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Dear Air Pollution Control Board of the Virginia Department of Environmental
Quality:

I am an environmental engineer with over 30 years of experience in Clean
Air Act permitting, including BACT and MACT analyses for over 75,000 MW of
coal, gas, wood, oil and other power plants. Isubmit these comments on my
own behalf. I address two MACT issues raised by Mr. Buckheit in his April 14,
2008 memorandum to Board Members (“Buckheit Memo”).

MACT

PM As A Surrogate For Metal HAPs

Mr. Buckheit notes that VDEP’s MACT analysis assumed high control
efficiencies for metal HAPs based on the use of particulate matter as a surrogate,
but provided nothing to support the assumed 99.7% to 99.9% control efficiencies
into a PM MACT limit. Buckheit Memo at 15. I agree. These assumptions are
not likely to be met in practice unless the baghouse is designed to meet them and
they are required as permit limits, or are converted into HAP-specific permit
emission limits.

First, most metallic HAPs are volatilized in the boiler and condense as
very fine particulate matter or nanoparticles (<2.5 microns) in the pollution
control train. Ex. 1. The highest concentrations are consistently found in the

' R.C. Flagan and S.K. Friedlander, Particle Formation in Pulverized Coal Combustion — A Review, In:
Recent Developments in Aerosol Science. D.T. Shaw (Ed.). 1978, Chapter 2 (Ex. 1A); A.S. Damale, D.S.
Ensor. and M.B. Ranade, Coal Combustion Aerosol Formation Mechanisms: A Revieiw, Aeroso!l Science
& Technology. v. 1, no. 1, 1982, pp. 119-133. See also: S.K. Friedlander. Smoke, Dust, and Haze.
Fundamentals of Aerosol Dynamics, 2™ Ed., Oxford University Press, 2000.



smallest particles. Exs. 2,23.3 The particulate collection efficiency for
conventional baghouses designed to collect PM and PM10 is generally lower for
these nanoparticles that contain most of the metallic HAPs than for larger
particles.* Ex. 3, p. 1538; Ex. 4,> p. 1582. Thus, a fabric filter system designed to
meet BACT for PM and PM10, as is the case here, does not necessarily meet
MACT for metallic HAPS as these are present in particles smaller than 10
microns which are not as effectively controlled. These smaller particles also
cause proportionately more of the adverse health impacts because they can
penetrate deep into the lung. Ex. 4.

Second, not all HAPs condense and are present as fine particles that can
be captured by a baghouse. Selenium is the most problematic as 50% to 100% of
the selenium in coal is present as a vapor in exhaust gases. Further, depending
upon the fuel and control train, some of the otherwise nonvolatile trace metals,
including chromium and nickel, may be present in the vapor phase. Finally,
mercury controls, including powdered activated carbon and sorbent
enhancements, have been demonstrated to increase the amount of chromium and
nickel in stack gases, compared to no mercury control.®

Thus, it is premature to conclude that particulate matter is a reasonable
surrogate for HAPs, especially based only on conventional baghouse control.
Other technology may be required to control volatile metallic HAPs. Further,
much higher control efficiencies can be achieved for particulate HAPs using
advanced filtration media and wet electrostatic precipitators, among others.
Permit limits should be established for each individual HAP to assure that
MACT is required.

? Richard L. Davidson and others. Trace Elements in Fly Ash, Environmental Science & Technology, v. 8,
no. 13, December 1974, pp. 1107-1113 (Ex. 2A); E.S. Gladney and others, Composition and Size
Distribution of In-State Particulate Material at a Coal-Fired Power Plant. Atmospheric Environment, v. 10,
1976. pp. 1071-1077 (Ex. 2B): John M. Ondov, Richard C. Ragaini, and Arthur H. Biermann. Emissions
and Particle-size Distributions of Minor and Trace Elements at Two Western Coal-fired Power Plants
Equipped with Cold-side Electrostatic Precipitators, Environmental Science & Technology. v. 13, 1979. pp.
946-953 (Ex. 20).

* W.P. Linak and others. Comparison of Particle Size Distributions and Elemental Partitioning from
Combustion of Pulverized Coal and Residual Fuel Oil, J. 4ir & Waste Manage. Assoc., v. 50. 2000, pp.
1332-1544,

* AP-42, Table 1.1-5,
* JoAnn S. Lighty, John M. Veranth, and Adel F. Sarofim. Combustion Aerosols: Factors Governing their

Size and Composition and Implications to Human Health, J. Air & Waste Manage. Assoc, v. 50, 2000, pp.
1565-1618.

% Mcllvaine Hot Topic Hour, Hazardous Air Pollutants, May 15, 2008, Presentation of John Pavlish. EERC.
Voice recording available online to subscribers of Mcllvaine Power Plant Knowledge System and available
for purchase.



Baghouse Design

Mr. Buckheit states that the best baghouses have an air to cloth (“A/C”)
ratio of less than 2:1 (presumably 2 ft/min). Buckheit Memo at 16. However,
fabric filter design to achieve the high filtration efficiencies assumed for HAPs is
a bit more complex, requiring specification of grain loading, control efficiency,
type of bag cleaning, filtration media, etc. The stated A/C of less than 2 ft/min is
typical for reverse air fabric filters. However, pulse jet fabric filters, proposed
here, typically operate at 3.0 to 4.0 ft/min. Steam” at 33-10.

Fabric filter baghouses are only as efficient as the bags they use. The
filtration media determines the control efficiency of a baghouse for very small
particles. There is a wide range of media that can be used, most of which are
more efficient for larger particles. The design basis filtration media (Ryton is a
type of material, not the design basis media) for the proposed baghouse is
unknown and should be determined. The exhaust gas conditions should allow
wide latitude in selection of filtration media to achieve high removal of the
smallest particles where metallic HAPs are concentrated.

Media have been developed over the last decade that remove over
99.99%+ of the 2.5 micron particles. These include Daikin’'s AMIREX™, PTFE
membrane filters® and W.L. Gore’s L3650.° See summary of U.S. EPA’s ETV test
results in Exhibit 5. The BACT and MACT analyses do not identify the type of
filtration media that are assumed nor the removal efficiency as a function of
particle size, which are required to determine if MACT for metallic HAPs has
been required.

(
Phyllis Fox Zsj

" Babcock & Wilcox CO.. Steam. It’s Generation and Use, 41% Ed., 2005.

® Mcllvaine Hot Topic Hour, Filter Media Selection for Coal-Fired Boilers. September 13, 2007,
Presentation by Todd Brown. Daikin America, Inc. Voice recording available online to subscribers of
Mecllvaine Power Plant Knowledge System and available for purchase.

® USEPA, ETV Joint Verification Statement, Baghouse Filtration Products, W.L. Gore & Associates,
L3650 .at http://epa.gov/etv/pubs/600etv06042s.pdf.
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1. NOMENCLATURE

(o concentration, molecules
cm™3

o concentration in fly ash

Co C, coefficients

d, d, particle diameter

D diffusivity

F diffusion flux to particle
surface

1,, I, I; moments of free molecule
regime self-preserving size
distribution

Ip integral for diffusion to
surfaces of large particles

K coefficient, defined by Eq.
12

Kn Knudsen number

k Boltzmann constant

M total mass per unit volume

m mass of gas molecule

N() total number of particles per
unit mass at time ¢

n(v,t) particle size distribution
function, particles
cm*cm™3

7. Fine Particle Enrichment by
Volatile Specles, 47

8. Sulfate Formation, 52

9. Concluding Comment, 55
References, 56

n(d,) particle size distribution
function, particles
cm3em™?

A(v, 1) particle size distribution
function, particles
cm~3cm™3
pressure
number of ash particles
produced per coal particle
gas constant
temperature
time
gas velocity
total aerosol volume,
cm’g™!
particle volume
mass fraction ash in coal
accommodation coefficient
volume fraction ash in coal

(v,0')  collision parameter
dimensionless particle
volume
mean free path
time parameter, defined by
Eq. 12

¥(n) dimensionless distribution
function

S T N® v v

dugpQC

S >
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Subscripts r particle
s small particles produced by

ash homogeneous nucleation
c coal
! large particles produced by

breakup

2. INTRODUCTION

Particulate emissions from coal combustion sources were among the first
forms of air pollution to be controlled. The opacity of stack plumes and
the total mass of particulate matter emitted have been significantly re-
duced through improvements in combustor operation and the use of gas
cleaning devices such as electrical precipitators. In spite of these improve-
ments, coal combustion is still a major source of particulate emissions.
Moreover, electrical precipitators may show a minimum in collection
efficiency for particles in the 0.1-1.0 pm size range [1]. Such particles have
longer atmospheric residence times and greater effects on health and
visibility than would an equal mass of larger particles.

Coal combustion is an important source of heavy metals in the environ-
ment [2-9]. Many species. including cadmium, arsenic, selenium, lead,
nitrogen, zinc, and antimony, are present in the fly ash particles emitted by
coal fired power plants and in ambient urban aerosols in concentrations
much larger than their natural crustal abundance [10] as shown in Fig. 1.
Recent studies have shown that the concentrations of several trace species
in fly ash increase with decreasing particle size [11-17). Few measurements
of ash size distributions have been made using techniques suitable for
particles smaller than about 5 pm diameter [18]. Studies of the fractional
efficiency of particle collection equipment have recently provided some
more complete size distribution data [, 19, 20]. Data on the composition-
size distribution have been obtained for few sources and have not been
extended far into the submicron size range.

The composition-size distributions of particles emitted by coal combus-
tion sources are influenced by furnace design and operating conditions. A
wide variety of coal combustion equipment is currently in use. New
designs are being developed because of recent constraints on emissions of
gaseous and particulate pollutants and on fuel availability. Electrostatic
precipitator performance may be seriously impaired when a low sulfur coal
is substituted for a coal with a higher sulfur content and correspondingly
lower resistivity ash. Fabric filters may replace electrical precipitators for
particle collection where low sulfur coal is burned. Some combustion
modifications may change the quantities of fine particles in the flue gases.
To anticipate the future requirements for particulate emission control and
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Fig. 1. Enrichment factors for several elements on ambient particles collected in
several U.S. cities and on particles collected downstream of gas cleaning devices on
coal fired power plants. Enrichment is calculated relative to the natural crustal abun-
dance of the elements. (Data from Ref. 10.)

to evaluate the environmental impact of increased coal use, it is necessary
to know the characteristics of the aerosol entering the gas cleaning devices.
An examination of the mechanism of particle formation during coal
combustion may provide much of the necessary information.

Emissions from coal combustion may include several types of materials,
such as char, soot, fly ash, and droplets containing sulfuric acid. Improve-
ments in combustion conditions have, in recent years. reduced the amount
of partially burned coal char emitted from utility boilers. The combustible
content of the particulate emissions from large sources generally accounts
for only a small fraction of the total mass of emissions [11, 21]. Soot is
formed by the condensation and subsequent pyrolysis of high molecular
weight hydrocarbons [22, 23). Fly ash is formed from the mineral matter in
the coal. During combustion the mineral matter undergoes chemical trans-
formations to form ash and. if temperatures are sufficiently high, the ash
fuses to form spherical particles [24-34]. Some ash may be vaporized in
the high temperature flame region and later condense homogeneously to
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form large numbers of very small fly ash particles [35-37]. Submicron fly
ash particles may also be produced by the bursting of bubbles as gases are
evolved within molten ash particles [28, 29).

The presence of sulfur trioxide (SO;) in the flue gases of coal fired
boilers results in the formation of alkali metal sulfates or sulfuric acid
when it condenses [37]. The homogeneous oxidation of sulfur to form SO,
is fairly well understood [38]. Less is known about the mechanism of SO,
formation. Generally about 1% of the sulfur is present in the flue gases as
SO; [38]. As the flue gases cool. this SO, may condense with water vapor
to form sulfuric acid droplets. Stack temperatures are usually maintained
above the dew point of the SO;~H,O mixture to prevent acid condensation
within the stack.

Studies of the occurrence of deposits in boilers [37) and microscopic
examinations of fly ash particles [24-34] provide the basis for a pre-
liminary analysis of fly ash formation and identify some of the important
processes that occur. The present study is restricted to the examination of
particle formation in pulverized coal fired systems. This is the predominant
method of coal combustion for electric power generation. Moreover, most
of the available data on particle formation and emissions have been
obtained on pulverized fuel equipment.

3. PULVERIZED COAL COMBUSTION

Pulverized coal fired boilers burn coal that has been crushed and ground
to a fine powder (39, 40). The mass mean diameter of the coal particles is
typically in the range of 30 to 70 um. The distribution of coal sizes is
broad. A coal powder with a 50 um mass mean diameter may have 10% of
the mass smaller than 10 pm and 10% larger than 100 pm. The few
reported measurements of coal size distributions indicate that the distribu-
tion varies significantly from one power plant to another [41]. Coal burned
in a suspension at 1800-2500°K must remain at high temperature long
enough for the largest particles to burn completely. About 1 sec is required
to burn a 200 pm diameter coal particle. Smaller particles burn much more
rapidly,

Pulverized coal fired boilers are generally large; units producing 500
MW electrical output are common. Many furnaces larger than about 600
MW are divided into.two combustor chambers. Pulverized coal is injected
into the furnace with about one-fifth of the total air flow, the primary air,
through a number of burners [39]. A 500 MW boiler, illustrated in Fig. 2,
may have 30 or more burners arranged in one of a number of possible
patterns in the furnace walls. Preheated air is introduced into the furnace
through air registers coaxial with the burners. In the furnace the coal is
heated by thermal radiation and by mixing with hot combustion products,
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Fig. 2. Pulverized coal fired boiler.

igniting the coal particles. The temperatures of the burning coal particles
and the gas surrounding them rise rapidly. Mixing in the furnace is
relatively slow. As a result, the temperature and composition of the
combustion gases are far from uniform. Although peak temperatures may
be as high as 2500°K, some coal particles may be subjected to much lower
combustion temperatures. The variability in time—temperature history of
the coal particles may be responsible for much of the diversity of ash
characteristics observed in the emissions from a combustion system. A
complete representation of the kinetic processes occurring in a furnace
would require a statistical description of the composition and temperature
fluctuations and the residence time distribution in the boiler [42, 43].

In the furnace the temperature of the combustion products is reduced by
the combined effects of radiation and convective heat transfer. About
one-half of the heat released during combustion is transferred to the water
tube walls of the furnace before the combustion products enter the
convective heat exchangers. The temperature at the furnace outlet is
limited to about 1350-1500°K in order to prevent damage to the super-
heater tubes. A long residence time of the combustion gases in the boiler,
about 1 to 2 sec. is necessary to assure both complete combustion and
adequate heat transfer upstream of the superheaters.

A typical 500 MW pulverized coal fired electric power plant has a
furnace about 30 m high with a cross-sectional area of about 260 m? [44].
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Operating at about 35% thermal efficiency, this unit requires about 1430
MW of thermal input, for instance, approximately 48 Kg sec™' (170 T
hr™') of a bituminous coal with a lower heating value of 3X10"J kg™
(12900 Btu Ib~'). Burning a coal containing 10% ash, this unit produces
about 4.8 kg sec™! (17 T hr™"') of ash. If all the ash were carried out of the
furnace in the flue gascs, the aerosol mass loading would be about 9 g m ™3
at standard conditions.

Pulverized coal is burned in a variety of types of combustors. The peak
temperatures and the amount of ash impacting on the boiler walls are
strongly influenced by the furnace design. Some units, designed to achieve
-rapid mixing of fuel and air, result in high combustion intensities and thus
high flame temperatures. Boilers in which fuel and air mix relatively slowly
have lower flame temperatures. Because nitric oxide emissions increase at
high temperature, the latter designs are being favored for new installations.
Cyclone burners were designed to remove most of the ash from the flue
gases before they enter the superheaters where deposits cause reliability
problems. As much as 80~90% of the ash is impacted on the burner of a
cyclone fired furnace [45]. A large fraction of the ash, 60-100%, leaves the
combustion chambers of most other types of boilers with the flue gases.

After the combustion products leave the combustion chamber, they
enter a series of heat exchangers where heat is transferred from the hot
gases to the heat transfer surfaces primarily by convection. In this region
the combustion products are cooled from the hoiler outlet temperature to
the inlet temperature of the emission control equipment, 300-700°K, in a
residence time of several seconds. The formation of deposits in this region
and the corrosion that accompanies the deposits are major causes of boiler
failure. The fraction of the ash deposited in this region is probably small.

4. MINERAL MATTER IN COAL

The ash forming constituents of coal occur in two main classes. Inherent
mineral matter. which seldom exceeds 2% of the coal mass. is derived from
the original plant substance. Extraneous mineral matter is inorganic
material that was mixed with the plant substance as the coal was formed or
during mining operations [37].

The extrancous mineral matter may be present as very fine inclusions
dispersed throughout the coal volume, or it may be made up of large,
distinct structures. The mineral inclusions are generally small compared to
the mean coal particle size. Padia [33] has reported Rosin-Rammler
distributions fit to mineral size distributions measured after the carbon
matrix of coal was oxidized in a low temperature (T~425°K) oxygen
plasma. The measured volume mean diameters were 1.7 and 2 pm for a
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lignite and a bituminous coal, respectively. From the size distribution
parameters reported, the number mean diameter of the lignite inclusions is
about 1 um. It is not possible to determine the number mean diameter
using the parameters given for the inclusions in the bituminous coal.

The mineral matter in coal consists primarily of kaolinite (Al,O5 2Si0?-
2H,0), pyrites (FeS,). and calcite (CaCO,) [37, 46]. The major elements in
the coal minerals are those found in silicate rocks, silicon, aluminum,
calcium, magnesium, iron, sulfur, sodium, potassium, chlorine, and
titanium [47]. The mean concentrations of these major elements and a
number of minor and trace species in coal are presented in Table 1.

Table 1. MEAN COMPOSITION FOR 101 COALS*

Standard
Constituent®  Mean Deviation Min Max
As 14.02 PPM 17.70 0.50 93.00
B 102.21 PPM 54.65 5.00 224.00
Be 1.61 PPM 0.82 0.20 4,00
Br 15.42 PPM 5.92 4.00 52.00
Cd 2.52 PPM 7.60 0.10 65.00
Co 9.57 PPM 7.26 1.00 43.00
Cr 13.75 PPM 7.26 4.00 54.00
Cu 15.16 PPM 8.12 5.00 61.00
F 60.94 PPM 20.99 25.00 143.00
Ga 312 PPM 1.06 1.10 7.50
Ge 6.59 PPM 6.71 1.00 43.00
Hg 0.20 PPM 0.20 0.02 1.60
Mn 49.40 PPM 40.15 6.00 181.00
Mo 7.54 PPM 5.96 1.00 30.00
Ni 21.07 PPM 12.35 3.00 80.00
P 71.10 PPM 72.81 5.00 400.00
Pb 34.78 PPM 43.69 4.00 218.00
Sb 1.26 PPM 1.32 0.20 8.90
Se 2.08 PPM 1.10 0.45 7.70
Sn 4.79 PPM 6.15 1.00 51.00
v 32.71 PPM 12.03 11.00 78.00
Zn 272.29 PPM 694.23 6.00 5350.00
Zr 72.46 PPM 57.78 8.00 133.00
Al 1.29 % 0.45 0.43 3.04
Ca 0.77 % 0.55 0.05 2.67
Cl 0.14 % 0.14 0.01 0.54
Fe 1.92 % 0.79 0.34 4.32
K 0.16 % 0.06 0.02 0.43

Mg 0.05 % 0.04 0.01 0.25
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Table 1. (Continued)

Standard

Constituent® Mean Deviation  Min Max

Na 0.05 % 0.4 0.00 0.20
Si 2.49 % 0.80 0.58 6.09
Ti 0.07 % 0.02 0.02 0.15
ORS 1.4] % 0.65 0.31 3.09
PYS 1.76 % 0.86 0.06 3.78
SUS 0.10 % 0.19 0.01 1.06
TOX. 3.27 % 1.35 0.42 6.47
SXRF 2.91 % 1.24 0.54 5.40
ADL 7.70 % 3.47 1.40 16.70
MOIS 9.05 % 5.05 0.01 20.70
VOL 39.70 % 4.27 18.90 52.70
FIXC 48.82 % 495 34.60 65.40
ASH 11.44 % 2.89 2,20 25.80
BTU/LB 12748.91 464.50 11562.00 14362.00
C 70.28 % 3.87 55.23 80.14
H 4,95 % 0.31 4.03 5.79
N 1.30 % 0.22 0.78 1.84
(0} 8.68 % 2.44 4.15 16.03
HTA 11.41 % 2.95 3.28 25.85
LTA 15.28 % 4.04 3.82 31.70

“From Ref. 47, reprinted with permission.

Abbreviations other than standard chemical symbols: organic sufur
(ORS), pyritic sulfur (PYS), sulfate sulfur (SUS). total sulfur (TOS),
sulfur by X-ray fluorescence (SXRF), air-dry loss (ADL), moisture
(MOIS), volatile matter (VOL), fixed carbon (FIXC), high temperature
ash (HTA). low temperature ash (LTA).

When coal is heated, the mineral matter undergoes a number of transi-
tions [48]. At temperatures below about 500°K dehydration and changes in
mineral forms occur. Pyrite is oxidized at temperatures below about
800°K. Carbonates and sulfates decompose at temperatures in the range
500-1100°K. evolving CO,, SO,. and SO,. Alkali salts, such as chlorides,
are volatilized at an appreciable rate when the temperature exceeds about
1350°K. Silica may volatilize at temperatures higher than about 1900°K
(33, 35, 36. 49-54], largely because of the reduction of SiO, by reaction
with carbon to form SiO. which is much more volatile than Si0,. At
temperatures higher than about 2500°K . a condition that is not achieved in
conventional pulverized coal combustion but may occur in magnetohydro-
dynamic generators, appreciable quantities of alumina may also be volati-
lized. Measurements of the distribution of ash composition as a function of
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particle size suggest that many minor ash constituents are also vaporized
ing coal combustion.
du';}}?eg tesats that determine the ash content of coals involve tl]e slow
combustion of coal at a relatively low temperature, fibout 1000 K aqd
determination of the quantity of the residual ash. Since combustion in
boilers occurs at much higher temperatures, transitions that do not oceur
in the standard tests may take place. Some of these changes resp]t in the
evolution: of considerable quantities of CO,. SO,, gnd SO,. This decom-
position may account for a major fraction of the wglght loss of the ash, as
is shown in Fig. 3. Nonetheless, a substantial fraction of the ash may l?e
lost through vaporization. As much as 4-8% of the ash was vaporized in
ia's experiments [33].
pa'(lj'll?es le:dency of [as]h to melt when heated ha‘s posed problems lfqr‘
engineers since the earliest days of steam generation [37]. When coal 1s
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burned in a fuel bed, the ash softens and then may fuse to form clinkers.
To determine the relative tendencies of different coals to form clinkers,
tests were devised to measure the fusibility of ash. Empirical tests have
been developed to determine the initial deformation temperature, the
softening temperature, and the fluid temperature [37). More quantitative
information is obtained for some ashes by measuring the viscosity of the
ash as a function of temperature. The viscosity of the ash decreases rapidly
with increasing temperature and also depends strongly on the composition
of the ash. The presence of iron as Fe,O, in the ash results in the ash
behaving as a fluid at much lower temperatures than the same ash would
behave if the iron were present only in its reduced state, FeO [37]. Other
species have similar strong effects on the characteristics. ~
Examination of fly ash particles reveals that most particles were molten
during their formation process. The particles tend to be spherical except
where considerable agglomeration has occurred. Since the temperature at
which the ash becomes fluid may vary over several hundred degrees,
depending on the coal characteristics and whether the combustion environ-
ment is oxidizing or reducing, and since the peak temperatures are de-
termined by the combustion conditions. it is expected that combustion
conditions may strongly influence the character of the ash emissions.

5. FLY ASH PARTICLE FORMATION

The processes that influence the ash particle formation occur primarily
in the final stages of coal particle burnout. Initially, as a coal particle is
heated, volatile hydrocarbons originally present in the coal or produced by
pyrolysis are vaporized. Some of the mineral matter inherent in the organic
structure of the coal may be vaporized during this process. Mercury and
other extremely volatile ash constituents may also be vaporized during this
early phase of combustion. After the volatile hydrocarbons are vaporized,
the residual char burns by heterogencous oxidation, both on the external
surface of the coal particle and internally. Under some conditions a coal
particle may burn with very little change in diameter. the particle density
decreasing because of internal burning. The rate at which coal particles
smaller than about 100 pm burn is, at temperatures below about
2000-2500°K. controlled by chemical kinetic processes. Diffusion of
oxygen to the particle surface limits the rate of combustion of larger
particles.

On heating. coal swells and becomes hollow or porous [28. 32, 55-59].
The degree of swelling depends on both the coal type and the combustion
conditions. Hollow char particles, known as cenospheres, may be formed,
particularly if the heating takes place in a reducing atmosphere [55].
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Porous vesicular particles are more likely to form if the heating occurs in
an oxidizing environment. Coal particles burn on both external and
internal surfaces, so as a particle burns, fragile, lacy char structures are
formed that eventually disintegrate [28, 56—59}: ' ' .
Ramsden [28] has postulated that mineral inclusions in coal particles
melt within the carbon lattice as the combustion front approaches. Water
vapor, carbon dioxide, and other gases are evolved because of thf: tempera-
ture rise. If. the heating occurs sufficiently rapidly, the suddcp increase in
pressure within an inclusion and the decrease in the ash wsc':om‘ly may
shatter the inclusion, dispersing the ash into minute droplets. This dispersal
may be accompanied by the disintegration of the carbon framework.
releasing submicron particles into the gas stream, or thg Qroplcts may
remain within the carbon framework and coalesce into a liquid layer. The
ash has very high surface tension and does not wet the garboq surface.
Therefore as the receding carbon surface brings molten inclusions into
contact, the ash may coalesce to form spherical droplets‘ larger than lhcz
original mineral inclusions. If the temperature of the particle is below ll:ic
fusion point, the ash inclusions will not coalesce but.may agglomerate an h
if the temperature is not too low, sinter to form irregularly shaped as
particles. Hollow spherical fly ash particles, knowp as cenospheres, may
form if gas evolution occurs within the partncles at temperatures
sufficiently high (7 = 1200°K) for the ash to bt; fluid but low epough
(T < 1500°K) that the viscosity prevents the particles from expanding so
rapidly that they burst [26, 33, 34). Cenospheres are usually large (d,Z 50
um) and, in large furnaces, account for no more than a few percent of the
fly ash mass [26]. Fly ash particles containing bubbles have also been
observed {24]. These particles may be formed at lemper‘atures too low to
result in cenosphere formation. Cenospheres that contain fly ash or char
particles, called plerospheres [34], are probably formed from these par-
IICIOersl.ly a few of these processes need be considered to describe lhct
formation of the dense fly ash particles that account for most Qf [ht.: mass
of the particulate matter produced. These processes are summarized In Fllg;
4. As a coal particle burns, the mineral inclusions me!l and, when l)l(.
receding carbon surface brings them into contact with one anolhcr,
coalesce. Because of internal burning, the char partlc'le may break up into
a number of fragments. Thus more than onc ash particle may be producu:d
from each coal particle, but the total number_ of as_h par_ucles. produced
may be much less than the total number of mineral inclusions in the coal
particle. ‘
Laboratory experiments in which size segregated coal sample.s were
burned in a laminar flow furnace have demonstrated the relationship
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Fig. 4. Breakup mechanism for the formation of large tly ash particles.

between the coal particle size distribution and the size of large, dense ash
particles produced during combustion [33]. Two size cuts, 38—45 pm and
75-90 pm, of two coals, a Pennsylvania bituminous coal and a Montana
lignite, were burned under nearly constant temperature conditions. The
swelling bituminous coal formed more cenospheres than did the relatively
nonswelling lignite. Cenospheres were removed from the ash samples by
density segregation in water. The ash particles denser than water were then
sized by electron microscopy. Because of the sampling system. which used
water to cool the ash, the density segregation system, and the large
numbers of particles collected on the electron microscope grids, only
particles larger than a few microns in diameter could be counted reliably.
The measured size distribution of the ash particles could be correlated with
the coal particle size by assuming that three ash particles per lignite
particle and about five ash particles per bituminous coal particle were
produced during combustion. These numbers are consistent with the
expectation that the highly porous char particles formed by the highly
swelling bituminous coal would break up into a larger number of frag-
ments than the relatively nonswelling lignite. The number of ash particles
produced per coal particle did not vary significantly over a factor of 2
change in the coal particle size.

Application of this breakup model to the formation of large fly ash
particles in coal fired combusters requires knowledge of the coal particle
size distribution, the ash forming characteristics of the coal being burned,
and the combustion conditions. These data are not available for any
studies in which the ash particle size distributions were also measured.
Most measurements of coal particle size distributions have been made by
mechanical sieving of the coal and provide little information about par-
ticles smaller than 50 um. Measurements made using aerodynamic sizing
and microscopy provide some data on the quantities of particles as small
as a few microns in diameter, but the data are limited. Littlejohn [41]
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measured the size distribution of pulverized coal as supplied to the bur_ners
in a number of boilers. The coal particle size distribution varied consider-
ably from one installation to another. The ash content was alsq found to
vary with coal particle size as a result of the design of _pulvenz_ers. The
pulverized coal is removed from the mills aerodynamnqa]ly. Since the
mineral density, 2-6 g cm ™2, is higher than the coal 'densny. about 1.3 g
cm 3, particles that contain significant quantities of mineral matter tgnd to
remain in the pulverizers longer than do particles with a lower mineral
content. The finest particles measured by Littlejohn, of about 14 um
diameter, included many consisting entirely of mineral matter and had a
mean ash content as much as two times higher than the bulk of the coal.

In spite of these complications, we use these data to test the breakup
model for ash formation. For the present purposes we assume‘that the
mineral matter is uniformly distributed through all the coal parlxgles and
that p equal mass ash particles are produced from each coal Partlcle. We
further assume that the number of ash particles produced i§ independent
of the coal particle size and the density of the ash particles is constant. If
the mass fraction of ash in the coal is a (typically 5-20%), a coal particle
of mass m produces p particles of mass m=am’/p. Noting that the ash
density p, is greater than the coal density p., the volume of the ash
particles produced is

o= (1)
P
where
o = a(&) )
Pa

If the coal particle size distribution is n.(d.). the ash particle size distribu-

tion is
n(d,) = p(‘g)lpﬂc(dp(i)w) (3)

v

It is unlikely that the burnout of coal particles will resplt in_the formahqn
of ash particles smaller than the original mineral inclusions. For FhlS
reason the predicted ash size distribution has been truncated at the particle
size where the ash particles predicted by the breakup model are tbe same
size as the mass mean inclusion size. Below this size the coal particles are
not expected to contain enough separate mineral grains to produce more
than one ash particle per coal particle. These fine ash particles are assumed
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to have the same size distribution as the mineral inclusions in the coal and
1o be unaffected by the coal particle size.

These calculations are compared in Fig. 5 with the mass size distribution
data of McCain et al. [1], normalized with respect to the total mass of
aerosol expected from a coal containing 10% ash burned at a fuel-air
equivalence ratio of 0.85, that is, 15% excess air, with no loss of ash to the
boiler walls. The data (solid points) are the averages of the measurements
obtained at the electrostatic precipitator inlets of six pulverized coal fired
power plants. The curve is the prediction of the breakup model assuming
that the coal contains 10% ash and that the coal and ash densities are 1.3
and 2.3 g cm ™3, respectively, and using a Rosin-Rammler mass distribu-
tion. which Ficeld |40) suggests is typical for pulverized coal:

sy () st (sl )

where M is the total mass of coal per unit volume. It is assumed in this
calculation that p=4, The coal size data of Littlejohn [41] are used to
illustrate the sensitivity of the ash particle size distribution to the value of p
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Flg. 5. Comparison of the mass distribution calculated using the breakup mode! with
the fly ash size distribution measured upstream of electrical precipitators on coal fired
power plants. The error bars on the p=4 points indicate the standard deviation in the
calculated size distribution that results from the highly variable coal particle size
distribution data of Littlejohn [41].
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points. Values of p=1 (diamonds), p=4 (sql{ares), and p= 10 (circles) are
illustrated. In spite of the large uncertainty in the coal size data and the
use of coal size data and breakup model parameters derived in systems
different from those in which the measurements were made, the calcula-
tions are in qualitative agreement with the data. Par't of the dlscrepanc‘y
may be due to the arbitrary parameters used 1o estimate the tot.al mass
loading used in normalizing the fly ash data. The avalla‘b]e coal size data
permit predictions of ash size distributions only for particles larger than a
few microns in diameter.

The fly ash number size distribution provides more informat.ion. abgut
the submicron particles. McCain et al. [1] have measured the dl_stnbgu.on
of submicron fly ash particles by using a combination of particle sizing
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Fig. 6. Comparison of the number distribution predicted using the breakup model
with the data of McCain et al. [1].
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techniques. including a cascade impactor, an optical particle counter, and
a diffusion battery. These data are presented in Fig. 6. The predictions of
the breakup model for fly ash particle formation were made assuming p =4
and using the assumptions described earlier for ash constant and combus-
tion conditions. The solid line is the prediction made using the coal size
distribution of Field [40] and the open points are based on the data of
Littlejohn [41]. The broken line shows the effect of truncating the size
distribution with mineral size data obtained by Padia [33] for bituminous
coal. The total number of particles predicted by this model is much less
than the number measured by McCain et al. [1]. It does, however, show
very close agreement with the measured numbers of particles larger than
about | pym diameter. The discrepancy between the theory and the data
below | pm is sufficiently large that minor changes in the parameters used
in the calculations do not account for the difference.

6. FINE PARTICLE FORMATION

The simple breakup model predicts the size distribution of fly ash
particles larger than the mineral inclusions. The calculated size distribution
is in reasonable agreement with the measured volume distribution of fly
ash, but does not agree with the measured number distribution for par-
ticles smaller than about 1 pm diameter. A mechanism that can produce
several fly ash particles from a single mineral inclusion is required to
explain the formation of large numbers of fine particles.

Two mechanisms of fine particle production have been identified. Gas
evolution inside molten ash particles forms bubbles that may burst, break-
ing a single molten ash particle into a number of fine droplets [28]. The
size of particles produced by this mechanism is not known. but will
certainly depend on the ash composition and temperature, both of which
strongly influence the viscosity of the ash [37]. Measurements of the
contribution of this mechanism to fine particle formation are required
before the breakup model can be extended to include this process. Some
ash constituents vaporize in the flame. As the combustion products cool or
when the chemical form of the volatilized ash changes (e.g., oxidation of
SiO to form the less volatile species, SiO,). the ash may condense. In spite
of the high number densities produced by the breakup mechanism, some of
the vapor may condense homogeneously to form very fine particles. Soot
particles that are about 0.03-0.1 gm in diameter are formed in this manner
(22, 23, 28], and there have been observations of production of a very fine
silica aerosol, 0.01-0.15 pm in diameter, during coal combustion [35, 36].
The quantity of ash formed by homogeneous nucleation is not known.
Homogeneous nucleation can produce finer particles than would be ex-
pected by any mechanical breakup process. With the limited data available
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the relative importance of the two mechanisms for fine particle formation
cannot be evaluated. '

The quantity of ash in the submicron size range is only a small fracnpn.
0.5-4% [1], of the total mass produced during combustion. Condensation
of volatilized ash could, based on available data, form this mass of
submicron sized particles. Silica accounting for as much as 4% of the ash
was vaporized in laminar flow furnace experiments [33). Another 4% ash
loss that was not explained by ash decomposition may be the result of ash
vaporization (see Fig. 3). Although these data were not obtained in large
pulverized coal combustors, they do suggest that ash vaporization could
result in the formation of a quantity of fine fly ash comparable to the
measured mass of submicron particles. In the following analysis the
contribution of homogeneous nucleation to fine particle production is
explored qualitatively by assuming that a small fraction of the ash
vaporizes during combustion. .

Vaporization of 1% of the ash produces about 0.1 g of condensible
material per standard cubic meter. Homogeneous nucleation of this ash
would yield a very large number of extremely small particles, probably
much smaller than 0.0 pm in diameter. These particles may coagulate
with other particles produced by homogeneous nucleation, or they may
diffuse to the surfaces of the much larger particles produced by the
breakup process. In addition, heterogeneous condensation may occur a.lfter
homogeneous nucleation. These processes reduce the number of particles
produced by condensation and increase their average size.

As long as the particles are much smaller than the mean free path of the
gas molecules, the evolution of the aerosol produced by homogenepus
nucleation may be described by the theory of self-preserving size distribu-
tions for the free molecule regime [60, 61]. Previous applications of ‘this
theory have dealt with aerosol evolution in constant density systems. Since
the temperature in combustion systems may change over nearly an order
of magnitude, the analysis of Lai et al. [60] must be modified to treat
variable density flows. For a fluid with uniform composition, the kinetic
equation for aerosol evolution is [62]

an(v.t)

TR V -n(v,t)u

= %f“ﬁ(ﬁ.u— ) n(6.0yn(v— &.1)do
0

_j;wﬁ(o,ﬁ)n(v,l)n(é,l)dé (5)

where v is the particle volume, u the gas velocity. and f the collision
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frequency function. It is convenient to write the aerosol size distribution in
terms of unit mass of carrier fluid instead of volume. that is,

(o) = 220 (6)
p
Substituting Eq. 6 into Eq. 5 and using conservation of mass, the result is

pa_"g‘;’;’)+pu-v'7(l’~')

= %Zf"/x(a,u-5)ﬁ(5.:)ﬁ(u—ﬁ,z)da
0

_pzj(;xﬁ(u‘ﬁ)ﬁ(u,t)ﬁ(ﬁ,t)dﬁ @)

The left-hand side represents the substantial derivative

dn o -
P = pa—’+p||- Vi

The right-hand side represents the usual coagulation terms written in terms
of number per unit mass. The total number and volume of particles may
also be calculated on a mass basis, namely,

~

=]
N, =f0 Aa(v.r)dv

v, =j(;wuﬁ(u,r)du (8)

Following the analysis of Lai et al. [60). we find that the total number of
fine particles decays according to

dN. I{ 3 VWS 6kT\"* P\, ~
L P 287 V1. pvV/eN11/6
dt 2| 4n ] ( 0, ) (RT) VSN, ©)

where 1, =6.67 [60] is the dimensionless collision integral. From this result
we see that the rate of loss of particles due to coagulation varies inversely
with the 1/2 power of the temperature.

The number and size of the fine particles also change by diffusion of
fine particles to larger particles and heterogeneous condensation. The
self-preserving theory is a reasonable approximation for the evolution of
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the fine aerosol if the rate of loss of fine particles to the surfaces of larger
particles is slow compared to the rate of coagulation and the rate of
particle growth by condensation is small compared to the growth by
coagulation. The number of particles of size d, to d, + d(d,) diffusing to the
surface of a large particle of size d, per unit time is

_ 2nD(1 +Kn,)i,(d,)d(d,)

= (10)
(14 1.71Kn, + 1.333Kn?)

where Kn, =2A\/d, is the Knudsen number and the Fuchs and Sutugin
interpolation formula [63) has been used to describe the diffusion of
particles in the transition regime. The total rate of loss of small particles to
all large particles is

dN = Iy L,2uemkT Y2 N3/3V -2/
( d :)” BT 2/3 (1
{ (3)(1 +7a,/8)(6/7)
The diffusion integral is defined as
_( O+ Kn,)d, s (d,)d(d,) (12)
® " J4 (1+1.71Kn, +1.333Kn?)
and is a function of temperature since A°T. The integral
-~}
L= [ W dn (13)
0

has a value of 1.87. Thus total rate of decay of the number of particles is
the sum of Egs. 9 and 11, that is,

aN, _ _(i) 3 1/¢( 6kT "2(1)9./6,;,.1/6

dr 2 )| an o, RT) + "=
IpL,(2amkT )\ 2N3/3Y ~2/3
[(%)(l+wac/8)(6/w)2/3]

(14)

It is important to note that this equation is valid only if the magnitude of
the second term is much smaller than that of the first term.

The volume of small particles also decreases as a result of diffusion to
the surface of large particles. The rate of decay of the volume of fine
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particles is

av,  —IpL(3)QamkT) X (n f6) NIV

dr (14 7a./8) (13)

where

Iy = [ “n'p(m)dy = 0885 (16)

This model for the evolution of the size distribution has been used to
examine the contribution of homogeneous nucleation to the formation of
submicron ash particles. Several important assumptions were made. The
large particle size distribution given by the breakup model was assumed to
be unaffected by coagulation or by diffusion of fine particles to the
surfaces of the large particles. This assumption is reasonable for particles
larger than 1 pm but may not be appropriate for smaller particles. The
furnace, illustrated in Fig. 2, is modeled as a plug flow reactor with
uniform composition and temperature at any point. The temperature is
assumed to remain constant at a flame temperature of 1800°K for 0.5 sec.
The temperature of the combustion products then decreases at a constant
rate 1o the furnace outlet temperature, 1400°K, in 1 sec. Once the combus-
tion products enter the convective heat exchangers, heat transfer is more
rapid; the temperature decreases to 425°K in 2 sec. It was further assumed
that 1% of the fly ash was vaporized during combustion and immediately
condensed by homogeneous nucleation.

The fly ash size distribution calculated using this model is shown in Fig.
7. The total number of particles predicted is an order of magnitude greater
than the measured value, and the calculated size distribution has a narrow
peak at a particle diameter of about one-fifth that of the broader peak of
the measured distribution. Although the predicted small particle number
concentration is too large, we estimate that only one-fourth of the fine
particle volume is lost by diffusion to the surfaces of the larger particles.
We can, therefore, neglect the second term of Eq. 14 in the examination of
the causes of this large discrepancy.

The total number of particles is obtained by integrating Eq. 9 with the
assumption that the number initially is infinite:

N, = (2KVM/o) ™ (17)

FINE PARTICLE FORMATION 45

10'° T T
McCAIN, et al. (1975}
. ®m CASCADE \MPACTOR
: \ ® OPTICAL PARTICLE
/ , COUNTER
\ A DIFFUSION BATTERY

BREAK-UP MODEL |
(a+ 0.1, 04)
O COAL DATA OF
LITTLEJOHN (1966}
—COAL DATA OF
FIELD. et al. (1967)
s ~——MINERAL S12E DATA
OF PADIA {1976)
—-—BREAK-UP MODEL
WITH HOMOGENEOUS
F NUCLEATION OF 1%
OF THE FLY ASH
VOLUME

‘OI4....

|OII..

