coal fly ash indicate
that some compounds, e.g., phenanthrene and
pyrene, do not decompose appreciably under the
influence of solar radiation. A second group, e.g.,
arthracene and benzo(a]pyrene, decompose with
half lives of several hours, giving the corresponding
quinone 2s the major product. Interesting behavior
is observed in the case of fluorene, which decom-
poses to fluorenone in the absence of light.

Data such as these illustrate the point that esti-
mates of the carcinogenic potential of POM emitted
from fossil fueled power plants must necessarily be
based or analyses of particulate material collected
from the plant plume ai some disiance from its
origin. Unti! the results of such analyses are avail-
able, very little can be inferred about the nature and
amounts of potentially carcinogenic organic species
likely to be present.

Conclusions

It is apparent from the foregoing remarks that the
identities and amounts of most air pollutants emit-
ted by fossil fueled power plants are reasonably
wel: estabiished. The major gap in knowledge of
this type concerns the emission of particulate
polycyclic organic matier (POM) which probably
includes the most potentially carcinogenic species.

It is also apparent that simple knowledge of the
idertity of a toxic substance is scarcely adequate (0
enable assessment of its significance as a health
hazard. This is of primary importance in the case of
particulate matter for which such factors as
aerodvnamic size distntution and surface predomi-
nance may play a major role in determining toxicity.
'n this regard, the information which would be of
most value is a quantitative measure of the availa-
bility of carcinogenic species associated with parti-
cles.

While there is considerabi2 information about po-
tentially carcinogenic species which are actually
emitted from fossil fueled power plants only

February 1978

rudimentary knowledge is available about the
changes that these species undergo prior to inhala-
tion. Consequently, contemporary estimates of
human hazards must, of necessity, be based on
what is known about emitted species plus what can
be inferred or guessed about the ways in which t5eir
carcinogenicity may be modified prior to inkalation.

Part of the research described herein was supported by grants
ERT-74-24276, MPS-74-05745, and DMR-73-030206 from the
United States National Science Foundaiion and by grant
R-803950-01 (rom the United States Environmental Protection
Agency .
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Chemical Conversion of POM

A number of studies have shown that particulate
polycyclic organic species can be modified in the
atmosphere as a result of photochemical decompo-
sition or reaction with sulfur or nitrogen oxides (2).
This is of considerable importance, since such reac-
tions may significantly alter the carcinogenic poten-
tial of POM. Indeed, the chemical compounds ac-
tually inhaled may be quite different from those
originally emitted to the atmosphere.

Recent studies (34) of the photochemical decom-
position of several polycyclic aromatic compounds
adsorbed onto the surface of coal fly ash indicate
that some compounds, ¢.g., phenanthrene and
pyrene, do not decompos=s appreciably under the
influence of solar radiaticn. A second group, ¢.g8.,
anthracene and benzo(a|pvrene, decompose with
half lives of several hours, gi'‘ng the corresponding
quinone as the major product Interesting behavior
is observed in the case of fluorene, which decom-
poses to fluorsnone in the absence of light.

Data such as these illustrate the point that est-
mates of the carcinogenic potential of POM emitted
from fossil fueled power plants must necessanly be
based on analyses of particulate matenal collected
from the plant plume at some distance from its
origin. Until the results of such analyses are avail
able, very little can be inferred about the nature and
amounts of potentially carcinogenic organic species
likely to be present.

Conclusions

It is apparent from the foregoing remarks that the
identities and amounts of most air poliutants emit-
ted by fossil fueled power plants are reasonably
well established. The major gap in knowledge of
this type concerns the emission of particulate
polycyclic organic matter (POM) which probably
includes the most potentially carcinogenic species.

It is also apparent that simple knowledge of the
wdentity of a toxic substance is scarcely adequate to
enabie assessment of its significance as a health
hazard. This is of primary importance ir the case of
particulate matter for which such factors as
aerodynamic size distribu‘ion and surface predomi-
nance may play a major role in determining toxicity.
In this regard, the information which would be of
most value is a quantitative measure of the availa-
bility of carcinogenic species associated with parti-
cles.

While there is considerable information about po-
tentially carcinogenic species which are actually
eratted from fossil fueled power plants only

February 1978

rudimentary knowledge is available abput the
changes that these species undergo prior to inhala-
ticn. Consequently, contemporary estimates of
human hazards must, of necessity, be based on
what is known about emitted species plus what can
be inferred or guessed about the ways in which their
carcinogenicity may be modified prior to inhalation

Part of the research descnbed herem was supported by grants
ERT-74-24276, MPS-74-05745, and DMR-73-030206 from the
United States National Science Foundation and by grant
R-803950-01 from the United States Environmental Protection
A.tfh.)
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1. INTRODUCTION

In order to assess the envirommental significance and potential health hazards
associated with exposure to environmental pollutants, detailed studies cf physical and
chemical properties are required. It is these properties that determine the route and
blological consequences of exposure. The aerodynamic behavior of aerosols released during
coal combustion will determine the potential for atmospheric transport and subsequent
human exposure. Large particles (>10 um) escaping the power plant's control technology
will fall cut near the plant, which may ultimately result in general population expcsure
by ingesticn of agricultural preducts or water. Thus, exposure of agricultural products
by sofl or folfar deposition or contamination of water sources in the environs of the
power plant will reflect, for the most part, the chemica) compositior of the larger
perticles. Long-range transport and general population exposure will be associated with
the mora stable aerosols. These fine particles (<10 um) are of special ‘nterest because

they tre | less efficiently collected by existing control techn MM

Tong otaospheric residence time, and upon fnhalation, are efficient)
T
ly rmvw from tie pulnomry region of the respiratory tract.

“In a review of part fculate abalement Yechnologies, Vandegrift et al. [1973) deszribed
collection efficiency as a function of particle size for a variety of control technoiogies
including electrostatic precipitators, fabric filters, wet scrubbers, and cyclones.

Averaje cnliection efficiencies for a medium-efficiency electrostatic precipitator (ZSP)
were 30, 70__and 35% nd 0.01_um particles zespecttveiy—>im nglr,

the Ventur{i wet scrubber (VWS) was more efficient (99.5%) for 1.0 um particles and less

efficient (<1%) for 0.01 @ particles. A crossover in the ESP- and VWS-efficiency curves
was observed at 0.35 .m.

Respiratory tract deposition of inhaled particies is determired by the physics and
chem.stry of aerosals, the anitomy of the respiratory tract, ano the airflow patterns in

e the lung afrways (Yeh et al., 1976). The most important physical factors affecting lung
depositinn of ‘nhzled particles are the aerodynamic properties uf the aerosol and the
chemical reactivity in the airmays. Lung deposition is generally described in terms of

fractional particulate deposition by mass or number in the three major regicns of the
respiratory tract: the nasopharyngeal, tracheobronchial. and puimonary regicns (Task Group
on Lung Dynamics, 1966). The nasopharyngeal region is composed of the nose and throat,
extending to the larynx; the tracheobronchial recfon consists of the trachea and bronchial
tree, includinc the terminal bronchioles; and the pulmonary reyion ccnsists of the
respiratory bronchioles and the alveolar structures. Farticies gre:ter than 10 .m are
effectively coliected in the nasopharyngeal region; tracheobronchia! and pulmonary depo-
> sitfon generally increase with decreasing particle size. Fractional deposition in the
-"“.' pulmonary regfon ranges from 30 to 60% of the inhaled aerosol fer particles ranging in

: size from 1.0 to 0.01 um (Task Group on Lung Dynamics, 1966). <imilarly, trachso-
bronchial deposition ranges from S to 20% for inhaled aerosols from 1.0 to 0.01 um,

1 respectively. Respiratory tract deposition profiles have been calculated for iron, lead
and tenzo(a)pyrene in vrban aerosols (Natusch and Wal'ace, 1974). Tie hygroscapicity or
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reactivity of an aerosol in the airways may dramatically alter the particle size and
the regional deposition. Parks et al. (1977) have shown that, upon inhalation, ammoni
sulfate aerosols with initial aerodynamic diameters of 0.8 .m and B% relative humidity
may rapidly grow 10 2.3 um in the water vapor saturated atmosphere of the respiratory
tract. The rapid growth of the aerosols resulted in deposition predominantly {n the
nasopharyngeal region and lower than expected deposition in the tracheobronchial and
pulmonary regions.

The rate of clearance of deposited particulate matter from the respiratory tract
will be determined, in part, by the chemical behavior in the lung's unigue microenviron-
ment in the vicinity of the particle. MHygroscopic particles deposited in the respiratory
tract will be rapidly cleared by dissolution and subsequent passage into the bloodstream
for uitimate exposure of internal organs. Less soluble particles deposited on the
gucocilliary escalator of the tracheobronchial region and on the ciliated epithelium of *
the nasopharyngeal regfoi will be rapidly cleared with half-times on the order of one
day and a few minutes, respectively (Task Group on Lung Dynamics, 1966). Relatively in-
soluble particles deposited in the pulmonary region will be phagocytized by the
pulmonary alveolar macrophages (PAM). These particles will be slowly removed by either
dissolution within PAM or transport within PAM to the mucocilliary escalator. The
biological half-time of material in the pulmonary region is very much a function of
particulste chemical composition; half-times of hundreas of days have been reported for
insoluble particles.

It should be emphasized, however, that dissolution of surface-associated chemical
components need not be a requisite for their interaction with the biological system.