10 1
10 0.0 O.l 1.0 10

STOKES EQUIVALENT DIAME TER {pm)
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with homogeneous nucleation of 1% of the ash with the measured size distribution.

where

k= (17)[ ) ]/( 6?)‘/2( RPTO)
T =f0'\/TT,77‘ dt (18)

and Ty is an arbitrary reference temperature. The total number of particle_s
is proportional to 7-6/5_ Even with this strong dependence on the resi-
dence time. increase in the residence time alone cannot account for all the
discrepancy. The residence time would have to be increased by about a
factor of 30 to bring the calculations into reasonable agreement with the
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measurements. Such a factor would not be reasonable for the usual
combustion conditions.

Interparticle dispersion forces increase the rate of coagulation of aero-
sols in the free molecule regime by a factor that depends on the sizes of the
colliding particles and the ratio A /(kT) [61]). The Hamaker constant A4
depends on the nature of the two interacting materials. Graham and
Homer [61] have estimated the effect of dispersion aerosols on the coagula-
tion of a free molecular aerosol of lead with a self-preserving size distribu-
tion. The coagulation rate increased by a factor of 2 for a value of
A/(kT)=15 and a factor of 2.5 for A /(kT)=239. The Hamaker constant
of silica is 6-12x 107" erg [64, 65). The ratio A /kT is in the range 1.7-30
for a silica aerosol in a combustion system. Based on the calculation of
Graham and Homer [61). we estimate that the coagulation rate increases
by less than a factor of 2.5. Thus dispersion forces may reduce the total
number of particles by as much as a factor of 3. but cannot account for the
full difference between the measured and calculated number of particles.

The number of ash particles depends only weakly on the volume of ash
in the fine particle mode,

N, V5 (19)

however, the size of the particles produced is a somewhat stronger function

AL
df(%w") o V32 (20)

E

Thus an increase in the concentration of the condensing species would
reduce the number and increase the size of the particles produced by
homogeneous nucleation. A large change in concentration is required to
produce a significant change in the aerosol characteristics.

The composition of the gas in a flame is highly nonuniform. Although a
furnace is supplied with excess air, regions of the combustion zone have
greater than the stoichiometric fuel-air ratio. Spatial variations in com-
position occur in the regions of fuel and air injection, and some spatial
inhomogeneity may persist throughout the flow. Localized fluctuations in
composition that are dissipated by turbulence are also important to aerosol
evolution. Corrsin [66] has shown that second order kinetic processes, such
as aerosol coagulation, are accelerated by these small scale fluctuations in
composition.

Several processes not considered in the model may have major influence
on the particle size distribution. Heterogeneous condensation may increase
the size of the fine particles. Highly volatile ash constituents may condense
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after large numbers of particles have been produced by the homogencous
nucleation of less volatile species. Because of the very large surface area of
the fine particles, the more volatile compounds may condense on existing
particles. Species other than ash may also condense on the fine particles.
Sulfur trioxide and water vapor are both present in the combustion
products. As the combustion products cool. these two species may react to
form sulfuric acid and condense.

Some of the fine particles are soot rather than fly ash. The quantity of
soot produced during coal combustion is not known. Soot is formed by the
condensation and subsequent pyrolysis of high molecular weight hydro-
carbons [22]. These soot precursors are formed only in very fuel-rich
regions of flames. The soot particles burn readily in the presence of oxygen
at combustion temperatures but burn very slowly at lower temperatures
[67]. Relatively minor changes in combustion conditions may result in
substantial changes in the quantity of soot produced. In a recent study,
combustion modifications designed to reduce emissions of oxides of nitro-
gen resulted in a factor of 5 increase in the number of particles in the
range 0.01-0.1 pm diameter [20], the typical size range for soot particles.

Until the chemical composition of the submicron particles is known, we
can only speculate about the relative importance of ash, sulfates, and soot.
The contributions of these components may vary significantly from one
combustor to another. The formation of fine ash and soot particles is
dependent on combustion conditions. Sulfates may be present as either
gases or particles, depending on the flue gas temperature at the point
where the sample is taken.

Finally, the discrepancy between the model calculations and the
measured number of submicron particles may be attributed in part to
uncertainties in the experimental measurements. Even diluting the sample
by a ratio of 1000: 1, the number concentration of particles measured is
sufficiently high (initially 10'* m~* measured and 2x 10'* m~? calculated)
that either the diffusion battery-condensation nuclei counter system [1] or
the electrical aerosol analyzer [20] might not be able to count all the
particles. Moreover, neither of the two instruments has perfect size resolu-
tion, so it is expected that the measured peak in the number distribution
would be somewhat broader than the actual distribution.

7. FINE PARTICLE ENRICHMENT BY VOLATILE SPECIES

A number of ash species vaporize during combustion and later condense
either homogeneously or heterogeneously. Homogeneous nucleation pro-
duces very fine particles containing the volatile ash species. Heterogeneous
condensation may also concentrate volatile species in fine particles. The
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number of molecules of condensing species condensing per unit time on

the surface of a particle of size d, (number per second) in the free molecule
regime (Kn>1) is

172
= andi( 42 ) (G- ) @1)

2mm;

where C; is the concentration in molecules per unit volume and C,, is the

saturation concentration. The number of molecules condensing on par-
ticles of size d, per unit mass of particles is

F.

i -1

— L _xd (22)
r

[op(n/6)d}]

Thus the concentration of a condensing species on particles in the free

molecule regime is expected to be inversely proportional to the particle

diameter.

In the continuum regime. Kn<1, the number of particles and the
number of molecules condensing per unit time on a particle is

£, =27d,D(C;- C,) (23)

Thus the number of molecules of the condensed species per unit mass of

particles is inversely proportional to the square of the particle diameter, for
example,

F

i -2

— x4 24
(o (r/6)d}] 7 @9
Composition—size distribution data are available for a number of fly ash
species in particles larger than about | gm diameter, that is, the continuum
size range even at the highest temperatures in a furnace [11-17]. Davison
et al. [11] have shown that the concentrations of several volatile ash
constituents were well correlated with the particle size by the expression,

—~ 6C,

PpGp

which is consistent with adsorption on the particle surface. The data are
also well correlated by Eq. 24 as is shown in Fig. 8. The correlations of the
concentrations of the species that exhibited the most pronounced increase
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Flg. 8. Dependence of element concentration on particle size fly ash emitted from a
coal fired power plant [11].

in concentration with decreasing particle size are summarized in Table 2.
The linear correlation coefficients calculated using both .rr?odels are com-
parable for all species considered. These data are not suf fIClCI.lt to dxfferenl;
tiate between condensation and adsorption. Sulf ur is present in fl'ne fly as
particles in concentrations too large to be explained b)f adsorption alcfm;
so it appears that some species do condense [1 l_]. The existence 1~?f a sur :tl
layer containing high concentrations of .volaulc ash species as rlece 68)'
been confirmed by ion microprobe studies on la.rge.fly .ash partic es.[ J-
There are few data on the composition—size distribution for subrplcrc;ln
fly ash particles. Ragaini and Ondov [16] observed two pgaks in t g
number distribution, a sharp peak occurring at abou't 0.1 pm dlametgr ar}:
a second peak at about 1 pm. A number of species were found in the



Table 2. PARAMETERS DERIVED FROM SURFACE DEPOSITION MODELS

Davidson et al. [11]
Co+6C,/(p,d,)

C (rgg™")

Present Work

Linear
Correlation Coefficient

c=

Linear

c=a+b/d?

b(ug-pm?g~Y)

Co(pngem™?)

Correlation Coefficient

a(pgg™")

Element
Pb

0.73
0.80
0.93
0.99
0.92
0.97
0.60
0.98
0.94

0.04

0.003
0.007
0.002
0.004
0.009

0.6

0.58
0.7
0.97
0.96
0.98
0.98
0.59
0.99
0.99

530

53
54
43

55

20

30
17

Sb
Cd

10

0.7

110

2000
16000
2900
7200

Se

850

7400

As

6000

Zn

100
300

0.1

770

0.3

220

Cr
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smaller peak in much higher concentrations than in the larger peak. The
data are only qualitative, however, since neither the total mass loading of
the collected aerosol nor the quantities of particles larger than about 3 um

were reported.
The condensation of a volatile species onto the submicron ash can be

explored by a simple calculation. The rate of condensation onto particles
over the entire range of particle sizes can be described by using the Fuchs

and Sutugin interpolation formula [63], for example,

2d D,(1+K,)
F, = L2 (26)
(1+1.71K,+1.333K2)(C,- C,,)

The total deposition rate (molecules sec™' g~') of a species condensing at

a temperature T on an aerosol with a size distribution 7i(d,, ) is

(d.T) =f0°°F,(d,,.T)ﬁ(d,,.x)d(dp) @7)

The calculated condensation rate distribution of a species condensing on
particles with the size distribution measured by McCain et al. [1] is shown
in Fig. 9.

This result suggests that the majority of a species condensing at this
temperature would be concentrated in the submicron particles. If the

T T

DISTRIBUTION OF CONDENSATION FLUX AT T: 425
|- ON MEASURED FLY-ASH SIZE DISTRIBUTION OF McCAIN (1975)

dij
dlog dp
(molecules)
gm-sec

1 1

Q. 1.0 10
STOKES EQUIVALENT DIAMETER (um)
Fig. 9. Calcutated distribution of condensation flux to the size distribution measured
by McCain et al. (1).

[ele]]
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condensation took place earlier in the evolution of the aerosol, the enrich-
ment of submicron particles would be increased because of the larger
surface area per unit mass of the smaller particles.

A volatile species that condenses by homogeneous nucleation would
probably be uniformly distributed over submicron sized particles since the
fine particles undergo considerable growth by coagulation. These fine
particles diffuse to the surfaces of larger particles, that is, F,ad,. Thus we
again find that the concentration of the condensing species on particles in
the continuum regime would be proportional to dp‘z.

8. SULFATE FORMATION

The particulate matter produced during coal combustion contains high
concentrations of sulfur [11]. As has been observed with other volatile
species, the sulfur concentration is greater in fine particles than in larger
particles. This may be due to the condensation of sulfur trioxide and water
to form a sulfuric acid mist. Although only a small fraction of the sulfur in
coal is oxidized to form SO, the sulfur trioxide has a major impact on
boiler operation and aerosol characteristics. Most boiler corrosion appears
to be related to the formation of sulfates from SO; [37). The sulfate
concentration of fly ash has a strong effect on its electrical resistivity and
thus on the collection efficiency of electrical precipitators. The fly ash
produced by combustion of low sulfur coals is difficult to remove because
of its high electrical resistivity. At some power plants that burn low sulfur
coal, SO, is added to the flue gases to improve precipitator efficiency.

Cullis and Mulcahy [38] have provided a comprehensive review of the
literature on sulfur chemistry and the formation of SO, and sulfates in
combustion systems, so we only briefly discuss some of the important
points influencing the formation of sulfate aerosols within a coal fired
boiler. Sulfur contained in fossil fuels is rapidly oxidized to form SO, in
the high temperature combustion region. Generally less than a few percent
of the SO, is oxidized to form SO, even in the presence of excess oxygen.
The thermodynamic equilibrium

favors SO; formation at ambient temperatures. In the presence of the
stoichiometric proportion of oxygen at atmospheric pressure, the
equilibrium fractions of the sulfur present as SO, rather than SO, at 575,
775, and 1275°K are about 1, 0.5, and 0.0, respectively. Increasing the
oxygen concentration two orders of magnitude changes these figures to
about 1. 0.95, and 0.02.
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The primary reaction leading 10.80, production appears to be
SO, +0+ M=S0,+M  Ahy = —83kcal mole™! (29)

Since the concentration of oxygen atoms is much bigher than its
equilibrium value within the flame front, SO, is formed in mugh greater
than equilibrium concentrations in the flame front [;32}]. ‘ThlS super-
equilibrium SO, concentration decreases toward the equilibrium value as
the combustion products cool. _ .

The equilibrium SO; concentration increases with dec.reasmg tempera-
ture, but the low equilibrium oxygen atom concentration prevents the
formation of SO, via the reaction in Eq. 29 at temperatures lower than
about 1375°K. Thus the homogeneous gas phase formation of SO, occurs
primarily in the furnace when temperatures are higher than this .Vflluc (Fig.
2). Catalysis by heat transfer surfaces of particles may facﬂua}e SO,
formation at lower temperatures in the convective passes of the boiler,

The total SO, formed by homogeneous chemistry in 2 f!amc geqerally
accounts for about 1% of the sulfur. Under normal comb.usnon'gondmons,
10-30% excess air, the conversion of SO, to SO, is insensitive to tbc
amount of oxygen present in the combustion. products as is shown n F'lg.
10 [69). The SO, concentration decreases rapidly, however, as the quantity
of excess air is reduced. .

Catalytic oxidation of SO, may occur on the surfaces of fly _ash partlcle§
in boilers. Ferric oxide and vanadium pentoxide are both efficient catalysts
for SO, formation. Other species present in the fly ash may reduce the
effectiveness of these materials as catalysts. The relative importance of
homogeneous chemistry and catalysis to the formation of SO, has peen a
source of controversy. The strong dependence of the SO, concentration on
the oxygen concentration in the range 0—3.% O, and the mgch weakf:r
dependence at high oxygen concentrations is the ‘strongesl Fvndence that
most of the SO, is formed in the flame. A cala‘lytlc mechanism would.bc
expected to produce more SO; with increasing oxygen cgncentrapog
beyond the 3% level. Moreover. the levels of SO, produced in coal fire
boilers are comparable to those produced in the absence of catalysts.

Sulfur dioxide may also react with ash constituents and metal su}"face?.
Sodium accounts for about 0.02-0.15% of the coal mass; potassium 18
about 0.08-0.3% of the coal [47]. These two species readily fprm sulfgtes.
which are the source of many of the corrosion problems m'coa]' fired
boilers. Sodium salts are completely converted to atomic sodium in lbe
high temperature regions of a flame. Sodium.imermediates may react wn%m
SO, or SO, to form Na,SO, in the flame, or it may be formed on sprface.s.
Sodium sulfite is formed under reducing conditions. The chemistry of
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Flg. 10. Effect of excess air on the formation of SO, in premixed combustion of
natural gas with 5.5 weight percent S as H,S. (After Ref. 68.)

formation of alkali sulfates and sulfites in flames is poorly understood.
Sulfur oxides may also react with other metal oxides, such as Fe,0, [70], to
form sulfates.

Sulfur trioxide in the flue gases increases the dew point to as high as
430°K. When the combustion products are cooled below this temperature,
SO; may condense with water to form sulfuric acid droplets. This con-
densation may account for a significant fraction of the fine particle mass
and cause severe corrosion when it occurs in the boiler or stack. Stack

temperatures are usually maintained at higher levels than the dew point to
prevent condensation within the plant.
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9. CONCLUDING COMMENT

This chapter has reviewed the current understapding of ;he _pr(()iceis:ls
involved in particle formation during th(.: combustion of pu ven;_e co r
Ash derived from the mineral matter in coa} accounts for t e:f majo
portion of the particulate matter produce‘d. It is als<_) t‘he source 0 bmar:));
potentially toxic constituents of the partlc{ulale emissions. Adnun;_ er]I
processes that contribute to fly ash formauf)n are summarized in 1g.h .
We have seen that the particle size distribution of ash' paruﬁclcs !arg;r than
about ! um diameter can be related to the coal parpcle size d1§m utngn.
This model was based on observations of ash par}lcle format:pn un eg
conditions similar to those occurring in convennonal.pulvenzcd' ?pa
combustion. New combustion systems may have much different emission
characteristics. If coal is burned at temperatures below thf: ash fusnon[
temperature, the mineral inclusions ‘in a burning goal particle tmay(eno
agglomerate. The size of the ash particles produced in such.a sys cr.xl; t'.g..
a fluidized bed combustor) may more closely re§emble the size distribution
of the mineral grains than the coal size dismbguon. Very high tgmpcratu;’g
combustion, such as in magnetohydrodyqan:ilc power generation, wou

inly increase the quantity of ash vaporized.
CeElt‘zllllenf)c/)rmation of sn?bmicron sized particles probably occurs by homog;—
neous nucleation of volatilized ash, soot, and‘sulfates as v»llell as byht e
breakup of burning coal particles. The relative cgntnbutlonskoé }: ess.
components can only be determined by further_ expenmenta.l \;vor . 1'02?11
cal analysis of the submicron aerosol can provide valuable informati
the sources of fine particles.

RAW COAL PULVERIZED COAL FLY-ASH
—tre- <O.lum
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Flg. 11. Processes that contribute to fly ash particle formation.
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Simple calculations have shown that condensation can result in substan-
tial enrichment of submicron particles with volatile species. The fraction of
a vapor that condenses on fine particles is a strong function of the particle
size distribution. The calculations were for heterogeneous condensation on
the aerosol present at the inlet to the electrostatic precipitator on a coal
fired power plant, This aerosol may contain sulfuric acid and water, which
condense at low temperatures. If these components contribute significantly
to the submicron aerosol, the surface area of submicron particles available
for condensation at higher temperatures is smaller than was assumed in
our calculations. The quantity of an ash component that condenses on
submicron particles may therefore be less than our calcul
The quantities of sulfuric acid and water contained in the fine particles is
not known. Measurements of the composition-size distribution of the fine
particles present upstream of gas cleaning equipment will be required to

determine the degree to which fine particles are enriched with volatile
species.

ations suggest.
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Coal Combustion Aerosol
Formation Mechanisms:
A Review

A. S. Damle. D. S. Ensor, and M. B. Ranade
Research Triangle Institute. Post Office Box 12194, Research Triungle Park, NC 27709

The composition and size distribution of particles
emitted by coal combustion sources depend upon
various mechanisms leading to their formation. A
review of current ideas about possible mechanisms for
formation of combustion aerosols is presented. Available

data regarding fly ush size distribution and elemental
concentrations in various size fractions were analyzed.
These data were qualitatively compared with theoretical
model predictions to indicate the relative contributions
of various mechanisms in the formation of aerosols.

INTRODUCTION

With the anticipated increase in use of coal for
clectric power generation. there is continued
concern about the atmospheric emissions as-
sociated with coal. Coal combustion is a major
source of particulate emissions into the atmos-
phere. Emission of fine particles in size range
0.1-5 pm in diameter have rejatively long
atmospheric residence times and may  affect
health and visibility. These particles are the most
difficult 1o collect by conventional collection
cquipment (Burchard, 1974; Shannon, 1974).
There is evidence of enrichment or preferen-
tial concentration of certain toxic trace elements
te.e.. As. Sc. Sh. Zn) in the finer fractions of
combustion acrosols (Davison et al, 1974;
Kaakinen et al, 1975: Ondov et al. 1979a. b:
Smith et al.. 1979a. b). This raises the question of
the respirable emissions from coal combustion
as & potential health hazard. The concentration
of these trace species increases with decreasing
particle size. Thus. it is important to characterize
these emissions to assess adequately their health
hazards and to facilitate their control.
Combustion acrosols may be characterized
by their size as well as their elemental com-

Acrosol Science and Technology L:T19-133 (1982)
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posiion.  Their characteristics depend on a
number of factors, such as the type and proper-
ties of the parent coal and the size distribution of
the parent coal particles being burned. The
composition—size distributions ol particles emit-
ted by coal combustion sources are also in-
fluenced by furnace design and operating con-
ditions such as temperature. The combustion
acrosols contain primarily inorganic matter
associated with coal but may also contain
unburnt carbon particles—sool. condensed ar-
omatic hydrocarbons, and sulfuric acid droplets,
The size and composition of these aerosols
depend upon the mechanisms leading to their
formation.

Limited data are available regarding detailed
size distribution and chemical composition of
coal combustion emissions. Careful analysis of
these data is necessary to understand the under-
Iving mechanisms involved in their formation.
An extensive review of particle formation in coal
combustion was made by Flagan and
Friedlander (1978). 1t is the purpose of this paper
1o analyze and qualitatively compare the data
published since this review.

A briel account of coal properties and overall
combustion processes is presented first, followed
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by a survey of proposcd particle formation
mechanisms. Available data are considered first
from a particle size distribution point of view,
Elemental size distributions are reviewed next.
Qualitative comparison of the data is then made
with the predictions from various mechanisms,

PROPERTIES OF COAL

Coal structure and composition have definite
influence on resulting emissions. The properties
vary greatly with coal origin. Even two samplcs
ol coal from the same minc may be significantly
different.

Distribution and Variability

Coal is distributed widely throughout the
United States in the Appalachian, Ulinois, and
Western basins. 1ts chemical and physical prop-
erties vary greatly from one region to another,
as shown in Table 1. The Eastern coals
(Appalachian and Illinois) are generally higher
in sulfur and iron, producing a more acidic ash
than Western coal. Western coal is gencrally
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richin the lighter elements and low in sulfur with
a more alkaline ash. Since an extensive study of
coal composition has been compiled by
Gluskoter et al. (1977), only a limited review will
be presented here,

Coul can also be classified by age, as shown in
Table 2. Generally, most of the coal consumed
for power generation is either bituminous or
subbituminous.

Coal Structure

Coal is a complex, heterogeneous, and variable
material. Incorporated within the fossilized car-
bonaceous material are minerals from the ori-
ginal plant tissue and silt deposited during the
formation of the coal. In addition, when the coal
seam is mined, overburden may be mixed with
the coal. Finkelman (1970). in a microscopic
analysis of coal. reported that the minerals are
dispersed in the coal with diameters ranging
down to the submicron region. Sarofim et al.
(1977) reported that the inorganic minerals are
widely distributed in size with a mean diameter
of 1 ym. In addition, clays composed of sub-

TABLE 1. Selected Coal Analysis for the Major Basins in the United States

Western
(28 samples)

Ilinois
(144 samples)

Appalachian
(23 samples)

Arithmetic Arithmetic Arithmetic

mean Min:maa mean Min:max mean Min:max
aluminum (%) 1.0 0.3 : 22 042: 3.0 1.7 1.1 @ 3.1
calcium (%¢) 1.7 0.44: 3.8 0.67 0.01: 2.7 0.47 0.09: 2.6
chlorine (%) 0.03 0.01: 0.13 0.14 0.01: 0.54 0.17 0.01: 0.80
iron (%) 0.53 0.03: 1.2 2.0 0.45: 4.1 1.5 0.50: 2.6
potassium (%) 0.05 0.01: 0.32 0.17 0.04: 0.56 0.25 0.06: 0.06
magnesium (%) 0.14 0.03: 0.39 0.95 0.01: 0.17 0.06 0.02: 0.15
sodium (%) 0.14 0.01: 1.60 0.08 — 0.2 0.04 0.01: 0.08
silicon (%) 1.7 0.38: 4.7 0.58: 4.7 28 1.0 : 6.3
titanium (%%) 0.05 0.02: 0.13 0.06 0.02: 0.15 0.09 0.05: 0.15
moisture (%) 18 4.1 :13.7 0.5 :18 2.7 1.0 : 6.8
volatiles (47) 44 33 :83 27 46 33 17 :42
fixed carbon (%) 46 35 55 41 6l 55 45 72
ash (%) 9.6 4.1 20 46 :20 12 6.1 :25
sulfur (2) 0.76 0.34: 1.9 0.56: 6.4 2.3 0.55: 5.0
heat value
(Btu/lb) 11,409 10,084:12,901 12 11,562:14,362 13,111 11,374:13.816

From Gluskoter eral. (1977).
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TABLE 2. Composition as a Function of Coal Type

Component Anthracite Bituminous Subbijtuminous Lignite
moisture (%) 1.4 4.8 18.4 41.3
vol. matter (%) 6.5 323 338 23.0
fixed carbon (%) 79.5 S51.2 39.0 20.9
ash (%) 12.5 11.7 8.8 14.6
hydrogen (%) 24 5.0 59 6.8
carbon (%) 80.1 69.1 543 29.9
nitrogen (%) 0.8 1.3 1.0 0.5
oxyeen (%) 3.2 10.3 29.3 46.5
suifur (%) 0.8 2.7 0.7 1.7
heat value (Btuflb) 12,780 12,260 9140 5000
sulfate sulfur (5¢) 0.02 0.16 0.04 0.24
pyritic sulfur (5¢) 0.35 1.70 0.35 0.68
organic sulfur (%) 0.48 0.88 0.32 0.75

From Swanson et al. {1976,.

micron particles may be incorporated in the
coal. It appears from the rather limited studies
on coa! that the mineral inclusions are sub-
micron and vary over a wide range of sizes.
However. very few quantitative data on coul-
mineral size distribution exist. Major forms of
the minerals appear to be aluminosilicates with
pyrites, calcites, and magnesites in various pro-
portions (Gluskoter et al., 1981).

COMBUSTION PROCESS
Qualitative Description
Pulverized firing systems are most commonly
used for large modern power plants using coal
(Babcock and Wilcox, 1978). The crushed coal
from the mine is pulverized into a fine powder.
usually 100-200 mesh. The mean mass diameter
of coal particles may vary from plant to plant,
and the size distribution is usually very broad.
The pulverized coal is blown into the furnace
with carrier air. Coal particles are heated by
radiation and mixing with hot gases.
Combustion temperature depends upon percent
cxcess air. quality of coal, and effectiveness of
mixing. Temperatures up to 2000°C are usual.
Different coal particles may be subjected (0
varying temperatures due 1o differences in size
and nonuniformity in mixing.

A number of processes may occur during

coal-particle burnout. As a coal particle is being
heated, it may mechanically break up into
fragments because of thermal stresses induced
by internal fissures, cracks, and structural im-
perfections initially present (Flagan and
Friedlunder. 1978). Volaule [ractions originally
present in the coal or formed by pyrolysis are
vaporized. Chemical decomposition may take
place evolving gaseous CO,, SO., and SO,. A
particle may burst open from pressure generated
internally by evolution of such gases (Smith et
al., 1979b). A heated coul particle swells and may
become porous. The degree of swelling depends
both on the coal type und combustion
conditions.

The general range of behavior of solid par-
ticles during gas—solid reactions was discussed
by Levenspiel (1962), In extreme cases a coal
particle may either retain the ash layer as
burning proceeds inward or continuously shed
the ash layer as the particle burns and thus
shrink in size (Figure 1). The physical state of the
ash layer would depend upon ash temperature
and mineral composition. The shedding of ash
layer may be caused by the evolution of off gases
or by cracking or breakup of the particle.

Three temperature ranges that have varying
influence on the behavior of mineral inclusions
may be indicated. At low enough temperatures
the mincral ash inclusions may remain solid.
These inclusions may undergo chemical trans-
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FIGURE 1. Two extreme types of coal particle
combustion: coal particle burning {a) at constant size
and (b) with shrinking size.

formations such as decomposition as well as
physical transformations such as sintering. A
medium lemperature range may be designated
as the one at which minerul inclusions may fusc,
thereby producing highly viscous molien ash. At
higher temperatures the viscosity of molten ash
is considerably reduced with increased fluidity.
The actual temperature vitlues for these ranges
would depend upon the mineral ash com-
positions involved.

The individual mineral inclusions, whether
solid or liquid. eventually form the resulting fly
ash particles. These inclusions may undergo
several physical transformations  modifying
their size distribution.

Coulescence  of  Individual — Mineral  In-
clusions.  Molten mineral ash inclusions pre-
sent on a burning coal particle may coalesce and
form larger ash droplets. For low combustion
temperatures, where the ash remains solid.
obviously there would be no coalescences, al-
though some sintering may take place joining
adjacent solid small particles. The higher the
temperature, the greater the extent of coales-
cence that may be expected. because of the
higher mobility of molien ash. The extent of
coalescence may be expected to be greatly
reduced with significant  shedding of ash.
Uncoalesced mineral inclusions and shedded
ash may eventually form fine particles.
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Bubble Formation. Molten mineral inclusions
may come together to form a liquid laver. Gases
may evolve within this layer so as to form
bubbles. At medium temperatures, because of
high viscosity these bubbles may remain stable
and form large hollow spheres or cenospheres
(Sarofim et al. 1977). At high temperatures,
however, these bubbles may burst open owing
to lower ash viscosity releasing fine molten ash
droplets (Smith et al., 1979b). Bubble-bursting
phenomena are not yet well understood, and
any conclusive evidence in support of this
mechanism has not yet been provided. Based
upon aqueous bubble-bursting studies reported
in the literature (Tomaides and Whitby, 1975), a
broad bimodal droplet size distribution may be
expected [rom such ash bubble bursting. Again
in this case. shedding of ash may be expected to
reduce the extent of bubble formation.

Evaporation and Condensation of Relatively
Volatile Species. An ash species may vaporize
depending upon the ash temperature, com-
position, and relative volatility of the species
concerned. The volatility of an element depends
on its chemical form in the ash. Thus observed
elemental volatilities mav be expected to be
different from pure eclement-relative volati-
lities. Because of the reactive atmosphere near a
particle surfacc. several chemical reactions are
possible modifying the volatility of a species. A
reducing or oxidizing atmosphere may prevail
in the vicinity of a coul particle, depending on
the mixing of gases, percent excess air, kinetics of
combustion reactions, and presence of an ash
lnyer surrounding the “burning front™ that may
introduce diffusional effects. Close to a particle
surface reducing conditions may be expected
whereas slightly away from the coal particle
oxidizing conditions may be present in the gas
phase. This model was proposed by Levenspiel
(1962) to explain solid gas reaction Kinetics and
is diagramed in Figure 2. The reducing con-
ditions near the particle surface may produce
more volatile, reduced species that would vapor-
ize. oxidize in the bulk gas phase away from
the particle surface. and subsequently condense
owing to the lower volatilities of oxidized
species. e.g., SIO (Sarofim et al., 1977).



Coal Combustion Aerosol Formation

FIGURE 2. Reducing boundary layer at
the particle surface.

123
Oxidizing
Conditions in Concentration Profiles
Bulk _G_f’_s_P hase in Diffusional Layer
Reducin’g/ \\\
- o,
C
CO
0 ']
Surface Bulk Gas

Gas Diffusional Layer

The vaporized species may  condense
downstream upon gas cooling, either homoge-
neously forming new very fine, rapidly coagulat-
ing particles or hetcrogeneously condensing on
existing particles. The fine particles and particle
surfaces in general would then be preferentially
enriched with volatile species. The degree of
enrichment would depend upon the volatility ol
the species in question.

Homogencous condensation would resuit in
bulk enrichment of volatilized species in the fine
size fractions. Heterogeneous condensation, on
the other hand, would result in surface enrich-
ment of the volatilized specics. The enrichment
would be most prominent in the finer size
fractions because of their greater available sur-
face urca for condensation per unit volume.

In addition to these three major processes,
several other mechanisms are also possible.
Some fine mineral inclusions may remain sep-
arate without coalescing with others owing to
surface tension cffects or simply adequate spatial
separation from other molien inclusions. These
fine inclusions may eventually detach to form
fine particles. Extrancous clay particles that
adhere to the coal during mining and processing
may casily disintegrate, separate out. and pass
through the combustion process unchanged.
Some fruction of carbon may remain unburnt
and appear in the aerosols. Aromatic hydro-
carbons may vaporize und burn and partially
release fine carbon particles., or soot (Green and
Lane, 1964).

The minerals may form solid solutions and
may exhibit different properties as compared to

individual species in the solution. This ap-
parently affects relative volatilities of some
species. Thus, elements structurally incorpo-
rated into aluminosilicate matrix tend to show
reduced volatility, e.g., Na. A physical rearrange-
ment within the solid solutions similur to dissol-
ution and precipitation may also be possible in
varying temperature conditions.

Figure 3 presents a qualitative picture of what
might be happening during the combustion and
shows the multitude of processes that may be
occurring simultancously.

Particle Formation Mechanisms

Although a number of mechanisms of qualita-
tive nature have been proposed, a semiempirical
quantitative treatment has been developed for
two mechanisms.

Breakup Model. A detaiied account of this
model is presented by Flagan and Friedlander
(1978). The model considers melting of mincral
inclusions followed by coalescence as the com-
bustion front recedes. Each coal particle is then
assumed to yield a number P of particles of
equal size. Knowing the coal particie size distri-
bution. the mass fraction of mineral ash. and the
densitics of coal and ash fractions, an ash
particle size distribution may be predicted for a
given value of P.

The mean mass diameter of ash may be given
as adapted from Flagan and Friedlander (1978).

_ [ Pe -

D,,= =" Do
ashi P 0, voul (Il
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where The resulting size distribution, when com-
- . . ared wi s fine parti ¢ 1cCain et a!
D.,.. is the mass mean diameter of coal pared lht!k ine pdmc'? data of McCain et a.
() {1975). was found to predict an order of magni-
~ ) ) tude larger number of particles with a smaller
D, the mass mean diameter of ash (um),  mean diameter (Figure 4). Flagan (1979) later
Pe the density of coal (g.cm’). included accelerated coagulation due to inter-
0. the density of ash (g, cm?), particle  dispersion and nonhomogencous
P the number of coal fragments pro-

duced per particle. and

f the mass fraction of ash in coal.

Equation (1) is a simplificd view of the ash
formation process. The value of P is usually
considered 1o be between 3 and 5. Laboratory
studies by Sarofim et al. (1977) are consistent
with this model.

Since Eq. (1) implies that the ash forming
process from each coal particle is similar in the
breakup model. all resulting ash particles are
predicted to be similar in their physical. mor-
phological. and chemical nature. No expla-
nation of cenospheres or fine submicron par-
ticles is contained in this model.

Vaporization—-Condensation  Model.  This
model suggests a mechanism for submicron
particle formation. Basically a fraction of ash
{~ 17,)is assumed to be vaporized and homoge-
neously condensed to form primary particles of
the order of 10A in size. followed by coagulation
1o vield self-preserving particle-size distribution
within a lew seconds (Flagan and Friedlander,
1978). Such a process predicts a submicron
mode in particle size distribution around 0.1 gm.

FIGURE 4. Acrosol size distribution in the sub-

micron range.
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mixing, which reduced the discrepancy but sull
predicted larger than observed fine particle
densities. Additional recent data {Ensor et al,
1979, 1981a} also showed similar discrepancies
between theory and experimental observations.

The model has some flexibility through the
empirical parameter —the fraction of ash vapor-
ized. This fraction would actually depend upon
ash mineral composition and temperature. The
model predicts a sharp submicron mode in mass
or number sizce distribution at about 0.1 pm.
Vaporization of species depends upon their
relative volatilities. Hence, such a submicron ash
mode formed by vaporized material may be
expected to be composed primarily of volatile
materials, and its composition may be expected
10 differ significantly from larger particles
formed in breakup. This model has also been
strongly supported by laboratory combustion
studies (Sarofim et al., 1977 Mims et al., 1979:
Flagan and Taylor. 1980: Neville ¢t al., 1980).

Other mechanisms that have not been quantii-
fied but have been justified by experimental
obscrvations are as follows:

1. Bubble formation duc to evolution of gases in
the coal particles. This mechanism has been
supported by the presence of large cenos-
phures observed microscopically by various
nvestigators. Laboratory studies by Sarofim
et al. (1977} indicated the mass fraction of
cenospheres to be dependent upon tempera-
ture and to peak at 6", at 1500 K.

2. Condensation of volatile species on existing
particles to produce surface layers cnriched in
volatile species.  Numerous observations
have indicated surface enrichments of volatile
species. especially on fine particles. The con-
centration ol certain volatile species has been
observed to increase with decreasing particle
size. Biermann and Ondov (1980) have re-
cently analyzed their surface enrichment data
to indicate a C 7 | 7 relationship.

Bubble bursting at high temperatures as a

source of fine particles with compositions

similar 10 the large-particle  parents

{Rumsden. 1969 Smith et al. 1979b). No

quantification of particle size distribution

[
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resulting from bubble bursting has been
made. Conclusive evidence for this mecha-
nism is yet to be provided.

These mechanisms may now be compared with
some of the available data regarding mass-size
distribution and elemental-size distribution,

PARTICLE SIZE DISTRIBUTION
Measurement Techniques

The measurement of aerosol size distributions
should be reviewed before examining the data
and comparing them to theories. The study of
experimental techniques is still a research ac-
tivity. Major problems with measurements and
data analysis include these:

a. Insitu cascade impactors have limited resol-
ution of particle populations greater than 10
pum because of wall and inlet nozzle losses
(Cushing et al., 1976; Knapp. 1980). Lower
cutpoint is usually limited to about 0.2 gm.
Impactors may have problem with particle
bounce and reentrainment. which is espe-
cially serious for lower range of cut sizes.

b. Extractive sampling to condition stack gas
for measurement by electrical aerosol ana-
Ivzers (EAA) and optical particle counters
introdluces a bias in the particles larger than 1
pam. Also, a large dilution of stack gas sample
is necessary to use these instruments. The
EAA data for combustion aerosol should be
corrected for cross sensitivities of neighbor-
ing channels (Markowski et al. 1980). The
sharpness of the submicron mode may also
be aflected by coagulation within the sam-
pling probe.

In gencral, conventional impactors are best
suited for the size range of 0.5-10 um, whereas
EAA has better resolution in the submicron
range. Diffusion batteries have also been used
(McCain et al.. 1975) for submicron ash analysis.
but this instrument doces not have cutpoints that
are as sharp as those of EAA. The smallest
cutpoint diameter of an impactor may be low-
ered further by operating the impactor under
subatmospheric pressurcs. Particles as small as
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0.02 um can be impacted under partial vacuum
because resistance from air molecules is reduced
(Pilat, 1978; Flagan, 1981). This technique was
successfully used by Ensor et al. (1981b) for field
experimental evaluations and in the laboratory
by Flagan and Taylor (1980).

Coarse Ash Fraction

Available data indicate that the majority of fly
ashis above | um in size with a broad peak in the
range of 3-50 pm diameter. The actual mass
mean diameter and shape of the size distribution
depend upon several factors. such as coal type
and composition and coal-particle size distri-
bution. The large diameter mode may be called a
JIv ash mode and is generally explained by the
breakup model. with P being the number of
fragments produced per coal particle as a variable
parameter. Laboratory data by Sarofim et al.
(1977) indicate that P ranges from 3 to 3. With
this model the mean ash diameter is given by Eq.
(1). In Figure 3 the literature data on coal ash

FIGURE 5. Mean fly ash particle diameter for
uncontrolled sources as a function of coal ash mass
fraction.
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concentration and mean particle diameter are
compared to curves predicted with Eq. (1)
(Ensor, 1980). The value of P was assumed to be
4 and p4p, to be ~0.5. Since all the data
correspond to pulverized coal-fired systems, the
mean coal particle diameter is expected to be
~ 80 gm. Only fair agreement with the model is
scen. Several reasons are believed to contribute
10 the differences.

1. The accuracy of impactor measurements in
determining ash size distribution may not be
sufficient. Usually data are truncated at 10
pum and extrapolated assuming a fog-normal
distribution. This approximation can lead to
large errors in mean ash diameter.

2. The coul size distribution is usually not

known accurately at the time of the impactor

measurements.

Usually some mass {raction of the ash is

composed of cenospheres (up to 3°,). Since

these are large particles with lower density. a

bias in the ash size distnbution may be

introduced.

4. The parameter P is assumed to be constant
for all coal particle sizes. However. it may be
a function of coal size and type. For a given
coal type. the mean ash diameter may be
reasonably expected 1o depend on mean coal
particle size.

5. Morphological analysis of a coal flyash
sample by Fisher ct al. (1978) indicated 11
major classes of fly ash particles. The breakup
model, on the other hand. predicts only
particles of similar physical and chemical
nature.

oo

Submicron Ash Fraction

Submicron ash usually makes up less than 2%, of
the total fly ash mass. The lowest cutpoint
diameter of u conventional cascade impactor is
about 0.2 ym. With a low pressure impactor the
cutpoint diameter can be lowered up 10 0.02 gm
(Ensor et al,, 1981b; Flagan and Taylor, 1980).
but the quantity collected on submicron stages
is usually too small to weigh accurately. As a
result. an impactor has limited sensitivity in the
submicron range. Much better sensitivity in the
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submicron range is obtained by an EAA or a
diffusion battery technigque.

A distinct submicron mass mode was ob-
served around 0.1 ym diameter when these
instruments were used for analysis. McCain et
al. (1975) found a broad submicron peak in
number distribution by taking measurements
with a diffusion battery. The peak reported by
McCain disappears when size distribution is
plotied on a mass basis. Sharper submicron
peaks were observed when measurements were
made by an EAA (Schnudt ct al.. 1976; Ensor et
al.. 1979; Flagan and Taylor, 1980: Markowski
et al., 1980). These data retained the peaks when
plotted on a mass basis. Peaks are especially
sharp when the data reduction process takes
nto account cross sensitivitics of neighboring
channels of the EAA (Markowski et al., 1980).
Ondov et al. (1979b) analyzed the impactor filter
samples with scanning elecltron microscopy
(SEM)and detected a mode at 0.16 pum. Particles
were sized and counted from SEM photographs
for this purpose.

These observations tend to support qualitat-
ively the vaporization—condensation mecha-
nism that predicts a submicron mode at 0.1 ym
due to coagulation. When the observed number
congentration of submicron particles from field
measurements is compared with theoretical
predictions. one or two orders of magnitude
discrepancies are seen (Figure 4). The agreement
1s much better for the laboratory data taken by
Flagan and Tavlor (1980). Part of the dis-
crepancies in field measurements may be ex-
plained by coagulation in the sampling probe.
The difference in the submicron distribution
data by Ensor ct al. (1979, 1981a. b) taken with
similar equipment and procedures at various
sites indicates a strong influence of coul com-
position on the magnitude of the submicron
distribution peak. Site-dependent variability
was reported by McElroy et ul. (1982).

ELEMENTAL SIZE DISTRIBUTIONS

Measurement Techniques
Several analytical techniques have been devel-
oped for the elemental analysis of 4 sample and
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have been summarized by Smith (1980). The
most commonly used techniques are

1. x-ray fluorescence analysis (XRF),

2. instrumental neutron activation analysis
(INAA),

3. atomic absorption analysis (AAA), and

4. x-ray photoelectron spectroscopy (ESCA).