For example, inhaled particles may be phagoccytized by macrophages where direct particle
surface-cell interaction will take place. A reasonable conpaéison of "insoluble”
particle interaction may be made with asbestos.

In this chapter, the size dependence of physical and chemical properties of coal
fly ash is reviewed. Because the size dependence of many of the chemical properties
results from surface-associated chemical phenomena, a detailed description of surface
analysis is provided. An understanding of the bioenvironmental significance of ambient
fly ash requires a detailed understanding of its chemical reactivity and biological
interactions with fly ash surfaces. This chapter reproduces the materfal found in a
DOE report published through NTIS (Fisher and MNatusch, 1979).

I1. MORPHOLOGY AND FORMATION OF COAL FLY ASH
A. Morphological Analysis

Morphological studies by light and electron microscopy have described the hetero-
genefity and structural complexity of coal fly ash. Based on morphoiogical appearance,
mich can be inferred concerning origin, formation, and chemical composition. McCrone
and Delly (1973) indicate that particulate matter derived from combustion products {is
readily identified under the light microscope. The fused glassy spheres in coal fly ash
are the result of exposure to boiler temperatures >1200°C. Aside from the water-white
glassy spheres, McCrene and Delly (1373) also describe the presence of opaque “"magnetite”
spheres and spheres containing trapped gas bubbles.
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Light microscopy has been ised to define 11 major morphological classes of coal fly
ash particles (Fig. 1) in stack-collected, size-fractionated material (Fisher et 2l.,
1978). The characteristics employed in morphological characterization were particle
shape and degree of opacity. The 11 classes include (a) amorphous, nonopaque particles,
(b) amorptous, Opaque particles, (c) amorphous, mixed opague and nonopaque particles,
(d) rounded, vesicular, nonopaque particles, (e) rounded, vesicular, mixed opacue and
nonopaque particles, () angular, lacy, opague particles, (g) cenospheres (hollow spheres),
(n) plerospheres (sphere £{11ed with other spheres), (1) nonopaque, solid spheres, (3)
opaque sheres, and (k) spheres with either surface or internal crystals. A morphogenesis
scheme (Fig. 2) has been develcped relating the 11 morphulogical classes to extent and
duration of exposure to combustion zone temperatures anc¢ probable matrix composition.
Opaque amorphous particles and angular, lacy, opaque particles were tentatively classified
as unoxidized carboraceous material or iron oxides (Fisher et al., 1978). Subsequent
SEM-x-ray analysis (Fishe= et &l., 1979a) indicated that these opaque particles were com-
posed of low atomic number matrices. Furthermore, calculation of the effective atomic
number of class t particles based upon Bremstrahlung producticn indicated that this
class is predominantly composed of elemental carbon (Fisher et al., 1979t). The opaque
spheres (class j) appear to be predominantly magnetite and may be identified by (1) mag-
netic separation or passing a magret near a 1iquid mount of the sample under a micro-
scope and (2) by observation of small tlusters of these particies. The amorphous and
rounded-vesicular, nonopaque particles (classes a and d) appear to be aluminosilicate
particles. Rounding 4nc jerdentarity peflect increased exposure to bniler conditions.
Further heating of these particle: will give rise to nonopaque :pheres tnat are either
solid, hollow, or packed with other particles. Similarly, the mixed opague, nonopaque,
amorphous, or rounded classes will give rise to spherical particles upon increased ex-
posure to combustion conditions in the boiler. The nonopaque, s01id spheres ranged in
color from water white to yellow to orarge and deep red. Anaiysis of single particles
fn this class by SEM-x-ray technicues indicated that the variztion in color was associated
with iron content (Fisher et al., '979b). Cenorphere and plerosphere formation will be
ditcussed in detail in the following sections. Crystals within glassy spheres (as
determined by light microscopy) are probably formed by heterogjetiequs nucieation at the
surface of the molten silicate droplet (Fisher et al., 1979a). In this regard,
Gibbon (1978) has demonstrated the presence of mullite crystals within and on the sur-
face of fly ash particles (Fig. 3). Crystel formation within glassy spheres wos demcn-
strated by transmissicn electron microscony {TEM) of hydrofluoric acid-etched replicas.
In this process the original glassy material is dissolved, but tre insoluble m1l1te
remains. Mullite struciure ace ranfivmad hy electron-di ffracticn analysis.
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Light pnotomicrograph demonstrating
the eieven mijor morphological
classes of coal fly ash: (A) zmor-
phous, non-opaque particles,

(B) amorprous, opaque particles,

(C) amo~prous, mixed opaque anc
non-opajue particles, (D) rounded,
vesicular, non-opaque particles,

(E) rcunded, vesicular, mixed
opaque and non-opaque garticles,

F) arguler, lacy, opaoue particles,
(G) cengcspheres, (H) plerospheres,
‘1, non-opanie. solid soneres,

J) opacu? spheres, anc (K) spheres
with 2itner surface or internal
crystals. (Reprinted with permis-
sion fror G. L. Fisher, B. A.
Prentice, D. Silberman, J. M. Ondov,
A. H, Biermann, R. C. Rageini, and
A. R. MzFariand, Envircnmencal
Science ard Tecnhnology 12, 343 /1978)
Ccpyrignt TC7E Ly the American

Cremical Soc‘et
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Fig. 2.

Fly ash morphogenesis
scheme illustrating
probable relationship of
opacity to particle
composition, and
relationship of particle
shape to exposure in
combustion chamter
(Reprinted with
permission from G. L.
Fisher, B. A. Prentice,
D. Silberman, J. M.
Ondov, A. G. B.2rmann,
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R. C. Ragaini, and A. R. McFarland, Ervironmental Science and Technology 12, 450
(1978). Copyright 1978 by the American Chemical Society.)

Fig. 3.

Transmission electron micrograph of a
replica of a fly ash sphere showing
abundant mullite needles. The
association of crystals-within-sphere
is retained by the replica; the
original glassy material is dissolved
during the replication process, but
mullite is insoluble in HF. (Photos
rriweacy af £ A Waite, D. S. McKay,
and 0. L. Gibbon, Lyndon B. Johnson
Snace Center, Houston, Texas.)
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Fisher et al. (1978) have quantified the relative abundances of the 11 light-
microscopically defined morphological classes in four size-classified, stack-collected
f1y ash fracticns (McFarland et al., 1977). The four fractions had volume median '
diameters (VMD's) of 2.2, 3.2, 6.3, and 20 um with associated geometric standard devia-
tions (°g) of approximetely 1.8 for all fractions. The data in Table [ demonstrate that
the relative abundances of all particle classes are size dependent. In particular, only
the nonopaque solid spheres increased in abundance with decreasing particle size; all
other morphological classes appeared to increase in frequency with increasing particle
size. Amorphous and vesicular particles (classes a, b, ¢, d, e, and g) predominated in
the coarsest fraction (66% by number), while solid, nonopaque spheres predominated in the
finest fraction (87% by number).

Table I. Relative Abundance (%) of Morphologic Particle
Classes in Four Fly Ash Fractions?

Fraction

L —

VIDb . VMD = YMD = N =

Particle class 20 um 6.3 um 3.2 um 2.2 um
(A) Amcrphous, nonopague 7.25 2.13 0.79 0.33
(8) Amcrpnous, opaque 0.42 0.18 - -
(C) Amorphous, mixed opaque 0.77 0.09 - -
and nonopaque
(D) Rounded, vesicular, nonopaque 12.39 6.67 2.9 2.99
(E) Rounded, vesicular, mixed 2.27 0.24 - 0.03
opague and nonopaque
(F) Angular, lecy, cpaque 1.34 0.57 0.:7 0.33
(6) Nonopaque, cenosphere a.11 25.22 13.20 7.9
(H) Wenopaque, plerosphere 0.51 0.21 .- -
(I) Nonopaque, solid sphere 25.5¢ 56.01 79.16 86.99
(J) Opaque sphere 1.56 0.90 0.33 0.28
(K) Mcnopaque sphere with 6.80 6.79 3.18 0.95
crystals

& from Fisher et al. (1978c).

b Volume median diameter.
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From a practical standpoint, one is primarily interested in the aerodynamic size
distribution of the fly ash that is actually emitted ¢rom a coal-fired power plant. This
is, of course, largely determined by the collection efficiency of the particle control
equipment. Specifically, the size distribution of the emitted fly ash is determined by
the product of the functions describing the sire dependence of fly ash mass entering
a control device and describing the dependence of collection efficiency of this device
on particle size. Examples of the aerodynamic size distribution of fly ash mass
emitted from a <oal-fired power plant equi pped «ith different control devices are pre-
sented in Fig. 9.
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Fig. 9. Size distributions for particulate emissions from similar production units
with either electrostatic precipitator (ESP) or a Venturi wet scrubber at
the same power plant (Modified with permission from Ondov, et al. 1976).

B. Dencity and Magnetic Distributions

Determination of the density of coal fly ash as a function of particle size is
largely of interest in obtaining an understanding of aerodynamic behavior and of the
factors responsible for the intrinsic heterogeneity of coal fly ash. Thus, determination
of the densities of different fly ashes, and subfractions thereof, provides a means of
interconverting aerodynamic and physical sizes according to Eq. (8). In addition, some
differentiation between distinct morphological and compositional characteristics can be
achieved. For example, cenospheres can readily be distinguished from solid particles on
the basis of density as can predominantly carbonaceous particles from aluminosilicates.

Determination of fly ash particle density is most simply achieved by means of the
traditional "float-sink® method that employs a series of liguids of different dersities
to separate particles of greater and lesser density than the liguid (Ruch et al., 1974;
Olsen ard Skogerboe, 1875). Alternatively, scpo-t®ion can 2e :chiaved by nlacing the
particles in a 1iquid in which a density gradient has been established.

While determination of particle density is of considerabie interest in its own
right, more definitive insights are obtained if density separations are carried out in
conjunction with sequential size separations and with differentiation between ferro-
magnetic and nonferromagnetic particles. Such a three-dimensional fractionation scheme
has been presented by Natusch et al. (197%), and resulting mass distributions are pre-
sented in Tables II and III for “ly ashes derived from typical midwestern United States

18
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Table 11. Mass distribution of size-classified, magnetic and nonmagnetic fractions of
a midwestern bitiminous coa! fly ash (%) 2

Density (o/cna)

Stze Nonmaanetic Magnetic

(um) <1.6 1.6-2.0 2.0-2.3 2.3-2.7 2.7-3.0 >3.0 <2.1 2.1-2.5 2.5-2.9 2.9-3.4 3.4-3.6 >3.6
<20 b b 0.2 28.0 b b b 0.6 0.4 1.3 14.9 0.5
20-60 1.4 1.3 12.1 12.9 0.1 b 0.2 0.6 1.8 1.5 - K 0.1
60-90 0.7 1.0 0.6 1.1 0.6 0.1 0.5 0.8 1.0 0.2 b b
>9n 0.1 0 0.1 0.6 0.5 0.2 0.1 0.2 6.3 0.2 0.1 b
% From Natusch (1978¢c), unpublished results.
b Less than 0.05%.

Tahle 111. Mass distributfon of size-classified, magnetic and nonmagnetic fractions of
a western sub-bituminous coal fly ash (%)?
Density (glcna)

Size Nonmagnetic Magnetic

(um) <1.6 1.6-2.0 2.0-2.3 2.3-2.7 2.7-3.0 »3.0 <1.6 1.6-2.0 2.0-2.3 2.3-2.7 2.7-3.0 >3.0
<20 b b b 0.7 b b b b b b b b
20-44 0.2 0.4 0.5 21.3 0.3 0.2 b b b 1.0 b b
44-74 0.5 0.8 1.0 45.%6 0.6 0.5 0.1 0.1 0.2 6.8 0.1 0.1

b

>74 0.2 0.3 0.4 16.3 0.2 0.2 b b b 1.8 b

% from Natusch (1978c), unpublished results.
b | ess than 0.05%.




bituminous and western sub-bituminous coals. These data were obtained by separatig
bulk fly ash into several physical size fractions by sfeving,
then subdivided into 4 number of density fractions that were, in turn, separated into

magnetic and nonmagnetic fractions according to whether the particles adhered to a mag.

net or not. The designation of magnetic and nonmagnetic is entirely operational in
nature.

Each size fraction wa,

A number of characteristics of coal fly ash can be distinguished from the data pre-

sented in Tables Il and ITI. It 1s anparent that both fly ashes are Compositionally
extremely heterogeneous, although there are ver

Y considerable differences between the
nass distributions for these two fly ashes. As discussed in the previous section, much
of the variation in densities observed is attributable to morphological rather than
compositional Characteristics.

This is rather well 11lustrated by the
where density distributions have been determined
before and after crushing the fly ash.

indicates the presence of vesicular part

fractions, as discussed previously,
Interestingly,

data in Fig. 10
as a function of particle size both

The observed shift to higher density on trushing
fcles and cenospheres in the

larger size

determination of the x-ray powder diffraction patterns cf each of
the subfractions presented in Tables

Il and III reveals no convincing differences in
c ther size or density (Natusch et al., 1975),

density distributions in fly ash
ather than by composition.
oetween the amount
netic and nonmagnetic fractions (Fig. 11).

responsible for the

c.

are largely determined by morphalogy r There are, however,
very distinct differences of magnetite (Fe30g) present in the mag-
This suggests that magnetite

s primarily
11ty of coal fly ash.

ferromagnetic susceptibi

Electrical Resistivity Distribution

The electrical resistivity of coal fly ash is an important
the standpoint of control. Thus, 1t has been

the collection efficiency of electrostatic pre
ash resfstivity. Bickelhaupt (18974, 1975) pae
volume resistivities of fly ash, at precipitato

Proportional to the specific concentrations of
as charge carriers.

electrical resistivit

physical property from
established (Bickelhaupt, 1974, 1975) that

cipitaters increases with decreasing fly
further shown that both the surface and

T Operating temperatures, are inversely

alkali metals, which are thought to act
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Table IV. Concentration (%) of Potassium in Fly Ash Separated Sequentfally
by Size, Density, and Ferromagnetismd

Density (glcma)

Particle size
(um) <2.) 2.1-2.5 2.5-2.9 »¢.9

Particle type

Nonmagnetic <20 2.69 2.34 3.4 1.73
20-44 2.63 2.28 1.33 1.09

44-74 1.89 1.63 1.05 0.45

>74 1.79 1.48 1.06 0.13

Magnetic <20 - - 0.76 0.70
20-44 - 1.92 1.48 0.73

44-74 1.78 1.60 1.27 0.85

>74 1.37 1.62 1.49 0.83

2 From Natusch et al. (1975).
® Mo meaningful data.

resistivity decreases with particle size and with density. Similar, though less pro-
nounced, density dependencies are obs>rved in the magnetic fractions, but size depend-
encies, if any, are obscure. Since both decreasing density and decreasing physical size
contribute to decreasing aerodynamic size, it is apparent that the efficiency of
electrostatic precipitation per unit mass of these size-classified fly ashes increases
with decreasing aerodynamic particle size. This is an extremely desirable characteris-
tic. It should be pointed out, however, that these studies require extension to
respirable particle sizes.

D. Surface Area Distribution

The specific surface area of fly ash particles is an important parameter in de-
termining a number of the behavioral characteristics of coal fly ash. It is the sur-
face area of a particle that determines the number of electrostatic charges that can be
placed on that particle in an electrostatic precipitator (White, 1963; Bickelhaupt, 1974,
1975); 1t is the surface area of a particle that determines the extent of condensation

] - - - - nhasen A i Q. 2y A
¢r adsorption of species from the gas phace (T3 ot aY., 1974

» Natusch and Tomkins,
1977); and it is the surface area of fly ash that determines the rate and extent of its
aqueous leaching (Natusch et al., 1975; Matusiewicz and Natusch, 1879).

To a reasonable approximation, one would expect the specific surface area (square
meters per gram) of fly ash to increase linea=ly with decreasing particle diameter
since the particles are predominantly spherical. CSimilar trends would also be expected

for nonsph2rical particles having similar shape factors (Butcher and Charlson, 1972).
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In fact, the expected trend is observed; however, two important points are noted.

First, the surface areas that are measured for spherical fly ash particles are con-
siderably greater than those calculated from measured particle diameters. Even taking
into account the assumptions inherent in surface area measurements, it appears that coal
fly ash has a significant "internal™ surface area. This is probably in the form of pores
or cracks or a porous surface layer, although, as previously described, surface crystal
formation may contribute significartly to the measured surface area. However, several
fly ashes show no significant dependence of surface area on particle diameter (Table V),
especially for small particles. These data indicate the existence of substantial
internal surface area that is effectively proportional to particle volume rather than
external surface area. In this recard, it has recently been sucgested (Natusch, 1978a)
that collisionaliy efficient condensation processes may result in deposition of material
from the gas phase predominantly onto the external particle surface, whereas much less
efficient adsorption processes (Natusch and Tomkins, 1977) can deposit gases and vapors
on both the internal and external surfaces of a particle.

Table V. Comparison of Measured and Calculated Specific Surface
Areas of Size-Classified Fly Ash Fractions?

Physical size Measured Calculated
(um) (n°/g) (em?/q)
<45 2.02 »267
45- 63 3.55 191-267
63- 90 2.55 133-191
90-125 2.43 96-133
125-180 1.20 67- 96
>180 n <67

% From Kim and Natusch (1978). Unpublichec results.
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IV. ELEMENTAL COMPOSITION OF COAL FLY ASH: PARTICLE SIZE DEPENDENCE

Studies of the size dependence of the elemental concentration of fly ash can be
classified into two categorifes. The first category consists of those studies that re-
late the elementa) concentration to the particle size of size-classified material. For
these studies, sufficient mass of size-classified material s collected to allow
gravimetric determination prior to elementa) analysis. The second category are the many
studies that have employed inertial cascade impactor systems for aerodynamic size
classification. Aerosol sampling is performed isokinetically to avoid anomalous alter-
ation of the particle sjze distribution. Because impactor stages are often coated with
sticky adhesive to prevent particle bounce off and reentrainment effects and because only
small masses of material may be collected on the stages, accurate gravimetric determin-
ation of sample mass is difficult. To otviate this complication, specific elemental
masses of deposited particles on each stage are often raticed to the mass of an element
that does not demonstrate a marked concentration dependence with particle size. In
this regard, Ondov et al. (1977a) have analyzed four size-classified, stack-collected fly
ash samples ranging in particle size (VMD) from 2.2 to 20 um (McFarland et al., 1977).
The elements A1, Si, Ca, K, Ce, La, Rb, Nd, Hf, Sm, and Cs varied in concentration by
Tess than 20% emong all fractions and should therefore be suitable for mass estimation.
A second approach that has been used in the analysis of impactor data, reports the sfize
distribution for the mass of each element analyzed, thus avoiding the compounded errors
in data derived from elementa’ ratios. Impactor studies also report elemental con-
centrations in terms of mass per unit volume of aeroso) sampled. Thus, because of the
Timitation of gravimetric determination, results from impactor studies are often re-
ported as ratios of elemental masses or mass-to-volume ratios rather than specific con-
centrations.