The first three (XRE, INAA, and AAA) analyze
bulk or volume samples. whereas ESCA ana-
lyzes the surface. A sputter-etching technique is
normally used to remove surface lavers of
different depths and to expose internal material.
Sample preparation for analysis is of course
an important step. Size-classified samples are
required to determine clemental size distri-
butions and concentrations. Most commonly,
samples are collected on cascade impactor
stages for later analysis for chemical com-
positions. In this scheme a filter collects all
particles below the cutpoint of the last impac-
tion stage, usually 0.2 gm. With the low pressure
impactor it has been possible to collect samples
of particles down 1o 0.02 um; however, only
limited data using this technique are available
(Ensor ct al. 1981b). Since the low pressure
impactor has a larger number of stages, the
possibility of contamination due to larger par-
ticles bouncing ofl from preceding stages is
minimized. In a conventional impactor, with
fewer stages and a lowest cutpoint diameter of
0.2 gam, the larger particles bouncing off from
carlier stages are likely to contaminate the
submicron fraction collected on the filter.
Impactor sampling provides in situ samples.
Some analyses have also been made on bulk fiy
ash samples collected by control equipments.
This ash was later size classified by techniques
such as eclutriation to provide samples for
elemental analvsis (Ondov et al, 1978
Desrosiers et al., 1979: Smith et al.. 1979b}. This
scheme has been controversial. This procedure
would work well provided there are no physical
or chemical changes in accumulation and re-
dispersion of the fly ash samples. This is prob-
ably the case for lurger particle sizes. For small
particles, however, particle interactions are ex-
pected to become significant. Upon collection
and accumulation. small particles are likely to
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agglomerate among themselves to form larger
ones; they also may adhere to larger particles.
The smaller the particle is, the more energy that
is required to scparate it. With higher encrgy
abrasion of large particles, the generation of
“new” fine particles may become significant.
Thus redispersion of collected fly ash, especially
of the fine fraction, may introduce some meas-
urement artifacts.

Data Analysis

Elemental size distribution data are only re-
cently being investigated. and the techniques are
still in experimental stages. The limited amount
ol data therelore understandably shows varia-
tions te.g.. Klein et al.. 1975; Block and Dams,
1976).

Some broad generalizations may be made
from the data obtained on coalfired utility
boilers. Most of the mass of ash is composed of
so-called aluminosilicate matrix elements. These
include AL Si, Ca, Mg, and Fe, Na, K. and Tiare
also usually present in significant quantities. The
proportions of each of these elements depends
on the coal type used. These clements arc
generally found in all size fractions. including
submicron [ractions. in similar proportions.

Most of the data show distinct enrichments
of trace elements— As, Se, Sb. Zn, Mo, Pb, Ga,
and Cd—in the finer size [ractions. Enrichment
has also been reported for W, but the data are
limited. These may be called group 1 elements. A
second group of elements may be made which
show slight depletion or no change in elemental
concentration with respect 10 particle size. Thesc
include Al Si. Fe. Ca. Ti, Mg. K. Ce. Hf. and
other rare-earth elements. A third grouping of
clements includes those that show slight enrich-
ment or intermediate undeterminable behavior.
Also included in this group are those elements
for whom conflicting trends have been reported.
The group 111 elements include Ba, Sr. Ni. Cr.
Co, Mn. Na, U. and V.

These groupings have been made to indicate
general trends. Unusual behaviors have also
been reported. e.g. slight enrichment of Ca
{Ondov et al., 1979a). slight enrichment of Fe
(Smith et al.. 1979a). no change with Zn and Ga
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{Gladney et al., 1976), enrichment of Ti (Ondov
et al,, 1979b), depletion of Fe and of Ce relative
to Al (Gladney et al, 1976), etc. These observ-
ations and the conflicting reports for group 111
elements may be the effect of coal type, different
operating parameters (such as combustion tem-
perature), and inaccuracies involved in sampling
and analytical procedures.

Strong evidence of surface enrichments attri-
butable to evaporation of volatile species fol-
lowed by hcterogencous condensation have
been found by Linton et al. (1976), Smith et al.
{1979a, b), Hansen and Fisher (1980), Neville et
al. (1981), and several other investigators. Since
small particles have higher suiface area-to-
volume ratio, the enrichment is expected 1o
increase with decreasing particle size. From
simple geometrical considerations, Davison et
al. (1974) proposed that the enrichment concen-
tration of volatile species should be propor-
tional to 1,d, where d is fly ash particle diameter.
For the continuum regime, condensation in-
dicates ¢oc 1 jd” (Flagan and Friedlander. 1978).
Flagan found that both relations fit reasonably
well 1o data by Davison et al. (1974). Biermann
and Ondov (1980) found better agreement with
the [ /d” relationship when data are taken with a
cascade impactor of high resolution in the
submicron range. Data taken with a conven-
tonal cascade impactor are usually available
only to 0.2 um. Extrapolation of the above
relationship to the finer size range may be
potentially misleading as it would predict a
rapid increase in surface concentrations for
every volatile element. Such extrapolations by
Biermann and Ondov (1980) show that a par-
ticle of pure condensed material would have a
diameter of 0.045 uym. The data taken with a low
pressure cascade impactor (with a smallest
cutpoint diameter of 0.02 um), on the other
hand. indicated an absence of particles below
0.08 um (Ensor et al.. 1981b).

Contrary to findings by Biermann and
Ondov (1980) and others, data by Smith et al.
(1979a, b) indicate the concentration of most of
the volatile species in size fractions smaller than
I gm 1o be independent of size. There is definite
enrichment of volatiles in these particles com-
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pared with their concentration in larger par-
ticles. The concentrations have been shown to
increase as the particle size decreased from 10 to
1 um, where it levels off. These data were
obtained by scparating hopper ash, instead of in
situ impactor sampling as uscd by several other
researchers (Ensor et al. 1979, 1981 a, b
Biermann and Ondov. 1980). This discrepancy
may be explained as measurement artifacts, as
discussed earlicr. Smith et al. (1979b) suggest
bursting of bubbles as a possible mechanism for
the formation of such fine particles.

The effect of matrix structure and surface
segregation was pointed out by Stinespring and
Stewart (1981), They showed that, at the cle-
vated temperatures experienced during and after
the combustion process. diffusive transport of
the trace and minor elements 1o the surface of
the ash particles (1.e., surface segregation) could
contribute to the observed surface enrichment.
Such processes require residence times of several
hours at elevated temperatures to be significant
in combustion processes. However, such pro-
cesses may be possible after collection and
deposition of fly ash particles or in advanced
combustion processes utilizing fluid beds.

A common observation in the majority of the
field datais the presence of relatively less volatile
major matrix clements in the fline submicron
fractions. Thesc are seen cven in the ncarly
monodisperse submicron modes observed by
Ensor et al. (1979, 1981b). A submicron mass
mode is  qualitatively  explained by  the
vaporization- condensation mechanism, as dis-
cussed earlier. However. the submicron mode
may also be expected to be considerably de-
pleted in less volatile species. To explain the
presence of less volatile species like Al and Siin
submicron fractions, a reduction of the re-
fractory species Al, 05, S10,, and MgO to more
volatile reduced species A0, Si0, and Mg in the
reducing zone near the burning particle surlace
has been suggested (Sarofim et al, 1977,
Desrosiers et al.. 1979; Mims et al.. 1979: Neville
ct al.. 1980). The vaporized reduced species may
Iater oxidize in the oxidizing gas atmosphere
away from the particle. The oxidized species
would then condensc out, because of their low
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volatility, To predict resulting submicron ash
composition, kinetic data related to the listed
reactions and thermodynamic data related to all
compounds involved are needed. Such predic-
tions, made by Ulrich et al. (1977) for a cyclone
coal-lired boiler ash, were compared with ex-
perimental fly ash composition. Considerable
discrepancies regarding Al.O,, CaQ. and FeO
compositions were observed and were attri-
buted to the mixing of two sets of fine ash
particles, one originating by vaporization-
condensation and the other having composition
similar to large particles and entrained by some
other mechanism (Desrosiers ct al., 1979). 1t may
be pointed out that the presence of major matrix
elements in submicron ash may also arise simply
as an artifact of sampling technique. e.g., larger
particles bouncing off impactor stages onto the
filter.

Based on the vaporization mechanism, the
relative volatilities of the species in the three
groups may be expecled to be in the following
order:

aroup | >group 111> group 11,

Such an order. however. does not follow the
expectations based on the volatility data of pure
species or compounds. (Table 3 gives the boiling
points of the elements and their compounds,)
For example. Mg and K from group Il are
relatively more volatile than Ba, Sr. or Mn of
group 11 Also, it appears that for some specics
their specific chemical compounds need 10 be
formed to justify their relative high volatility.
Thus, for Ni and Mo, their carbonyls appear to
be the volatilizing species. Halides secem to be the
choice for U, V, Co, Cr, Sb. and Mn. The lower
volatilities experienced by Na, K, and Mg may
perhaps be explained if they arc considered to be
structurally incorporated into an aluminos-
ilicate matrix structure,

Laboratory studies under controlled con-
ditions by Sarofim et al. (1977) and by Flagun
and Taylor (1980) show much different results
compared with field studies regarding the be-
havior of major matrix elements. The role of
evaporation and submicron ash composition
were clearly shown to be a function of tempera-
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TABLE 3. Boiling Points of Elements and
Their Compounds

Species Boiling point (°C)
As 613 (sublimes)
Se 685
Sb 1750
SbCl, 283
Zn 907
Zn0 >2500
Mo 4612
Mo(CO)g 156
MoO, 1155 (sublimes)
Cd 765
Pb 1740
Al 2467
AlLL0, 2980
Ca 1484
CaO 2850
Si 2355
Si0 1880
$i0, 2230
Ti 3287
TiCl, 136
Mg 1090
MgO 3600
K 774
Ba 1640
BaO >2000
Sr 1384
SrO >3000
Ni 2732
NiO >3000
Ni(CO)4 43
Cr 2672
Cry04 4000
CO 2870
CoQ} >2000
Mn 1962
MnCl, 1190
Na 883
u 3818
ucl, 792
V 3380
VCl, 148

From Perry and Chilton (1973).

ture and reflect the effect of reaction kinetics and
relative volatilities of the species (Mims et al.,
1979: Neville et al.. 1980). More volatile Mg, Fe.
and Na werc considerably enriched. and Al and
Ca were correspondingly depleted. Results with
Si analysis indicated dependence upon coal type
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and structure. The nature and chemical com-
position of mineral species were found 1o effect
its reactivity and volatility. The work of Flagan
and Taylor indicated a large percentage of soot
(unburned carbon), as well as sulfur in the
submicron mode. The high concentration of Si
in submicron fractions observed in thesc labo-
ratory studies may be explained by formation of
more volatile SiO near the particle surface
because of the presence of reducing conditions.
The submicron size distribution observed in
Flagan and Taylor’s work is in good agree-
ment with that predicted by vaporization—
homogeneous condensation mechanism. Thus
the laboratory studies tend strongly to support
the vaporization-condensation model for sub-
micron particle formation.

CONCLLUSIONS

(1) The formation of fly ash particles larger
than 1 pm is reasonably explained by coal-
particle breakup and the coalescence of molten
grains of mineral matter during combustion.
Cenospheres caused by inflation of the molten
ash depend on the ash viscosity, but in most
circumstances it is only a small fraction of the
total ash on a weight basis. Laboratory data
suggest the parameter P in the breakup model
(indicating number of ash particles formed per
coal particle) to be between 3 and 3. The data
obtained from commercial coal-fired boilers
show only moderate agreement with the model.
This discrepancy may be primarily due to the
difficulty in obtaining accurate particle size
distributions above 10 pm in field tests.

{2) The physical particle size distribution in
the less than I pm range is qualitatively ex-
plained by a vaporization-homogeneous con-
densation mechanism. The most likely expla-
nation of the submicron mode observed in
various field and laboratory data is vapor-to-
particle conversion. Also. the concentration
variability of submicron particles is indicative of
a temperature and coal composition depend-
ence. The concentration of submicron particles
determined in field meusurements on commer-
cial scile boilers is. however, lower, often by two
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orders of magnitude, than the laboratory meas-
urements and theoretical predictions. Part of the
explanation may be the coagulation ol the
submicron material in the sampling systems
used in field tests. However, some of the field-size
distributions (Ensor et al. 1981a) obtained with
equipment designed to minimize coagulation
did not appear to be significantly different than
the other field data.

{3) The clemental size distribution from ficld
measurements on commercial scale boilers in-
dicates that the ash 1s mostly composed of so-
called aluminosilicate major matrix elements.
These arce generally found in all size fractions,
including submicron fractions, in similar pro-
portions. Thesc observations are not consistent
with a simple vaporization-homogeneous nuc-
Ication model for submicron particle formation.
Alternative mechanisms suggested for the for-
mation of such fine particles containing alum-
inosilicate matrix clements include (a) the pre-
sence of extrancous submicron particles not
associated with coal such as clays, (b) mineral
inclusions released as submicron particles with-
out coalescence (¢) the bursting of molten ash
bubbles releasing fine submicron particles, and
(d) the reduction of matrix clements at the coal
particle surface during combustion. producing
more volatle species.

The laboratory studies with controlled com-
bustion conditions indicate a  greater
concentration: particle  size  dependence for
major matrix clements than reported from field
tests. The laboratory results are consistent with
the vaporization homogeneous condensation
mechanism. with the enrichment and depletion
of a species depending on its relative volatility,
The enrichment of silicon in fine-size fractions is
considered to be due to formation of volatile
Si0O in the reducing atmosphere near the coal-
particle surface, while aluminum is depleted in
the fine-size fractions. The elemental size distri-
butions arc also found 1o depend on coal
composition. The laboratory particle separation
experiments have been conducted under con-
ditions to minimize measurement artifacts intro-
duced by impactors, which may have been
significant in ficld tests,
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(4) The observed particle surface enrichment
by trace volatile species over the whole size
range is generally explained by a vaporization-
heterogeneous condensation mechanism, The
enrichment is especially dominant in line-size
fractions owing to their higher surface area to
volume ratio compared 10 coarse size fractions.
The concentration of trace species increases with
decreasing particle size and is found to vary as
1, (particle diameter)” with reasonable accuracy
for limited data.
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Trace Elements in Fly Ash

Dependence of Concentration on Particle Size

Richard L. Davison, David F. S. Natusch,* and John R. Wallace = - =t _

School of Chemical Sciences, University of lllinois, Urbana, [ll. 61801

Charles A. Evans, Jr. !

Materials Research Laboratory, University of lllinois, Urbana, I1l. 61801

B The concentrations of 25 elements in fly ash emitted
from a coal-fired power plant have been measured as a
function of particle size using spark source mass spectros-
copy, optical emission spectrography, atomic absorption
spectroscopy, and X-ray fluorescence spectroscopy. OFf
these elements, the concentrations of Ph, Tl, Sb, Cd, Se,
As, Zn, Ni, Cr, and S were found to increase markedly
with decreasing particle size. A mechanism involving
high-temperature volatilization of a species containing the
trace element followed by preferential condensation or ad-
sorption onto the smallest particles is proposed to account
for the trace element concentration dependence on parti-
cle size. The environmental significance of the results is
discussed.

It is now well established that many high-temperature
combustion and smelting operations emit particles con-
taining toxic elements such as Be, Cd, As. Se, Pb, Sbh,
Hg, Tl, and V into the atmosphere (1), Many of these ele-
ments are enriched in ambient urban aerosols by as much
as 100- to 1000-fold over their natural crustal abundance
(2). Furthermore, most of their mass is concentrated in
the particle size range 0.5-10.0 um, which is inhaled and
deposited in the human respiratory system.

A number of workers (3-5) have shown that inhaled air-
borne particles are deposited in different regions of the
body depending on their aerodynamic size. This behavior
is illustrated for three compartments of the respiratory
system (5) in Figure 1. From a toxicological standpoint,
the smallest particles (<1 pm) which deposit in the pul-
monary region of the respiratory tract are of greatest con-
cern. This is because the efficiency of extraction of toxic
species from particles deposited in the pulmonary region
is high (60-80%) (1, 4, 6-8), whereas the extraction effi-
ciency from the larger particles, which deposit in the na-
sopharyngeal and tracheobronchial regions and are re-
moved to the pharyvnx by cilial action and swallowed, is
low (5-15%). Consequently, toxic species, which predomi-
nate in submicrometer-sized particles, will have their
entry to the bloodstream enhanced over those which pre-
dominate in larger particles.

In fact, a number of toxic elements including Pb, Se,
Sh, Cd, Ni, V, Sn, and Zn in urban aerosols have been re-
ported to have equivalent mass median diameters of the
order of 1 pm or less, which is considerably less than those
reported for common matrix elements such as Fe. Al, and
Si. Mass median diameters of these elements lie in the
range of 2.5-7.0 pm (9-12). It is therefore meaningful to
determine whether certain toxic elements predominate in
the smallest particles emitted from particulate sources or
whether the mass median diameter differences in urban
aerosols are simply due to mixing of particles characteris-
tic of individual source emissions.

The work reported here was designed to establish
whether elements present in fly ash particles emitted from
coal-fired power plants (essentially ubiquitous contribu-

tors to urban aerosols) exhibit a dependence of element
concentration on particle size. A variety of analytical
techniques was employed to choose the most reliable for
the determination of individual elements in {ly ash and to
establish the data firmly.

Experimental

Sample Collection and Size Dilferentiation. Two
types of samples are represented: (a) fly ash retained in
the cyclonic precipitation system of a coal-fired power
plant and (b) airborne fly ash collected in the ducting ap-
proximately 10 ft from the base of the stack. The retained
material was collected in bulk and was size differentiated
physically by sieving and aerodynamically in the laborato-
ry with a Roller particle size analyzer (American Instru-
ment Co.). Airborne fly ash samples were collected and
size differentiated in situ using an Andersen stack sam-
pler fabricated from stainless steel and designed to oper-
ate at the stack temperature, Although results are reported
for samples collected in a single plant, the trace element
content of fly ash collected in this plant equipped with
eyelonic precipitators and using southern Indiana coal was
shown to be representative of that in eight U.S. power
plants utilizing a variety of coal tvpes.

Particle size calibrations were based on the data sup-
plied by the manufacturers of the analyzers employed.
These data are established in terms of equivalence to the
aerodynamic diameter of spherical particles of unit densi-
ty (13, 14). Since fly ash particles are predominantly
spherical, a rough check on the validity of the aerodynam:-
ic sizes can be obtained by determining the average physi-
cal size of particles in a given size fraction. For this pur-
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Figure 1. Efficiency of particle deposition in the three respirato-
ry system compartments (5)
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pose, particles collected on the third and fourth plates
(4.6-7.1 pm and 3.0-4.6 um equivalent aerodynamic di-
ameter) of the Andersen stack sampler were examined
using a Coulter counter (Coulter Electronics Inc., Hiale-
ah, Fla.) in the timed analysis mode with a 100-um aper-
ture.

Milligram portions of the fly ash were dispersed in a
50% mixture of methanol in water and ultrasonically agi-
tated for 5 min before adding the suspension to the coun-
ter. When we assumed a particle density of 2.5 g/cm3 to
convert volume median diameters to approximate aerody-
namic diameters, values of 6.3 and 4.3 um equivalent
aerodynamic diameter were obtained. These indicate the
general validity of the aerodynamic size calibration data.

In this experiment there was no evidence of particle di-
ameter changing with time due to particle solubility in
the methanol-water mixture. Indeed, none was expected
since the particle matrices consist predominantly of insol-
uble aluminum and silicon and iron oxides, and soluble
species are relatively minor constituents.

Analytical Procedures. The analytical methods em-
ployed fall into two classes, those which analyze the fly
ash directly as the solid and those which analvze the sam-
ple in solution following wet digestion. The former meth-
ods retain sample integrity but involve calibration uncer-
tainties: the latter allow easy calibration but are suscepti-
ble to possible formation of analytically intractable com-
pounds during digestion.

Sample digestion was achieved by heating 0.5 gram of
fly ash, 3.5 ml of 3:1 concentrated HCI/HNO3 (aqua
regia). 0.5 ml water, and 2.5 ml of an aqueous solution
containing 48% HF for 2 hr at 110°C in a 25-ml Teflon-
lined Parr pressure bomb (Parr Instrument Co., Moline,
IlL). After it cooled, 2.5 grams of boric acid were added to
neutralize the HF. The small amount of black solid resi-
due remaining was removed by centrifugation and was
shown by spark sources mass spectrometry to contain
mainly Ca, F, and Al in addition to carbon. At least 95%
extraction of the elements of interest was achieved.

Atomic absorption analyses were performed by direct
aspiration of dilutions of the original digest for Pb, TI,
Cd, As, Ni, and Be. Air-acetylene flames were employed
for all elements except Be for which nitrous oxide-acety-
lene was used. A Jarrel Ash 8-10 dual-beam double mono-
chromator instrument was employed. Background correc-
tions were achieved by monitoring a nonabsorbing wave-
length within 40 A of the analytical wavelength. Se was
determined by its atomic absorption after conversion to
volatile HzSe according to the method of Schmidt and
Rover (15). Standard addition calibrations were per-
formed in all cases, and a precision of *10% was
achieved. )

The elements Pb, Be, Cr, Mn, Co. and Ni were deter-
mined by dc arc emission spectroscopy using a Baird-
Atomic 3-meter spectrograph. Samples coarser than 325
mesh (Tyler series) were ground to pass through a 325-
mesh sieve. One part by weight of fly ash was mixed with
four parts of spectroscopic graphite for 1 min in a Wig-L-
Bug mechanical shaker (Spex [ndustries). Spex mix A-7
pure graphite standards doped with 49 elements were used
for comparative standards. Approximately 50 mg of
graphite diluted sample were burned to completion in a
cup electrode operating with a 4-mm gap and 10-amp cur-
rent. Element concentrations were obtained with a preci-
sion of £30%.

The fly ash matrix elements Fe, Ti, Al, Si, Ca, K, 8§,
and Mg were determined using a vacuum-path, single-
crystal, Phillips X-ray spectrometer. All samples of nomi-
nal particle diameter >4 pm were ground further so as to
minimize surface sampling and inhomogeneity effects.
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The powders were suspended in propanol and dispersed
ultrasonically before deposition by filtration onto 0.4-pm
millipore membrane filters (76). Mineral standards pre-
viously calibrated against NBS mineral standards were
supplied by the Illinois State Geological Survey. K, radia-
tion was monitored for all elements and a vacuum radia-
tion path maintained for all elements except Fe and Ti. A
lithium fluoride crystal was employed for detecting Fe
and Ti, KDDT was used for Al, Si, Ca, K, and S, and ADP
was used for Mg. For this method, precisions of £5% were
achieved,

An AEI model MS-7 spark source mass spectrometer
was used for the qualitative determination of all elements
of atomic number greater than 11 and for quantitative de-
termination of Bi, Pb, Tl, Sb, Sn, As, Zn. Cu, Ni, Fe, V,
Ca, K, and Si. One part of fly ash was mixed by weight
with two parts of spectroscopic graphite for 5 min in a
Wig-L-Bug and the mixture pressed into an electrode.
Electrodes were manually positioned and sparked using a
25-usec spark duration and a repetition rate of 300 sec-?
at 10-6 torr source pressure. Mass spectra were recorded
photographically.

Internal standardization of the mass spectra was
achieved by referencing line intensities both to the Pb in
the sample and to 60 ug/g of solution-doped Au. The Pb
was determined independently by atomic absorption spec-
troscopy. The 197TAu* ion was at least two orders of mag-
nitude more intense than 181Tal60+ from source contami-
nation. Flement concentrations were calculated from the
expression by Farrar (17).

I- J‘” 2(1)
Cy=C, X [ _L:I Lst),
X St ISE A’Ist (I)x Ik (1)

where

I = peak intensity of ion beam

$ = isotopic abundance

M = mass

C = concentration

k = sensitivity factor for a given element relative to the
standard

St and X = internal standard and analyte quantities,

respectively

This expression assumes that the line width on the photo-
graphic plate is proportional to M/2 (18). Values of &
were determined by doping increasing amounts of Pb, Tl,
Sb. Sn, As, and Ni into the graphite before forming a se-
ries of electrodes with fly ash. For these elements, values
of k ranged from 1.0-1.8. For the remaining elements, k
was set.equal to unity, an assumption usually valid within
a factor of three (/7). Precisions of £20% were achieved.

Carbon present as SiC, FeC, and free C was determined
as COg after combustion with Oz on a V2035 catalyst (19).

Results '

Results of the fly ash analyses are listed in Tables I-111
for the technique considered most reliable for each ele-
ment. Sieved fly ash fractions are listed with physical di-
ameters, but all other fractions are represented in terms
of equivalent aerodynamic diameters. Fly ash particles
larger than T4 um (200 mesh. Tyler series) exhibited no
dependence of element concentration on particle size so
that the concentrations listed for this fraction are averages
over all larger fractions.

The 25 elements are classified into three groups. In
Table I are listed those elements exhibiting concentration
increases with decreasing particle diameter. These con-
centration increases. which were well above experimental
error and confirmed by at least two analytical techniques,



were consistently observed in a range of samples and wore
present in the airborne {ly ash collected from the ductirg.
Table II contains elements which showed concentration
trends only in the retained or in the airborne particle size
fractions or which, like V, Mn. and Be. exhibited nonuni-
form dependence on particle size. Table Il contains ele-

ments which showed no convincing trends within our ex-
perimental errors.

It should be noted that some of the values listed in Ta-
bles I-Ill show considerable deviation from the apparent
trends. Repeated analyses of duplicate samples indicate
that such deviations are essentially random and are thus

Table |, Elements Showing Pronounced Concentration Trends

Pb T Sb - cd Se As Ni Cr Zn
Mass fraction
Particle diam, um u9/9 S, wt % %
A. Fly Asnh Retained in Piant
Sieved fractions
>74 140 7 1.5 <10 <12 180 100 100 500 .. 66.30
44-74 160 9 7 <10 <20 500 140 90 411 1.3 22.89
Aerodynamically sized fractions
>40 90 5 8 <10 <15 120 300 70 730 <0.01 2.50
30-40 300 5 9 <10 <15 160 130 140 570 0.01 3.54
20-30 430 9 8 <10 <15 200 160 150 480 3.25
15-20 520 12 19 <10 <30 300 200 170 720 .. 0.80
10-15 430 15 12 <10 <30 400 210 170 770 4.4 0.31
5-10 820 20 25 <10 <50 800 230 160 1100 7.8 0.33
<5 980 45 31 <10 <50 370 260 130 1400 0.08
Analytical method
= = a a s 3 b V:\‘ e I
B. Airborne Fly Ash

>11.3 1100 29 17 13 13 680 460 8.3

7.3-11.3 1200 40 27 15 11 800 400 .

4.7-7.3 1500 62 34 18 16 1000 440 7.9

3.3-4.7 1550 67 34 22 16 900 540 .

2.1-3.3 1500 65 37 26 19 1200 900 25.0

1.1-2.1 1600 76 53 35 59 1700 1600 ..

0.65-1.1 48.8

Analytical method
d Bl a d d d d '3

e Dc arc emission spectrometry.b Atomic absorption spectrometry. - X-ray {luorescence spectrometry. 4 Spark source rmass spectrometry,

Table Il, Elements Showing Limited Concentration Trends

Particle diameter, yum Fe, wt 9 Mn, x9/9 V, ug/g Si, wt 9%, Mg, wt %, C, wt %, Be, #9/g Al, wt 9,
A. Fly Ash Retained in Plant
Sieved fractions
>74 700 150 12
44-74 18 600 260 18 0.39 11 12 9.4
Aerodynamically sized fractions
>40 50 150 250 3.0 0.02 0.12 7.5 1.3
30-40 18 630 190 14 0.31 0.21 18 6.9
20-30 270 340 0.63 21
15-20 .. 210 320 ves . 2.5 22 vee
10-15 6.6 160 320 19 0.16 6.6 22 9.8
5-10 8.6 210 333 26 0.39 5.5 24 13
<5 180 320 . 24
Analytical method .
a b 3 d d d d
B. Airborne Fly Ash
>11.3 13 150 150 34 0.89 0.66 34 19.7
7.3-11.3 210 240 G.70 40
4,7-1.3 12 230 420 27 0.95 0.62 32 16.2
3.3-4.7 200 230 0.57 55
2.06-3.3 17 240 310 35 1.4 0.81 43 21.0
1.06-2.06 470 480 0.61 60 ..
0.65-1.06 15 e 23 0.19 9.8
Analytical method
4 [} 3 d d . & d

= Dcarc emission spectrometry.» X-ray fluorescence spectrometry.« Atomicabsorption. d Spark source mass spectrometry. - Oxygen fusion.
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attributed to poor sampling statistics, a result of the het-
erogeneous nature of {ly ash. It is considered appropriate,
however, to present raw data obtained for a coherent set
of size fractions to illustrate this problem of sampling and
to avoid possible biases in the data.

Discussion

The results presented in Tables I, II, and 1l deman--
strate four significant points:

A coal-fired power plant produces enrichment of certain’
elements in the smallest emitted particles.

The highest concentrations of these trace elements are
found in particles which deposit in the pulmonary region
of the respiratory system.

Existing particle control devices are least effective for

removing the most toxic particles. 1

Estimates of toxic element emissions based on analyses
of undifferentiated fly ash collected from particle precipi-
tators will be much lower than actual emissions.

In fact, only a small fraction of the total fly ash mass
has particle diameters <10 ym (Table I) and by no means
all of this is emitted to the atmosphere. However, the
fraction emitted undoubtedly presents a greater potential
health hazard per unit weight than that retained. Fur-
thermore, the dependences of element concentration on
particle size presented in Table I may be less pronounced
than actually occurs. This is a result of the substantial
overlap of size [ractions deposited on different plates of
the Andersen stack sampler (20).

Essentially similar dependence of element concentra-
tion on {ly ash particle size has been obtained by Lee and
von Lehmden (21) for Cd, Pb, Mn, and Cr and by Toca
(22) for Pb and Cd. Toca also found that 70% of the Cd
present in flue gases was associated with particles <5 um
in diameter. More recently, Sparks (23) reported that the

_elements Pb, Ba, Sr, Rb, As, and Zn in fly ash particles

collected on a 0.4-um millipore filter, following the last
stage of a Brinks impactor, were enriched on a weight-for-
weight basis by at least an order of magnitude over those
deposited on the last impactor stage.

One explanation of the dependence of element concen-
tration on particle size is that the ashing characteristics of
pyritic inclusions that contain many of the trace elements
(24, 25) predominantly give rise to small particles. How-
ever, we incline to the view that certain elements or their
compounds are volatilized in the high-temperature coal
combustion zone and then either condense or adsorb onto
entrained particles. The mass deposited is thus greatest
per unit weight for the smallest particles.

In support of this volatilization adsorption-condensa-
tion hypothesis, it is noteworthy that all the elements (ex-
cept Cr and Ni) listed in Table I have boiling points com-
parable to or below the temperature of the coal combus-
tion zone (1300-1600°C). This. is also true of Ba, Sr, and
Rb as determined by Sparks (23). This statement implies
that metal compounds are reduced to the element before
volatilization. However, while reduction in the combus-
tion zone is certainly feasible, such reduction is not neces-
sary to our basic hvpothesis. Indeed, neither Ni nor Cr,
both of which exhibit a marked dependence of concentra-
tion on particle size (Table I), would exist as stable vapors
(Table IV). It is suggested that these elements have access
to the vapor phase as sullides or, conceivably, as carbon-
yls whose highly transient formation during coal combus-
tion has been postulated (I1). Mercury, of course, un-
doubtedly volatilizes as the element and is predicted to
exhibit a dependence of concentration on particle size if
the proposed mechanism is valid,

Additional support for the mechanism is provided by
the work of Hulett (26). He has shown by scanning elec-
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tron microscopic analyses of individual argon ion etched
fly ash particles that Zn, Cr, and Ni (the most concen-
trated elements in Table I) predominate on particle sur-
faces.

A simple model can be constructed by considering a
single particle in which an element, X, is uniformly de-
posited on the particle surface at a concentration Cy (ug/
cm2). In addition, X is assumed to be uniformly distribut-
ed throughout the particle with a concentration C, (ug/g).
The total concentration of X, Cy (ug/g), is then given by

_ CsA

Table lll. Elements Showing No Concentration Trends
Particle

diameter, Bi, Sn, Cu, Co, Ti, Ca, K,

#m #9/8  u9/9  »9/9 Hg/a WLH o wt%  wi%h
A. Fly Ash Retained in Plant
Sieved fractions
>74 >2 >2 120 28
44-74 >2 =2 260 27 0.6l 5.4 1.2
Aerodynamically sized

>40 >2 >2 220 75 0.01 2.5 2.6
30-40 >2 >2 120 76 0.64 6.3 6.2
20-30 >2 >2 160 55
15-20 >2 >2 220 50 4.5  4.46

10-15 >2 >2 220 55 0.66 4.0 4.04
5-10 >2 >2 390 46 1.09
>5 >2 >2 490 54

B. Airborne Material

>11.3 >1.7 7 270 60 112 4.9 4.9
7.3-11.3 >3.5 11 390 85
4.7-71.3 >4.0 18 380 9% 0.92 4.2 4.2
3.3-4.7 >A4.8 19 35
2.06-3.3 >4.5 16 330 % 158 50 5.0
1.06-2.06 >4.4 18 300 130
0.65-1.06 ... 1.08 2.6 2.6
Analytical method
a a a b .-. e e

a Spark source mass spectrometry. & Dc arc emission spectrometry.
e X-ray fluorescence spectrometry.

Table IV. Boiling Points of Possible Inorganic Species
Evolved During Coal Combustion
Species boiling or subliming, Species boiling or subliming,
<1550°C °C

>15

— As, As:0;, As:S, Al, ALO,

Ba BaO

i L BeO

Bi Bi,0;

Ca C
—Cd, CdO, CdSs Ca0

Cr(CO).. CrCl;, CrS (155°) Co, Co0, CoS

K ' Cr, Cr,0,

Mg — Cu, CuD

Ni(CO), Fe, Fe,0;, Fe,0,, FeO
= PbCl,, PbO, PbS MgO, MgSs

Rb Mn, MnQ, MnO,

S Ni, NiO

Pb 1620-1750°C
Se, Se0., Se0; Si, Si0,
Sb, Sb.S;, Sb.0; Sn, Sn0.
S0

SnS Ti, TiOy, TiO

Sr u, uo,;

TI, ThO, TI1,04
=2Zn, ZnS Zn0




where

Co = bulk concentration of X
Cs = surface concentration of X
Cx = total concentration of X
V = particle volume

A = particle surface area

p = particle density

By summing overall {ly ash particles and assuming spheri-
cal particles, the average concentration of X, Cy, is given

by.

6 1

D

where D) is the particle diameter and the bars denote av-
erage values. Microscopic observation does, in fact. show
that most particles are spherical.

To substitute the values in Table T into Equation 3, it is
necessary either to make the assumption that p is not a
function of particle diameter, [), or to determine j for
each size fraction. Appropriate values of D for each size
fraction can be obtained by assuming

5 _ (ECD), 2+ (ECD), @

h(":'

EX=Z"O+

@3

b[l

where (ECD), and (ECD), are the upper and lower 50%
cutoff diameters for each stage of the Andersen stack
sampler. Equation 2 thus assumes a symmetrical distribu-
tion of the mass of X over the diameter range (ECD), to
(ECD),. Incorporating these assumptions enables con-
struction of a plot of Cx vs. D-1 as depicted in Figure 2
from which it can be seen that the results.are in at least
qualitative agreement with the proposed model.

The thickness, I, of the deposition layer can then be esti-
mated from the expression

I = Cs/P' (5)
where 5’ is the density of the deposition layer which was
assumed equal to 3 g/cm3. Values of Cy. C,, and [ are pre-
sented in Table V. These values, with Lhe notable cxcep-
tion of those for sulfur, are considered reasonable for a
thin surface-deposited layer. The 0.06 um *layer thick-
ness”” obtained for sulfur is considered too great to be ac-
counted for by a simple adsorption process. Indeed, the
high concentrations of S obtained for the 0.65-1.1 um size
fraction (Table I) can only be accounted for if sulfur is
present as the element. This suggestion is at variance
with the findings of Hulett (27) who has shown, using
electron spectroscopy, that 8 predominates as sulfate. We.
therefore, consider that the sulfur values listed in Table 1
are all proportionately high owing to lack of a fly ash
standard having sulfur deposited on the surface of appro-
priately sized particles, as required for our X-ray fluores-
cence analysis.

If the observed dependence of element concentration on
particle size is, in fact, due to volatilization followed by
adsorption or condensation, as is suggested, one would ex-
pect the same phenomenon to he exhibited by particles
derived from all high-temperature solid combustion oper-
ations. Data for sources other than coal-burning power
plants are not currently available to substantiate this
suggestion but, if correct, it means that many sources
may preferentially emit small particles high in toxic ele-
ments or their compounds. The mass median diameters of
such elements in the emitted particle distribution will
thus be reduced as a direct result of surface deposition.
The extent of reduction can be determined by combining
Equation 3 with the mass distribution function appropri-

ate for a given particle source. In the case of a log-normal
distribution, this gives the following:

dMy 1 { E exp [_ (in 1)/1),)2]+
dnD) = /37 1h g, \ ° 2{lno, e

6C¢ [(1110".)2] [ (InD/Dy + ln?og):\}
5 O Ty | 21n%, (6)

where

a, = geometric standard deviation

My = massof X

D, = mass median diameter of original substrate distri-
bution

Equation 6 does not provide a simple analytical expres-
sion for the mass median diameter of the adsorbed
species, D,(X), except when (C, = 0—i.e.,, X is present
only in the deposited laver. In this case, it can readily be
shown (28) that

In [)A’('\') = In D‘ — 1[1205 (7)
Equations 6 and 7 demonstrate that the mass median di-

ameter of a surface-deposited species, X, is considerably
less than that of the total mass.

Concerrraton of N ond As {ug/y of oshi

Concertratmn of Cd (ugfg of ah)

02% O;G
(PARTICLE DIAMETER) ! (pmy™

Figure 2. Dependence of element concentration on particle size
for As, Ni, and Cd in fly ash emitted from a coal-fired power
ptant

-
v

Table V. Parameters Derived from Surface
Deposition Model

Linear Estimated

corre- surface
Sample lation thickness,
Element pairs Crop:gfecm? Cry w89 coeff. A
Pb 6 0.04 1000 0.73 1.0
Ti 6 0.003 40 0.80 0.1
Sb 6 0.003 20 0.93 0.1
Cd 6 0.002 10 0.99 0.7
Se 6 0.004 0.7 0.92 0.1
As 6 0.009 600 0.97 0.3
Zn 6 0.6 6000 0.60 20
Ni 6 0.1 100 0.98 4.0
Cr 6 0.3 300 0.94 9.0
S 4 15.0 5X 10 600
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The validity of Equations 3 and 6 is destroyed as soon
as particles from different sources become mixed into the
ambient aerosol. However, if surface deposition is a wide-
spread phenomenon as suggested earlier, one would expect
volatile elements present in urban aerosols to have signifi-
cantly lower mass median diameters than nonvolatile ele-
ments. In fact, data obtained by the National Air Suveil-
lance Network (NASN) have shown the volatilizable ele-
ments Zn, Ni, Pb, Cd, and Ba to have statistically lower
mass median diameters than common nonvolatilizable
particle matrix elements. Also, although not substantiated
statistically, Se and Sb have been shown to have small
mass median diameters in ambient aerosols (12). Lead, of
course, is not expected to be typical since it is derived
mainly from a single source (the automobile) known to
produce small particles.

The predominance of certain elements in small particles

is also significant in determining the degree of enrichment.

of these elements in an urban aerosol, since the smallest
particles have the longest atmospheric residence time. In-
deed, Gladney et al. (29) have shown enrichment factors
of greater than ten times over natural crustal abundance
for T1, Cr, Ni, Cu, Zn, As, Cd, Sn, Pb, Se, 8, CI, and Br
in the Boston aerosol and have established substantial
correlations with enrichment patterns in coal fly ash, mu-
nicipal incinerator fly ash, and residual fuel oil. In the
present context, it is noteworthy that the majority of

_these elements could be volatilized during combustion.

Although we have considered only trace elements pres-
ent in particulate matter, the importance of vapor species
such as SeQ> and Asy0j3 should not be overlooked. Ther-
modynamic data-(30) indicate that at 25°C as much as 80
pg/m3 of Se as Se0z and 70 pug/m3 of As as As;O3 can
exist as vapors. These levels are much greater than nor-
mally observed for Se and As in urban aerosols (<10 ng/
m?). It is possible, therefore, that additional amounts of
these elements may be emitted as vapors. Consistent with
this suggestion, Pillay and Thomas (3]) have reported
that at least 50% of the Se present in urban air passes
through a filter designed to collect all particles greater
than 0.1 ym in diameter. Comparable data are not avail-
able for As, but future sampling operations should un-
doubtedly undertake gaseous sampling procedures for
both elements.

By employing a variety of analytical techniques in this
study it has been possible to establish which are the most
reproducible, precise, and interference free for individual
elements in fly ash. Spark source mass spectrometry un-
doubtedly affords the greatest advantage for multielemen-
tal determination in solid fly ash although the analyses
are extremely time consuming. In addition, interferences
prevent the analysis of Te, Cd, Se, Co, Mn, Cr, and S and
permit only a semiquantitative estimate for Be. Dc arc
emission spectroscopy exhibits no significant advantages
over spark source mass spectroscopy other than detection
of Co, Mn, Cr, and Be and wider availability. The X-ray
fluorescence method employed has the advantages of high
speed and precision but is somewhat limited by calibra-
tion difficulties and matrix effects. The shallow penetra-
tion depths of soft X-rays from the lighter elements such
as sulfur and magnesium necessitate high matrix identity
between samples and standards and a very small particle
size (32).

Atomic absorption spectrometrv is considered to be the
most accurate technique emploved in this work., However,
large amounts of samples are required if more than a few
elements are determined. Also, great care must be taken
to achieve good background corrections due to the large
number of elements present. Atomic absorption spectrom-
etry displayed no evidence of loss of sample integrity as a
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result of the fly ash digestion except, possibly, in the case
of Tl where analyses were consistently 3-5 times lower
than those obtained by spark source mass spectrometry
and anodic stripping voltammetry after removal of the Pb
interference. The reasons for this are being investigated.

Comparison of results obtained by different techniques
has enabled confirmation of the size dependences repre-
sented in Tables I-II1. The absolute values of concentra-
tions obtained by different techniques are only in semi-
quantitative agreement. However, this is in accord with
the findings of von Lehmden et al. (33), who demon-
strated, in a major interlaboratory comparison, that the
absolute values obtained for trace elements in fly ash var-
ied considerably between techniques and between labora-
tories. Nevertheless, the reproducibilities obtained for a
given element using a single technique were within 10%
except for occasional samples where the deviations are at-
tributed to poor sampling statistics as discussed earlier.
Since our findings and conclusions rely only on the rela-
tive accuracies of values obtained for different size frac-
tions using a single technique for each element, the uncer-
tainties in absolute accuracy are not of major consequence
in this work.
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Partition Coefficient to Measure Bioconcentration Potential

of Organic Chemicals in Fish

W. Brock Neely,*! Dean R. Branson,Z and Gary E. Blau®

The Dow Chemical Co., Midland, Mich. 48640

m The bioconcentration of several chemicals in trout
muscle was found to follow a straight line relationship
with partition coefficient. Bioconcentration in this paper
is defined as the ratio of the concentration of the chemical
between trout muscle and the exposure water measured at
equilibrium. Partition coefficient has the usual meaning
in that it is the ratio of the equilibrium concentration of
the chemical between a nonpolar and polar solvent (in
this case. n-octanol and water were the two solvents
used). The relationship was established by measuring the
bioconcentration in trout of a variety of chemicals over a
wide range of partition coefficients. An equation of the
straight line of best fit was determined and used to pre-
dict the bioconcentration of other chemicals from their
partition coefficients. The predicted values agreed with
the experimental values in the literature.

The ability of some chemicals to move through the food
chain resulting in higher and higher concentrations at
each trophic level has been termed hiomagnification or
bioconcentration (7). The widespread distributions of
DDT (2, 3) and the polychlorinated biphenyls (PCBs) (4)
have become classic examples of such movement. FFrom an
environmental point of view this phenomenon becomes
important when the acute toxicily of the agent is low and
the physiological effects go unnoticed until the chronic ef-
fects become evident. Due to the insidious nature of the

' Ag-Organics Product Department, The Dow Chemical Co.,
Midland, Mich. 48640

2 Waste Control Laboratory, The Dow Chemical Co., Midland,
Mich. 48640

3 Computations Research Laboratory, The Dow Chemical Co.,
Midland. Mich. 48640

bioconcentration effect, by the time chronic effects are
noted, corrective action such as terminating the addition
of the chemical to the ecosystem, may not take hold soon
enough to alleviate the situation before irreparable dam-
age has been done. For this reason prior knowledge of the
bioconcentration potential of new or existing chemicals is
desired. The importance of bioconcentration is also recog-
nized by the Environmental Protection Agency (EPA).
For example, the ability of a material to build up in the
environment has become one of the proposed criteria that
this regulatory agency is using in establishing toxic pollu-
tant effluent standards (5).

In spite of the complexity of the reactions involved in
the biomagnification process, we felt it important to see if
a simple relationship could be established between the
physicochemical properties of a chemical and its ability to
bioconcentrate. It was our belief that the partition coelfi-
cient would be the most logical parameter to examine in
this connection. If a simple relationship could be estab-
lished it would be of great henefit in planning the future
direction of any development work on a new chemical and
in directing research efforts to determine the ultimate fate
and distribution of others.

Materials and Methods

Chemicals. The following chemicals, representing a
wide range of partition coefficients, were evaluated:
1,1,2,2-tetrachioroethylene, hexachlorobenzene, 2,2'4,4’-
tetrachlorobiphenyl, 2-biphenylyl phenyl ether. diphenyl
ether, carbon tetrachloride, and p-dichlorobenzene. All
materials were examined for purity by means of gas chro-
matography and found to be >99% pure.

Bioconcentration Factor in Fish. The method de-
scribed by Branson et al. () was used to determine the
bioconcentration factor in rainbow trout (Salmo gairdneri
Richardson). This method is based on determining the
ratio of the concentration of the chemical in trout muscle
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W Amospheric Enrirgnment Vol 10, pp 1071-1077. Pergamon Press 1976, Prnted in Greal Bntain.

were taken on the same day

With the increasing importance ol coal as a fuel for
i electric power generation. there is renewed concern
{ sbout the atmospheric emissions associated with coal
1 combustion. Potentially toxic trace elements in the coul
feg. Se. As. Hg, Ph. Sb, and Zn) may be volatilized
4 at the temperatures encountered in the combustion
! one and cither redistributed onto the smaller pr-
ticles entrained in the fue gas or emitted 1 the gas
phase. The enrichment of certain trace elements on
smaller particles has been discussed by Billings and
Matson (1972), Billings er ol (1973), Gordon e al
(1973). Gladney ¢r ol (1974), Natusch and Wallace
4 (1974). Natusch er al (1974). Kaakinen er al, (1973).
5 Klein er al (1975). Lee er ul (1975) and Ragaini and
Ondov (1975). Since coal-fired generating stations are
1 a large source of particulate material, the emission
1 of substantial [ractions of oxic truce elements on res-
pirable particles could pose a distinet health hazard.
[t1s important, therefore, o measure both the compo-
4 sition and the particle size distribution of the emitted
{ material.

Urban particulates of din. < 1.0 gm have unusually
high enrnichments of some 13 trace elements (Lee or
“al, 1972: Gordon e al., 1973: Gladney er al.. 1974).
.1 Sources for a tew of these elements have been traced
4 1o auto emussions (Moyers ¢r al. 1972) and residual-
oil combustion (Zoller er al.. 1973): however, sources
for many of these clements remain to be identified.
Careful characierization of coal-fired plant emissions
4 should establish the importance of this source in
the complex of urban emissions, Size distribution
measurements may also pernut the differentiation of
¥ coal-fired particulates from those of continental on-
1 gin. and permit the evaluation of the former’s con-
tribution 0 both mujor- and truce-clement levels
observed on urbun air particulates.

Dol 53

1 COMPOSITION AND SIZE DISTRIBUTION OF
| IN-STACK PARTICULATE MATERIAL AT A
1 COAL-FIRED POWER PLANT

ErnNesT S, GLADNEY

¥ Los Alamos Scientilic Laboratory, P.O. Box 1063, Los Alumos, NM 87545, U.S AL
# and
] Joun A. SmarL, Gren E. GorpoN and WiLLiam H. ZoLLER

Department of Chemistry, University of Maryland, College Park, MD 20742, U.S.A.
(First received 23 April 1976 and in final form 11 June 1976)

Abstract— The particulate material in the stack effluent of a coal-fired power plant was collected and
* fractionated with an in-stack cascade impactor. Sumples of the pulverized coal and process ashes
. These materials were analyzed for 34 elements by mmstrumental neutron
and photon acuvation anulysis. Elements on the in-stack particulates can be separated into three
i groups by computing corichment factors relative to the coal for each particle size fraction. These
groups are compared to proposed mechanisms for trace element fractionation during combustion,

EXPERIMENTAL

Several varnieties of cascade impactors are available for
in-stach particulate sampling. The University of Washing-
ton Mark 1T Cascade Impactor (Pilat er al, 1970) was
selected as the instrument best designed to mimmize wall-
loss and reentrainment of collected particulates us well us
huving the lowest 507, effective cutoff diameter (FCD) on
the final stage. This Instrument can be readily attached
ahead of o modified EPA sampling tramn (Rom. 1972
Gladney, 1974) and operated under EPA-sanctioned sam-
pling conditions.

Impactor, pulverized coal and process ash samples were
taken on several different duys ot the Potomac Electric
Power Company’s (PEPCO) Chalk Point Electric General-
g Station in rural south-castern MD. At the ume of sam-
pling the plant consisted of two 355 MW(e) gencrators,
cach consuming 10° kg of coal h™ ! at full load (Berberich
und Baver, 1964). The coal is ground to 30 mesh and blown
from pulverizer into the furnace (water wall). and ash and
flue gases are blown [rom the furnace through the ccono-
mizer. past Cottrell electrostanc precipitators. and out two
F20m stacks. A small fracton ol the coul ush (approx.
9" 1 1s retamed i the furnace and removed as bottom slag.
About 127 of the ash, predominately particles of 0.1 2 mm
dia., is collected at the economizer und about 73, of the
ash is trapped by the precipitators and deposited in the
Ny ash hoppers (Reese. 1974 Approsimately 4", of the
total ash remains entrained in the Aue gus and is emitted
to the atmosphere (Whang, 1974).

The temperature ol the flue gas 15 monitored at
number of points throughout the plint. The maximum
temperature achieved in the combustion zone s 6l C
The exhaust gas cools 10 430 C during passage through
the cconomizer. The temperatures of the inlet and outlet
ol the precipitatar and at the base of the stuck where the
suspended particulates were sampled are 130, 120, and
FIO- 1200 C respectively (Reese. 1974),

The first seven stages of the Mark U impactor were
covered with thin polycarbonate films that had been
coted on one side with a thin layer of silicone resin This
sticky surfuce was employed in an effort to minimize par-
ticle hoence-off. Several different filter materiuls were in-
vestigitod for use on the linal stage of the impactor (an
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Table 1. Effective cut- Inical techniques, described in detail by Gladney (1974),
- off diameters of mark were modified versions of those reported by Zoller and
11 source test cascade Gordon (1970) and Aras et al. (1973) for all elements except
unpaclor Hg. This element was measured by a combusuon pro-
cedure described by Rook ¢f al (1972) on only a single
! Stage  ECD (um) impictor run. The powdered coal and fly ash were encap-
—_ sulated 1 precleaned polyethylene vials and cach impactor P
1 30 stage was folded and indivadually packaged m clean E
2 14 polyethylene bags. These samples were wradiated simul- g
q 3 60 tuncously with National Burcau of Standards (NBS) Stan-
1 4 25 durd Reference Matenials {SRM) No. 1632 (coaly and No a
i | 5 1.4 1633 (Nly ash) and a solid multi-clement standard prepared
, 6 0.70 by pipetting a mixed clemental solution onto Wihittman
! 7 0.35 Na. | filter paper. Neutron artadiations were performed
1 at the NBS reactor at o Nux of 6 x 103 nem “see !,
' 1 o ) and photon irradiations were cartied out at the NBS clee-
in-line filter). Nuclepore polycarbonate filters (045 gm pore  1+4n linac
dia ) were selected as the best compromise among filtering Spectra of the j-rays emitted by the samples were
capacity. blank levels. and heat resistance This impactor  ghserved several times after the various irradiations with
has 30 | ECD’s Shmﬁ'!‘ m Table 1 when operated al a large. high resolution Ge(l) detectors (full-width at hall R
flow rate of 198 mmn "' and at 130 C (Pilat e a1 1913 gyimum of 18 at 1332keV) coupled to HW6-channcl ¢
Ten minute 1sokinetc cascade impactor samples Were o 1qe height analyzers The specira were stored on magne: :
. taken using a modified EPA sampling train (details 10 (i¢ fype und the data reduced ofi-hne by computer. Quality
N ! Martin, 1971 Rom, 1972; Gludney. 1974). A 10cm plug X Aoy s Cnalve ¢
N ' ' ) control of these unalyses was assured by analysis of the
' wus designed so that an S-type Pitot tube, a pyrometer. NG SRM's (reported n Gladney. 1974). The results Tor
i and the impactor could be inserted in the port at the base 41 lements compared well with data reported by Ondos
, of the stack simultancously. The impactor would hase its oy 1 (1975) und with the NBS certitied values (NBS, 1974)
v ! opemng pointing “downstream” so that 1t could be  The ypcertainties on all clementat coneentration daty
1 \ warmed to stack temperature before sampling to avod reported 1n this paper arc 10 Fig !
r condensing volatiles from the gas stream during simphing hearin
' During this preheating process, the emperature and vel-
ocity of the stack gases were measured with the pyrometer o p e o
and Puot tube These values were monttored for about RESLLTS AND - DISCLSSION
! 10 min. and if conditions were stuble a sumple was taken. . . . data ..
' Elemental concentrations n the coal. precipitator teui
h i : ANALYSIS fly ash. and the suspended particulates are given bl
L Y All samples were analyzed nondestructively by anstru- Table 2 tor selected elements. Runs 13 were s abul
" : mental neutron und photon activation analyses, The ana- 1 nature and hanve been averaged. whnle idividual repot
3 t Stz
. Table 2. Elemental concentrations in power plant matenals m 1
‘i’ 4 Precip. My
B ! kly As N
' "o : ACLOF L 3
. "f.’ Coal Ash Impactor stage (ugm ) Lu. .
3o ‘“ Element Run {(ppm) {ppm) [ 2 3 4 5 6 7 Filter ISpe Ihe .
. : — —_
v ! Al 13 17600 130000 2300 810 1500 2300 700 450 200 30 960 the ~.
N | | 418800 135000 24 9 60 1040 810 440 D S0 e the 1.
: BE Na 13 238 2090 36 12 25 33 25 N2 33 62 148 clen
i Bt 4 X7 70 0 14 1 8 47T vl 10 o4 ool
! ’“ Br [ 4235 636 014 022 0.26 020 017 013 01s 079 21 il st
i £ 4 382 621 0041 0058 00N 0049 0039 003 0040 R 26 ’
. i 1 1 i3 4969 X122 19 47 12 091 093 10 ) met
M “ 4 328 131 0.72 1.1 1.3 22 26 27 036 19 30 uspedd.
[ M Cr 13 26.3 180 32 1.1 22 34 22 0.04 03y 1.6 15 samph
i 4 284 1920032 020 0% 19 16 079 020 18 73 he o
; co Ni 1-3 23 151 4.8 14 23 s 27 077 uds 18 18 cul
R | { 4 220 43 016 030 11 26 13 08y oves 14 7x ticulat
§ ! : Zn 13 279 229 47 1.8 40 51 38 10 06k 13 n Cotu
i 4 . 4 254 259 0.065 0.17 14 19 1.6 1.0 013 24 X6 diam.
i ‘! Ga 13 11 925 065 052 12 L8 12 057 02 06d 60X The 1
3 <. 4 139 818 0024 0062 046 0O 8% .84 ust 00 (.86 37 Arl
i 11 As 13 26.0 o8 60 35 83 P2 N sy s bR X! part - -
+ HN 4 243 124045 16 30 50 50 35 13 R 2 for -
. H Se 13 3.96 2338 RN RIES 31 19 072 03 o I 14 thos
i i 4 642 266 0050 042 26 093 038 02X 016 19 66 Al
. . Sb 13 0812 S6l 0083 013 020 035 025 00 006s 039 1% e 1
i . 4 106 768 0010 0024 0074 017 017 012 07 071 13 o=
] , Pb -3 102 596 13 10 26 29 22 0x0 048 36 15 Coul
. t 4 6.47 664 0030 012 068 1y 23 L1 (03X 39 10
'& Hg 2 0.36 0075 0060 0230 0042 0021 0021 0016 0030 24 M wher
1 Cl
" { * Total suspended particulates (ugm ). clenic
fa
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Fig. 1 In-stuck sive distnbution of suspended particulates

bearing Al and S¢ ut the Chalk Point Power Plunt

1 = buckup tilien)

data are presented for Run 4. Towl suspended par-
ficulates are caleulated by summing the concen-
trations across the eight impactor stages. Detailed
abular duta for the 21 additional clements are
reported n Gladney (1974),

Size distributions for AL Sc. Br. and 1 are shown
in Figs. 1 and 20 The size distributions for K. Rb,
Mg, Ca, Sr. Ba, Zr. The HE Ta, V. Mn. Fe, Se. Sh,
As. Ni. Cr. Co. Th. Ga. Pb, Zn, Hg. Ce. La, Sm. Fu,
Lu. und Yb were-also measured. but are not shown.

The qualitative features shown by these figures are
the same for all elements listed above except Hg and

-

the halogens. Runs 1 3 usually show a higher trace

y tlement concentration on the first stage than on the

|

scond. sinee the paricle fraction collected by the in-
il <tage teprosents an mtegration over particle du-
meters greater than 30 gm. The fourth run was taken
especially 10 get a lightly louded sumple and 10 avoid
sampling particulates emitted as a result of “rapping”
the precipitator. The rapping process removes par-
“tculutes adhering 10 the high voltage wires in the
Cottrell precipitutor and resubis in o pulse of large
dumeter particulates being reentrained in the fue 2as.
The maximum clemental concentration occurs on
particles of approx. 3 um dia. for all four runs (except
for Hg and hadogens). In general, all curves. except
those of Hg and the halogens, have similur shapes.

An enrichment luctor. EF, for clement X on cach
stage refutive to average composition of Chalk Poimt
Coul can be caleuluted using the following equation:

EF = ([ XNT [ADDLY LT ANL).

where [\'], and [ \'] represent the concentrations of
dement X in the sumple and the coal respectively.

At 1012

and [Al], and [Al]. represent the concentrations of
aluminium in the sample and the coal respectively
(Gordon and Zoller, 1973). Average EF's, relative 1o
Chalk Point coal, for the fly ash and suspended par-
ticulates for runs 1-3, and individual values for run
4. are shown in Table 3. Mercury was measured only
on Run 2 and the EF’s reported have been caleulated
using Heg and Al data for the coal and ily ash col-
lected on that day only.

When the EF is plotied as o function ol particle
size, the trace elements can be broken into at least
three groups. The Na distribution depicted in Fig.
3 is typical of the first group. This distribution is
almost completely featureless-~ the particulates have
the same ratio of Na/Al as the conl across the whole
size spectrum. Several elements thought 1o be fairly
volatile (and sometimes seen at high enrichments in
ambient aerosols). such as Cr, Zn, Ni. and Gu also
exhibit relatively little increase in EF relative 1o coal.
Other elements that fall into this group. and whose
EF distributions have also not been shown. are K.
Rb. Mg, Ca, Sr, Ba. Sc. Ti. V. Mn. Co. Zr. Th. HI.
Tu, and all vare carths except Ce.

A s2cond group of trace clements (Pb, As, and Sh)
exhibits a definite increase in K on smaller particles.
The As EF distribution shown in Fig. 4 supports the
hypothesis that these elements may be condensing out
of the gas phase. The Sh and Ph distributions are
similar and are not shown. It is diflicult (0 compare
these observations directly with those of Natusch o
al. (1974) since no data on coul compaosition and only
fimited data on Al concentration as a function of par-
ticle size were reported. However. the concentration
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Fig. 2. In-stack size distributions of suspended particulittes
bearing Br and | at the Chalk Point Power Plam
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Table 3. Enrichment factors of precipitator fly ash and suspended particulates relative to Chalk Point coal

Precip
Fly Impactor stage
Element  Run Ash 1 2 3 5 6 7 Filter TSP
Nu I-3 i.1 1.1 1.0 1.1 098 1.0 1.1 11 1.1 1.0
4 1.2 1.2 1.2 1.2 1.1 1.1 11 1.1 1.1 1.2
Br 1-3 0.020 0025 0.11 0.18 0.036 0.087 0.12 0.30 0.86 0.091
4 0.023 0.84 0.36 0.044 0023 0.024 0.038 0.38 20 0.36
I 1-3 0.26 1.7 1.3 0.62 0.36 1.3 1.0 22 13 14
4 0.34 ] 5.0 w77 0.75 1.1 22 25 12 30
Cr -3 093 093 091 0.98 099 087 095 1.2 23 1.0
4 0.94 0.8 1.8 0.88 1.2 1.3 1.2 23 20 1.3
Ni -3 Y2 1.6 1.4 1.2 1.3 1.2 1.4 1.7 37 1.5
4 0.90 5.7 32 1.6 21 1.4 1.6 1.1 24 R
Zn 1-3 11 1.3 ) 1.7 1.4 1.4 1.4 19 22 15
4 13 1.8 14 1.5 1.2 1.3 1.5 1.7 27 1.6
Ga [ 1.1 045 (] 1.3 1.2 I -20 1.7 27 11
4 0.82 14 1.1 10 1.1 1.4 1.3 11 20 14
As 1-3 088 1.8 29 37 33 44 78 10 57 57
4 0.71 14 16 38 37 48 6.0 19 kY 10
Se i3 0.81 6.0 18 9.2 37 1.9 32 4.6 13 65
4 0.58 6.1 16 13 26 1.4 13 9.0 9.6 54
Sb 1-3 0.94 0.78 15 30 33 32 4.3 10 M 4.1
4 10 74 54 22 29 37 18 16 n 6.4
Pb 1-3 0.79 0.98 21 kX 22 22 34 39 16 21
4 I4 36 4.4 33 50 8.2 3 K] 19 N
Hg 2 0,028 (.31 0.80 0.46 012 016 .33 1l N 17

* Total suspended particulates.

enhancement of these elements on the smaller par-
ticles ut Chalk Point is fess marked than that reported
by Natusch ¢r al (1974) for llinois power plants.
Sclenium. Hg. Br. and 1 also fall in this second
group, but they are especially interesting since their
EF distributions ditfer in important detail from the
other three elements. Since | and Br are bimodal and
similar to Se (kg 3). except that ennichment on the
snutller particles s more pronounced. mdividual
figures for these two clements are not presented.
Selenium and Hg (Figs. 53 and 6L two of the most
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Fig. 3. Enrichment fuctor of Na, with respeet 1o Chalk
Point coal; as a function of in-stack particle sie (F =
backup lilter).

volatile clements studied. would be expected 1o epito-
mize the small particle preference resulting from con-
densution of these celements from the gas phase. As
shown in Fig. 3, this is not completely true for Se.
There s an ennchment of Se on smaller particles
(although not to the sume extent as Ph. As, and Shy,
but there is also a substantial ennchment on the lus-
gest particles with a distinct mumimum in the nuddle-
sized particles (3.0 pum < Jd £ 0.7 um). Mercury alw
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Thas an EF minimum in the mid-size range, but the
enrichment on the smallest particles is very dramatic,
which agrees with other power plant studies that
focused on this element (Billings and Matson, 1972;
Billings er al., 1973). The model for gas phase conden-
sation proposed by Natusch er ol (1974) does not
adequately explain this bimodal behavior for Se, Br.
|, and 10 a lesser extent Hg. It would be extremely
useful 10 carefully characterize the gas phase concen-
rations of these clements inside the stuck as an
approach to explaining their peculiar distributions.
The final group of clements, consisting of Fe (Fig.
Tjand Ce, exhibit a strong depletion with decreasing
particle size. In the case of Fe. this might be explained
by noting that most of the Fe in the coal is probably
in a pyrite mineral phase (Ruch et af., 1973). Since

Hg
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Enrichment factor of Hg, with respect to Chalk
coal. as a function of in-stack particle size
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Fig. 7. Enrichment factor of Fe. with respect to Chalk
Point coal, as a function of in-stack particle size (F =
backup filter).

pyrites probably behave differently from alumino-
silicates during combustion, Fe might be expected 1o
yield a rather different size distribution. Other ash
fractions retained inside the plant have higher EF's
for Fe than the fly ash and suspended particulates,
reinforcing the idea that Fe is concentrated on the
larger particles (Gladney, 1974). At the present time
it is not known if Fe und Ce are associated on the
same particles so that the appleability of this hype-
thesis for Ce cannot be determined. Cerium does not
follow the Fe enrichment patiern in bottom slag and
economizer ash.

Two other power plant studies (Kaakinen e al.
1975; Ragaini and Ondov, 1975) present suflicient
dats from in-stack elemental measurements to permit
a companson. Average EF's for seven elements have
been calculated relative 10 the coal burned from these
two studies and are shown in Table 4. The agreement
among these three in-stuck sampling efforts is reason-

Table 4. Comparison of enrichment factors for in-stack
total suspended particulates®

Present Kaakinen Ragaini
Element workt et al.d & Ondovy
Al 6.8 RN 73 4+ 32
Zn 1.5 32 64 + 44
Sb 47 32 67+ 16
Se 6.2 57 25+ 11
Pb 4.0 38 —
Ga 1.2 .- 3L+ 07
Cr 1.1 -- 20+ 03

* All EF's are relative 1o coal burned.
T Weighted average from Table 3.
{ Precipitator outler stream.
rorean can -
§ Mean = standard deviation for unspecified number of
p
samples.
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ably good. considering differences in sampling condi-
tions. und power plant design and operating par-
ameters. Zing is definitely less enriched in the Chalk
Point stack emissions. although the uncertainties in
Ragaini and Ondov (1975) are high. Gallium also
appeurs 1o be significantly less enriched at Chalk
Point. These differences may be attributable to lower
combustion and in-stack temperatures at Chalk
Point. The behavior of the other elements scems to
be relatively similar at thg three power planis.

SUMMARY AND CONCLUSIONS

The University of Washington Mark II1 Cascade
Impactor uscd in this work provided good separation
ol particles ol different sizes as shown by the contrast
in size distribution curves for different elements and
by comparison with trace clement size distributions
from other sources (Greenberg, 1974).

Three broad classes of enrichment fuctor distribu-
tions for particulates have been identificd. Most ele-
ments show httle. if any. enrichment {(compared to
the input coal) as a function of particle size (eg. Fig.
3): several of the more volatile. toxic trace clements
{Sh. As. Pb, Hz. Se. Br. and 1) do exhibit increased
enrichments on the smaller parucles: and two ele-
ments, Fe and Ce, had decreasing enrichment with
decreasing particle size.

The trace clemental concentration pauterns and
enrichment factors as lunctions ol particle size suggest
that coul-fired power plants simiar to Chalk Point.
despite the emission of tons of particulate matter. do
not scem o account for the high enrichment factors
observed for certain particulate trace clements 1n
citics. The nature of the trace metal emissions may
be strongly nfluenced by the temperatures within the
plant and the precipitator etliciencies at different faci-
Lities. This aspect has been discussed clsewhere (Zoller
ef ol 1974). A number of other plants should be stud-
ied to elucidite the impact of operating conditions
on the particle size distnbution of the toxic trace ele-
ments. Furthermore. the gas phase components of the
trace clements reguires imvesligation,

Ihese wsstack clemental  distnbutions do not
nuiteh the ambient parncle size distributions observed
for many trace elements 1 urban areas. Elements
which arc highly enriched on city acrosols {c.g. V.
Zn. Se and Sb) exhibit 4 strong increase in congen-
travion with decreasing particle size. with typically
507, of their elemental mass found on particles of
o € 1.0m and EF's greater thun 1000 (Gladney ot
al. 1974). The in-stack concentration distributions for
all elements show distinct minima in the region
03 <d < 1.0pm and FF's ol less than 100 on the
smallest particles. If the differences between these dis-
tributions are observed al most coual-fired power
stations. this suggests that the emissions from coal-
fired nstallitions do not have a major impact on the
observed urban particle size distributions (Lez o1 al..
1968 Nifong and Winchester. 1970; Lee er al. 1972:
Gladney er al. 1974) for many toxic trace clkn.ents.
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Emissions and Particle-Size Distributions of Minor and Trace Elements at Two
Western Coal-Fired Power Plants Equipped with Cold-Side Electrostatic

Precipitators

John M. Ondov*, Richard C. Ragaini, and Arthur H. Biermann
tawrence Livermore Laboratory, University of California, Livermore, Calif, 94550

m Concentrations and distributions according to particle size
of up to 42 elements were measured in aerosol particles col-
lected in-stack at two western coal-fired power plants
equipped with cold-side electrostatic precipitators (ESP).
Elements were measured by instrumental neutron activation
analysis, atomic absorption spectroscopy. and X-ray fluo-
rescence. Particle-size distributions in filter and cascade im-
pactor samples from both units were bimodal. Most of the
particulate material from the units was emitted as large par-
ticles with mass median aerodynamic diameters of >1.6 um.
Emission rates normalized per joule of input heat strongly
reflect differences in the type and efficiency of the control
devices and the chemistry of the coal. However. the relative
penetrations of many elements at both plants were remark-
ably similar despite major differences in coal composition and
plant design. Qur results are compared with those of three
other studies of similarly equipped power plants. Relative
penetrations of Zn, Pb, Ba. Cr. Co. V, Rb. and Sb differed
significantly among the five plants.

946 Environmental Science & Technology

The National Coal Association forecasts an increase in
utility coal usage from 4.0 X 10! kg in 1976 to approximately
7.7 X 101! kg in 1985. The nation’s expanding reliance on coal
combustion in the production of electric power has increased
the importance of evaluating the associated potential bio-
medical and environmental hazards. Coal combustion results
in the release into the atmosphere of a number of potentially
toxic substances, including naturally occurring radionuclides
(1-3), polynuclear aromatic hydrocarbons (6-8), and various
inorganic chemical species (9-16). in vapor (16, 17) and con-
densed phases.

Several investigators have studied the behavior of trace
elements during coal combustion. Davison (18) proposed a
mechanism whereby volatile species are enriched in respirable,
fine particles through vaporization in the combustion zone
followed by condensation on particle surfaces. Kaakinen et
al. (9) and Klein et al. (11) demonstrated enrichment of ele-
ments in emitted particles resulting from the greater pene-
tration of fine. highly enriched particles through emission
control devices. Others (1, 12, 14, 15, 18) observed similar

0013-936X/79/0913-0946$01.00/0 © 1979 American Chemical Society
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enrichments by these mechanisms in small particles emitted
from coal combustion. However, comprehensive studies of

7 {race element emissions from the combustion of U.S. coal have
7 peen reported for only a few utility-scale generating units.

These include Unit No. 5 of the Valmont Power Sta.tion 9).
the T. A. Allen Steam Plant (11), and the Chalk Point lflan.t
(12). Most of the plants studied burn Eastern and Illinois
coals, and relatively few studies have been made of plants
purning low-sulfur, Western coal. Thus, in gene.aral, the spec.lﬁc
effects on emissions of coal type. differences in the chemical
form and physical distribution of coal constituents, and
emission-control devices have not been adequately deter-
mined.

Furthermore, insufficient attention has been given to
measuring particle-distribution parameters, especially in
submicrometer particles. The emission of fine particles is of
special interest because these particles often contain high
concentrations of potentially toxic substances in thin, surface
layers (19) and can be deposited efficiently in the pulmonary
alveoli (20).

In this paper, we report the results of tests on power units
at two conventional, large, western, coal-fired power plants
(referred to as plants A and B), one burning low-sulfur bitu-
minous coal, the other burning low-sulfur subbituminous coal.
Cold-side electrostatic precipitators (ESP) were used to
control particulate emissions at both plants.

Experimental

Plant Description and Sample Collection. At plant A,
we tested a 430-MW (net electrical) coal-fired steam electric
generator. The unit uses tangentially fired burners and a
cold-side ESP with an efficiency between 99.5 and 99.8%. The
unit burns ~1.45 X 102 kg of pulverized (200-mesh) western
hituminous coal per hour, with ash, sulfur, and heat contents
of 9.2%, 0.46%, and 28660 J/g, respectively, on a dry basis
{moisture content was 6.8%). Stack gases exit through a 183-m
stack.

Four filter and seven impactor samples were collected
isukinetically in stack at the 91-m level during a 1-week period
in January 1975. Sampling times ranged from 55 min to 3 h,
the stack temperature was 117 °C, stack pressure ranged from
112 to 1.87 mmHy (gauge), and stack-gas velocity ranged from
23.9 t0 25.9 m/s. Velocity-traverse data showed that the ve-
locity profile was flat 91 em beyond the inside wall. Flow rates
through both impactor and filter samplers ranged from 10.8
10 16.1 L/min (wet gas volume).

At plant B, the 750-MWe ESP-equipped unit uses opposed
front- and rear-fired burners. Flue gases leaving the boiler flow
through two cold-side ESPs arranged in a chevron design
before exiting through a 91-m stack. Each precipitator is four
units wide and four mechanical sections long and has a specific
collecting area of 4760 cm2/m?. When all sections are operating
broperly, net particle-removal efficiency of the ESP system
attull load is rated at 95%.

Samples were collected in-stack at the 61-m level of the
ESP-equipped unit during July 1975 (27). The gross load
varied from 515 to 715 MWe, but was constant during each
test. Four of the 32 separate electrical precipitator sections
were inoperative during most of the test period. Precipitator
efficiency in removing total suspended particles (TSP) under

-the test conditions was estimated at about 97% (see below).

Eight filter and ten cascade impactor samples were collected.
Additional samples, including simultaneous samples from the
inlet, outlet, and plume (13), were collected during February
l97‘6, but are not reported here.

Samples of coal, ESP-collected ash, and bottom ash were
BISQ taken at both plants during stack fly-ash collections. At
P;g’t A, pulverized coal samples were taken hourly. each

sample consisting of a 5-min sample from each of five feeding
systems,

Sampling Procedures. Stack emissions were sampled at
each plant, using a modified EPA sampling train as described
previously (22). Hourly records of plant operating data, in-
cluding gross generating load, coal consumption, proximate
analyses. energy-conversion factors (daily at plant A, monthly
at plant B), and status of ESP sections. were obtained at both
plants. Velocitly, temperature, and pressure of the stack gas
were monitored continuously during each collection. Filter
samples were collected on 47-mm, 0.4-um Nuclepore filters.
Impactor samples were collected with 7- and 11-stage Uni-
versity of Washington Mark I and Mark V source test cas-
cade impactors, using polyethylene or polycarbonate collec-
tion substrates and 47-mm, 0.4-um Nuclepore backup filters.
Impaction substrates were coated with a vacuum grease to
improve the collection efficiency.

Analyses. In addition to gravimetric analyses, up to 43 el-
ements were analyzed in stack samples, ESP-collected ash,
bottom ash, and coal by instrumental neutron activation
analysis (INAA) as described previously (23, 24). Cadmium
and Be were analyzed in coal and fly ash, and Pb, Cd, and Be
were analyzed in filter and cascade impactor samples, all with
a Perkin-Elmer Model 603 atomic absorption spectrometer
equipped with a Perkin-Elmer Model 2100 heated graphite
analyzer. Samples were dissolved in a mixture of perchloric,
nitric, and hydrofluoric acids after ashing overnight at 450 °C.
Mercury in coal was analyzed by flameless atomic absorption
techniques similar to those of Murphy (25). Nickel, Pb, and
Cd were measured in bulk coal and fly-ash samples with en-
ergy-dispersive X-ray fluorescence analyses (XRF). Coal
samples for XRF were dry ashed at 450 °C overnight. ground
to 30 to 60 gm, and pressed into pellets with an equal amount
of Avicel binding agent. v rays from 199Cd were used té excite
characteristic fluorescent X-rays. The measurement and
analyses of spectra are described by Bonner et al. (26). Results
from each of these techniques were verified with NBS stan-
dard reference materials (SRM) 1632 (coal) and 1633 (coal fly
ash), which were analyzed along with the samples, and through
interlaboratory comparisons of results on SRM samples (27)
and size-classified fly-ash fractions (28).

Computation of Coal Consumption and Atmospheric
Discharge Rates. Rates of coal consumption were computed
from data provided by plant personnel. At plant A, the coal
consumption rate was measured by the plant-metering system
and at plant B it was computed from the gross electrical gen-
erating load, the known heat-to-electrical conversion factor
(a monthly average), and the heat content of the coal as de-
scribed previously (21). Input rates of constituent elements
were obtained by multiplying their concentrations in coal
(listed in Table 1) by the rate of coal consumption. Typical
rates of coal consumption at each of the units are listed in
Table I1.

Rates of atmospheric discharge of minor and trace element
species were computed using the measured stack concentra-
tions and stack-gas velocities. Because the quantities of coal
consumed, electric power produced, and energy-conversion
factors of the units differed, comparison of the emission data
is facilitated by normalizing the data to the amount of heat
input into the boiler. The heat input was computed from the
metered coal-flow rate and the heat content of the coal for the
unit at plant A and from the gross generating load and en-
ergy-conversion factor for the unit at plant B. The energy-
conversion factors are listed in Table I1.

Results and Discussion

Distributions of Total Suspended Particles. Parameters
used to calculate the total aerosol emitted from each of the two
plants were obtained by counting particles on filter samples
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‘Table I. Concentrations of Elements in Coal Burned at
Two Western Power Plants, ug/g

- ———

l Planr A Plan- B
. Jan 35 Suly 75 tcb. 76
Al 7072 r 360 (5) 30300 @ 3600 (1593 29500 = 2390 (7)*
Ag 0250 = 0026(1) -
As 0S83 : 0087(12) 273+ 071 QD 284 : 0.8+ (5)
Ba 788 9.2 (1) 418 ¢+ 88 (19 420 * 167 (D
Bk 032 : 011:6) 16 ¢ 05 (9N 12+ 06 (D
Hr - 09 : 018 () -
Ca 6100 470 «5) $360 + 730 (15) 5620 = 860 (7)
I b 013 : 0025(%) 006 * 0019 (10) 0.17 * 002 (7)
| o #93 ¢ 022 02) 6 r LT (15) 270 + 20 (D)
| [¢] 3 r 18 (5 71+ 20 ($ 8 0t 17 (1)
I Co 0R40 + 003041 198 @ 025 O 208 ¢ 022 (7)
Cr 774+ 033 (12) 519 + 029 (% 702 ¢ 128 (7))
Cs 0454 + 0.012(5) Q70 @ 008 (15 072 ¢t 016 (7)
Cu 668 : 022 (5) 134 ¢+ 12 (& 127 © 06 (D
Dy 05 T 002 (3) 163 ¢+ 013 (15) 160 = 009 ()
Fu Q101 = 0.005(5) 0250 * 0.009 (1Y) 0.261 * 0.018(7)
ke W60 ¢ 120 11D) $720 * 380 (15) 6470 : 570 (7)
G 267 T 050 (12 A& T 14 (1D R48 : 125 (7)
1 115 = 010 (%) 223+ 012 (%) 238+ 011 (D
i g 011 : 001 (5) 0065 *+ 0015 (5) 0.10 1 002 ()
in 0010 : 0002(3) 00415 * 00046 (13) 0.039 *+ 0006 (5)
; K 764t 45 (5) 1820 ¢ 250 (19) 1730 ¢ 261 (7)
’ 1a S09 : 034 (5) 143+ 08 (15 134 ¢ 08 (7)
r Lu 0062 ¢ 0015(5) 0239 * 00U (19) 023 t 003 (6)
Mg 1025 ¢ 109 (5) 2330 ¢ 370U 2240+ 753 (6)
Mo 117+ 005 (3) 260 ¢ 054 (15) 267 * 0.26 (6)
Mn 133 ¢ 34 (9) sS40 + 1.6 (15 60.2 200 (7)
Na 2330 = JO (5) 2940 ¢ 160 (15) 2930 ¢ 248 (D)
. Nd 398 * 0.20 (5) 986 + 090 (15 106 ¢+ 11 (D
. Ni€ 299 : 043 (5) - -
[ 252 + 013 (5) 102+ L2 (16) 121 ¢ 07 ()
RL 403 : 032() 905 :+ 053 (I5 121 = 18 (7)
- sd 4600 : 100 (5) $200 = 800 (2) 5800 = 600 (12)
sb 0160 * 0.011(5) 0S72 * 0.049 (15) 0614 : 0.095(7)
' S¢ 146 = 009 (12) 277 ¢ 011 (19) 298 * 020 (7)
Sc 147 ¢ 009 (12) 185 = 615 (1%) 1.74 ¢ 025(7)
Sm 0659 : 0.013(12) 171 ¢ 017 (13) 181 ¢ 016 (7)
Sr 67.0 + 2.7 (5) 872 * A9 (%) 97.7 + 83 (D
s 0160 T 0.006(5) 0492 + 0.038 (15) 0,513 * 0.056(7)
T 00810 ¢+ 0003 (5) 0165 + 0009 (15) 022 : 002(7
h 165 ¢ 003 (S) 575 ¢ 032 (15) 621 * 067 (7)
i 443 82 (5) 1220 ¢+ 200 (14) 1230 = 176 (6)
1 u 9573 = 0.023(5) ILES ¢ 019 (15 212 ¢ 025 (7)
' v 98 ¢+ 12 Q1D 21+ 32 (9 249 31 (4)
- w - 0RO ¢+ 024 (5) <013 1)
; Yo 0368 & 0022(5) OR17 * 006D (15) 084 * 006 (D)
/n 716 ¢+ 029 (5) 47 ¢+ t7 (9 164 + 324D
/1 205 + 67 (5) $22 + 59 (1% 667 + 98 (D

2 Number of replicate samples. ® Measured by atoric absorption spectros-
copy. ¢ X-ray fluocescence. 9 Sulfur analyses provided by plant personnel; all
others measured by instrumental neutron activation analysis.

Table Ili. Typical Rates of Coal Consumption and
Energy-Conversion Factors

% Coal rate Energy-conversion factor
Fall load g/ (BruAwh)
E Plant A 98 398 % 10% 925 x 103
‘ Plant B 9 971 x10 947 %10}
82 8s7x 10 938 10?

Table Ill. Size-Distribution Parameters of Total Stack-
Emitted Aerosols Determined from Scanning Electron
Microscopy Analyses of Nuclepore Filter Samples

Small-Partick Mode 1arge-Partiche Made

A ovupP awmans u‘gl NMp: vapP? amans o‘é
Plan: A 006: 0088 01 137 0565 104 16 157
Plant B 003: QU v 142 073 52 81 22

2 Number median diameter (um). ® Volume median diameter (m) determined
by in VMD = In NMD + 3 In? 5. © Estimated mass median aerodynamic diameter
(um), using particle densities of 2.2 and 2.44 g/cm?® for plants A and B, re-
spectively. ¢ Geometric standard deviation of assumed log normal distribu-
tion.

via scanning electron microscopy (SEM) techniques (see ref
22) and are given in Table I11. The distributions were in each
case bimodal, with distinct modes in sub- and supermi-
crometer size ranges. The submicrometer mode is composed
of aggregates of smaller particles that may be formed in part
from vapor condensation and bubble-bursting mechanisms,
These particles are too small to be collected by our impactor
and, ignoring wall losses and boundary effects in the impactor,
are deposited totally on the backup filter. The second mode
contains much larger, mostly solid, spherical particles derived

Enyironmental Sciénce & Technology

mainly from residual mineral matter in coal (29-31). Urlich
(30) observed similar particle-distribution modes and sug-
gested that the particles in the smaller mode are largely cop.
densed. volatile Si compounds and metal oxides.