Many studies employ the enrichment factor (EF) of Gordon.and Zoller (1973). The
EF is defined as the ratio of an elemental concentration in the fly ash sample to the
elemental concentration in the coal. To provide normalization relative to total mineral
content, EF's are often calculated from the ratios of specific elemental contents in the
fly ash samples and coal, respectively, to those of mineral matrix elements in the fly
ash samples and coal, respectively. Thus, the EF may be calculated from:

EF = ([xls/(nls)/(lxlc/(nlc). (9)

where [X]s and [X]c represent the mass of element ¥ in the sample and coal, respectively,
and [Hls anc lH]c represent the content of the matrix element {n the sample and coal,
respectiveiy. A number of "matrix" elements have bean yced in the EF calculation: Al
(Gordon et al., 1974), Fe (Ragaini and Ondov, 1977), Sc (Ondov et al., 1977¢c), Ce (Coles
et al., 1979), and 4% (Coles et al., 1978). 1In the following section, studies of fly
ash analyses using gravimetrically determined masses will be discussed separately from
studies employing smaller masses.
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A number of analytical technigues have been employed in the determination of the
clemental composition of coal fly ash. For complete analysic of the major, minor, and
trace elements, a combination of analytical techniques is usually employed. The physical
and chemical heterogeneity in terms of particle size, chemical distribution within and
among individual particles, and the fused aluminosilicate matrix provide a unique com-
bination of difficulties for the analyst. The techniques employed for elemental analysis
may be divided into two categories: (1) single (lement techniques that generaliy require
matrix dissolution and (2) multielement technigues that generally are performed on the
undissolved ash. A detailed and extensive review of the elemental analysis of particulate
matter has recently been published by Natusch et al. (1978). See also Chapters 11 through

‘4 in Yolume I, and Chapter 3£ in this velus

A. Studies of Specific Concentraticns

Davison et al. (1974) published the first detailed elemental anzlysis of coal fly
ash as a function of particle size. The ash was coliected from a power plant using
southern Indiana coal. Two types of fly ash samples were analyzed: (1) fly ash collected
by the plant's cyclonic precipitator and (2) stack-collected material. The precipitator
ash was size separated by sieving the larger particles and aerodynamically separating
the remaining mass. The stack-collected fly ash was aerodynamically clessified using
an Anderson impactor. These authors presented the elemental concentrations in three
categories basec on the degree of concentration dependence on particle size. The
elenents showing “pronounced” concentraticn trends of increased concentration with de- -
creasing particle size were Pb, TI, Sb, (d, Se, As, Ni, Cr, In, and S. Elements
classified as showing limited conce-iration trends were Fe, Mn, v, Si, Mg, C, Be, and Al.
Iron concentrations decreased with particle size for the precipitator ash, while no
trend was observed ir the stack-collected samples. The elements desc-ibed as chowing no
concentration trends were Bi, Sn, Cu, Co, Ti, Ca, and K. The mechanism of concentration
enhancement has been postulated to be volatilization of the element (or compound) at
combustion temperatures (1400°-1600°C) followed by condensation on perticle surfaces
(Natusch et al., 1974; Davison et al., 1974). Thus, fine particles with their large
ratio of surface area tc mass will preferentially concentrzte volatile inorganic species.
In particular, those elements displaying the greatest concentrztion dependence with
particle size generally are associated with elemental form: that boil or sublime at
coal combustion temperatures.

Fisher et al. (1977) and Fisher and Chrisp (1978) nave describec the size dependence
of the elementzal concentrations in co2l fly ask collected from the stuck of a power
glant burning low-sul fur, high-ash, western United States ccal. The 71y 2sh was size
classified in situ, downstream from the ESP, using a specially designed instrument em-
ploying two cyclone separators in series followed by a 25 jet centripeter (McFarland et.
al., 1977). FElements were classified into two categories: elemental concentrations
(1) dependent on particle size and (2) independent of particle size. Concentration de-
pendence with particle size was determined qualitatively with the criterion that constant
concentration trends beyond experimental uncertairty were observed for each of the four
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fractions analyzed. In order of decreasi’ j dependence on particle size, the elemen,

In, As, Sb, W, Mo, Ga, Pb, Vv, U, Cr, Ba, Cu, Be, and Mn displayed increased concentra,
with decreasing particle size. Silicon was the only element to decrease in concentraty,,
with decreasing particle size.

The elements not displaying clear-cut concentration dependence on particle size
for all fractions anaiyzed were Al, Fe, Ca, Na, K, Ti, Mg, Sr, Ce, La, Rb, Nd, Th, Ni,
Sc¢, Hf, Co, Sm, Dy, Yb, Cs, Ta, Eu, and Tb. Of these elements, Na, Sr, Ni, and Co
displayed marked enhancement in the finest fraction relative to the coarsest fraction.
Coles et al. (1979) have described the elemental behavior in the four size-classified
fractions in terms of elemental enrichment factors relative to the parent coal.

The elements were grouped into three classes: group | elements displayed little or
no enrichment in fine particles anc were lithophilic; group II elements displayed marked
enrichment and were chalcophilic (sulfur associated); and group III consisted of elements
with behaviors intermedfate to groups I and II. Group I elements included Al, Ca, Cs,
Fe, Hf, K, Mg, Mn, Na, Rb, Sc¢c, Ta, Th, Ti, Ce, Dy, Eu, La, Nd, Sm, Tb, and Yb; group II
elements were As, Cd, Ga, Mo, Pb, Sb, Se, W, and In; and group II1] consisted of Ba, Be,
Co, Cr, Cu, Ni, Sr, U, and V.

In a2 separate report, Coles et al. (1978) described enrichment factors for Zsth.
228y, 210pp, 226y, 238y ang 233y, relative to 40k 1n the four size-classified fractions
of stack fly ash. Although the EF's fcr all radionuclides appeared to increase with
decreasing particle size, Z]OFb. the most volatiie radionuclide, showed the greatest size
dependence. The authors proposed ti U is present as either a carbonate [NapU02(C03)2 or
NagU0,(C03) 3] that upon heating in an oxidative atmosphere may give rise to efther
volatile UO; from oxidation of uranite (U0p) or the silicate-soluble, nonvolatile
mineral, coffinite [u(5104)1_,(0H)411. Thus, U behavior would be expected to display
an intermediate behavior depending on the relative concentrations of uranite and
coffinite. The behavicr of Th was rationalized to be due to coexistence in submicron
zircon grains in the coal. The authors suggested that 225Ra enrichment may have been
due to 238y, while no explanation of 228Ra enrichment was presented.

Campbell et al. (1978) have studied the elemental distribution of size-classified
ESP-collected coal fly ash from a western United States power plant. Reaerosolized
ESP fly ash was separated into nine size fractions ranging in size (VMD) from 0.5 to
50 um. The authcrs describe fine particle enkancement for elements “volatilized during
combustion,” i.e., As, Co, Cr, G2, Pb, Se, and Zn. Their data also demonstrate that K,
Al, Mn, Mg, Na, Ba, S, Ni, V, Cu, Cs, Rb, Sb, Br, Mo, and Sn display an inverse con-

centration dependenc: on particle size. Silican and paceibly 7r were reported to in-

~

crease in concentration with increasing particle size. The concentrations of Ca and Sr
demonstrated a maximum at approximately 5 um. A similar concentration pattern was re-
ported for Ce, Eu, and Yb.

These studies are in basic agreement with the hypothesis of Natusch et al, (1974)
in that the most volatile elements (or their oxides), Cd, IZn, Se, As, Sb, W, Mo, Ga, Pb,
and V, displayed the greatest size dependence. Furthermore, the least volatile elements
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did not display a strong particle sfze dependence. With regard to enhancement of Ba and
U, Coles et al. (1979) postulated that Ba may form the volatile species Ba(OH); and U may
pe volatilized in part as UD3. Fisher et al. (1977) have proposed that the presence of
Cr in the organic fraction of coal, Mn and Sr as carbonate minerals, and Cu as sulfides,
may explain the behavior of these relatively refractory elements. Campbell et al. (1978)
speculated that the concentration profiles exhibiting maximum particle sizes of approxi-
mately 5 um for Ca, Sr, and the rare earth elements were because of the presence of
these elements in apatite.

B. Studies of Relative Concentrations

Most studies of the chemical properties of size-classified fly ash nave employed
cascade impactors for stack or plume sampling. Zoller et «1. (1574) reported enrich-
ment factors relative to Al fo~ stack-collected fly ash. The ash studied was collected
downstream from the ESP at a power piant burning pul: erizec coal containing 10% ash and
12 S. In agreement with the previously described studies, enhancement of the volaci.e
elements, Sb, Se, As, Pb, Zn, Ni, and I, was observed in the stack fly ash relative to
their concentrations in the coal. Bromine was depleted in the stack ash relative to tue
coal. The authors point out that the EF's for Se, I, and Br are underestimates because
portions of these elements were protably in the vapor phase. Elements not displaying
enrichments included Ti, Sc, Th, Ta, Na, K, Rb, Mg, Sr, Ca, Ba, V, Cr, Mn, Fe, Co, and
six rare ezrth elements. It should be pointed out that although the stack sample was
not size classified, a relatively fine particle distribution (i.e., MMD 5-10 um) may be
presumed for this post-ESP material. In a subsequent report (Gladney et al., 1976), the
research team described the size dependency of the EF's in the stack fly ash.