Median diameters of the smaller particles from both unjgs
are almost identical. Median diameters of the larger particleg
(see Table 111) strongly reflect differences in the overalj ¢q].
lection efficiency of the control device. The smaller mediap
diameters of the large particles emitted at plant A indicate,
greater collection efficiency of the larger particles. Optimum,
collection efficiencies of the plant A and plant B ESP systems
are 99.7 and 97.5%, respectively.

Impactor Data. In Figures 1A through E, we have plotted
typical particle-size distributions of elements collected iy
cascade impactor samples that were placed in-stack angd
downstream from the ESP-equipped units at each plant. The
emission [actors (ng/J heat input) of several elements are
plotted vs. the aerodynamic diameters of particles. Physica|
diameters were determined by sizing particles on impactor
stages and backup filters via SEM and transformed to aero.
dynamic diameters using the particle density and slip-cor-
rection factor (32). We corrected the mass of each element
present on backup filters by the excess mass resulting from
bounce off and reentrainment of large particles as described
previously (22). Thus, we can estimate more accurately the
fraction of each element emitted in submicrometer parti-
cles.

Significant amounts of several elements, including V, W,
Ga, Mo, Ca, Br, Ba, Se, As, Sh, U, Fe, Cr, Zn, Co, and Mn, were
emitted in submicrometer particles. The fraction of other
elements in submicrometer particles is generally much less,
but too small to determine accurately (22).

We attempted to evaluate wall losses by comparing con-
centrations in impactor and filter samples; because of the
variation belween successively collected samples, accurate
comparisons could not always be made. In general, however,
concentrations of elements in the flue gas, which were deter-
mined by summing the amounts on impactor stages, were
typically from 10 to 60% lower than concentrations on filters
in samples from the ESP at plant A and from 12 to 40% lower
in samples from the. ESP at plant B. The magnitude of the
discrepancy depended on the specific element, its distribution
among particle sizes, and sampling time (see ref 22).

Aerosol-Distribution Parameters of Minor and Trace
Elements. [llemental mass median aerodynamic diameters
(EMMAD) were determined from analyses of cascade im-
pactor samples collected at each of the units and they are
listed in Table IV. These data reflect only the larger particle
modes. Ranges of median EMMADs of particulate emissions
from the plant A and plant B ESP units were 1.8-4.9 and
4.3-12.1 um, respectively. Thus. as in the case of the total
aerosol (see Table 111). the EMMADs of particles from the
more efficient ESP were smaller.

Elements in emissions from each of the units show distincl r
behavior in their distributions according to particle size. At ~
plant A. the distributions of Al, Ce, Cl, Fe, Hf, K, La, Na, 5¢.
and Th were nearly identical. The EMMADs of particles
containing As, Ba, Ga, I. U. V. W. and Zn were about half those -
of particles with elements in the Al group. The EMMADs of
Co, Cs, Cu. Mo, Mn, and Sb were slightly smaller than those
containing the Al group. If an element were distributed on
only the surfaces of aerosol particles, then its mass distribution
would coincide with the surface-area distribution of the
aerosol. The calculated surface-area median aerodynami {*
diameters (SMAD) of elements in the Al group (about 1.8 for
particles having an EMMAD of 2.5 um and o, of 2.3) ar¢
nearly equal to the EMMAD:s of elements in the As group:
thus indicating surface occurrence of elements in the As grouP
on particles containing elements in the Al group. This wol
occur if these elements were deposited from the vapor phasé:
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Figure 1. Typical distributions of mass vs. particle size of elements in aerosols emitted from two of heat input to the boiler as discussed in the text
coal-burning steam-generating units. Masses of elements are expressed as emission rates per joule
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Table IV. Elemental Mass Median Aerodynamic
Diameters of Aerosols from Two Coal-Fired Electrical
Generating Units, um

Plant A Pam B
January 1973 July 1975 -
<
Eluments EMMAD? g Flements EMMADS o

13 1b.S¢ ~345 1a.2sd Ce,Cs. Kb, £7 ~12 22-30
Sm. Nd, Mg, L, ~33 14-24 Al, Bi, Ce, Co, Dy, ~9:  22-32
Yb,In, Eu 34 Eu. Fe. lg. K, La

- Lu. Mg. Nd. Se. Sm.

T2, Th, TA. 1)

16, K, L, Sc, Th ~25 16-27d €3, Mn, Na, Sc ~§2  27-33
ALCe €L N 18-23
€2 Mo, 50, Cu, M <23 15-26 A¢ BaGa, ln 34-63 19-34
Co, Cs, RY, 1, Fe Mo, Sb, U, V, W, Zn
Br.C: U W. Zn 17 1s5-2001-309
GiSi, 15-23(21-42M
A Ba ¥ 16-29

2 EMMADs estimated from up to five impactor samples. The relative standard
deviation of successive determinations of the EMMADs was typically about 20%,
but errors among elements are typically <10%. ® Geometric standard deviation.
< Range of median values of EMMADSs of up 10 six impactor samples for each
element. ¢ Value corresponds to element underlined.

Table V. Emission Factors of Elements in Particles
from Generating Units at Two Coal-Fired Power Plants

(pg/J) ®

Plant A Plant
January 1975 ESP Unit July 1975

Median Minimum  Muximum  625-MW Sumpkd  Minimum Maumum
Al 320 ¢+ 13 286 354 15,600 ¢ S00 1860 21,700
As 022 + 0.014 0.15 022 + 03 5.77 15.3
Ba 108 t 16 10.3 i s 10 243 807
Be - + 024 0.42 072(3
Be 0.125 ¢ 0035 0091 0.0 + 35 3V
Ca 216 @ 35 (D) 188 243 : 100 1590 3940
(1} - 026 ¢ 004 0.097 026 (%)
Ce 048 ¢ 002 041 0.52 160 ¢+ 05 8.25 213
Cl 098 + 042 0.37 17 -
Co Q.30 : 001 0.084 011 238 r 004 L2 3os
Ce 081 * 007 068 1.0 958 = 036 L] 305
Cs 0042 = 0002 0.036 0.068 0410 ¢ 0.031 0.209 0618
Dy - 112 » 003 0,324 152
Eu  0.006i + 00004 0.0047 0.0070 0.164 ¢+ 0005 0.0R47 0218
te 156 7 130 187 3670 + W 1980 siso
Ga 059 ¢+ 018 039 063 187 & 10 974 194
Hf - 137 -« 003 07 185
1 35 «+ 03 32 14 -
In 0.0024 £ 0.00014 0.0023 0.0033 0.108 ¢ {008 0.0339 o luH
X 43 ¢ 20 26 % 905 *+ 200 441 1130
ta 0.26 * 0014 022 0.32 896 * 009 475 120
lu 00032: 00004(2) 00029 Q0038 0.164 *+ 0.007 0.0TM 0231
Mg - 1360 ¢+ 380 1170 1240
Mo 0079 + 0010 0.057 015 648 * 076 226 861
Mn 045 ¢ 003 042 0.57 412 ¢+ 05 9.07 412
N3 121 ¢ 5 77 160 2210 = 10 1120 2810
Nd 021 = 006 0.13 0.21 605 * 048 342 840
RL 037 « 012 (1) 552 + 057 2.52 752
Sb 0052 ¢+ 0.003 0.048 0.053 215 ¢+ 004 0863 215
5¢ 0.074 + 0.0014 0.061 0.084 196 + 002 1.03 272
Se 026 -+ 002 014 0.27 S5R2 = 016 2.81 607
Sm 0033 : 0002 0029 0036 1.13 *+ 006 0648 160
St T4+ 08 (1) B34 ¢+ B0 3122 11
Iz 00077 ¢+ 0.0014 0.0056 0.0098 0323 + 013 0158 [\ R2]]
TL  0.0042 * 0.0005(2) Q.D036 0 D047 0.112 ¢ 0006 @060 0158
Th 0.082 + 000% 0.063 0491 367 * 006 1.96 s 9
I 24 ¢ 8 (1 17 3 892 + 90 13n 1150
U 0.091 + 001+ 0.08% a10 329 : 015 1.39 329
v 099 + 004 0.65 IR 397 + 32 173 3974
W 0.091 + 0009 (1) 2378 ¢+ 018 120 278
Yb - ¢.503 ¢+ 0019 0.271 078y
Zn 16 + 014 12 L8 B o+ 24 16.5 448
L 16 + 07 (D 336 ¢ 71 13.1 4t

“ All values are based on analyses of filter samples only and were calculated
on a dry gas basis at standard temperature and pressure. The water vapor
contents of stack gasses were 9.2 and 7.9% at plants A and B, respectively.
The data reflect three and six samples for plants A and B, respectively, or the
number in parentheses. Uncertainties reported are analytical uncertainties only;
the total uncertainty in any given determination is typically about 20%. ® Results
of a single sample collected when the unit operated at 83% capacity and with
four precipitator sections inoperative.

however, the computation is quite sensitive to the value of the
G

v

Median EMMAD:s of rare earths, Al, Fe, Co, Cr, K, Mg, Ti,
Zr, and Sc, emitted from the ESP unit at plant B (Table 1V)
ranged from about 9 to about 12 um; those containing As, Ba,
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Table VI. Penetration of Elements Contained in
Particles through the Boilers and ESPs at Two Cojj.
Fired Power Plants (%)

) TT—
Plan: Plant i
Element Penctranan? Fiemen: ot tranond
Br. Cl AR RINEUS e wos
AL T Ma K HWoT -0 13 AL S Panthanades TR

Ca Mt ba, Yb Ul T b ad e Re,
My € Ns KRB

Sl thoGe (IR ERSUSS] Ma, Co O Te 2t

fe.SGNa ™

Srols

V.G Ba (o W29 -0 LoV Ba G 1.8
Mo, P 1s

(S T O 053 056 u6S

2 tn, S As 0TE-11 AL se Sh, TR
W. /n

* Range of median values of up 1o six samples. > Range of median values of
up to eight samples. Penetration is defined as |atmospheric emission factor {ng
J™ input {(ng J™")] X 100 (see text).

Ga, In, Mo, Sb, U, V, W, and Zn ranged from about 4 to 6 um,
or about half those containing elements in the Al group and
near the SMADs, i.e., 5.1 um for MMAD of 8.87 tan and oy of
2.87, of particles with elements in the Al group. The EMMADs
of Ca, Na, Sr, and Se were generally intermediate between
those containing the As and Al groups.

On comparing the EMMARDs of particles emitted from ESP
units at the two plants, elements in the large particle mode
from plant A seem to be distributed somewhat more hetero-
geneously than elements in the corresponding mode from
plant B. Rather high EMMADs were often ohserved for par-
ticles containing Br, Cl, and 1 (4.0, 15, and 3.7 um, respec-
tively) in aerosol particles from the ESP at plant A. and for
Se-containing particles (5.8 um at plant A and 9.5 um at plant
B) in aerosols from both plants. These elements are the most
volatile of the elements detected, and the high KMMADSs may
result from the adsorption of vapors either by large porous
particles or by impactor substrates. In the latter case the data
may be in error. Studies to determine the importance of ad-
sorption of vapor-phase elements on impaction substrates are
in progress at our laboratory.

Partitioning and Atmospheric Emission of Elements.
In Table V we list emission factors (pg/J) of elements in
samples from plant A. As noted above, wall and interstage
losses were severe in impactor samples collected from these
[SSP units. Therefore, the emission factors of elements were
derived only from filter samples.

For data from plant B, instead of median values, we report
values determined from a sample collected while the unit was
operated at 625 MW (about 80% load). During all tests, four
ISP sections were inoperative; however, the unit was operated
in compliance with emission standards by reduction of the
gross generating load. By far, the lowest emissions were
measured consistently from plant A. Emissions from the
Valmont Unit 5 (9) and Allen Steam Plant (11) (not shown)
were generally in the range between those of plants A and
plant B.

Further normalization of the data in Table V by dividing
by the input rates of the elements in coal (expressed in ng/J)
yields the penelration of each element through the boiler and
IESP. Penetrations of elements are independent of their con-
centrations in coal and are listed in Table VI for both of the
generating units,

Penetrations varied considerably. as did emissions. with the
element and specific power unit. In general, the lowest pene-
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‘ - ns were observed for lanthanides, Th, Zr, some alkali
frations

metals, 5S¢, and Al all of which tended to be in pz}rtid(?s with
the largest NMMADs (see Table 1V) an.d are asso.cmt.ed l?rgely
with 1y ash resulting from penetration of r(e§|dua! mineral
matter. Elements associated with smaller parllcles,.l.e., those
in the As group, typically had the largest penetrations. Pen-
etrations of Br and Cl were quite low relative to other ele-
ments. Klein et al. (11) and others suggested that signiﬁcapt
quantities of some highly volatile elements such as Br, Cl, Se,
and Hg have significant gas-phase components. Indeed,
rough mass balance indicates that between 7 and 35% of the
ge contained in coal is emitted from plant B in the vapor
phase.

Median penetrations of elements in large particles were
about 0.2% at plant A and about 1.4% (625-MW sample) at
plant B. These values correspond to 99.8 and 98.6%, respec-
tively, for the net removal efficiency of these elements. At both
plants, about 20% of the ash is removed from the boiler as
bottom ash, and the remaining 80% enters the emission-con-
trol systems. Given the efficiency of the ESPs at the two plants
(99.7 and 97.5% for the total aerosol), the net efficiencies for
the removal of total aerosol of the bottom-ash-ESP systems
are 99.8 and 98.5% at plants A and B, respectively. The re-
moval efficiencies of elements and total aerosol agree very
closely at both plants. This indicated that only a small portion
of the mass of elements is contained in fine particles that have
higher penetrations.

Thus, the penetration of elements associated with the
large-particle fly-ash mode that is derived from residual
mineral matter and termed lithophilic by Klein et al. (I7) is
nearly equal to the penetration of the total aerosol. As noted
by Klein et al. (11), the penetrations of what appear to be the
more mobile elements (classified as caleophiles by Klein et al.
(11 that occur in small particles are much higher, their
concentrations thereby becoming enriched in the total aerosol
relative to the nonmobile matrix elements. The enrichment
of elements in the combustion process and in systems for the
removal of fiy ash may be expressed by the ratio of the pene-
tration of a given element to that of the total aerosol or to that
of an element whose penetration is similar to the total aerosol.
The ratios of penetrations of each of the elements to that of
Scare listed in "I"able VII for the two plants and plotted vs.
particle diameter in Figure 2. Because of this internal nor-
malization, the penetration ratios are identical with an en-
richment factor obtained via double normalization of the
concentrations of elements in in-stack fly-ash and coal sam-
Dles. We will refer to the penetration ralios or enrichment
factors as relative penetrations (RP°). Relative penetrations
are affected by the distribution ol the element among particle
sizes, vapor—particulate {ractionation of the element, and the
particle-size collection-efficiency curve of the control
system.

Relative Penetration vs. Particle Size. As suggested by
G.ladne,\' et al. (12), the elements may be classified conve-
niently on the basis of the curves of the relative penetration
(or enrichment factor) vs. particle size. At plant A, these
curves for the lanthanides, K, Ti, Mg, Cs, Rb, Hf, 'I'a, Sc, and
Mn were similar to that for Th (Figure 2a). These show no
change in concentration throughout the size range of particles.
Curves tor Ce, Na, Sr, and Fe were similar to those of the Th
Eroup, but were slightly enriched in the smallest sized parti-
clfs. The curves for K and Ti are similar to that for Fe, but are
displaced below Sc (=1) in relative penetration. The pene-
tration of Ca (Figure 2a) was less than that of S¢, i.e, RP < I,
inlarger particles, but greater in smaller particles.

At plant A, the curves of R vs. particle size for V, Sh. and
A% were similar to that of Ba (Figure 2a). The RPs of these
elements on small particles were the largest observed. Several
elements, including Br, Se, Cr (Figure 2h), Nn, T'a, Co, and

Table VII. Relative Penetration of Elements ? in
Aerosols from Several Coal-Fired Power Plants

This Work Other S1udies

Plant A Pl B Chalk

Averageb 625 MW¢C 515-530 Mwd Aflens Paintl Valmane
Sb 70 20 53 210 40 £ 07 67 40 -
d - 60 - 21 - - - -
w - 49 230 37 :13 - - -
As 66 212 79 41 57 10 6 63 -
I §s§ - 22 37 =10 26 =07 - - -
2n 43 212 43 * L1 30 :0S 7.8 1.5 23
Pb - 38 t 1S 8.1 3.7 31
Ga 43 216 30 10 2B :o06 - 1.2 -
u 33 t05 25 +06 19 =015 - - -
Se §0 : 14 53 212 45 =07 5.5 57 17
Ba 25 £ 06 27 =11 18 =10 07 092 -
Cr 25 204 26 04+ 175:026 30 11 -
Co 23 £02 L7 04 15 -01 14 1.0 -
v 20 =15 25 =08 22 :07 25 07 -
M¢ 18 ¢ 14 35 =17 27 =09 - - 3.0
Rb 18 07 08 2016 081 :009 075 - 054
Cs 17 £04 082202 0B80:014 15 - -
Sr 12 r02 14 -0+ 13 03 1.0 - -
£u 12 £ 015 092:012 092:008 079 0.7 -
Mg 11 02 08 :0S L5 =06 0s+ - -
re 11 201 090 :014 09+ =002(005) 084 083 =10
[ 106 + 007 088 : 014 086 = 0021005) - 07$ -
Na 10 £02 i1 =015 11 o2 099 10 -
Sc =100t 013 =100:012 5100012 =10 =10 -
Ly 10 : 04 097 014 097 : ogg - 075y -
La 10 01 088 :012 086 : 0 068 075y -
Vb - 089 : 016 094 = 0.05 - 078 -
" - 0.87 £ 012 086 + 004 076 - -
Sm 10 =015 096029 097 =005 055 075 -
K 10-204 07 =03 068 :010 095 083, -
Y 097 :019 096 :016 093:011 - Q.75 -
T 095 : 027 039 : 016 O088: 006 10 - -
Th 095 2 019 090 :013 090 =003 0i6 - -
1 091 :018 10 =01 09 :03 12 078 -
Al 086 ¢+ 0.07 075 : 0.16 073 = 008 044 083 094
Nd 084 2022 089 2028 091 =007 - 075 -
Ca 076 ¢+ 0.19 089 + 028 081 ¢ 012 - 0.92 -
4 07 :03 096 :042 091 :018 - 083 0.73
Mr 068 £ 017 11 207 085 %025 078 - -
Be - ue : 04 - - 0.64' -
Be 02 :01 01 :01 - - 017 ~

2 Penetration (Table VI) of each element to that of Sc, which is identical with
the enrichwnent factor used by Gladney et al. ( 12) and Gordon et al. (33). © The
uncertainty reported Is the larger of twice the standard deviation and twice the
analytical uncertainty. Rb is based on one sample. ¢ The uncertainty reported
is twice the individual uncertainty in the ratio that was derived from standard
deviations of replicate elemental analyses of coal and aerosol samples.
4 Uncertainties reported are twice the standard deviation of the replicate de-
terminations; twice the root mean square of the individual uncertainties is given
in parentheses if larger than the 2g value. © Based on 1973 data of Klein et al.
( 17). ! Unless indicated, values listed are based on data of Gladney et al. ( 72).
9 Derived from data of Kaakinen et al. (9) for the ESP-equipped unit. Data nor-
malized to Fe. The value for Pb was based on 2'%Pb. " Based on single value
reporied for “'rare earths’ in Gordon et al. (33). ' Based on value of Gladney and
Owens (34) renormalized to Sc.

toa lesser extent Zn, were definitely enriched in larger parti-
cles as well as in smaller particles. Gladney et al. (12) observed
similar enrichments of Se and Hg in large particles. Significant
quantities of Se, Hg. and Br are in the vapor phase in flue
gasses and may have been adsorbed onto impactor substrates,
on large porous particles, or on large carbonaceous particles,
which we saw on the upper stages of impactors collected at
plant A.

Curves of RP vs, particle size for elements in plant B aero-
sols are shown ip Figure 2c. Curves for the lanthanides. K, Hf,
Th, Ti, Mg. Cs, Rb, Ta, Sc, and Mn were similar to those for
Na and Fe. These showed little or no enrichment in any sized
particle. Enrichments of W, U. Ba, Zn, V, In. Ga. Ba. As, Se,
Sb, and Mo are considerable and increase with decreasing
particle size. Curves for these elements tended to be somewhat
bimodal (see W) with a broad maximum between 2 and 10 um
(see W, U. and Ba in Figure 2b). The curves for Se differ
somewhat from those of W, U, and Ba in that the minimum
is broader. Both Cr and Co (Figure 2¢) were highly enriched
in the smallest sized particles, but the curves of RP vs. size
were distinctly different from those of elements with curves
similar to W.

Relative Penetration of Elements. In column 4 of Table
VII we list RPs of elements {rom five samples collected at
plant B when the load was 515 or 530 MW. Despite the rather
large range in the absolute elemental emission rates (typically
twofold or more, see Table V), the penetration ratios of the
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Figure 2. Relationship of relative penetration to particle size of several elements in aerosols emitted at plant A (a and b) and plant B (c). The symbols

indicate different sets of data from impactors

515- and 530-MW samples varied by less than the uncer-
tainties in the individual values (2a typically is <20%). Thus,
for a given plant it appears possible to determine the RP of
elements on the basis of only a few samples. Further com-
parison of the penetration ratios of the 625-MW and 515- to
530-MW samples shows significant, but relatively small, dif-
ferences for a few elements: As, Cr, In, Mo, and Sh. 'Thus, the
penetration ratios of the elements seem to be relatively in-
dependent of gross generating load as well as absolute emis-
sion rate,.

Despite the rather large ditferences in the compositicn and
origin of the coal and differences in the combustion chambers
and ESPs used at the two plants, the RPs ol most of the ele-
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ments were equivalent to within their respective uncertainties.
In fact. except for In, Se, Mo, Rb, Cs, K, Mn, and Br, the de-
viation between the two values (larger/smaller X 100) was
<35%. The largest differences in the two units were in values
of In, Se, Mo, Rb, Cs, K, and Mn. Differences in RPs of the
elements ranged from 1.4 for K to about 2 for Rb and Cs.
However, only Rb, Cs, Mo, Se, and Mn are judged to be sig-
nificantly different. The larger penetrations of Rb and Cs at
plant A probably result {rom significantly greater concen-
trations of these elements in smaller particles as indicated in
the curves of RP vs, particle size shown for Cs in Figure 2a. At
plant B, the curves of relative penetration vs. particle size for
Rb and Cs are similar to those shown for Fe and Na (Figure




e

bklm listed im Table VII are the RPs of elements determined
at three other conventionally designed coal-fired power units
equipped with cold-side ESPs. During the work of Gladney
et al. (/2), the plant at Chalk Point burned high-sulfur (1.9%)
conl with an ash content of about 122, The Valmont plant
purned low-sulfur (0.6%), low-ash (6%) coal. Coal at the Allen
Steam Plant contained 10.4% ash and 3.1% S (1973 data of
Klein et al. (11)). The removal efficiences for fly ash at the
Chatk Point, Valmont, and Allen Steam Plants were estimated
al 97.96.2. and 99.5%, respectively, including bottom-ash re-
moval and other fly-ash-collection systems in addition to
ESPs. Despite these differences, many of the values {rom these
units are remarkably similar to those determined at plants A
and B. The largest differences in the RPs at the five plants
were those of Zn, Pb, Ba, Cr, Co, V, Rb, and Cs, which differed
hy as much as a factor of five. These include elements in each
of the three geochemical classifications (i.e., chalophilie, Zn
and Pb: lithophilic, Cs and Rb; and intermediate elements,
Ba, Cr. Co, and V) described by Klein et al. (11). The large
range in RP's of these elements is attributed to ditferences in
distributions of elements according to particle size (and hence
coal chemistry) and the removal efficiency vs. particle size
curves of the ESPs,

Summary and Conclusions

The relative penetrations of several elements from two
weslern coal-fired power plants are nearly the same, despite
variations in boiler size, electrical generating capacity, pre-
cipitator size and efficiency, and coal compuosition, and are
quite similar to those observed at plants burning high-sulfur
Eastern coal. However, significant differences exist among
plants in relative penetrations of the elements Zn, I’b, Ba, Cr,
Co. V. Rb. and Cs. This is attributed to differences in com-
position of the coal and the particle size vs. efficiency char-
acleristics of the individual ESPs. Based on concentrations
of elements reported by Gluskoter et al. (33), enrichments
relative to average crustal abundances in U.S. coals are often
larger and more highly variable than enrichments (RP’s) that
occur during coal use in the power plants discussed ahove.
Thus. excluding fractionation of elements that can occur in
power plant plumes (73), the greatest impact on the final
enrichment of many elements in particles emitted from these
plants is due to the original coal compaosition, We note, how-
ever. that enrichments of elements in particles emitted from
coal-burning units equipped with other types of particulate
control systems such as venturi serubbers can be much greater
than those reported above (21). .
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ABSTRACT
U.S. Environmental Protection Agency (EPA) research ex-
amining the characteristics of primary PM generated by
the combustion of fossil fuels is being conducted in ef-
forts to help determine mechanisms controlling associ-
ated adverse health effects. Transition metals are of
particular interest, due to the results of studies that have
shown cardiopulmonary damage associated with expo-
sure to these elements and their presence in coal and re-
sidual fuel oils. Further, elemental speciation may
influence this toxicity, as some species are significantly
more water-soluble, and potentially more bio-available,
than others. This paper presents results of experimental
efforts in which three coals and a residual fuel oil were
combusted in three different systems simulating process
and utility boilers. Particle size distributions (PSDs) were
determined using atmospheric and low-pressure impac-
tion as well as electrical mobility, time-of-flight, and light-
scattering techniques. Size-classified PM samples from this
study are also being utilized by colleagues for animal in-
stillation experiments.

Experimental results on the mass and compositions
of particles between 0.03 and >20 um in aerodynamic di-
ameter show that PM from the combustion of these fuels

IMPLICATIONS

Transition metals are hypothesized to play a significant
role in causing adverse health effects associated with
exposure to PM, .. The concentration, speciation, and
solubility of transition metals in PM, ; generated by the
combustion of fossil fuels can depend upon the fuel type
and combustor design. The results presented in this pa-
per have implications for policymakers and researchers
evaluating possible sources and control of PM, , contain-
ing transition metals.
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produces distinctive bimodal and trimodal PSDs, with a
fine mode dominated by vaporization, nucleation, and
growth processes. Depending on the fuel and combus-
tion equipment, the coarse mode is composed primarily
of unburned carbon char and associated inherent trace
elements (fuel oil) and fragments of inorganic (largely
calcium-alumino-silicate) fly ash including trace elements
(coal). The three coals also produced a central mode be-
tween 0.8- and 2.0-um aerodynamic diameter. However,
the origins of these particles are less clear because vapor-
to-particle growth processes are unlikely to produce par-
ticles this large.

Possible mechanisms include the liberation of micron-
scale mineral inclusions during char fragmentation and
burnout and indicates that refractory transition metals
can contribute to PM <2.5 um without passing through a
vapor phase. When burned most efficiently, the residual
fuel oil produces a PSD composed almost exclusively of
an ultrafine mode (~0.1 pm). The transition metals asso-
ciated with these emissions are composed of water-soluble
metal sulfates. In contrast, the transition metals associ-
ated with coal combustion are not significantly enriched
in PM <2.5 um and are significantly less soluble, likely
because of their association with the mineral constitu-
ents. These results may have implications regarding health
effects associated with exposure to these particles.

INTRODUCTION

Fine PM has been of considerable environmental interest
in recent years because of a number of research studies cor-
relating short-term exposure of ambient levels of fine PM
with acute adverse health effects.! These studies were sum-
marized by the U.S. Environmental Protection Agency
(EPA)>* and reviewed by EPA’s Clean Air Scientific Advi-
sory Committee, which concluded that there was evidence
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linking ambient fine PM concentrations and adverse health
effects.* These studies were the basis for a revision of the
National Ambient Air Quality Standards for PM that in-
cluded a standard for PM <2.5 um in diameter (PM, ).’

In the ambient atmosphere, fine PM is composed pri-
marily of sulfates, nitrates, condensed organics, carbon-
aceous soot, and inorganic aerosols, formed during
high-temperature processes such as the combustion of
fuels containing trace quantities of metals and other im-
purities.>%” Formation of these small particles is heavily
influenced by vaporization, condensation, and other gas-
to-particle conversion processes. In contrast, the coarse
fraction of PM tends to be composed of particles formed
by mechanical (e.g., fragmentation, grinding, crushing,
and entrainment) processes. Because they are formed by
different mechanisms, the fine and coarse fractions of PM
tend to have different compositions. Particle composition
has been identified as one of the possible factors driving
the adverse health effects associated with exposure to
ambient PM.®

Health effect researchers have identified at least two
aspects of particle composition that appear to exacerbate
health damage from particles. The first is related to
water-soluble transition metals such as Cu, Fe, Ni, V, and
Zn present in the particles.*!! The second is aerosol acid-
ity in general. In addition to these composition-related
properties, ultrafine particles (those particles <0.1 um in
diameter), regardless of composition, have been identi-
fied as potential factors influencing mechanisms for these
health impacts.? Particles with all of these characteristics
(transition metals, acidity, and ultrafine size) are contained
in the PM generated from the combustion of fossil fuels
such as residual fuel oils and coals. Hence, one might
hypothesize fossil-fuel-fired systems to be candidate
sources of toxic fine particles that play a significant role
in the demonstrated association of adverse health effects
with ambient concentrations of fine PM.

The research by Dreher et al.'! has indicated that
residual oil fly ash (ROFA) possesses toxic qualities. Un-
fortunately, the hypothesis that residual oil combustion
is the prime source of fine particles causing respiratory
distress is not consistent with the currently available epi-
demiologic data. Residual fuel oils are used in significant
quantities in only selected regions of the country. Dis-
counting sales of Bunker C oil, the majority of which is
likely to be burned by ships well away from continental
coastlines, significant residual oil usage occurs primarily
in the northeast and southeast regions of the United
States.’> However, adverse health effects associated with
exposure to fine PM are not limited to these regions,'
suggesting that sources of fine PM other than (or in addi-
tion to) those related to residual fuel oil combustion must
also be important.
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Another source of PM, , containing transition metals
is pulverized coal combustion. Pulverized coal combus-
tion is widespread throughout the United States, and
emissions from coal-fired boilers and furnaces account for
amuch larger fraction of both PM <10 pm in aerodynamic
diameter (PM, ) and PM, ,, compared to residual fuel oil
combustion. In 1997, ~165,000 tons of PM, ; was emitted
from utility, industrial, commercial, and institutional com-
bustion of coal, compared to 35,000 tons of PM, , from
combustion of residual oil from the same source catego-
ries.’* These values are for primary PM emitted directly
from these sources and do not include secondary particles
formed from gas-phase precursors such as SO, and NO..
Because both coal and residual fuel oil burned in the
United States contain significant levels of transition met-
als (see Table 1), substantial quantities of these metals are
emitted into the atmosphere. In light of the potential
health effects associated with inhalation exposure to tran-
sition metals, it is worthwhile to explore the formation
mechanisms and partitioning of transition metals across
different particle sizes for both coals and residual fuel oils.

In a previous study, Miller et al.!> explored the rela-
tionship between residual fuel oil composition, boiler
operation, and the physical and chemical characteristics
of the PM produced. In a subsequent study, Linak et al.'
compared the characteristics of PM produced from two
types of combustion systems burning the same residual
fuel oil. These systems were designed to simulate the op-
eration of small institutional and industrial boilers and
large utility boilers. In this study, we compare differences
in compositions and particle size distributions (PSDs) of
PM from residual fuel oil and coal. Specifically, these tests,
conducted at EPA’s National Risk Management Research
Laboratory in Research Triangle Park, NC, examined the
physical and chemical characteristics of PM generated by
the combustion of residual fuel oil and coal. A single re-
sidual fuel oil was tested in two combustors with signifi-
cantly different heat transfer characteristics, and three U.S.
coals were tested in a single combustor under similar com-
bustion conditions. The purpose of these tests was to ex-
amine the relationship between particle size and particle
composition, specifically with respect to metal content,
for different fossil fuels, and how the relationship may
change as fuel or carbon burnout changes. The results of
the current and previous studies are intended to form the
foundation that may ultimately link measures of acute
pulmonary damage to engineering variables.

EXPERIMENTAL

Residual oil experiments were performed in two types of
combustion systems. These systems represent extremes
of a range of practical conditions under which fuel oil is
burned. Although they may not represent specific boilers
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Table 1. Fuel analysis.

Western Montana Utah High Sulfur
Kentucky Subbituminous  Bituminous  No. 6 Qil
Bituminous
Proximate Analysis® (%)
Moisture 6.97 11.36 597 0.50
Volatile matter ~ 35.86 37.18 38.58
Fixed carbon 49.66 41.05 45.75
Ash 7.51 10.41 9.69 0.10
HHV®, Btu/lb 11291 9526 11289 18270
HHV, keal/kg 6273 5292 6272 10150
Ultimate Analysis® (%)
C 70.17 64.87 69.23 85.61
H 457 397 4.87 10.38
N 1.49 1.03 1.45 0.35
S 31 0.83 0.96 2.33
0’ 12.59 17.56 1318 0.92
Ash 8.07 11.74 10.31 0.10
Trace Elements® (1.0/g fuel)
As 468 1 2 0.1
Be 1.6 0.4 0.8 <03
Cd <02 <02 <02 0.60
Cl 355 28.7 339
Cr 11 4 12 1.05
Cu 3 2.89 3.37 35
Fe 9210 2560 2000 21
Pb 3.06 3.42 2.87 45
Mg 794 1700 1710
Mn 6.71 62.3 59.9
Hg 0.15 0.08 0.07 0.10
Mo 325 ND ND
Ni 6.35 2.39 ND 30
K 81.7 ND 446
Se 2 1 2 <01
Na 332 300 409
v 13 455 425 220
n 308 ND ND 74

Notes: *As received (wet); Higher heating value; °Dry basis, ND indicates nondetect analy-
sis, empty cells indicate no analysis for this element was attempted; “By difference.

in all respects, they were investigated here with a view to
determining how this range of combustion conditions
influences the characteristics of fine particles and the
mechanisms that form them. The first system is a small
fire-tube boiler, in which combustion occurs in tubes sur-
rounded by water or steam. These types of small boilers
have large heat transfer surfaces, small volumes, relatively
short residence times, cold walls, and high gas quench-
ing rates (~500 K/s), and often produce emissions with
relatively high carbon contents due to unburned carbon-
aceous char. The second system is a laboratory-scale
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refractory-lined combustor designed to simulate the time/
temperature environments of larger utility boilers and
incinerators. In large utility boilers, the water or steam,
rather than the combustion gases, is contained in tubes.
These systems, including the refractory-lined combustor,
operate at higher temperatures with lower quenching rates
(~150 K/sec). As will be discussed later, particle emissions
from this system contain very little unburned carbon and
better approximate emissions from large oil-fired utility
boilers, as reported in the literature.’”8

Fire-Tube Boiler

Residual oil experiments were performed using a com-
mercially available, North American, three-pass, fire-tube
package boiler. This unit is equipped with a 732-kW North
American burner with an air-atomizing oil nozzle. Oil tem-
perature and oil and atomizing air pressures are indepen-
dently controlled to ensure proper oil atomization. PM
samples were extracted at stack locations at temperatures
ranging from 450 to 550 K. Additional system details are
presented elsewhere.'®

Refractory-Lined Combustor

Residual oil experiments were also performed using a 59-
kW laboratory-scale refractory-lined combustor. This unit
is equipped with an International Flame Research Foun-
dation (IFRF) moveable-block variable-air swirl burner,
which incorporates an air-atomizing oil nozzle positioned
along its center axis and swirling air, which passes through
the annulus around the fuel injector to promote flame
stability. The burner was configured for a high swirl flame
(IFRF Type 2, swirl no. = 1.48) with internal recirculation.
Gas and aerosol samples were taken from stack locations
at temperatures of ~670 K. All oil experiments (fire-tube
boiler and refractory-lined combustor) were performed at
a stoichiometric ratio (SR) of 1.2 without secondary air
preheat. Additional system details are presented else-
where.'¢

Pulverized Coal Combustor
Coal combustion experiments were conducted using a
down-fired, refractory-lined furnace rated at 50 kW. A sche-
matic of this furnace is presented in Figure 1. In this com-
bustor, pulverized coal is metered from a screw feeder and
carried by transport air through a fuel injector into the
combustor. Additional axial and tangential airstreams are
metered separately into the variable swirl burner and in-
troduced into the combustor as an annular flow around
the coal. These flows can be adjusted to create stable flames
with the desired degree of swirl. The vertical 4.1 m down-
fired combustor is 20-cm inside diameter (ID). At the bot-
tom of the vertical section, the combustion gases make a
90° turn into a 3.7-m-long, 15-cm-ID horizontal sampling
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Figure 1. EPA down-fired pulverized coal combustor.

duct. Ports are available along the furnace and exhaust
duct for introduction of additional staging air or for in-
troduction of sorbents or extractive sampling. The loca-
tions of these ports are shown in Figure 1. Previous test
programs burning pulverized coal have resulted in com-
bustion conditions within the furnace similar to those
found in full-scale utility units.?

Particulate Sampling and Analysis

PM measurements were performed using several meth-
ods. Standard EPA Methods 5 and 60 sampling and ana-
lytical procedures were used to determine total particulate
and metal concentrations using inductively coupled ar-
gon plasma atomic emissions spectroscopy (ICP/AES).20-22
Other metal analyses were determined by X-ray fluores-
cence (XRF) spectroscopy. Additional samples were ana-
lyzed by X-ray absorption fine structure (XAFS)
spectroscopy, an element-specific structural analysis that
is useful for determining trace element speciation and
forms of occurrence in chemically and structurally com-
plex materials such as combustion ash.?*>

PSDs were determined by a combination of four tech-
niques used at various times. Instruments based on electri-
cal mobility, time-of-flight, and inertial impaction
measurements were used for extracted aerosols; and light-
scattering measurements were used for in situ in-stack mea-
surements. Extractive samples were taken for electrical
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mobility, time-of-flight, and inertial impaction analyses
using an isokinetic aerosol sampling system described else-
where.?6? These diluted samples were directed to a TSI Inc.
scanning mobility particle sizer (SMPS) and a TSI Inc. aero-
dynamic particle sizer (APS). The SMPS and APS were con-
figured to yield 54 and 50 channels evenly spaced
(logarithmically) over 0.01- to 1.0-um and 0.5- to 20-pm
diameter ranges, respectively. Extracted samples were also
directed to three cascade impactors including an Andersen
Inc. eight-stage, 28 L/min atmospheric pressure impactor,
an MSP Inc. ten-stage, 30 L/min micro-orifice uniform de-
posit impactor (MOUDI), and a custom-made eleven-stage
28 L/min Berner-type low-pressure impactor.?® During the
oil experiments, in situ light-scattering PSDs were obtained
using an Insitec Inc. particle counter sizer velocimeter with
a working range of ~0.3-100 pm. Scanning electron mi-
croscope (SEM) samples were collected on silver membrane
filters to minimize particle charging effects.

In order to collect larger quantities of size-segregated
PM for parallel toxicological studies and XAFS analyses, a
large dilution sampler capable of sampling 0.28 m?/min
of flue gas was used.? The extracted sample passed through
a cyclone (50 and 90% collection efficiencies for 1.8- and
2.5-um-diameter PM, respectively) and was then diluted
with clean filtered ambient air (2.8 m?*/min) to approxi-
mately ambient temperature (3 sec residence time). The
resulting PM was collected on 64.8-cm-diameter Teflon-
coated glass fiber filters, transferred to sampling jars, and
made available for subsequent chemical, physical, or bio-
logical analysis. In addition to the particle sampling and
collection devices just described, continuous emission
monitors were used to measure stack concentrations of
CO, CO,, NO,, O,, and SO,. These measurements were
made in order to monitor and control the combustion
environments.

Fly ash samples from the oil experiments and the three
coals were subjected to a successive leaching procedure
under development to examine the relative solubility of
transition metals (Cu, Fe, Ni, V, and Zn) associated with
different fly ash matrices. To date, only the dilution sam-
pler filter catches (PM, ) for these four fuels have been
examined in this manner. PM samples were placed in suc-
cessive solutions (30 mL) of distilled water (pH=7), 0.1 N
(equivalent) H,BO, (pH = 5.2 for 0.1 N), 0.1 N CH,COOH
(pH = 2.9), and 0.1 N HCI (pH = 1.1), and sonicated at
room temperature for 2 hr. The filtrates and solid residues
were separated between successive leaching steps. Finally,
these leached samples (and a set of unleached samples)
were subjected to a modified Method 3050B extraction
procedure to determine total metal content.* Briefly, this
method uses a 50/50 mixture of HNO, and HF,
microwaved for 5 min at 340 kPa and 20 min at 550 kPa.
After cooling, an additional H,BO, solution is added and
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microwaved for 10 min at 340 kPa. Solutes were analyzed
by ICP/AES.

Experimental Conditions

The no. 6 residual oil used in both oil experimental sys-
tems contained 2.33% sulfur and 0.1% ash. Operational
characteristics for both systems included similar oil tem-
peratures (380-400 K), atomizing air pressures (200-240
kPa), and stoichiometries (SR = 1.2). The droplet PSD pro-
duced using the Delavan Airo Combustion air-atomizing
oil nozzle (model 30615-84) in the fire-tube boiler was
relatively narrow with a mean diameter between 30 and
40 um. The refractory-lined combustor experiments used
a similar Spraying Systems Co. (model Air Atom 1/4-]SS)
air-atomizing oil nozzle and produced PSDs believed to
be similar to those for the boiler studies. Therefore, any
differences in carbon burnout may be attributed to differ-
ences in temperature history rather than in droplet size.
Stack O, concentrations ranged between 3.4 and 3.6% for
all experiments.

Two western U.S. coals (Montana subbituminous and
Utah bituminous) and one eastern U.S. coal (western Ken-
tucky bituminous) have been examined. The coals were
burned under conditions that simulated as closely as pos-
sible those conditions typical of a full-scale utility boiler.
Stack O, concentrations for the coal combustion tests
ranged from 3.5 to 3.8%, with CO values near 60 ppm for
the Montana coal and 135 ppm for the western Kentucky
and Utah coals. Heat input rates averaged 22.9 kW for
the Montana coal, 19.7 kW for the western Kentucky coal,
and 20.2 kW for the Utah coal. Average NO, concentra-
tions for the three coals ranged between 440 and 480 ppm,
and SO, concentrations averaged 430 ppm for the Mon-
tana coal, 1475 ppm for the western Kentucky coal, and
850 ppm for the Utah coal (all values uncorrected for O,
concentration).

Table 1 presents the proximate, ultimate, and trace
element analyses for the three coals and one residual fuel
oil examined. Heating values are also included. In con-
trast to the residual oil, which contained only 0.1% ash,
the coal ash contents ranged from 7.5 to 10.4% (as re-
ceived). However, the residual oil sulfur concentration was
almost as high as the western Kentucky coal (2.33 and
3.11%, respectively). The two western coals each had sul-
fur concentrations less than 1%. Also of note are the high
transition metal (Fe, Ni, V, and Zn) concentrations in the
residual oil and the high Fe concentrations in the coals.
Although not measured and presented here, coals often
contain very high concentrations of Al, Ca, and Si.
Hardesty and Pohl*' report ranges of Al, Ca, and Si con-
centrations in U.S. coals of 0.3-2.3, 0.005-1.2, and 0.5-
41%, respectively. Galbreath et al.>* report Al and Si
concentrations in a similar high sulfur no. 6 oil of 19 and
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94 ppm, respectively. Walsh et al.3? report ranges of Al,
Ca, and Si concentrations from three medium sulfur re-
sidual oils of 21-44, 13-23, and 23-89 ppm, respectively.

RESULTS AND DISCUSSION
PM and Trace Element Emissions

PM mass emissions, emission factors, and trace element
emissions for the three coals and two fuel oil conditions
are presented in Table 2. Also presented are the mass frac-
tions of PM, ,, as well as the weight percent of unburned
carbon and loss on ignition (LOI). PM emissions for the
three coals and one of the two fuel oil conditions are based
on triplicate averages. Standard deviations are included.
These data indicate that uncontrolled PM emissions from
the three coals ranged between 3800 and 4400 mg/m?
compared to 90 and 180 mg/m? for the fuel oil.

Differences seen between the two fuel oil conditions
are likely the result of differences in the heat transfer, time/
temperature profiles, and quenching rates characteristic
of the two types of combustion equipment used, and are
consistent with data published from field measurements.
However, even though the uncontrolled PM emissions for
the three coals are over 20 times greater than those for
the oil experiments, Table 2 indicates that the mass frac-
tion of PM, , for the coals is very much smaller (4.3-6.7%)
compared with the oil (40-100%). This is likely due to
differences in the chemical and physical nature in which
inorganic elements are bound within the two types of
fossil fuels. Unburned carbon and LOI values for the two
bituminous coals (western Kentucky and Utah) were ~10-
11 and 13-14%, respectively. While somewhat high, these
values are reasonable for small research coal combustors
and not too unusual even for full-scale utility boilers.
Lower unburned carbon (0.5%) and LOI (2.3%) are seen
for the Montana subbituminous coal and are characteris-
tic of the behavior of lower rank coals. LOI values for the
two oil conditions are very different (90 and 0%), and
this behavior, again, is likely the result of differences in
the heat transfer characteristics between the fire-tube
boiler and refractory-lined combustor. Table 2 also indi-
cates that, in general, coal has significantly higher trace
element emissions compared with oil (uncontrolled).
However, notable exceptions exist, including emissions
of V, Zn, and Ni, which are 8-24 times higher from re-
sidual oil combustion compared with coal combustion.

Table 3 presents size-classified trace element concen-
trations as well as weight percents of unburned carbon and
LOIin PM less than and greater than ~2.5 um aerodynamic
diameter. These analyses were made from the cyclone and
filter catches from the dilution sampling system used to
collect large quantities of PM. The data indicate that the
fine PM fraction tends to be enriched in many of these
trace elements compared with the coarse PM fraction, and
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Table 2. PM and trace element emissions and emission rates.?

Linak, Miller, and Wendt

Western Montana Utah High Sulfur No. 6 Oil High Sulfur No. 6 Qil
Kentucky Fire-Tube Boiler Refractory-Lined Combustor

Total Emissions

PM emissions” (mg/m°) standard dev. 3807 (564) 4374 (246) 4323 (374) 184 (6) 93

PM mass fraction® <2.5 um 0.043 0.050 0.067 0.395 ~1

PM emission factor (Ib/10° Btu) (kg/10° J) 3.00 1.44e-3 3.301.58e-3 3.321.5%-3 0.1235.2%-5 0.052 2.50e-5

Unburned carbon® (wt %) 10.2 05 10.9

LOI* (wt %) 12.9 23 145 89.9 ~0

Trace Element Emissions (mg/m°)

Sb 0.41 0.05 0.0077

As 0.76 0.41 0.24 0.0063

Be 0.08 0.03 0.00009

Cd 0.04 0.01 0.003 0.0035

Cr 0.57 0.26 0.35 0.011

Cu 0.33 0.40 0.30 0.170 0.200

Fe 504.75 84.87 92.98 0.740 1.200

Pb 0.1 0.27 0.06 0.089

Mg 5.83 46.52 1.200 1.700

Mn 0.46 5.23 0.016

Hg <0.0022

Ni 0.48 017 0.21 1.200 1.400

Na 2.100

Vv 1.62 0.48 0.58 9.800 12.000

In 2.61 0.30 0.54 3.300 3.000

Notes: *Dry basis, concentrations corrected to standard conditions (1 atm, 293 K); °PM emissions for four of the five experimental conditions are based on the average of three replicate
measurements, standard deviation in parentheses; “Based on average mass loadings determined by cascade impactors: “Total PM unburned carbon and LOI values are based on the
sum of weighted values determined from the dilution sampler filter and cyclone catches (see Table 3).

this enrichment seems to be more pronounced for the oil
combustion experiments. In fact, it is noted that essen-
tially all the PM for the refractory-lined combustor oil ex-
periments was <2.5 um in aerodynamic diameter.

Table 2 presents a comparison of the trace element
emissions for the fire-tube boiler and refractory-lined com-
bustor o0il experiments. As expected, these concentrations
are similar because both systems fired the same high sul-
fur no. 6 fuel oil. However, in contrast to the PM from the
boiler, which exhibited high values for LOI ranging from
60 to 85%, blank-corrected results of filter samples from
the combustor tests indicate no mass lost on ignition. The
sum of the concentrations of the seven analyzed elements
listed in Table 2 for the refractory-lined combustor ex-
periments (last column) account for 21.6 mg/m? or ~23%
of the total mass emissions. However, if these elements
are assumed to exist as sulfates, they then account for
67.1 mg/m? or ~72% of the total mass emissions. In fact,
XAFS spectroscopy indicated that, while a large portion
(40-60%) of the sulfur measured in the fire-tube boiler
PM existed as unoxidized organic sulfur (predominantly
thiophenic sulfur), essentially all (99%) of the particulate-
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bound sulfur in the refractory-lined combustor samples
was in the form of sulfates.

Emission Factors

The measured mass concentration of 93 mg/m? deter-
mined from the refractory-lined combustor oil experi-
ments can be converted into an emission factor of ~10.5
Ib/103 gal. This value is comparable to the emission factor
of 9.2 1b/10? gal for no. 6 residual oil-fired boilers larger
than 100 x 10°¢ Btu/hr published in AP-42.% This compari-
son lends further support to the hypothesis that the refrac-
tory-lined combustor adequately simulates the combustion
environment of larger industrial and utility boilers. As re-
ported by Miller et al.,’ the range of emission factors de-
termined for the fire-tube boiler was approximately twice
that for oil-fired utility boilers. However, dilution samples
for these experiments indicate that only 30-50% of the
PM mass emissions had an aerodynamic diameter <2.5 um.
Hence, the fine PM emission factor for utility boilers may
well be greater than that of fire-tube boilers.

Emissions results from this study can be compared to
values from the literature. Goldstein and Siegmund343s
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Table 3. Trace element concentrations in emitted PM size fractions ®°

Western Kentucky Montana Utah High Sulfur High Sulfur No. 6 Oil
No. 6 Oil Refractory-Lined
Fire-Tube Boiler Combustor
Trace Element Concentration
in Ash Fraction (1.0/g) <25um >2.5um <2.5pm >2.5um <2.5um  >2.5um <2.5um  >2.5um <2.5um >2.5um
Sb 48.6 8.20
As 132 68.4 62.7 453 89.0 59.6 359 8.60
Be 0.46 0.15
Cd 8.7 33 <1.0 <1.0 <1.0 <1.0 19.3 1.84
Cr 132 108 17.5 19.6 110 78.7 60.2 413
Cu 735 51.9 9.7 55.6 95.8 515 1050 222 2346 0°
Fe 76500 88300 4000 3810 16000 14400 3850 2300 13993 0
Pb 345 16.1 93.2 484 40.2 <12.3 990 94.2
Mg 6190 2220 19989 0
Mn 732 428
Ni 110 86.2 415 29.3 109 39.4 8020 2270 16518 0
S (wt %) 1.12 0.46 0.74 0.01 0.68 0.27 32 0
v 356 330 11 84.9 186 123 58900 19900 135718 0
n 548 265 141 319 144 40.3 21000 2740 34245 0
Unburned carbon (wt %) 11.25 8.83 0.43 0.53 12.86 9.89
LOI (wt %) 14.96 9.96 1.69 2.79 15.68 13.98 86.6 9.9 ~0 0

Notes: *Dry basis, empty cells indicate no analysis for this element was attempted; °<2.5- and >2.5-um concentrations are determined from size-classified fly ash from the dilution sampler
filter and cyclone catches, respectively: “No material was recovered from the cyclone catch for this condition, <2.5-um elemental concentrations were determined from M-29 samples.

examined the effect of fuel type and combustion modifi-
cations on PM emissions from a small 37-kW (50-hp) fire-
tube boiler. They report similar PM emissions of ~180
mg/m? with carbon contents of up to 80% while burning
a similar 2.2% sulfur no. 6 fuel oil. They also noted that
efforts to increase PM burnout shift the PSD toward the
submicron range. Conversely, Cheng et al.'” and Bacci et
al.’® examined PM emissions from 30-MW (1 x 108
Btu/hr) and 320-MW (1 x 10° Btu/hr) fuel-oil-fired power
plants, respectively. PM emissions from these units were
reported to be 87 mg/m? and 40-50 mg/m?, respectively,
even though the 30-MW unit was equipped with a
multicyclone PM control system.

The uncontrolled measured mass concentrations for
the three coals can be converted to emission factors rang-
ing from 1.4 x 102 to 1.6 x 10 kg/10° J (3.0-3.3 1b/10°
Btu). Like the oil experiments, these values are also com-
parable to emission factors determined for these coals.
AP-42% estimates that filterable PM emission factors for
these pulverized coals from dry-bottom wall-fired and dry-
bottom tangentially fired utility boilers would range from
3.3 to 5.5 Ib/10° Btu. This agreement is remarkable con-
sidering the difference in the scales of these units. It is
important to note, however, that most utility boilers are
equipped with PM control systems and that actual PM
emissions from these units are dependent on particle size
and the control technology used.
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McElroy et al.* present particle collection efficien-
cies for two coal-fired units equipped with a fabric filter
baghouse and an electrostatic precipitator, respectively.
Their measurements indicate the baghouse produced PM
collection efficiencies of >99% over the entire range of
particle diameters examined (0.02-10 pm). However, PM
collection efficiencies for the electrostatic precipitator were
>90% for most particle diameters, and between 80 and
90% for particles between 0.1 and 0.3 um diameter. This
characteristic minimum in particle collection efficiency
is typical for particles between 0.1- and 1.0-um diameter
and was also seen in the baghouse data to a lesser extent.
Particles in this size range contain neither the mass (mo-
mentum) to be removed by impaction nor the high diffu-
sion velocities necessary to migrate to collection surfaces.
While most large utility boilers have some kind of PM
control, smaller industrial and institutional boilers (of-
ten burning residual fuel oils) are much less likely to have
such controls. Additionally, these small boilers are often
located within urban airsheds.

PSDs
Figure 2 presents representative particle volume distribu-
tions for the three coals and oil combustion in the fire-
tube boiler (open circles) and refractory-lined combustor
(shaded circles). The inset shows more detail in the
ultrafine particle size range below 0.1 pm. Together, these
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Figure 2. Measured volume PSDs. PSDs between ~0.01 and 1.0 um diameter were determined by electrical mobility measurements. PSDs greater
than ~0.5 um diameter were determined by light-scattering and time-of-flight measurements.

electrical mobility, time-of-flight, and light-scattering mea-
surements span four decades of particle diameter (0.01-
100 um). The fire-tube boiler and refractory-lined
combustor oil PSDs are the same data as plotted in Miller
et al."”’ and Linak et al.,'® respectively. The fire-tube boiler
PSDs indicate that most of the particle volume is associ-
ated with large (coarse mode) particles >10 um diameter.
The open circle symbols in the inset show that even the
fire-tube boiler produces a small accumulation mode with
a mean diameter of between 0.07 and 0.08 um, but that
this accumulation mode is much smaller than that for
the refractory-lined furnace (shaded circles). Thus, both
configurations produced an ultrafine mode, but only the
fire-tube boiler produced a bimodal PSD with a very large
and dominant coarse mode.

In contrast, the three coals each produce trimodal PSDs.
These include small accumulation modes between 0.07 and
0.08 um, large coarse modes from 7 to 10 pm, and a cen-
tral mode between 0.8 and 2.0 um. Unlike the in situ light-
scattering technique used during the oil tests, the APS used
during the coal combustion experiments does not extend
beyond 20 pm. While the accumulation and coarse modes
can be described by mechanisms of trace element vapor-
ization, nucleation, and particle growth and residual ash
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fragmentation, respectively, the mechanisms that produce
the central mode are less clear. Model predictions®’¢ indi-
cate that coagulation of nucleated vapor cannot produce
particles as large as 1-um diameter. These particles are more
likely the result of mineral inclusions that are liberated
during the fragmentation and burnout of the coal char
particle. This mechanism has been proposed previously to
explain supermicron particle formation.*

Smith et al.*® proposed that the presence of cenospheres
and plerospheres indicate that a bursting mechanism may
be involved. They suggested that gas evolution during rapid
heating causes ballooning of some large liquid ash particles.
At temperatures slightly higher than that required for
cenosphere formation, the viscosity of the liquid particle
will be sufficiently small that the particle will burst, releas-
ing a shower of smaller particles. Helble and Sarofim* ex-
amined the influence of fragmentation on ash PSDs. They
measured a mode between 1- and 5-um diameter which
comprised ~25% of the total ash mass and suggest that
particles in this size range are formed by perimeter frag-
mentation of the char during conditions of external
diffusion-controlled reaction and excess air.

Baxter*°also developed a char fragmentation model to
predict fly ash PSDs (>0.6 um diameter) during pulverized
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coal combustion. Results indicate that the fly ash PSD is
sensitive to both the extent and mechanism of fragmen-
tation. For high rank coals, more fly ash particles of ~2-
and 15-um diameter are produced as a result of fragmen-
tation than any other sizes, and predicted PSDs indicate
modes at ~2 and 15 um, which are qualitatively consis-
tent with those presented in Figure 2. The model also pre-
dicts that fragmentation is much less important for lignite
fuels. Previous reports of trimodal PSDs for coal fly ash
are somewhat limited, and may be a consequence of lim-
ited ranges of particle diameters examined, improved reso-
lution of current instrumentation, and field data taken
downstream of PM control devices, which are very effec-
tive in controlling larger particles. McElroy et al.* present
composite impactor PSDs from a small 25-MW coal-fired
boiler. Their PSDs indicate modes at ~0.08-, 2-, and >10-
um diameter comparable to those presented in Figure 2.
More recently, Seames and Wendt*! have also seen evi-
dence of trimodal PSDs during combustion of an Illinois
no. 6 bituminous coal in an uncontrolled laboratory-scale
combustor using a low-pressure impactor.

The bimodal PSDs seen for the oil experiments are
consistent with a mechanism of metal vaporization/nucle-
ation/coagulation/condensation and incomplete burnout
of residual fuel cenospheres.'>'® SEM images of oil char
collected from the fire-tube boiler showed a sponge-like
morphology that clearly suggests swelling and extensive
pore formation. In general, the extent of ash (metal) va-
porization is dependent on carbon burnout. For incom-
plete combustion, a substantial fraction of the trace metals
remain trapped in the unburned char particles, and never
escape into the vapor phase. However, as the combustion
gases cool, those metals that have vaporized will condense
on existing surfaces or, if supersaturation partial pressures
are large enough, will nucleate to form new particles. The
distinctive submicron peak (between 0.07- and 0.08-um
diameter) is clearly indicative of particles formed by nucle-
ation, coagulation, and condensation of materials that
have vaporized. Thus, when large portions of the metal
constituents fail to vaporize (open circles), the accumula-
tion mode will be much smaller than when they do va-
porize (shaded circles).

The refractory-lined combustor volume PSD (shaded
circles) consists exclusively of a narrow submicron accu-
mulation mode with a mean diameter of ~0.1 um, and
both light-scattering measurements and the lack of any
cyclone catch containing gray or black particles with
measurable LOI support this. Clearly, as the oil char is
consumed, the metals have vaporized almost completely
and have subsequently nucleated and grown to form the
distinctive accumulation mode shown in Figure 2. Com-
parison between the areas under the submicron volume
PSD for the two types of equipment suggests that, while
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only a very small fraction (<1%) of the metal trace ele-
ments are vaporized in the fire-tube boiler, well over 99%
of these constituents vaporize in the refractory-lined
combustor.

In contrast to residual oils whose ash is almost exclu-
sively bound inherently within the organic molecular
structure, very little coal ash is inherently bound. Rather,
large fractions of ash components in coal are present as
mineral inclusions within the coal particles or as excluded
materials, either liberated inclusions during the grinding
process or extraneous material collected during mining.¢
As a result, the nature and behavior of coal ash is very
different compared with oil. Coal refractory elements,
including Al, Ca, and Si, are not easily vaporized and can
act to bind otherwise volatile species. Typically, large frac-
tions of coal ash remain in the coarse size fractions with
only very small amounts (<1%) vaporizing to produce the
accumulation mode. However, the central mode near 1-
um diameter (see Figure 2) indicates that fine PM (includ-
ing transition metals) may be produced from coal
combustion by mechanisms other than vaporization. In-
teractions between alkali metals and Al- and Si-contain-
ing species in coal have been studied by Gallagher et al.,*
who examined such processes for Na and K with implica-
tions for understanding and controlling boiler fouling pro-
cesses. Additionally, several studies have purposely
introduced Al-, Ca-, and Si-based compounds to adsorb
toxic trace elements, including Pb and Cd, in waste in-
cineration processes.?64344

Figure 3 presents mass distribution data for the three
coals determined by gravimetric analysis of in-stack and
extractive low-pressure cascade impactors. While not as
resolved or sensitive as the electronic measurements pre-
sented in Figure 2, these data indicate the same qualita-
tive information, including a large coarse mode from 8 to
10 pm and a central mode between 1 and 5 pm. Figure 4
presents the elemental mass fraction distributions of sev-
eral selected transition metals determined by XRF analy-
sis from a set of MOUDI samples for the western Kentucky
coal. These mass fraction data have been normalized by
dlogDp to correct for differences in cut-off diameters that
might otherwise skew the distribution. However, as a re-
sult of this normalization, the data from the first (>10
pm) and last stages (<0.056 um) are lost. Figure 4 indi-
cates that the trace element mass fraction distributions
have the same qualitative behavior as the western Ken-
tucky volume distribution presented in Figure 2; that is, a
small accumulation mode ~0.1 um and a central mode
~1 pm. The data also indicate that transition metals com-
prise a portion of the fine PM produced during coal com-
bustion. These elemental PSDs (Figure 4) are also qualitatively
similar to those presented by Kauppinen and Pakkanen*
from a utility-scale pulverized coal boiler burning a Polish
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Figure 3. Measured coal mass PSDs.
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Figure 4. Elemental PSDs for the western Kentucky coal.
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coal. Their measurements, taken downstream of the elec-
trostatic precipitator, indicate total mass emissions of 24.3
mg/Nm?, of which 1.2 mg/Nm? (~5%) was comprised of
the transition metals Zn, Cu, Ni, Fe, Mn, and V (Cr was
not measured).

Successive Leaching

Based on the hypothesis that soluble forms of transition
metals may play important roles in the mechanisms re-
sulting in adverse health effects, research was initiated to
examine and compare the relative solubility of these ele-
ments from different fly ash matrices. This approach, based
on a procedure of successively leaching fly ash samples with
acids of increasing strength, was briefly described earlier
and remains under development. The intent is to compare
the relative solubility of these metals from different ash
matrices to various health effect end points determined
for the same ash samples by colleagues within EPA’s Na-
tional Health and Environmental Effects Research Labora-
tory. Figure 5 presents results comparing the relative
solubility of five transition metals from the PM, , fraction
of fly ash samples from the residual fuel oil and the three
coals examined to date. Note, however, that the residual
fuel oil fly ash used for these analyses was collected from a
third in-house liquid fuel combustor designed to simulate
a water-wall package boiler. These samples were collected
during a test campaign to examine the combustion char-
acteristics of an Orimulsion fuel and compare its emissions
to those of a residual fuel o0il.*¢ Nonetheless, the package
boiler simulator produced fly ash with 38% LOI. This value
is higher than that for the refractory-lined combustor, but
notably lower than that of the fire-tube boiler (see Table
2), and is consistent with the moderate heat transfer and
quench rates associated with this boiler design.

Figure S indicates that several of the transition met-
als associated with the PM, ;ROFA are readily soluble even
in water, but these same metals are relatively insoluble
from each of the three PM, , coal fly ash samples. The data
indicate that, compared to the oil fly ash sample, strong
acids are necessary to dissociate these metals from the
coal fly ash. Another interesting result seen in Figure 5 is
that not all of the transition metals have similar solubili-
ties in each of the acids. The residual oil data show Ni is
almost completely soluble in water, while V and Cu are
partially soluble and Zn and Fe are only minimally soluble.
Stronger acids are necessary to dissolve these elements.
This may be related to the nature of the trace element
speciation with the fly ash and may influence the poten-
tial bioavailability of the transition metal. The relative
insolubility of these metals from the coal fly ashes is likely
the result of the mineral nature of coal ash and large quan-
tities of Si, Al, and Ca that are known to interact with
trace metals to form relatively insoluble alumina, silica,
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and calcium complexes. It should be re-emphasized that
this leaching process is only intended to determine the
relative solubility of different trace elements in different
ash matrices. It is not intended to simulate any actual in
vivo process. Other work has shown that transition metal
mobility may be increased by the presence of organic
chelating compounds.*748

CONCLUSIONS

Fine particle emissions from residual fuel oil and pulver-
ized coal combustion were examined and compared. A
laboratory-scale refractory-lined combustor, which was
shown to simulate combustion conditions of a large util-
ity residual oil-fired boiler (as far as particulate emission
factors were concerned), produced fly ash particles with
an essentially unimodal PSD with a mean diameter of ~0.1
um. Conversely, a pilot-scale fire-tube package boiler pro-
duced particles with a weak bimodal size distribution,
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which included a small fraction (~0.2%) of the mass with
particle diameters below 0.1 um and a large fraction
(~99.8%) of the mass with particle diameters between 0.5
and 100 pm. Here the large particles were shown to con-
sist of large porous carbonaceous cenospheres resulting
from poor carbon burnout, a characteristic not uncom-
mon for that class of equipment. Although the total par-
ticulate mass concentrations in the flue gas of the
refractory-lined combustor were less than half those of
the fire-tube boiler, ultrafine particle concentrations of
the refractory-lined combustor were notably larger than
those measured for the fire-tube boiler. Volume PSDs
obtained from two independent particle-sizing instru-
ments were, with only a few very reasonable assumptions,
consistent with independently measured total mass emis-
sion rates for both equipment types.

Three pulverized coals burned in a laboratory-scale
down-fired combustor produced trimodal PSDs. Uncon-
trolled mass emissions for these coals were over 20 times
higher than those for the residual fuel oil. However, most
of this mass contributes to a large coarse mode with only
4-7% of this mass associated with PM, ..

The results presented here provide insight into mecha-
nisms of fine particle formation from residual oil and
pulverized coal combustion. For the refractory-lined com-
bustor burning residual oil, where very few large particles
were formed, the PSD was nearly unimodal with a mean
diameter of ~0.1 um. These particles were composed pri-
marily of trace species containing Cu, Fe, Ni, V, Zn, and S.
Additionally, these particles contained very little carbon
(based on LOI), and the particulate-bound sulfur was spe-
ciated almost exclusively as sulfates. The weak bimodal
behavior of the PM generated by residual oil combustion
in the fire-tube boiler produced a fine mode (composed
predominantly of metals and sulfur) with a mean diam-
eter of ~0.7-0.8 um, and a broad coarse mode (comprised
primarily of char) with a mean diameter of ~40-50 pm.
Both of these types of behavior provide circumstantial
evidence for a mechanism of fine particle formation from
residual oil combustion. Commonly considered nonvola-
tile metals are likely released into the gas phase during
the last stages of carbon burnout, and because of incom-
plete carbon burnout, the accumulation mode for par-
ticles formed from vapor nucleation was very small for
the fire-tube boiler. For the refractory-lined combustor,
where char burnout was nearly complete, most of the
nonvolatile metals were released into the gas phase.

For the coal experiments, the unburned carbon and
LOI ranged from 0.5 to 11.0% and 2.0 to 15%, respec-
tively. While slightly high, these values are not atypical
of many utility-scale boilers. The coal PSDs indicate a small
accumulation mode ~0.1-um diameter and a large coarse
mode beginning ~10-um diameter. Similar to the oil PSDs,
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these modes are consistent with mechanisms involving
gas-to-particle formation and growth and residual inor-
ganic ash remaining after char burnout. However, unlike
the oil PSDs, the coal data indicate a third central mode
between 0.8- and 2.0-um diameter. Particles of this size
are too large to be the result of gas-to-particle growth pro-
cesses, and are more likely the consequence of micron-
scale mineral inclusions liberated during char
fragmentation and burnout. This provides a mechanism
for refractory transition metals to contribute to PM, ; with-
out the necessity of passing through a vapor phase.
Successive leaching of the PM,  fly ash from the differ-
ent fuels may prove to be a useful technique to provide
insight into mechanisms controlling elemental speciation,
partitioning, and bioavailability. Preliminary results using
five acidic solvents of increasing strengths indicate that
five transition metals associated with coal are relatively
insoluble in all but the most aggressive acids. Conversely,
several of these metals associated with ROFA were readily
or partially water-soluble. These results may have impor-
tant implications in the determination of what particle
characteristics play significant roles in causal mechanisms
of pulmonary damage associated with exposure to fine PM.
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ABSTRACT

Particulate matter (PM) emissions from stationary com-
bustion sources burning coal, fuel oil, biomass, and waste,
and PM from internal combustion (IC) engines burning
gasoline and diesel, are a significant source of primary
particles smaller than 2.5 um (PM, ;) in urban areas. Com-
bustion-generated particles are generally smaller than geo-
logically produced dust and have unique chemical
composition and morphology. The fundamental processes
affecting formation of combustion PM and the emission
characteristics of important applications are reviewed.
Particles containing transition metals, ultrafine particles,
and soot are emphasized because these types of particles
have been studied extensively, and their emissions are
controlled by the fuel composition and the oxidant-tem-
perature-mixing history from the flame to the stack. There
is a need for better integration of the combustion, air
pollution control, atmospheric chemistry, and inhalation
health research communities. Epidemiology has demon-
strated that susceptible individuals are being harmed by
ambient PM. Particle surface area, number of ultrafine
particles, bioavailable transition metals, polycyclic aro-
matic hydrocarbons (PAH), and other particle-bound or-
ganic compounds are suspected to be more important than
particle mass in determining the effects of air pollution.
Time- and size-resolved PM measurements are needed for
testing mechanistic toxicological hypotheses, for charac-
terizing the relationship between combustion operating
conditions and transient emissions, and for source appor-
tionment studies to develop air quality plans. Citations
are provided to more specialized reviews, and the con-
cluding comments make suggestions for further research.

INTRODUCTION

Combustion of coal, biomass, and petroleum-based fuels
generates particulate matter (PM) ranging from millime-
ter-sized cinders and soot aggregates to ultrafine nuclei-
mode primary particles only a few nanometers in diameter.
The largest particles are removed in the combustion zone
as bottom ash or wall deposits, or are collected in the
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post-combustion gas cleaning devices. The smaller par-
ticles travel with the combustion exhaust gas and con-
tribute to ambient air pollution on both the urban and
regional scale. Epidemiologic studies reported a correla-
tion between adverse health effects and increases in am-
bient particulate concentration, even when the mass
concentration was below the then-current air quality stan-
dards. This correlation motivated a call for stricter air
quality regulations even though a toxicological mecha-
nism linking small increases in ambient PM and biologi-
cal responses is still unavailable. Particles smaller than 2.5
um (PM, ;) consist of the tail of the coarse-mode particle
size distribution generated by mechanical processes and
finer particles that are formed from gas-phase precursors
by nucleation, condensation, and surface reaction on
other particles, followed by particle growth from coagu-
lation and other transformations in the atmosphere.

This review focuses on the submicron inorganic ash
and soot produced by practical combustion systems be-
cause the processes by which these particles are produced
have been extensively studied over the three decades since
the passage of the U.S. Clean Air Act. Metal-enriched ash,
soot, and ultrafine particles remain a concern for com-
bustion researchers because these particles have been the
focus of mechanistic toxicological hypotheses. Fundamen-
tal relationships are presented to show how the primary
combustion particle size, morphology, and composition
are determined by combustion conditions and the post-
flame cool down. The implications of these fundamental
relationships are illustrated by descriptions of the results
of particle characterization studies from specific combus-
tion applications. The relationships between the ability
to measure particle characteristics, both at sources and in
the atmosphere, the development of health effects hy-
potheses, and the development of regulations will be dis-
cussed. Examples illustrate recent progress and suggest
areas for further work.

The epidemiology and toxicology of ambient PM is an
active area of research. Recently, efforts in finding the causes
of adverse health effects of particles have intensified.
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Accumulating evidence suggests that mass concentration
is not the most appropriate measure of potential health
effects,! and that health studies need to consider other
characteristics, such as particle number, particle morphol-
ogy, and detailed chemical speciation.>* The active toxi-
cological hypotheses have been summarized into the
following groups.® Some of these, such as mass, are listed
based on the epidemiologic studies; others because there
are known causal relations with health. There is no hier-
archy to the listing.

(1) PM Mass Concentration. The initial epidemiologic
studies correlated effects with mass as measured
by ambient monitoring procedures. The mass
concentration of individual chemical species in
PM represents the maximum possible dose.

(2) PM Particle Size/Surface Area. Stronger associations
are seen with fine particle mass, and the body
interacts with the surface of an insoluble particle,
not with the volume.

(3) Ultrafine PM. Particles smaller than 0.1 pm domi-
nate the total number of particles in urban aero-
sols. Ultrafine particles are deposited deep in the
lung by diffusion and can enter the body through
the layer of cells lining the alveoli (air sacks) of
the lung.

(4) Metals. Transition metals including Fe, V, Cu, and
Ni act as catalysts in the formation of reactive
oxygen species (ROS) and are associated with the
activation of many biochemical processes.

(5) Acids. Inhalation studies have shown toxic re-
sponses that are associated with the amount of
H+ delivered to respiratory surfaces.

(6) Organic Compounds. Volatile and semi-volatile or-
ganic chemicals associated with particles can act
as irritants and allergens. Many aromatic com-
pounds are suspected mutagens or carcinogens
and may have acute effects as well.

(7) Biogenic Particles. Pollen, spores, and proteins are
known allergens. Ambient PM also includes vi-
able bacteria and viruses, biologically generated
toxins, and natural organic aerosols. Most pol-
len is larger than 10 pm, spores are typically 2-
10 um, bacteria are 0.5-20 um, and viruses are
submicron particles.

(8) Salt and Secondary Aerosols. Soluble salts formed
by ocean spray and by gas-to-particle conversion
are thought to be relatively benign. However,
since secondary aerosols form a large part of the
aerosol mass, the resulting particle mass is indi-
rectly implicated by epidemiologic studies.

(9) Peroxides. Ambient peroxides associated with par-
ticles may be transported into the lung and may
cause oxidant injury.
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(10) Soot. Carbon black, a surrogate for elemental car-
bon (EC) in soot, causes tissue irritation and the
release of toxic chemical intermediates from scav-
enger cells in laboratory studies. Soot particles
also act as carriers for the organic compounds
mentioned in hypothesis 6.

(11) Cofactors. The combination of two or more pol-
lutants may cause greater or different effects than
the individual pollutants acting separately.

Many of these particle classes or characteristics di-
rectly or indirectly involve combustion emissions. This
review will emphasize particles containing transition
metals, ultrafine particles, and soot because the forma-
tion of these types of particles during combustion can be
explained by the oxidant-temperature-mixing history of
the combustion and gas cleaning processes.

Figure 1 illustrates the main topics covered in this
review. An overview of the fundamentals of particle for-
mation in combustion, using coal combustion as a well-
studied example, is followed by a discussion of the
differences between the PM exiting the combustor and
the emissions to the atmosphere. The PM emission char-
acteristics from practical combustion applications, includ-
ing chemical composition and size distribution, will be
reviewed to identify sources of available data. The rela-
tionship between specific characteristics of combustion-
generated particles and recent work in PM epidemiology,
toxicology, and cell biology will be summarized to show
the interaction between combustion engineering and the
life sciences in addressing questions of public importance.
Next, the current U.S. regulations regarding ambient PM
will be discussed since the regulatory timetable is driving
the need for parallel advances in both health- and engi-
neering-related research. The particles emitted to the at-
mosphere differ from the particles created in combustion
because of size-selective removal and other transforma-
tions in any air pollution control devices (APCDs), and
examples will be given of studies that have integrated
between the combustion and atmospheric emissions re-
search communities. Finally, the need for advances in the
ability to conduct time-, size-, and chemically-resolved
investigations of fine particles both at combustion sources
and in the ambient air will be discussed to illustrate how
health studies, air pollution regulations, and control tech-
nology all depend on advances in what can be measured.

This paper will focus on the PM, , PM,, and ultrafine
particles that are emitted as solids from mobile and sta-
tionary combustion sources. While combustion emissions
of nitrogen and sulfur oxides are of importance from the
standpoint of secondary particle formation (nitrates and
sulfates), these gas-phase emissions and the subsequent at-
mospheric transformations will not be discussed. Post-com-
bustion gas cleaning, atmospheric chemistry, and airway
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Figure 1. Roadmap to the particle formation and health effects topics discussed in this review.

deposition will also not be discussed in depth even
though these processes all modify the characteristics of
the aerosol as it travels between the combustion source
and the site where the particles interact with the human
body.

The following definitions are used in this paper: PM,,
PM, ,, and PM, refer generically to particles with an aero-
dynamic diameter smaller than 10, 2.5, and 1 pm, respec-
tively, and not specifically to the ambient particle mass
as measured by federal reference test methods. Ultrafine
particles refer to particles smaller than 0.1 pm, but it
should be noted that the older literature occasionally used
a larger size as the definition for ultrafine PM.
Nanoparticles will refer to particles smaller than 0.01 pm
(10 nm). Primary particles, as used in this paper, will be
restricted to the roughly spherical structures of inorganic
or carbonaceous condensation aerosols that make up ag-
gregate particles. The term primary particles is also used
in atmospheric PM research to refer to particles that are
collected on filters at the source in contrast to secondary
particles formed in the atmosphere from gas-phase pre-
cursors. Atmospheric chemistry references®’ cover second-
ary particle formation in detail. The term nuclei will be
reserved for the nanometer-sized particles initially formed
from gas-phase precursors. Accumulation mode will refer

Volume 50 September 2000

to the 0.1- to 1-um particles that have long lifetimes in
suspension because both diffusion and inertial removal
mechanisms are slowest in this size range. The term nucle-
ation mode, as used in the literature, often refers to tran-
sient concentrations of submicron particles, which are
nuclei that have undergone significant additional growth
by condensation and surface reaction. Depending on the
context, these particles will be referred to either as a tran-
sient mode, to emphasize their rapid transformation, or
as a condensation mode, to emphasize that they are de-
rived from vapor-phase material and not from the solid
or liquid residue of the fuel.

FUNDAMENTALS OF COMBUSTION-

GENERATED PM

The combustion sources of ambient particles include sta-
tionary boilers and furnaces, stationary and mobile inter-
nal combustion (IC) engines, fugitive emissions from
industrial processing, domestic fires, open burning, and
accidental fires. The primary particles consist of inorganic
or organic species, or a combination of the two. Combus-
tion aerosols are multimodal. The finest particles are pro-
duced by gas-to-particle conversions and form the nuclei,
or nanoparticles. These grow by coagulation and surface
growth into the “accumulation” mode. The larger

Journal of the Air & Waste Management Association 1567



Lighty, Vleranth, and Sarofim

supermicron particles are produced from the inorganic
material that remains in the solid or liquid phase with
the fuel and is referred to as residual ash PM. The emis-
sions depend on the composition of the fuels, the com-
bustion conditions, and the effectiveness of any gas
cleaning devices that are used. The emissions of each class
of combustor are sufficiently different to merit separate
coverage in this review. However, the principles govern-
ing their formation are sufficiently alike to warrant col-
lective treatment in this introductory section.

The extensive literature on particle formation and
emission, based on both laboratory and field studies, is
summarized to show how operating and process condi-
tions affect the size distribution and composition of com-
bustion aerosols. The formation of fly ash from pulverized
coal-fired and oil-fired boilers, toxic metal emissions from
incinerators, and soot emissions from both stationary
combustion and IC engines have been studied extensively
and can serve as illustrative examples of the more general
processes taking place in all flames. Other important com-
bustion sources of particulate air pollution, such as do-
mestic heating and open burning, are not well
characterized compared with large boilers and furnaces
or mass-produced engines.

Simplified quantitative relationships give mechanis-
tic insights into the formation of the combustion aerosol
under typical conditions. For sufficiently high initial par-
ticle number, the evolving size distribution of the submi-
cron aerosol becomes independent of the number of
particles nucleated, and the aerosol characteristics can be
estimated from algebraic equations. The particle size dis-
tribution is determined by the volume fraction of the aero-
sol that is produced by initial nucleation and by
subsequent coagulation and surface growth. Mass trans-
fer limited surface growth can be predicted from the con-
centration of the condensing species. In multicomponent
systems, the growth from condensation and surface reac-
tion can be distinguished by the variation of chemical
composition with particle size. The final particle morphol-
ogy is determined by the ratio of time between collisions
and the time for coalescence of the contacting particles.

Particle Inception

There are four classes of particles that form from gas or
vapor precursors in combustion systems:

e inorganic particles produced at high temperatures,

¢ H,SO, produced at exhaust temperatures,

e soot produced at high temperatures, and

e condensable organic particles produced at

exhaust temperatures.

Three of these, inorganic ash particles, H,SO, droplets, and
condensable organics, involve homogeneous or heteroge-
neous nucleation. The total amount of condensation for
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these three categories is well defined, being approximately
equal to the amount of initially vaporized material that is
in excess of equilibrium at the ambient temperature. For
soot, both the nucleation step and the amount of soot
are determined by detailed kinetics rather than by ther-
modynamic equilibrium.

Particle Inception by Nucleation

The nucleation step involves the transformation of a va-
por or liquid to clusters of the vapor “monomer” by a
series of reversible steps. The clusters will persist and grow
when the free energy change accompanying the phase
transformation is negative. The fundamentals of nucle-
ation are covered by Seinfeld and Pandis.® They discuss
the dynamics of cluster formation and evaporation and
the formation of critical size nuclei using both classical
theory and more rigorous approaches. The critical size is
the boundary between incipient particles that are stable
and can continue to grow and unstable clusters that
redisperse into the gas phase.

In combustion systems, the nuclei are expected to
consist of clusters of relatively few atoms and to be of a
size of tenths of nanometers. Due to the Kelvin effect,®
the saturation vapor pressure increases as the particle size
decreases, and extremely high supersaturation ratios are
needed to make an organic liquid particle smaller than
10 nm stable. These high supersaturations can occur for
EC and for refractory metal oxides. It is likely that much
of the reported nucleation of condensable acid or organic
aerosols in combustion systems actually involves the
growth of inorganic ash or soot nuclei that are smaller
than the detection limit of the available instruments, re-
sulting in a sudden increase in measured particle num-
ber. The Kelvin effect assumes a continuum model and
predicts that saturation pressure goes to infinity as the
particle radius goes to zero. However, below a certain num-
ber of molecules, certain bulk properties, such as surface
tension, are no longer applicable.

The classical theory, which assigns bulk properties to
clusters, often predicts a critical nucleation size less than
the size of a molecule.”!® The classical theory is of value
in showing the tendency to nucleate, but not in provid-
ing the size of the nuclei. More rigorous approaches are
available, such as using density function theory to calcu-
late the free energy of clusters.''? The nucleation steps in
combustion will be complicated by the strong tempera-
ture and concentration profiles in a flame and surround-
ing individual burning particles. The calculations of the
nucleation rate are further complicated by the mixtures
of condensable compounds present in combustion prod-
ucts, since the favored nuclei will be multicomponent!?
and the presence of other particles can lead to heteroge-
neous nucleation.® Fortunately, as pointed out by Flagan
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and Friedlander,!* since the time for the nucleation and
growth of particles is small relative to the total residence
time in a combustor, the details of the early nucleation
steps will, in most cases, have little impact on the final
number and size of the inorganic aerosols.