Three patterns of elementz! behavior were deicribed. The elements Na, K, Rb, My,
Ca, Sr, B2, Sc, Ti, V, Mn, Cu, 2Zr, Ta, Hf, Ta, ana all rare earths except Ce d spliyed
an EF distribution that was not size dependent. Interestingly, the authors also regort
that the relatively volatiie eiements, Cr, Zn, Ni, and Ga, also exhibited little size
dependence. A da2finite increase in EF of fine particles was observed for Pb, As, and
Sb. The vclatile elements, 5S¢, Br, I, and, to a lesser extent, Hg, displayed himodal
activity. An enrichment minimum was observed from 0.7 to 5.0 um. Iron ana Ce displayed
EF's that decreased with decreasing particle size.

Klein et 21. (1975) described the pathways of 37 trace elements through a cyclone-
fed power plant burning ccal of 3% S and 11% ash. Con.entration ratioc for ESP out et
versus inlet ash indicatec erhancemert of As, Cd, Cr, Pb, Sb, Se, V, and In in the firer
fly ash fraction. The authors point out that the ESF efficiency was 96.5% during their
first sampling trip, as compared to ©9.f% during their second sampling trip. Interest-
ingly, the remcval of the najor elements was more compiete during the second trip, al-
though no change in capture efficiency was observed for Cd, Pd, and In because of
association with fine particles. The authors estimate that 60-50% of the Hg was re-
leased from the stack as a vapor. In a subsequent study, Andren and Klein (1975) pre-
sented extensive dut: on the mass balance and chemical form of selenium emissions from
the same power plant. The authirs conciuded that 68% of the Se was inccorporated into
fly ash. Based on an ESP efficiency of 99.6%, the authors also concluded that 33% of tqe
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Se released to the environment is in the vapor phase. The oxidation state of Se was [N
termined to be Se” based upon fnefficient extraction in HC! and complete elemental ex-
traction in Br/Br -redox buffer, 164 INO3, 18M HpS04, or 1:1 HNO3:HC10j. »
Mercury emissions from coal-fired power plants have been described in detai).
Billings and Matson (1972) and Billings et al. (1973) studied mercury emission from a
power plant burning low sulfur (<1%), high ash (21%) pulverized coal. The authors con-
cluded that 30% of the Hg was released from the stack as a vapor and that fly ash parti-
cles represented less than 1% of the Hg emissions. The annual release of Hg from all
\

s ~coal-fired United States power plants was estimated to be 103 metric tons in 1871.
' Similarly, Dfehl et al. (1972) studied Hg emissions from a 100-g/hr pulverized coal com-
bustor and a 500-1b/hr pulverized coal combustor. Although these authors experienced

. difficulties in their collection of Hg from the flue gas, 35 and 60% of the total Hg was
found in the fly ashes generated from combustion of cnals having ash contents of 21.6 and
:P.f 6.9%, respectively, and sulfur contents of 5.2 and 1.2%, respectively. Subsequent studies
= 4 in the larger combustor using coal with 10.1% ash and 2.1% S, resulted in fly ash contain-
’{i H ing 12% of the total Hg. The authors present calculations for tw I1linois power plants,
- indicating that the Hg content of ash contaired within the plants accounted for 7 and 19%

* of the total Hg in the coal. Thus, in agreement with Bi1lings' work, most of the Hg 1n
- 1 coal is volatilized and released as a vapor to the atmosphere. Similarly, Kalb (1975)
has reported that the major portion of Hg in coa! it volatilized during combustion and

\ released to the atmosphere. Approximately 10% of the volatilized Hg was found to be ad-
: sorded onto fly ash; organomercury compounds were not observed. The author points out

5 o3 that Hg emissfons could be reduced by coal cleaning, which results in removal of higher
i density minerals, including pyrite that is reiatively high in Hg contents.

In a review of trace element studies related to low sul fur, high 2sh coal combustfon
in Four Corners, New Mexico, Wangen and Wienki (197€) described enrichment factors for
electrostatic precipitator ash relative to bottom ash. Enhancement in the precipitator
ash was observed for the following elements in order of decreasing magnitude: Se, As, F,
Sb, In, T1, Hg, Mo, Ga, B, Pb, V, and Cr. Enrichment factors near unity were obcerved
for the other 22 elements studied.

Kaakinen et al. (1975) studied the behavior of 17 elements in the inlets and outlets
of a power plant burning pulverized coal containing 0.6% S and 6% ash. Although particle
size was not reported, the author described the specific surface area of his samples. The
surface areas measured by nitrogen acsorption for the bottom ash, mechanical collector
hopper ash, electrostatic-precipitator hopper ash, &nd electrostatic-precipitator-outlet
fly ash were 0.38, 1.27, 3.08 and & 7% ~32‘;, respectively. Enhancement in trace

element concertration relative to Al was observed for Po, Mo, As, Zn, Sb, and Cu.

The magnitude of the EF's correlated with relative distance of each outlet downstream
from the bofler and the specific surface area of the ashes. The authors point out that
As enrichment de.ends on the Ca concent of the coal; Asp03 is associated with low Ca coals
while Asp05 is associated with high Ca. Zirconium was the only element displaying a de-
crease was thought to be because of the occurrence of Zr as zircon, a relatively high den-
sith mineral that may be more efficiently captured by the mechanical collector. Contrary
to this observation, little or no enrichment was reported for Nb, Sr, Fe, Rb, and Y.
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Ondov 2t al. (1977b,c) have performed extensive analyses of element enrichments in

purning high ash, Tow sulfur, pulverized coal, Ondov et al. (1977¢c) reported considerable
enrichment of W, U, Ba, Zn, V, In, Ga, Br, As, Se, Sb, and Mo in fine particles for the
plant with an ESP rated at 99.5% efficiency. In the second plant, with a 971 efficient
ESP, EF distribution tended to be bimodal for threse elements, with a broad maximum of
2-10 um. The authors aiso point out that Br, Se, Cr, Mn, Ta, Co, and In displayed en-
richment in both the fine and the large particles, 1.e., an EF minimum was cbserved from
approximately 1 to 8 um. The authors indicate that the biphasic distributions may be the
result of artifacts in collectior because the larger particles will be cullacted on the
first impactor stajes, through which vapor contafninu volatile elements is ‘nitfally
drawn.

Fisher et al. (1979d) also reported data supporting bimodal elemental distributions.
Filtration studies with neutron-activated, stack-ccllectad fly ash (VMD = 2.2 um; °g =
1.8) were performed by dispersing ash samples in buffer at pH 7.4 and filtering through
a membrane with pore size of 5, 2, 0.8, 0.4, 0.2, 0.1, 2.05, or 0.03 um. The elements
were classified into four groups based on their behavior: (1) Na, Ca, Co, Se, Mo, and Ba
were partialiy soluble and did not display filtrate concentrations that were pore-size
dependent; (2) Sb, As, In, W, Cr, and U displayed a pattern of filtrate concentrations
that appeared to be bimodal; (3) ¥, St, Fe, Ce, Sm, Eu, and Th were only detected in
filtrates frce membranes >2 um in pore size; and (4) Zr, Cs, Nd, Rb, Tt, Yb, Hf, and Ta
were not detected 16 the filtrates. For those elements displaying bimeda) behavior, a
relatively large increase in concentration was observed in filirates derived from the
0.4 um membrane. The concentration profile remained constant thereafter. These data
suggest a concentration maximum for Sb, As, In, W, Cr, and U in fine particles less than
0.4 um in diameter.

Onduv et a' (1977¢c) have compared enichment factors for the two power plants to
those published Dy Klein et al. (1975), Kaakinen et al. (1975), and Gladney et al. (1976).
The comparison (Table VI) for EF's for 2lements in stack-collected fly ash ingicates
relatively good agreement between studies of different power plants with ESP con.rol
systems employing a wide variety of coals. In light of the uncertairties, only Mo, Se,
and Hﬁ showed significant d:fferences between plants. The volatile elements 5b, As, and G
Pb were clearly enhanced in sampies from a1l power plants; In, Se, Cr, and V were en-
hanced in stack ash from those plants with tha most efficient ESP's, 1.e., those plants
presumably releasing the finest ash. Bromine was the only elament displaying a sig-
nificant fractionzl EF. Ondov et ai. (1977c) point out that the EF's for stack ash
collected from a vrit with a veniuri wet scrubter (VWS) are garerally much higher than
those for plants with ESP's. The authors attribute these *indings, in part, to the
high efficiency (>59%) of removai of particles >2 um and the low efficiency (40%) of
resoval of particles <2 um by the VWS. In another study, Ondov et al. (1979b) indicated
thet the ratio of VWS-tc-ESP fracticral emissions of submicron, supermicron, and total
suspended particles were 1:6, 11:1, and 10:1, respectively. They also proposed that
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Table VI. Enrichment Factors for Elements in Stack Fly Ash from Coal-Fired Power Pla

——

Western Western Western
U.S.bphnt U.S. plant B Allen Steam . ¢ U.S. phnt\\ |

A (ESP)C plantd Chalk point vaimont (vws)s
s 7.0 5.3 6.7 4.0 - 20
Cd - 6.0 -- - - -
B -- 4.9 .- - .- 70
As 6.6 7.9 6 6.3 - 100
In 5.5 3.7 -- .- -- 20
In 4.3 4.3 7.8 1.5 2.5 19
Pb - 3.8 8.1 3.7 3.1 -
(] 4.3 3.0 - 1.2 - --
v 3.3 2.5 - - - 13.5
Se 3.0 $.3 5.5 5.7 1.7 400
Ba 2.5 2.7 0.7 0.92 - 13
Cr 2.8 2.6 3.0 1.1 .- 100
Co 2.3 1.7 1.4 1.0 .- 4.3
. 2.0 2.5 2.5 0.75 - 21
Mo 1.8 3.5 - - 3.0 43
Mg 1.1 0.8 0.54 -- -- 2.7
Fe 1.1 0.90 0.84 6.83 1.0 2.0
Na 1.0 1.1 0.99 -- -- 3.2
Sc 1.0 1.0 1.0 1.0 -- 1.0
K 1.0 0.7 0.95 0.83 - 0.86
Th 0.95 0.90 0.76 - .- 0.89
Al 0.86 0.75 0.44 0.83 0.954 1.3
¥ 0.76 0.89 - 0.92 - 7.6
Mn 0.68 1.1 0.78 - -- 21
Be -- 0.6 .- 0.64 -- -
Br 0.2 0.1 - 0.17 - 57
® Mocifiec from Ondov et al. (1977¢).
> Plant A employec an ESP with removal efficiency of 99.6% (Ondov et al., 1977¢).