Nucleation versus Surface Growth

The competition between nucleation of new particles and
surface growth is an issue whenever combustion prod-
ucts with condensable vapors are cooled in the presence
of other aerosols. As the combustion products are cooled,
the supersaturated vapors can either condense on the
surfaces of existing particles or can form new nuclei. This
problem was addressed for pulverized coal combustion
by McNallan et al.,’® who modeled the supersaturation
versus time of gases cooling at various rates. They al-
lowed for condensation on the surfaces of existing par-
ticles and particle formation according to classical
nucleation theory. The criterion for nucleation was the
development of the supersaturation partial pressure nec-
essary to yield a nucleation rate of 1 particle/cm?/sec.
Assuming a pre-existing aerosol concentration of 1 g/m?
of 8 um particles, which approximates the residual fly
ash encountered in pulverized coal combustion, and as-
suming an initial condition of silica vapors at equilib-
rium with pure silica at a temperature of 2400 K, they
predicted that nucleation of silica vapors will occur at
temperature of 2320 K for a cooling rate of 1000 K/sec,
or at 2240 K for a cooling rate of 600 K/sec. Nucleation
was not predicted to occur at 200 K/sec. They also exam-
ined the condensation of Na,SO, and lead vapor and
concluded that nucleation would not occur for these
compounds in the presence of high-surface-area submi-
cron particles. Cooling rates in the burner region of boil-
ers are above 600 K/sec, so this simple analysis indicates
that refractory oxides, such as SiO,, will condense in the
flame zone to produce a high surface area aerosol, which
will prevent the subsequent nucleation of trace elements
in the colder exhaust gases.

Experiments with pulverized coal in laboratory reac-
tors show that nucleation occurs early in the flame zone
for both soot and inorganic particles.'*2° This is supported
by simple treatments of nucleation and growth of par-
ticles in a boundary layer.??* More detailed treatment of
nucleation in the boundary layer of a growing particle is
presented by Peshty et al.,>* who show that the correct
treatment should allow for heat release due to condensa-
tion, which tends to suppress the nucleation rate locally.

Temperatures decrease through the convection passes
of a steam-generation boiler and on into the stack plume,
and a point may be reached where H,SO, is supersatu-
rated. Again, there is the potential to form new particles
by nucleation versus deposition on existing particles. This
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is a concern because H,SO, deposited as a layer on coal fly
ash has been shown to accentuate respiratory impair-
ment.??¢ H SO, condensation is an issue with both high-
sulfur and low-sulfur coals because the deposition of H,SO,
on particles by SO, injection is used to control the resis-
tivity of fly ash in electrostatic precipitators (ESPs).

Another situation where nucleation versus surface
growth is important is H,SO, condensation on soot or
metal oxide nuclei and the formation of ultrafine par-
ticles in the exhaust of diesel engines. The condensation
of the organics in diesel exhaust also has a major impact
on the size distribution of PM emissions.” The effect of
particle transformations during cool-down and dilution
on reported size distributions will be discussed in the
measurements section.

Particle (Soot) Inception by Chemical Reaction
Soot, unlike the inorganic oxide particles and condens-
able organic PM, is produced by a sequence of chemical
reactions, some of which are essentially irreversible. The
chemical reactions result in clusters of increasing molecu-
lar weight that grow into the measurable size range where
the structures are considered particles. The smallest soot
particles that have been observed by electron microscopy
are in the range of 1-2 nm.?? A soot particle with a di-
ameter of 1.5 nm and a specific gravity of ~1.8 contains
~160 carbon atoms. For soot, particle inception is defined
as the particles first capable of measurement, in contrast
to the nucleation process where there is a critical particle
size at which nucleation occurs for a particular supersatu-
ration.

The vast literature on soot formation and oxidation
has been summarized in various reviews and specialized
conferences on soot.***> Despite the large amount of lit-
erature on soot, the models of soot formation are still
evolving. The three chemical kinetic components of a soot
model are particle inception, surface growth, and surface
oxidation. Coupled to the chemistry controlling the con-
version of molecular precursors into solid soot are the
physical models of particle coagulation and coalescence,
which determine the soot structure.

Soot forms under fuel-rich conditions in which hy-
drocarbon fragments have a greater chance of colliding
with other hydrocarbon fragments and growing, rather
than being oxidized to CO, H,, CO,, and H,O. At equilib-
rium, soot exists when C/O exceeds 1.0. Soot, however, is
observed in flames of premixed hydrocarbons in air at C/
O values of between 0.5 and 0.9.3? In diffusion flames,
soot forms even in the presence of excess air, since oxy-
gen-deficient conditions will always be found on the fuel
side of the flame front.

The reactions leading to soot are shown schematically
in Figure 2, which is based on Bockhorn®* and others. One
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of the critical steps in soot formation is the formation of
the first aromatic ring, usually benzene. It is for this rea-
son that fuels having a high aromatic hydrocarbon con-
tent form soot easily. This has been described in terms of
a threshold sooting index for various classes of organic
compounds.?® Molecular weight growth then proceeds
with the formation of polycyclic aromatic hydrocarbons
(PAH), which are considered to be precursors to soot. The
formation mechanisms proceed either through a sequence
of hydrogen abstractions and acetylene addition or by the
polymerization of the aromatic moieties that are pro-
duced.?* Both mechanisms occur in parallel. Positive ions
in the flame have been proposed as the initial nuclei sites
for soot particle formation.3”?

Particle Growth by Collisions

Once particles are formed by either nucleation or chemi-
cal reactions, they will grow by a combination of coagu-
lation and surface deposition. The consequences of
coagulation will be treated in this section. For the follow-
ing analysis, it is assumed that all the aerosol mass origi-
nates as n,, particles of diameter d at a time of zero and
that the particles coalesce on each collision. The evolu-
tion of the particle diameter with time is readily obtained
by applying the continuous coagulation equation®

dn(v,t) 1
a 2
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Figure 2. Kinetically limited chemical reactions and physical processes
involved in soot formation. Based on Bockhorn.®°
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where n(v,t) is the number of particles of volume v at
time t, and K is the collision coefficient, which varies
with particle size. Equation 1 is a simplification of the
general dynamic equation*® for the limiting case of no
particle sources and no transport into the control vol-
ume. The first term in eq 1 corresponds to the produc-
tion of particles of volume v by collisions of all
combinations of smaller particles, (v —¢q) and gq. The sec-
ond term is the loss of particles out of the size range by
collisions with all other particles. This form of the aero-
sol dynamic equation assumes that the initial particle
volume is vanishingly small compared to the system
volume (f, = 0). Expressions for K are available for the
continuum, transition, and free molecular regimes, de-
pending upon whether the particle size is much larger
than, comparable to, or smaller than the mean free path
of the ambient gas.**

MAEROS is a widely used numerical code for simu-
lating multicomponent aerosol coagulation. MAEROS
solves eq 1 by approximating the polydisperse aerosol with
a series of constant size sections.*? Sectional methods do
not accurately model the behavior of the particle nuclei
or molecular clusters. Discrete-sectional methods treat
molecular clusters as discrete particles, then switch to a
sectional approximation for larger particles.** Discrete-
sectional codes are the most accurate method for numeri-
cally solving the aerosol dynamic equation over the entire
size spectrum, but these methods are susceptible to prob-
lems with numerical diffusion, and care should be exer-
cised in their use.* Analytical approximations for solving
eq 1 for polydisperse coagulation have been developed
by making simplifying approximations, such as by assum-
ing a lognormal size distribution.*>** Other methods for
calculating multicomponent aerosol dynamics have also
been developed.*”-°

For monodisperse aerosols, n(v — q) is 0, and n(v,t) =
n(q,t) = n, so eq 1 simplifies to

dn

- =k @)
The collision rate increases with the square of the particle
number concentration and increases non-linearly with
decreasing particle size, since K varies with particle size in
the transition and free molecular regimes. This equation
can be solved to obtain the decay in number concentra-
tion as function of time

n(v t) _—Q—_noKt (3)

The characteristic time scale for coagulation, assuming K

is constant (valid in the continuum regime), is*
2
t,=—

Kn, (4)
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For n Kt >> 1, the number of particles becomes indepen-
dent of n, so the details of the initial nucleation rate are
not needed to calculate the final aerosol distribution.'*
For a boiler with a residence time of 6 sec to the precipita-
tor, the asymptotic relations will be valid for n, > 10° par-
ticles/cm?. U.S. coals average an ash content of 10%.
Typically, on the order of 1% of the ash vaporizes to pro-
duce the submicron fume. This yields values of n, on the
order of 10" particles/cm? for 1-nm particles and 10" par-
ticles/cm? for 10-nm particles. Emission of 0.1% of the
fuel as soot will give about the same values of n,. The
coagulation coefficient, K, varies with particle size and
with gas temperature, so eq 3 is approximate. However, K
varies by less than an order of magnitude over the 10-nm
to 1-um size range, and the initial nuclei number is or-
ders of magnitude higher than that needed to make n Kt
> 1. The limiting formulae will be a reasonable model for
the submicron condensation aerosols formed by most sta-
tionary combustion systems.

In this limit, if the volume of aerosol formed per unit
volume of space is f, then the particle diameter d(f) is
given by*°

d(r) = (%&) 5)

where K is a constant, given by 8kT/3n, for particles in
the continuum regime; k is the Boltzmann constant, and
n is the gas viscosity.

For the free molecular or kinetic regime, K is a known
function of the particle diameter and velocity. The equa-
tion for the rate of change in number density, for this
case and a fixed f,, is given by*

%:_gklﬁll6n11/6 (6)
where
3\ 6k7\""’
k,=i(—) (—] Ga 7)
12\4r P

and p is particle density; G is the enhancement factor to
allow for the van der Waals acceleration factor that is a
function of the Hamaker constant,®>? and it has a value
of about 2; and « is a factor to allow for the particle size
distribution, and it has a value of 5.66 for monodisperse
particles. The exponent of n of 11/6 in eq 6 versus the
exponent of 2 in eq 2 is a consequence of allowing for the
dependence of collision rate with particle size and the
constraint that f, is constant.

Friedlander and co-workers showed that, if allow-
ance is made for the polydisperse particles, a self-pre-
serving size distribution is approached.** For this case,
the particles have a narrow size distribution with a geo-
metric standard deviation of 1.37 for the diameter, and
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the coefficient a has a value of 6.55, not very different from
the value of 5.66 for a monodisperse aerosol. Solution of
eq 6 for a fixed volume fraction of aerosols f, then yields
the following relations for particle number and particle size:

= (f e 0)"" ®)

=) @1y ©)

The evolution of particles following these approximate
equations has been demonstrated in small-scale studies of
aerosols formed from combustion systems for fly ash from
coal?*5+5 and soot particles**>¢5” and waste combustors.>¢

As shown by eqs 8 and 9, the number and size of
particles can be determined for nkt >> 1 if the amount of
material in the form of the aerosol is known. When f is
measured from the total amount of submicron ash col-
lected, good agreement is observed between theory and
experiment, both for the particle size distribution of the
submicron ash* and the dependence of the mean par-
ticle diameter on [ .2

The value of f, for the mineral matter is determined
by the vaporization kinetics, and is a function of tem-
perature and environment to which the minerals are ex-
posed. The mass of the submicron aerosol is usually
dominated by the refractory and alkali metal oxides.+¢0:6!
At typical combustion temperatures, the burning rate of
a particle is limited by gas-phase diffusion, and the par-
ticle is surrounded by a CO-rich reducing atmosphere.
The vaporization of the refractory metal oxides is aug-
mented by the reduction of the oxides by CO to form
suboxides such as SiO and ALO and elemental metals
such as Fe, Ca, and Mg. The suboxides and metals will
diffuse through the particle boundary layer into the bulk
gas where they are oxidized and condense to produce
the submicron aerosols. The vaporization rate is strongly
temperature-dependent®*%-%* so that the amount of sub-
micron aerosol will vary with combustion conditions.
The vaporization of elements is complicated by their in-
teraction with the minerals in the coal. Sodium, for ex-
ample, will have its vaporization suppressed either
because it may be originally present in sodium alumino-
silicates or because it is captured by the alumina silicates
after release.®>-%7

Particle Growth by Condensation and
Surface Reaction

Vaporized elements distribute on the surfaces of existing
submicron and residual ash particles by condensation and
chemical reaction. The rate of mass addition to a spheri-
cal particle for mass-transfer limited deposition over the
entire range of particle size is given by the Fuchs-Sutugin
interpolation equation:**!
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I e, DA,
dt 1+1.71Kn +1.33Kn

(10)

where c_ is the concentration of the condensing species,
MW its molecular weight, D its diffusivity, and Kn the
Knudsen number, defined as the ratio of the mean free
path in the gas to the particle diameter d .

For the case in which the rate of deposition is con-
trolled by chemical reaction, the mass flux to the surface
is independent of mass transfer and is given by

dm 2
o d” MWk,C (11)
where MW is the molecular weight of the depositing spe-
cies, Cis the concentration in the gas, and k_is the rate of
surface reaction. The literature also covers the cases of
combined mass transfer and surface kinetics and the ad-
ditional complication of pore diffusion in porous sur-
faces.33,68,69

Because of the higher surface area per unit mass,
smaller particles tend to be enriched in the compounds
that condense or deposit on the surface. The trace ele-
ments in coal and waste tend to deposit without signifi-
cantly changing the particle size distribution. For this case,
the mass concentration of the depositing species can be
readily calculated by integrating the mass deposition of
the depositing species along an ash particle trajectory and
dividing the mass deposited by the mass of the ash par-
ticle, that is,

_ 0
Mass Conc(D) = wd *p 12)

Applying eqs 10-12 to the trace elements shows that con-
centration of trace elements on the surface of the ash can
be described as a power function of size, with the concen-
tration increasing as the particle size decreases. The mass
concentration dependence upon particle size is therefore
proportional to 1/d", where the exponent 7 for the limit-
ing cases is given in Table 1.

An added case is that of a porous particle with chemi-
cal kinetics controlling. For this case, the amount of reac-
tion is proportional to volume, and the concentration of
the trace reacting species will be independent of particle
size. The dependence will be different for the submicron
and supermicron particles since these straddle the gas
mean free path in size. The gas mean free path varies from
~0.2 pm at ambient conditions to ~1 um at combustion
conditions, so that ultrafine particles will generally have
Kn >> 1 and supermicron particles Kn << 1. Given that
the Kn is the mean free path in the gas (a constant) di-
vided by the particle diameter, eq 10 shows that dm/dt is
proportional to d for Kn << 1 and to d? for Kn >> 1.
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Table 1. Exponent nin size-dependent mass concentration of trace species: con-
centration oc (1/d")

Controlling Mechanism Particle Size Exponent n
External Mass Transfer Ultrafine (Kn >> 1) 1
External Mass Transfer Supermicron (Kn<< 1) 2
External Surface Kingtics All Sizes 1
Internal Surface Kinetics All Sizes 0

The early studies on the size-dependent concentra-
tion of elements in fly ash’*7? all were performed for
supermicron particles and showed the 1/d? size depen-
dence expected for mass transfer-controlled condensation.
Some studies®"”* have shown the difference in the depen-
dence on particle size of the trace volatile element con-
centration between the submicron and supermicron
fractions. Other studies have shown an enrichment of the
smaller particle sizes in the trace volatile ele-
mentS.Z]’54’60’61’66’69_72’74_84

The reasons for attention to the size dependence of
trace element concentration are that (1) this provides a
diagnostic for the mechanism of surface deposition; (2)
the enrichment of submicron particles in certain elements
affects the total capture efficiency of that element in the
APCDs; and (3) elemental concentrations affect the chemi-
cal speciation, which can be important for health effects.

The exponent n that best fits the variation of elemen-
tal concentration with size can be used to determine the
mechanism of deposition, for example, whether it is con-
densation or surface reaction. Haynes et al.*” deduced from
the size dependence of particle composition that the depo-
sition of As and Sb was controlled by chemical reaction.
More extensive studies of the size dependence of the depo-
sition have been carried out®-%” showing that As, Se, and
Sb react with the fly ash to an extent that depends on ash
composition, thus leading to a coal-dependent partition-
ing of the elements between the submicron and
supermicron ash.

Elements that deposit by surface reaction or surface
condensation are expected to be enriched in the surface
layers. Studies using surface spectroscopic techniques
have shown that the surface layers of both the
supermicron® and submicron?! ash particles are enriched
in the trace elements. By ion milling of the particles,
one can show the stratification that results from the se-
quential deposition of elements. The implications of this
surface stratification to particle toxicology will be dis-
cussed later in this review.

To model the partitioning of trace elements in com-
bustion, one needs the particle size distribution of the sub-
micron and supermicron ash and the amount of each of
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the trace elements vaporized. Models of the vaporization
of trace elements based on equilibrium assumptions®-
have been developed for the vaporization and subsequent
condensation or chemical surface reaction of trace elements.

The models are based on the assumption of equilib-
rium between the trace species and the vapor and the
residual ash in the combustor. Subsequent condensation
and reaction of the trace species is also taken into ac-
count. In the model by Sandelin and Backman, two re-
actors in series are considered to represent the radiant
section of a boiler and the ESP, respectively.? The parti-
tioning of trace elements in the radiant chamber is cal-
culated for a given fuel composition and fuel/air ratio
from equilibrium for an assumed distribution of bottom
and fly ash and the temperature of the radiant chamber.
The distribution of the elements from the ESP is obtained
from the temperature in the precipitator and the ash
collection efficiency.

Simulations carried out for a boiler for As, Cd, Hg,
Ni, Pb, Se, V, and Zn were found to be in reasonable agree-
ment with experimental observations on an operating
power plant. In the paper by Yousif et al., the metal parti-
tioning was calculated by a post processor using input
obtained from a computational fluid dynamic simulation
of a boiler.”! The major mass of the ash is distributed be-
tween the residual fly ash and submicron ash as inlet con-
ditions. The trace species are assumed to be released at a
rate proportional to the char burning rate. The concen-
tration distribution of the trace species is then calculated,
allowing for condensation on surfaces and nucleation. The
vapor species were assumed to be in equilibrium. Simula-
tions were carried out for Pb and Cd, and their distribu-
tion between the residual and submicron ash was found
to be in good agreement with experiments on a pilot scale
combustor fired with coal and sewage sludge. Nucleation
was not found to occur, as the supersaturation did not
reach the critical level.

Most studies of trace metals from coal combustion
(including some by the co-authors) have reported elemen-
tal concentration or enrichment factors since this is what
is directly measured by the chemical analysis. Enrichment
factor is defined as the concentration of an element in a
particular size fraction (e.g., the submicron ash) divided
by the average concentration for that element in the to-
tal ash. The measured concentration is controlled by the
mass balance, and an element may be reported as being
depleted in the submicrometer ash solely because of dilu-
tion by another element. For example, alkali metals domi-
nate the submicrometer ash from low rank coal, while
carbon dominates the particulate emissions from oil and
biomass combustion. The raw concentration of transition
metals in the total ash from oil combustion is largely an
artifact of the combustion efficiency, not a result of the
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metal vaporization. The relative amounts of elements may
be relevant for some health-related studies since the min-
eral form and valance state of the trace element is often
sufficiently described by the equilibrium composition in
the bulk ash matrix. For other types of health studies, the
absolute amount emitted is of concern. While elemen-
tal concentration data is useful, including sufficient data
in a publication to calculate a mass balance greatly en-
hances the value of the particle composition data for
reuse in both aerosol formation mechanism and toxi-
cology studies.

Particle Morphology
Soot and submicron ash particles often consist of aggre-
gates of 10-30 nm primary particles. It is important to
understand what determines the structure of these par-
ticles, since the aggregate size determines the aerodynamic
behavior of the particles while the primary particle size
determines the surface area.

The coagulation theory described above assumes that
particles coalesce on collision. This assumption is valid as
long as the coalescence time is short compared with the
time between particle collisions. For inorganic particles,
coalescence times can be calculated assuming surface ten-
sion-driven viscous flow using the theory of Frenkel

nr
L Y (13)
where 1 is the viscosity, and y the surface tension. Alter-
natively, the coalescence time can be determined by solid-
state sintering®>*®
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where DL/L is the fractional shrinkage in diameter of two
spheres, D* is the self-diffusion coefficient for the mobile
species, and a® is the atomic volume of a diffusing va-
cancy. As long as the characteristic coalescence time is
much smaller than the time between collisions, the par-
ticles will coalesce and maintain their sphericity. The coa-
lescence time increases because of the increase in particle
diameter and the decrease in temperature (leading to an
increase in n or a decrease in D*). After a time, which
depends on the combustion conditions, the colliding par-
ticles will begin to form aggregates. This transition has
been studied for coal combustion aerosols and for the
flame synthesis of particles.!?94-%

The aggregates that are produced have a fractal dimen-
sion, D,, which provides the scaling parameter relating the
number of particles n_ in an aggregate to the ratio of the
radius of gyration r, and the primary particle size 7,:*

n, o<l ,)” (15)
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where D, has values of 3 for a solid sphere and of 1 for a
string of particles. For soot and submicron ash particles,
the value of D, is about 1.7.95%798 The theory for the co-
agulation of aerosols has been extended to aggregates, and
a two-dimensional solution was obtained allowing for
coagulation and sintering.>1® Application of this theory
shows the aggregates still assume a self-preserving size
distribution but with a wider size distribution than that
for spherical particles.

For soot particles, there are several hypotheses for
the formation of aggregates.?”2%1°1 One of these is that
the soot precursor particles are liquid polymers*® and will
coalesce after collision. In parallel, the liquid polymers
will dehydrogenate and their viscosity will increase, lead-
ing to a transition from coalescence to aggregation simi-
lar to that described above for inorganic aerosols. A
second hypothesis* is that the soot particles form as a
solid, then collide and aggregate. Surface growth occurs
in parallel with growth by collisions. If the surface growth
is sufficiently rapid, the particles in the growing aggre-
gate will be immersed in the deposited carbon and the
resulting structure will appear as a spherical particle.
Numerical simulations support this hypothesis when
realistic values of surface growth and coagulation are
used.?” As the particle size increases, and as the species
contributing to surface deposition are depleted, the rate
of surface growth due to deposition will decrease. After
this point, the soot particles will develop as aggregates
with a fractal structure.

The final particle morphology at the exit of the high-
temperature zone is the result of multiple processes. The
characteristic times for these processes can be readily pre-
dicted, and examination of particle morphology gives a
good indication of which processes are dominant for the
given situation. This type of analysis was applied to the
behavior of sorbents for toxic metal control.!?

Residual Ash Formation
Submicrometer particles dominate the number count
of particles emitted by combustion sources and very
often dominate the surface area as well, but the mass
of PM emissions is usually dominated by the organic or
inorganic residue of material that remained in a solid
or liquid phase throughout combustion. These particles
are referred to as residual ash. The residual ash forma-
tion process differs from the formation of the
submicrometer particles by molecular weight growth
processes for soot and by vaporization and condensa-
tion for inorganic ash, as described above. The total
amount of noncombustible minerals in the residual ash
is determined by the mass balance, and the total amount
of carbonaceous material in the residual ash is deter-
mined by the combustion efficiency.
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Most fossil fuels contain inorganic components. For
U.S. coals, this inorganic content constitutes ~10% on
average of the mass. For petroleum, the maximum ash
mass ranges from 0.05% for a light No. 4 oil to 0.15% for
a No. 5 fuel oil; a typical value No. 6 or residual oil ash
content is 0.8%.1% A representative ash content for wood
is 2.5%, but it varies widely.

Figure 3 illustrates the major processes affecting the
formation of submicron and supermicron ash during the
combustion of coal, biomass, and 0il.*”* The mass of par-
ticle emissions measured at the combustion chamber exit
is determined by a number of complicating factors. The
first is that, depending upon the type of combustor, only
a fraction of the total ash content in the fuel is carried
over with the combustion gases as fly ash. The so-called
bottom ash is deposited in the ash hopper on the floor of
a suspension-fired furnace or is dropped off the end of
the grate in a stoker-fired furnace. The ash entering the
particulate control equipment downstream from coal-fired
boilers varies from 10% of the total fuel ash content for
cyclone or wet-bottom furnaces to 85% for dry-bottom
pulverized coal-fired furnaces. The fly ash particle size
distribution is multimodal. The factors that control the
residual ash size distribution will be discussed below for
the case of pulverized coal-fired systems, partly because
pulverized coal has been most extensively studied, and
partly because these boilers account for a large portion of
the primary energy production worldwide.

The noncombustible matter in pulverized coal in-
cludes mineral grains of clays, pyrites, and quartz that
vary in size from less than a micron to the largest sizes
that can pass through the pulverizers, which is over 300
pum. Part of the inorganic matter is included in the coal
matrix as discrete crystals, some is incorporated in the
organic matrix as organo-metallic complexes or as ion-
exchanged metals bound to the organic acids, and some
of the minerals are present as extraneous particles. These
forms of inorganic matter are shown schematically in Fig-
ure 4. Detailed characterizations of the mineral con-
tent of coals have been conducted by computer-controlled
scanning electron microscopy (CCSEM) by a number of
research groups.'®-1"! An example of the mineral size dis-
tributions as determined by CCSEM is provided in Figure
5, which shows the size distribution of mineral inclusions
in raw Kentucky No. 11 coal. The kaolinite and illite in-
clusions are found in the smaller particle sizes while cal-
cite and pyrites are in the larger particle sizes. Quartz and
mixed silicates are distributed over all size ranges.

Given the mineral distribution within the pulverized
coal, one can calculate the ash particle size distribution us-
ing a material balance. Assume a coal particle of density p_
and diameter d,, and a mass fraction f, yields n ash particles
of density p, and diameter d . A mass balance then yields the
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following expression for the diameter of the ash particle:

1

3

i = dc(L&J (16)
npﬂ

To apply this simplified relationship, assume that the coal
specific gravity is constant and equal to 1.3, that the ash
specific gravity is constant and has a value typical of glass
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Figure 4. Classification scheme for describing the modes of elemental
occurence in coal. Reproduced by permission of Elsevier Science. %
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of ~2.5, and that each coal particle yields one ash par-
ticle, that is, that n = 1. For these assumptions, a typical
U.S. coal with 10% ash (f, = 0.1) yields a ratio of the ash
particle diameter to the coal particle diameter, d_/d_, of
0.37. A pulverized coal with a mean coal particle diam-
eter of 50 um would yield a mean ash diameter of ~19 um

B Kaolinite
T niite
Quartz

Mixed

Silicate

% in size range

[ | Pyrite

Calcite

w o
|

Size range, pm

Figure 5. Size distribution of minerals in Kentucky coal. Quartz,
kaolinite, and illite are concentrated in the smaller size fractions, while
pyrite and calcite are concentrated in the larger sizes. Based on data
inref111.

Journal of the Air & Waste Management Association 1575



Lighty, Vleranth, and Sarofim

under these assumptions. This is a reasonable default
value, but the actual transformation mechanisms are more
complicated. One needs to account for the different ash
content of each coal particle, which will result in varia-
tions in both f, and r_. The fragmentation of coal char dur-
ing combustion and the incomplete coalescence of mineral
droplets on the shrinking surface both yield values of n
other than unity. Also, the ash particle density p, varies
due to changes in composition of individual ash particles
and to the presence of gas bubbles within the ash.!'-114

The mineral inclusions are not distributed evenly be-
tween different coal particles. Some particles are nearly in-
clusion-free and some of the particles are pure minerals (the
extraneous ash). The actual distribution of the minerals be-
tween the different coal particles is provided by CCSEM.1%115
If such information is not available, an approximate distri-
bution can be obtained by assuming that the minerals are
randomly distributed between coal particles.''*!" The ash
particles will have a particle-to-particle variation in compo-
sition that will reflect the variation in the mineral content
of the individual coal particles from which they are pro-
duced. This is illustrated in Figures 6 and 7, which show the
Al, Si, and Fe distributions both in the parent coal minerals
and in the resulting fly ash, respectively.

The number of ash particles, n, produced by a coal
particle will depend upon the competition between coa-
lescence of molten mineral inclusions and fragmentation
of the char particle during combustion. The ash produced
by the mineral inclusions in coal will adhere to the char
surface as it burns and will coalesce with other ash par-
ticles as the char surface recedes.'”® The fragmentation of
chars has been shown to depend upon the macroporosity
of the chars''* and therefore upon the swelling behavior of
coals, dependent upon coal-specific pyrolysis behavior.
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Figure 6. Si-Al-Fe ternary diagram showing typical composition ranges
from minerals in coal. Reproduced by permission of Engineering
Foundation.'"
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Figure 7. Measured elemental compositions in individual coal fly ash
particles. Reproduced by permission of Engineering Foundation. "'

While complex models have been developed to predict frag-
mentation behavior,'*121-124 yalidation of these models has
been limited, and complicating factors such as adhesive
forces have been neglected in past analyses.'? The models
provide useful qualitative information but cannot predict
quantitative trends with confidence. The fragmentation
scales with the ratio of the volume fraction of ash in the
char to the void fraction, A.'??> For high values of A, frag-
mentation is negligible, and one ash particle is produced
per coal particle. For low values of A, extensive fragmenta-
tion occurs, and each mineral inclusion produces a sepa-
rate ash particle. These trends are well illustrated by the
results of Wu et al., who showed that as pressure increases
during pulverized coal combustion, the macroporosity in-
creases and the ash produced becomes finer.!?¢

The particle-to-particle variation in particle density
is an added complication. Figure 7 shows that a typical
ash sample is a mixture of particle compositions. A num-
ber of the ash particles have high iron content and may
be expected to have densities more than twice that of
the aluminosilicate-rich particles. In addition, a large
number of the particles will form cenospheres (hollow
spheres) or plerospheres (hollow sphere surrounding a
number of spherical ash particles).8*112127.128 The mecha-
nism for the cenosphere is the formation of gas within
the ash particle in a temperature window where the vis-
cosity is low enough to favor the bubble growth but
not so low as to have the gas escape and the bubble
collapse. One mechanism for cenosphere formation
identified by Raask'?® is the reaction within the ash of
iron oxide with carbon to form CO. The cenospheres
can grow to sizes up to 300 pm. Up to 5% of the fly ash
has been observed to form cenospheres having a spe-
cific gravity less than 1.0.1'2128 [f a 50-um particle with
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a specific gravity of 2.5 formed a cenosphere with an
outer diameter of 100 um, the wall thickness would be
~2 um and the specific gravity of the particle would be
0.625. The wall thickness decreases with the square of
the diameter of the cenosphere and therefore will be
submicrometer for the largest cenospheres (>300-um
diameter). Indeed, it has been postulated®® that one
source of the submicrometer particles is provided by
the fragments of cenosphere shells.

It can be seen that the multimodal distribution of
combustion particles is governed by a number of fac-
tors. The submicrometer fraction is generated by the va-
porization and condensation of particles and, to a lesser
extent, the fragmentation of cenospheres. The
supermicrometer particle size distribution is governed
by the size distribution of the coal, the mineral matter
distribution within each size fraction, the fragmentation
of the char during combustion, and the formation of
cenospheres. Although the processes governing the size
distribution of fly ash are well understood qualitatively,
they are sometimes difficult to quantify, most particu-
larly the char fragmentation during combustion. The
simple models of one ash particle per mineral inclusion
and one ash particle per coal particle provide limiting
solutions for the impact of fragmentation. A compari-
son of experimental data with these limiting solutions
is shown in Figure 8 for one case. Because of the impor-
tance of fly ash as an additive for concrete manufacture,
there are extensive compilations of fly ash size distribu-
tion and composition.!?9130

Special Considerations for Large
and Small Particles
Combustion particle diameters range from nanometers
to millimeters, a size range which represents a mass range
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Figure 8. Ash particle size distributions (PSDs), model (solid and heavy
dashed line) vs. experiment (symbols) for Upper Freeport coal.
Reproduced by permission of Engineering Foundation.™"
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of a factor of 10%. Special considerations are needed for
both size extremes. The behavior of the largest particles is
dominated by gravity settling, and they are usually con-
sidered as bottom ash rather than as aerosols, but this is
an arbitrary distinction from a particle formation stand-
point. Most reported measurements of combustion par-
ticles from coal, biomass, and even from oil are truncated
at the upper end by the cutoff of the sampling apparatus.
While these macroscopic particles are of no concern for
inhalation toxicology, they are important for closing mass
balances in both laboratory and full-scale measurements.

The fume formed by nucleation and condensation of
vaporized ash, ash, and organic materials is typically a
combination of true nuclei, a transient mode of nuclei
that have undergone coagulation and surface growth, and
accumulation-mode particles, depending on the relation-
ship between the characteristic time for coagulation and
the age of the aerosol when it arrives at the sizing instru-
ment. Combustion particle number size distributions of-
ten show a truncated curve with the number of particles
in each size range still increasing as the small size limit of
the instrument is reached. This suggests a pool of par-
ticles exists below the 5-10 nm cutoff'*! of most current
particle-size instruments.

Recently, the existence of high concentrations of 1-2
nm combustion particles has been reported.’*2133 These
particles cannot be detected by most instruments used
for studying submicron aerosols, but can be detected by
light scattering and absorption in the near UV. They have
a longer life span than would be expected from the co-
agulation rates discussed above. In the conventional co-
agulation models, the assumption is made that the sticking
coefficient is unity; that is, every collision results in coa-
lescence or aggregation. This is a reasonable assumption
for accumulation mode particles; however, nuclei particles
on the order of 1-2 nm may have lower sticking coeffi-
cients, as was shown by Narsimhan and Ruckenstein in a
theoretical study of equal-sized neutral particles that con-
sidered the competing effects of van der Waals attraction
and Born repulsion.'®*

Acid Aerosols
H,SO, may be considered as either a gas-phase or par-
ticle emission depending on the sampling method. Some
portion of the total sulfur in the fuel is converted to SO,
and forms H SO, in the presence of water in the hot com-
bustion products. The dew point of H,SO, in the undi-
luted combustion products from fossil fuels is much
higher than ambient temperature, and the acid may
nucleate and condense to form aerosol particles as the
gas is diluted and cooled, either in the unconfined stack
plume or in a dilution sampler. Filter-based particle mass
measurement methods in which the undiluted gas is
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passed through a heated sample train can result in the
acid remaining in the gas phase. On-line particle number
measurements typically require diluting the stack gas to
bring the concentration within the range of the instru-
ment, and this results in the acid being measured as PM.

The amount of acid aerosol formed depends on the
partitioning of sulfur between SO, and SO, and on the
temperature and humidity of the dilutant gas. The for-
mation of SO, is kinetically limited and can be enhanced
by catalytic reactions with metals in coal combustion
ash® or in catalytic NO, reduction equipment. Typical
acid dew points for coal combustion are 380-395 K.'*¢ For
aircraft engines at cruise altitude, the SO, measurements
are much higher than expected based on hydroxyl and
atomic oxygen reaction rates, suggesting another, possi-
bly heterogeneous, pathway."” The influence of dilution
conditions on aerosol formation are discussed in the mea-
surements section.

Particle Shrinkage by Evaporation
and Oxidation

Unlike inorganic oxide particles, which are stable under
post-combustion conditions, both condensable aerosol
and soot mass can decrease after particles are formed. The
organic aerosol, H,SO, aerosol, and hydrated species can
evaporate at rates that are well described by local phase
equilibrium and diffusion mass transfer rate equations.
Soot is destroyed in the flame by oxidation, and soot
emissions are much lower than the initial soot volume
fraction that occurs in the fuel-rich zones. The rate of soot
oxidation can be estimated from the semiempirical ki-
netic formula proposed by Nagle and Strickland-Con-
stable.’3® However, this correlation overstates soot
oxidation at temperatures below 1800 K** and understates
the oxidation rate in low-oxygen conditions where OH
radicals are important.** The fractal aggregate structure
typical of soot particles further complicates soot oxida-
tion estimates because simple spherically symmetric mass
diffusion equations are a poor approximation.

CONTROL DEVICES

The particles emitted from the stack will have a size and
composition distribution very different from that in the
combustion system because of the size-dependent collec-
tion efficiency of any APCD equipment. Historically, the
combustion and atmospheric emission research commu-
nities have been uncoupled. Combustion researchers gen-
erally concentrate on the particulate formation in the
flame zone of laboratory and pilot-scale equipment, since
this allows close control of experimental conditions. Most
field emission studies focus on measurements in the stack,
since stack PM is of regulatory concern. Measurements of
uncontrolled emissions at the exit of an industrial-scale
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combustion chamber are difficult and expensive, so data
are seldom collected. The particle emission mass measured
downstream of modern, high-efficiency particle-removal
equipment largely reflects variations in gas-cleaning effi-
ciency, not changes in combustion conditions. However,
some details of the primary combustion particles, such as
particle morphology and elemental concentration within
an aerodynamic size range, are preserved from the com-
bustion chamber to the stack. A few researchers have stud-
ied the particles upstream and downstream of the APCD.
For example, Itkonen and Jantunen present graphs of el-
emental size distribution upstream and downstream of
the ESP from a plant that co-fired peat and 0il.'* These
studies provide an important link between particle for-
mation in combustion and human health impacts.

Gas-cleaning equipment for particle removal includes
cyclones, fabric filters, ESPs, and scrubbers on stationary
furnaces. Internal combustion engines are equipped with
catalytic converters, and particle traps are coming into
commercial use on diesels. Particle removal requires some
combination of inertial separation, which becomes more
efficient with increasing particle size, and diffusion to a
solid or liquid collection surface, which becomes more
efficient with decreasing particle size. The result is that
the removal efficiency of particles from air is least effi-
cient in an intermediate size range from 0.1 to 1 um. This
minimum PM removal efficiency is observed in post-com-
bustion cleanup equipment at the source, in the atmo-
sphere, and in the respiratory system. The fundamental
physics of these particle removal processes are covered in
aerosol texts,! and the related equipment design and per-
formance equations are covered in air pollution control
handbooks.!¥-142 The stack emissions of specific combus-
tion particle types depends on both concentration of par-
ticles in each size range at the combustion chamber exit
and on the size-dependent collection efficiency in the gas-
cleaning equipment. Understanding the particle size and
composition at the source allows developing computa-
tional models that can predict practical information such
as the penetration of each trace element through an ESP
installed on a coal-fired power plant.'*?

The collection efficiencies of three types of particle
collectors are shown in Figure 9.** The minimum effi-
ciency for all three devices is in the range between the
regimes of deposition by inertial and diffusional processes.
For a given technology, the actual efficiencies will, of
course, vary widely with changes in design and opera-
tional parameters. A measure of the wide variation in the
penetration of particles through operating ESPs at power
plants is provided by Helble'** and summarized in Figure
10. Again, the peak penetration occurs in the 0.1- to 1-um
size range, where the particle size is comparable to the
mean free path of the gas. The collection efficiency of the
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Figure 9. Removal efficiency of three common particle removal
technologies used on large stationary combustion systems.
Reproduced by permission of I[EA."#*

smallest particles by an ESP is reduced because a portion
of the incoming ultrafine particles do not receive a charge
(partial charging).'*'¥ However, in the ultrafine size
range, diffusion and particle growth by condensation of
water vapor become important removal mechanisms.
Since the collection efficiency of a particle control de-
vice is size-dependent, the varying partitioning of elements
between the submicron particles, residual fly ash, and va-
por will lead to a wide range of elemental collection
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Figure 10. Summary of studies reporting penetration of coal fly ash
through an ESP. Reproduced by permission of Elsevier Science.'*®
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efficiencies that will differ from the overall PM collection.
Kauppinen and Pakkanen reported the emissions of 17
elements by particle size based on measurements in the
stack of a coal-fired power plant equipped with an ESP.1*8
Three elements are shown in Figure 11. Aluminum is
found in the supermicron particles, while sulfur is found
in particles smaller than 0.1 pm. Cadmium shows a bi-
modal distribution.

Extensive data have been obtained by EPRI and the
U.S. Department of Energy (DOE) on the collection effi-
ciencies of coal-fired utility boilers for the elements regu-
lated under the Air Toxics provision of the Clean Air Act
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Figure 11. Distribution of selected elements by particle size as
measured in the stack of a power plant equipped with an ESP. Some
elements, such as Al, are concentrated in the large particles, while
others, such as S, are concentrated in the submicron particles. Some
elements show a bimodal size distribution. Replotted from more
complete data presented by Kauppinen and Pakkanen.'4®
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Amendments.'*15! These data will be used to illustrate
the relationship between combustion emissions and stack
emissions. The data on the collection efficiencies of par-
ticles and elements in ESPs compiled by Helble'*? is sum-
marized in Table 2. The collection efficiency for some
elements approaches the overall particle collection effi-
ciency. Elements enriched in the fine particles have a
slightly lower collection efficiency. Metals with high va-
por pressure, Hg and Se, have a much lower collection
efficiency across the ESP than the total particle removal.
A wet scrubber for SO, removal also selectively removes
species adsorbed on particles and can cause chemical re-
actions on the particles by humidification at moderate
temperature and entrainment of chemicals from the sor-
bent solution.!®? Additional aqueous-phase and photo-
chemical reactions can take place in the stack plume and
atmosphere.

Correlations between the emissions of elements from
a boiler with the mass of elements fed with the coal’*® do
not provide any insights on the effect of combustion con-
ditions on the emissions. It is desirable to develop mod-
els to determine how the emissions are influenced by
changes in combustion operating and design parameters.
Laboratory studies have provided the mechanism for va-
porization and condensation processes that govern the
size and composition of the ash that can be used to de-
velop ash transformation models. To be able to determine
the effect of changing combustion modifications or chang-
ing APCD performance, one needs to combine a size-de-
pendent model of emissions with a size-dependent model
of APCD performance. Such a model has been developed
by Helble in his retrospective analysis of the EPRI and
DOE field studies of air toxics emissions.!*? For the funda-
mental combustion particle studies to be useful to the
regulatory and health communities, more attention needs
to be paid to the role of the downstream heat transfer

Table 2. Field data on trace element capture efficiencies in ESP.

Element ESP Capture
Efficiency

Metal Capture/
Particle Capture

Vapor-Phase Metals

Hg 28.9% 0.29
Se 49.1% 0.49
Fine-Particle Enriched

As 96.1% 0.969
Pb 96.8% 0.976
Not Enriched in Fine PM

Co 98.2% 0.992
Mn 98.5% 0.993

Note: Elemental capture in the ESP depends on the size-dependent partitioning of the
metal to particles. Data from Helble.'
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sections, the APCD, and the initial plume condensation
in modifying composition and size distribution of the
emissions from the combustor. Until suitable integrated
computational models of the downstream processes are
available, the best measures of the contribution to hu-
man exposure from various combustion sources will be
empirical data from stack or exhaust measurements.

A summary of the emissions from these four differ-
ent combustion applications follows. It should be noted
that there is wide variability in both the source PM and in
the downstream particle removal efficiency depending on
fuel type and combustor size. Coal-fired boilers are
equipped with high-efficiency APCD and emit particles
enriched in the 0.1-1 uym range, where the particle re-
moval efficiency is at a minimum. Oil-fired boilers often
do not have any APCD because of the low ash and sulfur
content of the fuel. As a consequence, large particles, such
as coked fuel residue, may be emitted in addition to the
submicron condensation aerosols. Small combustors, such
as fireplaces and open burning, do not have any particle
control devices.