¢
scrubber (VWS) on a second unit (Ondov et al. , 1979).
Employed an ESP with 99.5% efficiency (Klein et al. , 1975).
Employed an ESP with 75% efficiency (Gladney et al., 1975).

Plant & emplo;ec an ESP with efficiency of $7% on one unit and a venturi wet

Employed a mechanical collector and an ESP with 91% efficiency (Kzakinen et al.,

1975).
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corrosion may erhance VWS emissions of Cr, Co, Cu, and In. Thus, although the VWS may
have a higher removal efficiency of total suspended particulate matter, the ESP may more
efficiently remove respirable particles.

Ondov et al. (1977b) have reported enrichment factors for plume samples collected
from a power plart with five generating units, of which two units were equipped with
E3P's and the other three with VWS's. Elemental enrichment factors were relatively con-
stant as a function of distance from the stack for sc, Na, K, Cu, and the lanthanides.
Enrichments for Mo, V, Ba, U, Ga, In, As, W, and Se increased from the stack to the
plume. Subsequent plume samples indicated decreased EF's with distance from the point of
release. The oriy elements displaying increased enrichmer’s with increasec distance
f-om the stack were Br, 3b, In, ard Co. The increased EF “or Br was postulated to be
because of wixing of plume aerosols with high background concentratiors of Br, possitly
because of automotive sources (Ondov et al., 1977b).

In a further comparison of the stack fly ash from an ESP unit with that from a VWS
unit, Ondov et al. (1979b) reported that the mass median serodynamic diameters (MMD's)
for the elements As, Ba, Sb, Se, U, V, and W in the ESP ash were approximately tenfold
higher than {n the VWS ash, which ranged from 0.47 to 0.56 .m. The authors concluded
that despite an 2leven-fold higher total particuiate emission, the ESP unit is far more
efficient at removing submicron particles than is the VWS unit. Thus, the scrubber unit
tested appeared to be less effective at reducing potential {nhalation hazards than the
precipitator unit. .

C. Surface Deposition Models

A number of investigators have present.ed mathematical models relating the concen-
trations of relatively volatile elements to geometric parameters associated with fly ash
pirticles. Assuming 2 volatilization-condensation mechanism, Davison et al. (1974)
proposec a simple mathematical model for elemental concentration as 2 funccion of
particle size. Their modei predicts that the elemental concentratinr of a volatile
species will be inversely dependent on particle size. Kaakinen et al. (1978} presented a
similar mathematical dependence based on the specific surface area ‘square meters per
gram) of fly ash. 1f the specific surface area {s proportional to the su~face area:vol-
ame ratio and 1f particle sphericity s assumed, then elemental concentrssion is inverse-
1y proportional to particle size. Basad on mass transfer arguments, Flagan and
and Friedlander (1976) indicated that concentraticn should be inversely dependent on
particle size for Knudsen rumbers >1 (i.e., for ccndensation when th2 particle size is
greater than the mean free path of the depositing gas. and inversely dependent on the
square of the particle size for Knudsen numbers <1. Aoplication cf this model fits
existing data egqually as well as the model of Davison ot a'. (1974). Smith et al. (1978)
extended the Flagan and Friedlander (1976) ard the Davisor et al. (1574) model: to in-
clude fire particles in which the thickness cf the deposited surface layer approached the
dianeter of the total particle. This modification resulted in concentrations that
asymptotically approached mexime at particle size <1 um. The models were demonstrated
to fit tre concentrztior dependence ¢n particle size of reaerosolized, ESP-collected
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fly ash. Biermann and Ondov (1978) have proposed a model with an fnverse square depe

ence and an asymptotic maximum for concentrat
Their results indicated that the thickness of
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fon as a function of surface thickness.
surface-deposited chemicals fs 1nversely

propertional to particle size and that total elemental composition is proportional to

l/dz. where 1 is the thickness of the surface

layer and d the diameter of the particle.

Analysis of 12-stage impactor data with increased resolution in the submicron region
Supported the mathematical model.  Further studies are required, however, to extend the
presently available data on concentration as a function of particle size thus allowing

evaluation of the validity of the existing ma

n. Suunlrz

thematical models.

In summary, most studies of the size dependence of elemental concentrations in coal
fly ash support the hypothesis of Natusch et al. (1974); the more volatile elements
(or chemical forms) are preferentially associated with fine particles. The fine

particle mode (<1.0 wn) in the bimodal elemen

tal distributions is generally considered

to be because of coagulation of primary particles (Whitby, 1977). Bimodal size distri-
butions may also result from the presence of multiple minera!l forms, some of which may

decompose or may be assocfated with a fine mi
ever, that the bimodal distribution of the ve
observed in impactor samples may be artifacts
particles collected on the first impactor sta
metaliurgicai elements M2y be associated with
flue gases. Similariy, small particle enhanc
may be because of a combination of decomposit
size, or elemental assocfation in the organic

neral grain size. It should be noted, how-
ry volatile elements (Se, Br, and 1)

due to vapor condensation on the larger
ges. Also, the birudal distribution of
entrainment of corrosion products 1in the
ement of relatively nonvolatile elements
ion, chemical reaction, mineral grain
phase of coal.

V. MATRIX AND SURFACE COMPOSITION OF COAL FLY ASH

A. Matrix Composition

Elemental analyses of coal fly ash show
and Fe together with a few percent of Ca, K,
western United States sub-bituminous coals ge
than do bituminous coals and Tignites,

The actual compounds that constitute the
for a Comparatively small fraction of the mas

that the major matrix elements are 41, S1,
Na, and Ti. Fly ashes derived from
nerally contain higher Tevels of calcium

fly ash matrix have been fdentified only
$. The techniques that have proved most

useful for this purpose are x-ray powder diffracticn and infrared spectroscopy
(Natusch et al., 1975). In addition, selacted ar2a electron diffraction hac Seen em.

pioyed in the taentification of smali crystal
of fly ash.

s often found associated with the surface

X-Ray powder diffraction studies have demonstrated the presence of a-quartz (5102).

mullite (3A1503-25107), hematite (Fez03), mag
(Cas04°2H;0) in aged fly ash (Natusch et al.,
evidence to suggest that crystalline species,
from those in the freshly collected material

netite (Fe304), lime (Ca0), and gypsum
1975; Miguel, 1976). However, there is
associated with aged fly ash may differ
(Fisher et al., 1976, 1578) because of
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crystalline species, x-ray powder diffraction patterns indicate the presence of & sub-
stantial amount of material that is amorphous to x-vays (Fig. 11). The composition of
this material has not been established with certainty; however, it fs widely accepted
that it consists of an impure aluminosilicate glass and constitutes the bulk of the fly
ash matrix (Natusch et al., 1975; Walt and Thorne, 1965; Simons and Jeffery, 1960).

Infrared spectroscopic identification of inorganic compounds present in coal fly ash
has largely been restricted to the tentative identification of residues of evaporated
aqueous leachates (Jakobsen et al., 1978). Several sulfate species have been fdentified;
however, it is not clear whether these represent the actuval compounds that existed prior
to removal from the flv ash. In addition, studies have teen made of glass meits derived
from oxides of 2lurinum, iron, and silicon (Henry et al., 1978). These have provided
informetion that suppo~ts the contertio: that the mutrix of coal fly ash is predominantly
an aluminosilicate giass.

B. Trace tiemental Distributicn

Further insights into the facters that determine the distribution cf elements in a
bulk fly ash sampie have been obtained from multielemental analyses of the 3Z subsamples
presented in Table IV. Specific concentrations of the elements Al, As, Ba, Ca, Co, Cr,
Cs, Dy, Eu, e, G2, Hf, K, La, Mg, Mn, Na, S, Sb, Sc, Si, Sm, Sr, Ta, Ti, Th, Y, and In
were determined. In addition, x-ray powder diffraction patterns and BET surface areas
(by nitrogen adsorptior) were obtained (Natusch et al., 1975).

As an aid to the interpretation of the extensive data sets obtained, multivariate
statfstical analyses, in the form of both common-factor analysis and hierarchical aggre-
gative cluster analysis (Harmon, 1967; Blackith and Reyment, 1971) were employed. Common
factor analys*s males it possible to determine tte way in which each measurec variable in
the system is related to a set of n factors commcn to the system as a whele. The
important causalities that give rise to the observed data can thus be inferred. By
comparison, cluster analysis permits an objective assessment of the similarity between
individual subsamples.

The results obtained indicated that the distributional pattern of traze elements in
fly ash 1s controlled by five major factors. These factors have been interoreted to in-
clude particle size, particle composition, ard the geochemicai behavior of the elements.

Thus, specific distributicnal patterns are otserved for the chalcophile, lithophile,
and sicerophile elemerts as ciassifiod by Goldschmidt's Geochemical Series (Bertine and
Goldberg, 1971; Coles et 21., 1579d). It would appear, therefore, that ite size factor
arises as 2 resuit of the volatilization and condensation of certair trzce metals as
described earlier (Davison et &1., 1674). The dependence on partizle ccmposition
possibly reflects the association of some element: (e.g., As and Mn) with certain types
of minerz) inclusions. The dependence on geochemical class of the elements, in all
probability, reflects the different chemical characteristics of each of these classes
under high temperature combustion conditions.
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SEM-x-ray analysis has provided further fnsight into the complexity of the mate

composition of coal fly ash. Elementa) analysis of morphologically similar fly ash
particles from the NBS fly ash reference material indicated extreme matrix heterogene,
(Pawley and Fisher, 1877). Particles rich in K., T1, Fe, S, or Ca were observed. Inde.
nearly all of the Ti in a field of 100 particles could be accounted for by a single
Ti-rich particle. It is interesting to note the extreme matrix heterogeneity of indi.
vidual particles in the NBS fly ash, a material that is well documented as being homo-
geneous by macroscopic analytical techniques.

C. Surface Composition

As pointed out in previous sections, the inverse dependence of trace elemental con-
centration on fly ash particle size is generally held to be due to condensation of
metallic species onto particle surfaces from the vapor phase (Davison et al., 1974). One
would expect, therefore, to find certain volatilizable elements preferentially concen-
trated on particle surfaces. This has been observed (Linton et al., 1976, 1977; Keyser
et al., 1978).

The techniques that have been employed, to date, in analyzing the surface regions of
coal fly ash are electron spectrometry for chemical analysis (ESCR), Auger electron
spectrometry (AES), and secondary fon mass spectrometry (SIMS). In addition, some surface
analytical information is available using electron microprobe x-ray spectrometry. The
operational characteristics of -hese techniques are sumrarized briefly as follcws

(Czanderna, 1975, Kane and Larrzbee, 1374; Keyser et al., 1978).

The electron microscope (EM) and microprobe (EP) bombard the sample with a focused
beam of electrons to stimulate emission of x-rays characteristic of the elements present.
The technigue 1s useful for analyses of individual micrometer-size particles and has a
lateral and depth resolution cof about 1 um, determined by the x-ray emission volume.

The electron probe microanalyzer is described in Chapter 48.

Surface analysis capabilities of EM and EP are poor since the depth resolution {s
very much greater than the thickness of the surface layer ncrmally of interest. Indeed,
information about elemental surface predominance can be obtained only by varying the
energy of the electron beam (depth penetration) or by ion etcning of the outer surface
and by comparing elemental ratios for inner and outer surfaces.

The ESCA technique employs an x-ray source to eject core-level electrons from the
sample. Energy analysis of the resulting photoelectrons provides chemical bonding in-
formation since the bonding energies of tne core electron are sympathetic to changes in
the electronic structure of the valence level., C[lements present at Tevels areater than
1 at. % in tne uppermest 20 A are detected. Depth profiling is achieved by etching the

surface with an ion beam between analyses. For details on ESCA (or XPS) see Volume I,
Chapter 11,

Tne utility of ESCA for individual particle analysis is limited because of the
difficulty of focusing x-rays to a beam diameter smaller than 1 mm, although recent ad-
vances indicate that lateral resolutions of 10 um are feasible. Normally, the sensitivity
of ESCA is insufficient to enable observation of trace constituents unless considerable
surface enrichment is encountered.




In AES the emission of Auger electrons is stimulated by bombarding the sample with a

beam of electrons. The energy of the secondary Auger electrons is character stic of the
emitting element. Spectra are recorded in the first derivative mode to discrim‘nate
against a background of inelastically scattered electrons. Elemental detection limits
11e in the range 0.1-1.0 at. % within the analytical volume (cepth 20 X). Depth pro-
filing 1s achieved by etching the sample surface with an fon neam (normally Ar*) as in
ESCA. Most AES spectrometers possess microprobe capabilities with incident beam diameters
of 1-5 um.

In SIMS the sample is bombarded with a strecm of fons (most commonly, negative
uxygen fons) and surface material is physically removed. About 1-10% of the sputtered
material is in the form of .econcary ions that are mars anaiyzed by a conventioral mass
spectrometer.

The fon microprobe represents a special configuration of $IMS in which the primary
fon beam can be focused to a diameter of about 3-5 um. Both irdiv ‘ual particle analysis
and elemental-mapping capabilities are thus available. Depth prcfiling constitutes an
integral part of the process of secondary fon generation.

A major advantage of SIMS fs its extremely high sensivitiy, with elemental detection
limits ranging from 10°¢ . 1076 at. %, depending on the element and the primary ion used.
Typicaily, 1t is possible to observe as little as 1 ug/g in the analytical volume,
thereby enabling studies of species present at trace levels. Secondary ion mass spectro-
metry is, however, subject to several types of interferencec znd art:facts. Ir parti-
cular, spectral interferences from molecular- and multiple-charged fons make the high
resolving power of a double-focusing mass spectrometer cesirable. Also, volatilization
losses and migration of sample fons under the influence of the primary fon beam can give
rise to spurious depth profiles. Such effects are cftan difficult to identify in SIMS
since removal of sur-ace material ic an integral part of the detectior process.

Of the above techniques, AES and SIMS are generzliy most usetul for surface analysis
and the depth-profiling studies, owing to their sensitivity and ocood lateral and depth
resolution. Electron spectrometry for chamical analysis, however, has the important ad-
vantage of providing information about the identity cf molecular spaciec present. With
all the techniques, difficulties are encountered in estsblishirg even semiquantitative
depth scales, which are normally attempted by calibratirc the rate of removal of surface
material against that obtained for a standard having a surface layer of known thickness.
The main problem, however, lies fn matching the matrix composition of the standard to
that of the material being studied, which, in the case of coal fly ash, is not well
definec.

Su~face analysis and cepth prufilina studies of both indiviudal coal fly ash
particles and groups of oarticies have established that a number of trace elements, in-
cluding C, Cr, K, Mn, Na, Pb, S, TT, V, and In, are substantially surfrce enriched,
whereas the matri» and minor elements, Al, Ca, Fe, Mg, S, and T, are not {Linton et al.,
1977). 7his observation clearly supports the hypothesis that the more volatile elements,
or their compounds, are viporized during combustion and then condense on the surfaces of
coentrained fly ash particles at lower temperature.
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Depth profiling studfes of fly ach have also demonstrated the utility of using in.
strumental technigus: in conjunction with solvent leaching to remove soluble surface
material. An exarple of this approach is presented in Fig. 12 for the element; Pb and 1
This study dem nstrated that extraction of fly ash with water or dimethyl sul foxide re.
moves the surface layer of both elements. Determination of the amounts of °b and T1 in
solution then enadles estimation of the amounts present in the surface layer. Assuming
a surface layer thickness of 300 i. one obtains average concentrations of 2700 ug/q for
Pb ard 92C ug/g for T in the surface layer as compared to bulk particulate concentra-
tions of 620 ug/g and 30 ug/g for these elements. Similar estimates for several other
trace elements are presented in Table VII (Natusch, 1978a).

Solvent leaching can also provide some insight into the chemical forms of elements
present. For example, although AES and SIMS indicate little surface enrichment of iron,
aqueous leaching rapidly removes this element from the surface region, thereby indicating
its presence in a readily soluble form. Similarly, comparison of the leaching and
depth profiles of K, Fe, Na, and § suggests that these elements may be associated with
each other irn the surface layer, possisly as alkali-iron sulfates. Further support of
the existence of simple and/or complex sulfates is provided by ESCA studies that show
that the oxidation states of Fe and S in the surface region are +3 and +6, respectively
(Wallace, 1974),

Surface analytical results, such as those presented in Fig. 12 and Table VII
demonstrate the considerable differences in composition that exist between the interior
of fly ash particles and their externs! surface. Since it is the particle surface that
is in contact with the externa) environment, determination of surface composition 1s of
considerable importance, as previously discussed. Finally, it should be remarked that
there are no coherent data that relate surface composition to particle size for fly ash.
However, {f the volatilization-condensation process is primari)y responsible for surface
enrichment o>f trace eiements, then one would not expect surface concentrations to vary
greatly with particle size. This is because the amount of vapor deposited is propor-
tional to surface area, thereby resulting in a constant elemental concentration per unit
surface area. Of course, if other mechanisms are responsible for or contribute to
surface enrichment (e.g., agglomeration of accumulation mode particles with coarse
particles or thermal diffusion of trace spezies to the surface of molten particles),
then some dependence cn pirticle size would be anticipated.

D. Solubility and Leachability

A number of workers (Shkannon ard Fine, 1974; Theis and Wirth, 1977; James et al.,
1977; Dreecen et al., 1277 have SRCriec Liae Uie oulk soiubility of coel fly ash in
water is very low and rarely exceeds 2-3% by weight. The bulk sclubility is clearly a
property of botk the glassy and crystalline matrix materials identified earlier, and one
would expect elements that are either chemically or physically trapped within this matrix
to exhibit low solubility. On the other hand, at least some of the material present in
the surface skin is readily soluble in water (Fig. 12). Indeed, it is now quite well es-
tablished (Linton et al., 1977; Natusch, 1978a; Fisher et al., 1978e) that most of the
soluble fraction of €1y ash ic derived from this surface layer and is thus very rich in
trace elements.




b/
"C‘, / fig. 12.

lon microprobe
depth profiles for
Pb and 71 for un-
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Table VII. Estimated Surface Concentrations of E'ements in
Coal Fly Ash?

Estimated surface

Bulk concentratinn in
Element concentration 300 i laver

(ug/9) (ug/9)

As 600 1560

Cd 24 700

Co 65 440

Cr 400 1400

Pb 620 27(0

S oo 252,C00

v 380 760

% rrom Netusch (1978a).
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At the present time, there is considerable confusion involved in interpreting ang
understanding results obtained from different ctudfes of fly ash solubility. Spec1f1cg~'
Quite different results are obtained by workers using apparently similar laboratory \\.
leaching technigues and none are readily transferrable to field studies. It is appropri.
ate, therefore, to consider the factors that control leachate composition under both
laboratory and field conditions and to standardize one or more laboratory leaching
techniques whose results bear some relationship to real field conditions.

Some insight into leaching behavior can be obtained by recognizing that soluble in-
organic species "1Ai associated with fly ash particles can dissociate into their compon-
ent cations M; and anions A; in aqueous solution, and that both dissolution and de-
position (e.g., precipitation) processes czan occur. Furthermore, cations and anions
present in solution can interact sc as to set up multiple equilitria that may involve
fon pairing, complexztion, precipitation, or acid-base behavior (M1Aj or HJA,). The
result can be expresced, simplistically by the equations

n k] n n
P f"i“i : P+ fn‘ + f‘i
X
2 + +
m m N
ZA. M.
33 g (10)

Laeska K ognky

mn mn
I MA

ig 4 EJ"JAi
Here P represents the parent particles and Kns k_p are the rate constants for forward and
reverse reactions, respectively. It is apparent from Eq. (10) that, when leaching
studies are conducted under batch conditions, such that the amount of fly ash and solvent
are maintained constant, an equilibriur will be established between particulzte and
solution species. Consequently, only a fraction of the potentially soluble material will
enter solution. On the other hand, if conditions are such that solubie material 1s
continuously removed by provision of fresh solvent or by providing a large solution sink
‘n the form of complexing ligands or acids, then all potentialiy soluble material wil}
ultimately enter solution. ‘

Matusiewicz and hatuscn (1373) have concucted very extensive studies to demonstrate
the validity of Ea. (10). They have established that the rate and extent of leaching de-
pend upon the leaching method, the fly ash:solution ratio, temperature, pH, complexing
agents, particle size, and fly ash origin exactly as predicted from Eq. (10) for both
equilibrium and nonequilibriun conditions. When equilibrium is established between
particulate and solution species, as in batch Teaching, little dependence cn particle
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size is observed since the amount of a given element is setermined by its solution con-
centration (solubility) that is only weakly related to the amount of solid phase present.
Exhaustive (nonequilibrium) leaching, however, removes all soluble material, the amount
of wnich is directly related to particle size because of its presence in fly ash surface
layer.

It is apparent from the foregoing remarks that any leaching process that estapiishes
the solid-solution equilibrium given in Eq. (10) will result in changes in solution
composition with equilibrium position. It is hardly surprising, therefore, that widely
differing results are obtained by workers who use different leaching conditions. hever-
theless, some significant generalizations can be made. First, it is readily apparent
that much higher proportions cf most trace clements are scluble than is the ci¢se for
matrix elements (Tatle VIII). This is due, in part, to the predominance of trace
elements in the particle surface layers in quite so'uble forms (probably sulfztes, oxides,
and carbonates). Second, it is clear that, under batch leaching conditions, such as are
most 1ikely to occur in the field, the amount of each element entering soiution is
strongly dependent on the dilution (fly ash:water ratio) and the fnitfal pH
(Matusiewicz and Natusch, 1979; Dreesen et al., 1977; Theis and Wirth, 1977).

Table VIII. Percentage of Elemenis Leached
from a Typica! Coal Fly Ashd

Element % Leached
Al 0.2
] 5
Ba 4
Ca 35
Cr 30
K 40
" 0.2
Mn 0.4
Mo 85
ha 10
P 6
Pb 100
St 0.1
Sr 6
In 6

& rrom Matusiewicz and Natusch (1979).
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E. Organic Constituents

To date, no exhaustive determination of organic species associated with coal fly ash \\
has been repo~ted. Rather, emphasis has been placed primarily on the determination of
polycyclic organic matter (POM) in fly ash, due to the potertial carcinogenicity of
several compounds of this type (Committee of Biciogical Effects of Atmospheric Pollutants,
1972). For the most part, the several studies of POM in fly ash have indicated either
extremely low or undetectable levels (Cormittee on Biological Effects of Atmospheric
Pollutants, 1972).

In a survey of fly ashes representing several coals and combustion conditions,
Aslund et al., (1978) found no individual species of POM tc be present at concentrations
greater than 20 ng/g. A number of other unidentified organic compounds were, however,
observed at somewhat higher (10x) concentrations. It is important to note that all of
these studies have considered fly ash collected in bulk from power plant control devices.

Only a few studies have been made of POM present in fly ash that was actually
emitted and collected from the atmosphere (Natusch, 1978b; Tomkins, 1978; Stahley, 1976).
However, all have indicated concentrations that are very much greater than encountered
in fly ach collected within the plant. This apparent paradox has been explained by

r\Nntusch and Tomkins (1977) who postulate that POM (and probably other organic species)
are present as gases at the temperatures encountered within a power plant but rapidly ana

S quantitatively adsorb onto surfaces of emitted fly ash particles as the temperature falls
on leaving the stack. Both laboratory (Miguel et al., 1579) and field (Miguel, 1976;

i Matusch, 1978b) studies support this hypothesis.

t The actual compounds that have been identified in emitted fly ash are listed in
Tables IX and X, which present the results of two separate studies in which specific
concentrations inside and outside the plant, and volume concentrations in the plume,
were determined. To our knowledge, only cne study has actually measured POM concentra-

————————

tions as a function of particle size for emittec f1y ash (Natusch 1978b). The results
indicated little convin:ing_dgaendgncg_gj_sggcentrat1on on aerodynzmic particle -size
over the range <1.1 to >7.0 um. However, the fly ash in question was derived from a
small plant that emp1ojéd a chain grate stoker, and the particles were found to be ex-
tremely irregular ir outline. Furthennore. there was very little change in specific
surface area aver the size range collected. We do not, therefore, consider these re-
sults to be conclusive. . Jiak

In fact, if the temperature dependent adsorption mechanism proposed by Natusch and
Tomkins (1977) is correct, one would expect the specific concentration of organic species
to vary in proportion to the surface area of the fly ash particles. There is some in-
direct evidence for this behavior (Chrisp et al., 1978; Fisher et al., 197%c), but
further work is clearly required. It hzs been established, however, that adsorption of
POM (pyrene) onto fly ash under laboratory conditions occurs, to significantly different
extents, on different fiy ashes and on magnetic and nonmagnetic fractions of a given fly
ash (Miguel, 1976; Korfmacher et al., 1979a).




Table IX. Measurement of Polycyclic Organic Matter Emitted
from a Coal-Fired Power Plant Stack?

Specific concentration (ug/g)
Compound Inside stack Qutside stack
Fluorene NDb Trace
Phenanthrene ND 9
Fluroanthene ND 19
Pyrene ND 12
Benzofluorene ND 2
1-Methylpyrene ND 1
Benzophenanthrene ND 3
Benzolalpyrene ND 5
Total fluorescence 3.61 x 10°3 units 3.68 units

2 rrom Tomkins (1978).
® Not detectable.

Table X. Emission Factors for Polycyclic Orgm'lc‘lhtter from Ccal Fired

Furnaces in (pounds/ton of coal) x 104

Pulverized Chain grate
Species firing stoker Hand fired
Benzo[a)pyrene 0.2-0.52 0.3 3520
Pyrene 0.8-1.6 3.5 5260
Benzolelpyrene 0 -2.3 1.1 880
Perylene ¢ -0.6 - 526
Flucranthene - 6.0 8800

2 committee on Biological Effects of

Atmospheric Pollutants, 1972.
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Finally, it should be mentioned that POM associated vith fly ash may undergo
chemical transformation following adsorption and emissfon. In thic regard, Korfmacher
et al., (1979b) have shown that adsorption onto coal fly ash effectively stabilized most \“~>
POM against photochemical decomposition, but actually promites rapid (hours to days) non-
3 photochemical oxidation of polycycliic aromatic compounds p:ssessing one benzylic carbon
atom. Furthermore, Hughes and Natusch (1978) have shown tiat exposure of PCM adsorbed on
fly ash to typical plume concentrations of sulfur dioxide .nd nitrogen oxides results in
very rapid formation of a variety of derivatives having sulfur or nitrogen containing
substituents. It is possible, therefore, that the chemical nature of POM associated
with coal fly ash emitted from a pow plant is 1ikely to change dramatically with time
and distance from the plant.
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