SPECIFIC COMBUSTION APPLICATIONS

This section discusses the particle emissions entering the
atmosphere from various practical combustion applica-
tions, both with and without post-combustion particle re-
moval and gas cleaning. Typical data on PM mass emissions,
size distribution, and composition are provided for conve-
nient reference. The citations can serve as a starting point
for a literature search, but a comprehensive review of the
literature for each of these individual applications is not
attempted. The extensive compilation of combustion emis-
sion factors prepared by the EPA'® emphasizes PM, j mass
and provides little data on particle number distribution or
on chemical composition of the PM.

Residential and Commercial
Boilers and Furnaces
Distillate fuels, generally kerosene and No. 2 fuel oil, are
widely used for domestic and process heat in areas where
natural gas is unavailable. Direct population exposure to
oil combustion emissions occurs because the fuel is burned
in populated areas, and the furnaces do not have post-
combustion particulate controls. The PM is mainly sul-
fate aerosol from fuel sulfur and soot plus organic aerosol
from incomplete combustion. The ash content of distil-
late fuel is small, but not zero, so the emissions also con-
tain inorganic components. In a study of homes with and
without kerosene space heaters, the kerosene heaters were
estimated to add ~40 pg/m? of total PM, ; and 15 pg/m? of
SO,* to the indoor air.’** Hildemann reported that the
emission factor for particles smaller than 0.7 pm from an
industrial-scale boiler fired with No. 2 fuel oil was 8 ng/kJ
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of fuel.'>® These boiler emissions contained a mode near
50 nm and a larger mode near 0.5 pm. The fine particles
consisted of about 32% sulfates, 29% EC, 6% organics,
6% NH_*, and 3% other ionic and oxidized trace species
(mainly SiO,, Al,O,, Fe,O, and Na*).'*¢ The balance of the
mass was in unidentified substances and may have in-
cluded water in the form of hydrolyzed compounds. De-
tailed composition of the organic carbon (OC) portion of
oil-boiler PM was also reported.'s”

Residual Oil Fly Ash

Residual fuel oil is a highly viscous product that has a
much higher ash content than distillate fuels, since the
metals in the crude oil, as well as contamination from
refinery catalysts and equipment, are concentrated in this
fraction. Residual fuel oil is burned in some power plants,
for example, in the eastern United States. Similar heavy
fuel oil grades, Bunker C and marine diesel, are burned
on ships, and these emissions are suspected to have a sig-
nificant air quality impact on coastal cities. Metal mobili-
zation from residual oil fly ash has been extensively
studied’#-1%° because of the high content of V and Nj,
which is different than other combustion PM.

The emissions from residual oil are multimodal, with
a mode centered at 70-80 nm, but with most of the mass
in a residual ash mode composed of cenospheric carbon-
rich particles extending beyond 100 pm in diameter. Car-
bonaceous material can be greater than 75% of the mass
emissions from small residual oil-fired boilers.!*! The for-
mation of carbonaceous PM during residual oil combus-
tion is related to the asphaltene content of the fuel.!62163
When the residual oil is burned more efficiently under
conditions typical of a utility boiler, the carbon content
is lower and the PM is almost entirely in the ultrafine
(condensation) mode.'** The transition metals in residual
oil combustion ash are in the form of sulfates rather than
sulfides or oxides.!65-167

Coal-Fired Steam Generation Boilers
The stack emissions from coal-fired utility boilers are af-
fected by the particle generation during combustion and
by particle transformations and size-selective removal dur-
ing cool-down and gas cleaning. Power plant coal com-
bustion including pollutant formation,%41%° ash formation
and deposition, ! submicron particle formation,*¢17* and
metal transformation’® have been reviewed. The inorganic
particle stack emissions consist of a supermicron mode
containing spheres of mineral ash and a submicron mode
formed by mineral vaporization and condensation, as
discussed above. The carbonaceous emissions consist of
supermicron char particles remaining from incomplete
combustion of the parent coal. Submicron carbon-rich
particles, suggestive of soot, are also present in the exhaust
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from both laboratory- and full-scale coal combustors.'7!
174 Figure 12 shows the cumulative mass emissions versus
size for a sample of power plants including both pulver-
ized coal and cyclone burners.''®175176 The multimodal size
distribution of the emitted PM is indicated by the changes
in slope of the cumulative mass curve. Full-scale data show
that an ultrafine particle mode can be detected for both
circulating and bubbling fluidized bed coal combustion,
but the ultrafine concentration is several orders of mag-
nitude smaller than the ultrafine PM concentration pro-
duced by pulverized coal combustion.!?”178

Many of the field studies of coal-fired power plants
were aimed at obtaining the information needed for regu-
latory purposes, so the measurements have focused on
the total mass of the emissions. Selected field studies have
determined the fractions of the trace elements entering a
boiler that enter the flue gases and pass out of the unit
through the stack.6378:88148,152179180 Addijtional efforts have
focused on the effectiveness of APCDs in removing these
potentially toxic substances.s37#17918 These studies pro-
vide the following information:

Normalized Mass Distribution
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Figure 12. Normalized differential particle mass distributions measured
in the stack for a sample of coal-fired power plants using different
burner and gas-cleaning technologies. Data compiled from DOE field
studies in 1993-1994.118175.176 The stack particle mass emission rates
vary between replicate runs by about a factor of 2 due to sensitivity to
plant operating conditions.

Plant Description Stack Emissions

Bailly 345 MW, Cyclone Burner 60 kg/hr
Dry scrubber, ESP
[llinois high-sulfur bituminous

Cardinal 615 MW, well-mounted cell burner 100 kg/hr
ESP, no sulfur removal
Pittsburgh No. 8 bituminous

Coal Creek 550 MW, tangential-fired 260 kg/hr

Wet scrubber, ESP
North Dakota lignite
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e The inorganic ash size distribution is
multimodal. The submicrometer particles con-
sist of aggregates of primary particles that have
grown to 10-50 nm. The larger particles consist
of spherical particles, including cenospheres and
plerospheres.!20:127.181

e Particles entering the APCD are essentially bimo-
dal in terms of mass, with on the order of 1% of
the ash consisting of submicrometer particles and
the larger residual ash falling into the 1-20 pm
range. 5463180182

e Darticles in the 0.1-0.3 pm range have the high-
est penetration through APCD compared with
both larger and smaller particles,7817%18 5o the
0.1-1 pm particles form a larger fraction of the
mass distribution leaving the APCD than they
do in the uncontrolled combustion emissions.®

e The submicrometer ash is enriched in volatile
elements relative to the larger particles.'*#!52 The
concentration of the trace elements within the
submicrometer and supramicrometer ash fraction
increases with decreasing particle size.”*8

e  The surfaces of the ash particles are also enriched
in volatile elements relative to their core.®

e The major influence on the fraction of ash that
is vaporized is the temperature.

Because NO_ is also temperature-dependent, a corre-
lation between high NO_emissions and high amounts of
submicron particles has been reported*7¢ for boilers in
which the thermal (Zeldovich) kinetics dominate the NO_
emissions. For modern, post-New Source Performance
Standards boilers, the NO_emission is dominated by fuel
nitrogen. The correlation between NO,_ and submicron
particle formation is not as well established for these con-
ditions, since conversion of fuel nitrogen to NO_ is con-
trolled by staging the air, and NO_ formation does not
necessarily correlate with temperature.!83-18°

Metals may partition into three major emission
streams: the stack, the bottom ash, and the fly ash col-
lected during gas cleaning. An example of this type of

Table 3. Elemental partitioning in a coal-fired power plant.

data, summarized in Table 3, shows the points in the power
plant process where As, Cr, Hg, and Se are removed and
the fraction of that element in the raw coal that is emit-
ted from the stack.'®® The toxic metals in the PM emis-
sions are the result of fuel composition, combustion
conditions, and downstream cleanup. Coal washing can
greatly reduce the input of toxic metals to the boiler. A
small fraction of the volatile metals is removed with the
bottom ash, some metals are adsorbed on particles and
removed in the ESP, and flue gas desulfurization systems
can remove metal ultrafines and vapors. Metal emissions
from coal-fired steam generation boilers are not currently
regulated in the United States. Table 4 lists typical physi-
cal characteristics and chemical composition of coal fly
ash.129:130.187-189 Coal fly ash typically contains less than 5%
unburned carbon, but problems with char burnout can
result in much higher carbon values.!2%190-192

Elemental balances on power plants show that ~1-
4% of most metals in the fuel are emitted in the stack
PM.143,148,152178,193 The major exceptions are Se and Hg,
which escape as vapors. Rapid quenching from high tem-
perature results in the formation of glass-phase species of
indeterminate composition rather than the crystalline
minerals with similar elemental composition. Optical
microscopy on fly ash from ESPs shows that 11-48% of
the fly ash has crystallized at the cooling rate normally
encountered in boilers. Iron in an alumino-silicate glass
is a characteristic phase found in coal fly ash formed un-
der both oxidizing and reducing conditions.'**1¢ The pres-
ence of large concentrations of alkali and alkali earth
elements, typical of western U.S. coals, enhances glass for-
mation and decreases crystallization.!?

Large-Scale Biomass Combustion
Concerns regarding trade balance, global warming, and dis-
posal of agricultural residue have led to an increased inter-
est in biomass as a renewable energy source. The unique
characteristic of biomass PM is the high alkali content, es-
pecially K, 718 compared to fossil fuel combustion ash. Stud-
ies have been conducted of industrial-scale biomass

combustion, especially in fluidized bed boilers.!?*2%

The ash formation processes during sus-
pension firing of wood sawdust and sanderdust

have been shown to be similar to the mechanism

Coal Boiler ESP or Flue Gas
Washing Bottom Ash Fabric Filter Desulfurization
As 6575 0-2 85-99 0-20
Cr 30-75 3-20 85-99 0-20
Hg 30-40 0 0-60 10-90
Se 25-50 0-5 10-80 0-50

lrE:tSt:adck for pulverized coal combustion,** as indicated in
Figure 3. The supermicron particles are predomi-

0-5 nantly Ca, but also contain Fe, Al, Mn, and Si.
02 The alkali minerals form a submicron condensa-
5-05 tion aerosol that is ~30% of the total ash mass,

20-80 which is much higher than the fraction of

submicron ash from coal combustion.

Note: Data obtained during the DOE PISCES program shows the percent of the element in the raw coal that
is removed at various points in the process. Based on original DOE report and other reports.'®®
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Cofiring of crop residues with coal in
existing power plants has been proposed as an
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Table 4. Typical coal fly ash properties.
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ticle size results in enhanced deposition in

the lower respiratory tract.?®> Cooking and

Typical Value Range Notes heating with biomass represents a large por-
tion of the total combustion in developing
Spec?fic Gravity (single particle) 2.2 1.8-2.6 . <1 -forcenospheres. economies. For example, household bio-
Specific Gravity (bulk ash) 1.1-15 includes voids between particles mass combustion in Pakistan is estimated
to represent 37% of the total primary en-
Elemental Composition Typical % Range % Expressed as Oxides ergy consumption of the country.*
ALO 2% 13-36 Poorly ventilated cooking fires can cre-
Si%) ’ 45 29_61 ate indoor particle levels that are far above
Fe2(2)3 20 4-20 the U.S. ambient PM standard of 150 ng/m?.
Ca0 26 1-22 A geometric mean kitchen PM, concentra-
Mg0 13 1-5 tion of 1830 png/m3 was reported in a study of
Ti0, 12 -3 Bolivian highland villages.?*” The kitchen
Na,0 0 0-8 PM, . concentration in homes using biomass
K0 21 0.3-4 for cooking averaged 555 ng/m? with a maxi-
S0, 2 0-25 mum of 1493 ng/m? (n = 7 homes) in rural
Trace Metals ppm levels Mexico.2% Recreational biomass fires are a sur-
Phase Distribution Typical % Range % prisingly large source of combustion emis-
Unburned Carbon 3 01010 sions in developed countries, and fireplace
Amorphous Glass 50-90 restrictions have been imposed in many cit-
Crystalline Minerals 11-48 ies and mountain resort communities to
avoid violations of the current PM,  standard.
Major Minerals Range % For example, combustion of wood in residen-
Mullite 2-20 USIUR tial fireplaces has been estimated to contrib-
Quartz Si0, ute 14% of the annual average OC emissions
Iron Spinel (Mg, Fe)(Fe,Al),0, to the Los Angeles urban atmosphere.2*
Hematite Fe,0, Particle emissions from biomass vary
Anhydrit CaS0, with both the combustion conditions and

Notes: Typical fly ash composition is for Pittsburgh No. 8 high volatile bituminous coal fly ash; ranges compiled

from various sources. 2%

economical way to reduce PM emissions from open burn-
ing in the fields and to replace fossil fuel.?> Laboratory
studies of inorganic species behavior during cofiring have
been conducted.?® A field study of cofiring coal and straw
reported a number concentration of 5 x 107 particles/
cm?.2%* This high number concentration may be due to
the use of an injector diluter installed directly in the flue.

Domestic Combustion
A significant amount of combustion takes place indoors,
for example, tobacco smoking, natural gas appliances, oil-
fired furnaces, fireplaces, and wood stoves. Domestic com-
bustion is especially important when considering
population exposure to combustion particles on a global
basis. Smoke from small-scale domestic combustion of bio-
mass, locally produced coal, and other opportunity fuels
results in a direct exposure to sensitive individuals, such
as the elderly and children, since the fires are located in
or near homes. Fresh and aged wood smoke may be espe-
cially important for health effects because the small par-
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the fuel type. One study of PM emissions
from residential wood fires distinguished
between hot, rapid combustion and slower,
low-temperature, air-starved combustion.?!°
Hot burning produced a monomodal particle distribution
with 30-40% of the particles between 0.3 and 0.6 pm.
The particles were predominantly EC and OC, but con-
tained percent levels of K, Cl, and S with 0.01-1% levels of
Al, Si, P, Zn, Pb, and Fe. For cool burning, the particles were
largely OC, and almost 50% of the carbon was associated
with particles between 0.6 and 1.2 um.

Combustion efficiency, wood moisture, and dilution
gas temperature affect the particle size distribution, indi-
cating that the actual winter fireplace PM may have a
higher fraction of fine particles than are measured under
laboratory conditions.?’! Hildemann provided detailed
particle size distribution graphs of fireplace emissions and
calculated an emission factor of 10 g PM/kg wood burned
based on electrical aerosol analyzer size measurements,
and reported 16 g/kg based on filter weight.!® Rogge re-
ported fine particle emissions from fireplaces ranging from
6.2 g/kg for oak to 13.0 £ 4.0 g/kg for softwood,?® and
suggested that unique organic species, such as tricyclic
resin acids, can serve as markers of wood smoke in the
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atmosphere. The amounts of various PAH compounds re-
sulting from domestic combustion of biomass fuels have
been reported.?0?212:213

Regional differences in domestic combustion may
provide the opportunity to conduct long-term exposure
health studies that integrate epidemiologic methods with
detailed characterization of the PM. For example, domes-
tic combustion of coal has been associated with the high
incidence of lung cancer in Xuan Wei, China.?"* Chemical
characterization of indoor air in homes using smoky and
smokeless coals showed 1-2 orders of magnitude differ-
ences in the concentration of PAH. The PAH and polar
extracts from the particles in homes using smoky coal were
highly mutagenic.?!5-2"

Wildfire and Agricultural Burning

Open fires from wildland and agricultural burning are
a significant source of atmospheric PM on a global scale.
Concerns include acute health effects to people near
the fires, climate effects,?'® and regional visibility.?!* PM
from large fires can be transported over continental dis-
tances. High PM  in the eastern United States during
the summer of 1998 was caused by smoke from fires in
Mexico,?* as shown by satellite photos. EPA policy?*!
does not consider exceedances of National Ambient Air
Quality Standards (NAAQS) from natural events such
as seismic and volcanic activity, wildland fires, and high
wind to constitute a violation for the legal purpose of
designating non-attainment areas. However, high par-
ticle concentrations are a health and environmental
concern whether the source is classified as natural or
anthropogenic. Fire is important for recycling nutrients
and for preventing the spread of invasive species in
many ecosystems. Balancing the ecological role of fire
with the goal of minimizing particulate levels in popu-
lated areas is a concern for land management in the
western United States and in other areas with grassland
ecosystems.

Emissions from wildland and agricultural fires are
poorly characterized because of the variability in com-
bustion conditions, for example, upwind versus down-
wind propagation, fuel loading per area, and fuel
moisture. Hot fires produce more NO,, but less CO, un-
burned hydrocarbons, and soot than smoldering fires.
Quantitative data on particle size, number concentra-
tion, and chemical composition that would be useful for
epidemiology correlations and for mechanistic toxicol-
ogy studies are limited by the difficulty of field measure-
ments and the uncertainty of how to scale from
laboratory experiments to real open fires. Inventory es-
timates of PM emissions from open fires are based on
empirical factors for PM per weight of fuel burned mul-
tiplied by an ecosystem-based estimate of fuel loading
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per area. Typical emissions factors are: 4 g of total sus-
pended PM/Kg of biomass burned for piled logging slash
with no soil debris; 16 g/kg for smoldering combustion
of conifers in temperate forests;'>* and 20 g/kg for tropi-
cal forest fires.?”?> Emissions of PAH have been measured
in a wind tunnel for simulated open burning of cereal
grasses and tree prunings.??*??* Weakly spreading fires
were observed to produce higher levels of the heavier
PAH with more of the PAH partitioned to the particulate
phase. PAH emissions were more strongly influenced by
the burning conditions than by the type of fuel.

0Oil Pool Fires

Management of large oil spills presents another case of
balancing ecosystem health and ambient air quality stan-
dards for PM. Igniting an offshore oil spill can reduce the
impact on aquatic and shoreline species, but also creates
a large plume of particulate air pollution. An understand-
ing of the characteristics of the PM emissions, as well as
an understanding of the atmospheric dispersion and clear-
ance, are needed to assess when to burn. Limited data on
pool fire emissions are available from laboratory and me-
soscale measurements.?” The PM mass emissions range
from 5% of fuel burned (50 g/kg) for laboratory fires to
15% of the fuel for a 17.2 m pool fire, showing that the
smoke yield increases with increasing fire size. The par-
ticle size distribution from one mesoscale measurement
was 50% of the mass in particles less than 0.7 pm and
90% in those less than 20 pm.??¢ This is much larger than
typical soot emissions, suggesting that the high particle
loading in pool fire plumes allows large aggregates to form.
The size of the primary particles that form the smoke ag-
gregates increases with increasing fire diameter.”®??” The
primary particle size trends and morphology determined
by thermophoretic sampling®*® for TEM examination are
consistent with formation of soot on the fuel-rich side of
the flame and agglomeration upon local flame interface
extinction. Oil pool fire smoke is greater than 90% EC,
and the PAH emissions from oil pool fires on water have
been measured.?”

Incineration Emissions
Much research has been done on metal transformations
during hazardous waste incineration due to the contro-
versial nature of the projects, and due to regulations that
require quantifying metal emissions of incinerators dur-
ing the permit application process prior to facility con-
struction. Although incineration is a small source of PM
emissions on a global scale, the unusual compositions of
the waste feeds provide valuable insights into the ther-
mochemistry of trace metals. For incinerators, the ash
vaporization is affected by both temperature and Cl con-
centration, since the chlorides of many metals have a high
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vapor pressure.**?* The formation of submicron particles
and the formation of a bimodal particle size distribution
in incinerators is very similar to the process that has been
observed for coal. Unusual waste streams may result in
incineration fly ash containing high levels of volatile
metals, but in many cases the bulk of the particle mass
from incinerator combustion is the refractory oxides.

An extensive review has been conducted by Linak and
Wendt,*® and Lighty and Veranth®! have also discussed
the issue. The partitioning of a metal in a hazardous waste
incinerator depends not only on the temperature’ and
the gas environment, but also on the constituents within
the solid matrix.?*> The metals either react with the solid
matrix to form solid materials that might be nonleachable,
or they may vaporize and undergo nucleation and par-
ticle growth similar to the processes previously discussed
for submicron inorganic ash from coal. Vaporization also
depends upon the type of metal. Normally, Cd** is found
to be more volatile than Cr; however, the results depend
on the solid matrix. The high levels of CI present in in-
cineration gas-phase emissions compared with fossil-fuel
combustion affect the formation of fine PM.230234235 The
metal chlorides are generally more volatile than the metal
oxides, so Cl causes higher vaporization, which leads to
increased formation of submicron particles enriched in
trace elements. Differences have been observed between
the effect on particle size of inorganic versus organic Cl,
that is, NaCl and PVC in the feed,*¢ suggesting the im-
portance of intermediate species in the reaction pathway.

If a listed toxic metal remains with the solid, the ash
must meet land-disposal regulations, which require a
leachability test. Research has shown that Pb may inter-
act with the aluminosilicates in solid materials.*372%
Others have studied the injection of sorbents for metals
control, which captures the volatile metals in a sorbent-
derived particle.'02232239.240 In some cases, a non-leachable
solid was formed.

Laboratory-scale elemental composition and particle
size data have been reported for conditions applicable to
commercial incinerators.?*! Metal speciation data is more
difficult to find since the metals are normally present only
in trace amounts, which are difficult to detect by many
speciation methods. However, Linak et al. demonstrated
that the toxic form of chromium, Cr VI, was only a few
percent of the total chrome emitted from a laboratory
scale system,?*? except in the presence of Cl. When large
amounts of Cl were present, the percent emitted was be-
tween 5 and 8%, still low. Thermodynamic calculations
also show that input waste composition has a greater ef-
fect on Cr VI formation than does operating temperature.?*

Data on full-scale incinerators are collected at the stack
to demonstrate compliance with emissions limits. Due to
the high particle removal efficiency, the emissions from
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incinerators are controlled by gas cleaning equipment
performance. Combustion conditions impact emissions
indirectly through changes in the particle size distribu-
tion, which influences air pollution control equipment
performance. A study to characterize the performance of
various incinerator gas cleaning systems showed that the
PM mass concentration, corrected to 7% oxygen, mea-
sured at the secondary combustion chamber exit was 5 £
0.6 mg/m?, while the concentration downstream of a
baghouse and ionizing wet scrubber combination was
0.013 + 0.009 mg/m3.2* The control efficiency for indi-
vidual elements ranged from 95 to 99.995% removal be-
tween the gas cleaning inlet and the stack. The differences
in removal efficiency between elements are expected to
reflect differences in the partitioning of each element to
different particle size fractions, and to the liquid and gas
phases. Kauppinen and Pakkanen presented graphs show-
ing the elemental distribution in the emissions from a
hospital incinerator,** which shows that Pb and Cd are
enriched in the submicron particles. The authors are un-
aware of similar published data on the detailed size distri-
bution of combustion exhaust or stack PM from
commercial hazardous waste incineration.

Internal Combustion Engines

IC engines represent 20-40% of the fossil energy combus-
tion in developed countries, and contribute emissions that
are concentrated in urban areas. Particulate emissions from
engines have been extensively studied due to concerns over
the smoke emitted by diesel engines, lead emissions prior
to the phase-out of leaded gasoline, and health effects of
ultrafine particles. The general process of particle forma-
tion as discussed in the fundamentals section is fully ap-
plicable to IC engines. However, understanding particle
formation in the cylinder of a high-speed engine involves
both the chemical kinetics which have been determined
from experiments in idealized laboratory flames and the
transient temperature and volume changes, fuel/air mix-
ing, and heat transfer unique to in-cylinder conditions.

A large body of specialized literature on IC engines
exists. Details of engine design,**¢?*” combustion in the
cylinder,**$-2%2 in-cylinder measurements,*? the use of fuel
formulation and additives for soot control,?** PM from
catalytic converters,> and the development of particle
traps for diesel engines®*® are outside the scope of this
paper, and the reader is referred to the cited reviews and
collected papers.

The filterable particles from IC engines, including
both soot and inorganic PM, are either individual submi-
cron particles or are loosely bound aggregates formed from
ultrafine primary particles, as discussed in the fundamen-
tals section. Soot and organic PM result from incomplete
combustion. The inorganic particles are derived from fuel
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and lubricant additives, fuel contamination, engine wear,
and ambient PM that passed through the air filter. Cau-
tion is needed when looking for data on the fraction of
ambient PM attributed to IC engines, because non-com-
bustion particles from resuspended road dust and from
the wear of tires and brakes are listed under “mobile
sources” in some emissions inventories.

Soot formation in IC engines has been studied due to
regulation of the black smoke that can be emitted by diesel
engines under heavy load, and due to the importance of
soot on radiant heat transfer and flame structure. The topic
of soot from internal combustion is covered in detail in
books by Heywood?” and Sher.?8 Empirical data show that
diesel smoke emissions increase with load, but can be re-
duced by improved fuel-air mixing and by better control
of fuel injection. Work by John Dec and colleagues*’ us-
ing laser sheet visualization has shown that, under typi-
cal diesel conditions, the initial premix phase of diesel
combustion occurs in a fuel-rich vapor-fuel/air mixture
(equivalence ratio of ~4) in the leading portion of the fuel
jet, just downstream of the maximum liquid-fuel penetra-
tion. This vapor-fuel/air mixture is fairly uniform with a
sharp well-defined boundary at the jet periphery.

The measurements show that as autoignition occurs,
the fuel breaks down over the whole premixed, fuel-rich
region almost simultaneously (i.e., within ~70 psec), fol-
lowed very quickly (less than 70 psec) by PAH formation
throughout this region. Then, ~140 psec later, initial soot
formation occurs with very small particles forming through-
out large sections of this leading portion of the jet. Within
an additional 70 psec, the entire region is filled with small
soot particles whose volume fraction is increasing rapidly.
The actual emission from the cylinder to the exhaust mani-
fold is the result of competition between soot formation
and soot oxidation. Soot oxidation is reduced when the
combustion process is prematurely quenched. This occurs
when excessive injection of fuel results in the burning mix-
ture contacting the cylinder walls.

Table 5 summarizes exhaust measurements of particle
size and number concentration data from selected stud-
ies of diesel and gasoline engines.?”2¢0-266 The exhaust
tailpipe data show that IC engines are a source of par-
ticles smaller than 100 nm at initial concentrations greater
than 10°/cm?, which is consistent with measurements of
ambient particle size distributions at various distances
from urban highways.267.2¢8

The sizes of diesel particulate emission can be approxi-
mated by a bimodal lognormal distribution.?¢> The
nanoparticles in the ultrafine transient mode of diesel
engines represent only 0.1-1.5% of particle volume (mass)
but 35-97% of the particle number.?> Most of the PM
mass is in a mode with a diameter between 0.01 and 0.1
pm. From the available studies, the relative importance
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of surface growth and coalescence in determining the
particle size in this larger mode is unclear. Typical exhaust
PM mass concentrations from well-maintained modern
diesel engines are 15-30 mg/m?3.262 With older engines,
the PM mass is higher, the number of ultrafines is much
lower, and a condensation or accumulation mode domi-
nates the number distribution.?® The high particle num-
ber of 1 x 10°/cm? reported for a 1991 Cummins engine
by Bagley et al.?* has led to the speculation that the re-
duced particle mass emissions in the newer diesels has
resulted in increased particle number. The hypothesis is
that there are insufficient soot particles to provide sur-
face for the condensation of the heavier organic or acid
molecules, which therefore become supersaturated in the
vapor phase and nucleate as the exhaust cools in the sam-
pling train.?”

Gasoline engines have much lower PM mass emis-
sions than diesel engines. Tailpipe particle emission mass
is as low as 0.1 mg/mi, and the baseline number concen-
tration is 10°-10° particles/cm?,2%42%¢ which is consistent
with the reported accumulation mode particle size.
Graskow et al.?®* reported that the particle number from
gasoline engines is highly unstable and that they observed
intermittent spikes in particle number up to 2 orders of
magnitude above the baseline. The formation of deposits
in gasoline engines, which can contribute to particulate
emission spikes, has been reviewed by Kalghatgi.?”° Fuel
parameters have a strong effect on the fuel/air ratio at
which the maximum gasoline engine particulate emis-
sions occur.?”!

A single instrument cannot measure the entire range
of inhalable particles from less than 10 nm to over 10 pm
that are potentially emitted by an IC engine. By using
both a scanning mobility particle sizer (SMPS) and an aero-
dynamic particle sizer, the full particle size distribution
from an engine can be reported in segments. For a diesel
engine, Morawska et al. reported 10*-10%/cm?® in the ac-
cumulation mode centered on 0.1 pm and ~1 particle/
cm?® in the range from 1 to 10 um.?% One particle at 5-um
diameter weighs the same as 1.2 x 10° particles at 0.1-um
diameter. The uncertainty introduced by interconverting
particle mass concentration and particle number concen-
tration data for the purpose of testing health effects hy-
potheses related to vehicle emissions is apparent.

Mass and surface area of submicron particles are in-
ferred from number and diameter measurements assum-
ing a spherical shape and an appropriate density.
Comparisons of filter samples and the total emission mass
calculated from integrating particle size and number data
agree semiquantitatively,?% generally within a factor of 2.
This difference may not be significant compared with the
wide range of PM emissions from real vehicles depending
on age, operating conditions, and maintenance history.
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Table 5. Selected measurements of particle emissions from internal combustion engines.

DIESEL
Engine & Condition Number Mean Results Reference
1991 Cummins—various modes Nuclei 11-17 nm >10E9 particles/cm’. High number count in 260
with and without catalyst Accumulation 55-73 nm smallest size bin measured. Size distribution
graphs and lognormal fit.
Newer catalyst-equipped, Count Median Diameter 39-60 nm Exhaust number concentration, 1.5E4 for 261
LNG-fueled, and older catalyst, 8.4E4 for LNG, 7.9E5 for leaded.
leaded-fuel vehicles
1995 direct injection— Nuclei 5-9 nm 1-7E7 particles/cm®. High number count in 262
various modes Accumulation 29-40 nm smallest size bin measured. Size distribution
graphs and lognormal fit. Mass 15-30 mg/m°.
Various in-service Accumulation 30160 nm 0.7-3.9E7 particles/cm® in SMPS range. 263
engines 1983-1996 Also data on 0.3-30 um size range. Particle number increased with increasing power.
Review paper Nuclei 5-50 nm 1E7-1E8 particles/cm®. Graphs of particle number 27
Accumulation 0.1-0.3 pm. and size vs fuel/air ratio for various engines.
GASOLINE
Engine & Condition Number Mean Results Gasoline
1993 4-cylinder Nuclei <10 nm Emissions highly unstable. Baseline 1E5/cm® 264
Accumulation 70 nm with spikes to 1E7/cm?’.
Review paper 40-70 nm 1E5—1E6 particles/cm®. Varies with fuel/air ratio. 27
Various automobiles 1994-1997 30-70 nm Did comparisons of total particle number and 265
filter collected mass over test cycle.
Various automobiles 1995-1998 25-107 nm Compared various results from test cycles. 266

Mass 0.1-9.6 mg/mi.

A program of dynamometer tests on 23 in-service spark
ignition vehicles ranging from 1976 to 1990 model years
showed particulate emissions ranging from 7.2 to 1342
mg/mi,*”? and the OC ranged from 35 to 95% of the total
carbon.

Various investigators have reported the chemical com-
position of IC engine PM as a function of particle size and
operating conditions. The PM is a mixture of EC, organic
compounds, metal oxides, and sulfates. The exhaust from
a typical heavy-duty diesel is 31-41% EC or soot, 25-40%
unburned oil, 7% unburned fuel, up to 14% SO, and
H,O, depending on fuel sulfur content, and 13% ash and
other inorganic, and there is usually some mass listed
under unknown origin.?”?”3

Data on partitioning between soot and the soluble
organic fraction?”* and between EC and OC by thermal/
optical reflectance from IC engine emissions are available.?”?
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Detailed organic composition of emissions from in-ser-
vice gasoline and diesel engines by GC/MS analysis of
extracts have also been reported.?’>?7527¢ As will be dis-
cussed in the measurements section, the H,SO, and heavy
organic products of incomplete combustion may form par-
ticles in the atmosphere that are not included in the PM
as measured by standard procedures. In the United States,
particulate emissions are regulated by the mass collected
on a filter at 325 K (125 °F) followed by equilibration at
295 K and 45% relative humidity before weighing.?””
Figure 13 shows the complex nature of the condensable
organic aerosol collected from diesel engines using a di-
lution sampler.?’¢ Only a small fraction of particle-bound
material is resolved into known compounds, and even
the resolved fraction contains multiple chemical com-
pounds within each category. Dilution samplers's>?”8 can
quantify the mass and composition of the condensable
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alkanes
unresolved
gas-phase particle-phase
volatile organics organics
polycyclic
aromatic
hydrocarbons
(PAH)
semivolatile
gas-phase organics| n-alkanoic
particle-phase acids
organics
alkanedioic
elemental carbon acids
resolved other
Total Organic Particle-Phase Resolved
Emissions Organic Compounds Particle-Phase
367 mg/km 41 mg/km Compounds

Figure 13. Organic analysis of the exhaust emissions from medium-
duty diesel trucks. Only a small fraction of the particle-phase organics
were resolved into identified compounds. Replotted from data by ref
276.

PM, but may distort the size distribution. The effects of
dilution on PM size distribution will be discussed in the
measurements section.

Vehicles need to be considered as a potential source
of particle-bound transition metals in health-related stud-
ies. Table 6 provides illustrative data showing the metals
content of diesel and gasoline emissions, and shows that
IC engine emissions have significant metal content. Met-
als are reported in mg/mi for the average of two in-ser-
vice diesel trucks sampled in 1996 in California®° and for
the average of four 1995 model-year Ford automobiles.?”®
The variation in the data is large, and only the elements
where Schauer et al.?’® reported a mean greater than twice
the standard deviation are listed. The total mass emis-
sions from the gasoline contain 9-31% metallic elements

Table 6. Metals emissions from internal combustion engines.

Diesel Trucks Automobiles
Total Mass 845 +22 744
EC 260 +9 NR
0C 166 £6 NR
Si 53%0.2 0.12+0.12
Fe 0.42 +£0.02 0.11+0.09
Zn 0.59+0.03 0.009 £0.005
S 1.86£0.07 0.7+0.9
S0, 85+05 NR
NH4* 6.2+0.3 NR

Notes: Emissions in mg/mi were calculated by the authors from data reported by Schauer
et al.® and Ball. ””® NR = not reported.
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by weight. PM emissions of 27 elements from in-use high-
emitting vehicles were reported by Cadle et al.?°

Leaded gasoline has been phased out in the United
States and in many developed countries, but it is still used.
The particulate emissions from automobiles burning fuel
with 0.4 g Pb/liter are about 25% Pb,?®! and the mass mean
particle size is 1-2 um,?*® which is much larger than the
PM from spark ignition engines running on unleaded fuel.
The Pb emissions are on the order of 60 mg/mi. The mea-
sured Pb concentration also reflects dilution by the higher
EC and OC content of emissions from gasoline engines
that are not equipped with modern pollution control tech-
nology. Use of methylcyclopentadienyl manganese
tricarbonyl (MMT) as an octane-boosting additive results
in the emission of amorphous manganese sulfate and phos-
phate particles with a size ranging from 0.2 to 10 pm.??

Modern IC engines produce PM in both the ultrafine
mode and in a larger accumulation mode, with nearly
all the mass being in particles smaller than 1 um. Emis-
sions of PM, unburned hydrocarbons, NO_, and CO all
have declined as stricter regulations on new vehicle
models have forced improvements in combustion tech-
nology and in post-combustion gas cleanup. The limits
of current technology are being reached, and air-quality
models are predicting an increase in total emissions from
vehicles in the next decade as increases in vehicle-miles
driven begin to outweigh the reductions in emissions
that have been achieved by retiring older vehicles. Health
concerns regarding particle number, ultrafines, and tran-
sition metals will lead to a need for more detailed char-
acterization of IC engine emissions, especially under
in-service conditions.

Aircraft Turbines

The aircraft PM emissions literature includes studies ad-
dressing both ground-level emissions near airports28
and cruise altitude studies emphasizing stratospheric
chemistry and global climate effects.?®>-% Visible smoke
emissions from aircraft engines were first regulated by the
1970 Clean Air Act. The engine manufactures retrofitted
jet aircraft with smokeless combustors by 1978,%° and
there is little published research on soot emissions from
gas turbines from the late 1970s until the mid-1990s.
Ground-level PM measurements show that most of the
particle mass is soot and semivolatile products of incom-
plete combustion. Cruise altitude particle number is domi-
nated by H SO, aerosol. Table 7 compares the mass, size,
and number concentration for ground-level testing of
engines representing 1970s° and 1990s%S design tech-
nology. Conversion to smokeless combustion chamber
designs has reduced particle mass and number concen-
tration. However, aircraft engines still can be a locally sig-
nificant source of submicron particles.
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Table 7. Ground-level emissions from aircraft turbine engines.
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Health effects research must

Stockham, 1979

Petzold, 1998°

look at the actual human exposure,
and many of the indoor sources in-

Engine Type TF-30, JT8D, JTID

Particulate Mass dle 1.85-4.41g/kgfuel
Cruise 0.29-2.09
Takeoff 2.8-7.06

Particle Size dle 0.043 um
Cruise 0.69
Takeoff 0.60

Particle Number Concentration Idle 93x10/cm®
Cruise 227 x 107
Takeoff 1.9x10°

Rolls Royce
Total carbon
0.27-0.74 g/kg fuel

Coagulation

volve combustion-generated par-
ticles. When discussing the health
effects of combustion particles, one
must consider that, with the excep-
tions of domestic combustion and
tobacco smoking, people do not di-

Primary 0.045 pm
Coagulation 018 rectly inhale combustion emissions.
Coarse 0.56 Persons inhale particles that have un-
dergone post-combustion and atmo-
Primary 8 x 10%cm’ spheric transformation. Different
25x10'%em’  particle sizes are removed from the
Coarse 15x10%cm’®

atmosphere at different rates, and
the particles may become coated

*Particle number reported by Petzold was measured 200 m behind the engine and was not corrected for dilution.

EMISSIONS, AMBIENT CONCENTRATION, AND
INHALATION EXPOSURE

The legal authority of air quality agencies extends only to
the component of exposure that is attributable to ambi-
ent air,?! and indoor air quality is controlled indirectly
through public health advice, building codes, and prod-
uct design regulations. Most of the average person’s day
is spent indoors or in vehicles, and sensitive individuals,
infants, the sick, and the elderly spend even more time
indoors than healthy working adults. Indoor particle con-
centrations can be very different from the outdoor ambi-
ent particle concentration that is measured by central
monitoring stations. The indoor PM concentration and
size distribution depend on the rate of outside air ex-
change, personal activity patterns, and indoor particle
sources. In general, the concentration of coarse particles
is lower indoors than outside, but activities such as sweep-
ing, or even walking on a dusty carpet, can resuspend
large quantities of coarse PM.

Institutional buildings have central air-handling sys-
tems that include filtration. A comparison of air samples
in patient areas of three hospitals showed little correla-
tion between indoor air PM,; and ambient PM,  at local
air monitoring stations.?? A better correlation is observed
between indoor and outdoor fine-particle concentration.
Accumulation mode ambient PM can penetrate into build-
ings because these particles are not efficiently removed
by gravitational and inertial mechanisms. However, ac-
tivities such as cooking and tobacco smoking are indoor
PM sources that can increase fine-particle concentrations
far above ambient levels. Personal exposure to particles
depends on physical activity (ventilation rate) and on the
amount of time spent in various environments indoors,
in vehicles, and outdoors.
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with condensable species. The cells
deep in the lung are not exposed to
the same particle mixture that is
measured by an ambient filter, due to size-selective re-
moval in the airway. Some gas-phase chemicals that would
ordinarily be removed by diffusion to the airway wall may
penetrate deep into the lung when adsorbed on an inert
particle, the “Trojan Horse” hypothesis.

Ambient PM Characteristics

As originally reported by Whitby and Sverdrup,®* and
since confirmed by many studies, atmospheric particles
have a multimodal size distribution, as shown in Figure
14.6293-296 These modes include the coarse mode, which is
usually mechanically generated; the accumulation mode
of 0.1-1 pm particles; and a mode of fine particles result-
ing from nucleation and surface growth. The latter two
modes are the consequence of nucleation, condensation,
and coagulation to produce particles from gas-phase pre-
cursors. The true accumulation mode is the result of par-
ticles growing into the range where further growth is slow,
because of decreased collision frequency, and where re-
moval is slow, because inertial deposition and gravity set-
tling are inefficient. The size and shape of the ultrafine
particle mode in the urban atmosphere represents a dy-
namic balance between the generation of new particles
(nuclei) by nearby sources and growth into the accumu-
lation mode by coagulation and surface deposition.

The process of forming new particles by nucleation
and the subsequent growth by coagulation and conden-
sation are similar both in combustion systems and in the
atmosphere. Nanoparticles are created from vaporized
compounds by gas-to-particle conversion due to chemi-
cal reaction or cooling. These reactions may take place in
the combustor, during initial dilution of the plume, or
over a period of hours in the atmosphere. Nanoparticles
are rapidly removed from the atmosphere by coagulation
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Figure 14. Typical PM mass and number distributions showing the
multimodal nature of the ambient aerosol. Adapted from data by refs 6
and 293-295.

with each other and with larger particles. In addition,
species condensing from the gas phase are deposited on
ultrafine particles since they represent a large fraction of
the available surface area. These condensing species in-
clude organic compounds, SO >, and NO,~ formed by re-
actions in the atmosphere from precursors that are emitted
as gases from combustion systems. Eventually, the
ultrafine nuclei-mode mass is transferred into the accu-
mulation mode consisting of particles between 0.1- and
1-um diameter. Accurately measuring the ultrafine size
distribution, in both the ambient air and combustion
source emissions, is difficult because particle number is
not conserved, ultrafine particles undergo rapid transfor-
mations, and there are few calibration standards avail-
able. Seinfeld and Pandis provide a detailed treatment of
ambient aerosol characteristics.®

Gravimetric measurements of particle mass generally
show only the coarse and accumulation modes unless the
data are plotted on a logarithmic scale. Likewise, optical
and electrical mobility measurements of particle number
usually show only the nucleation and accumulation
modes. Natural PM includes wind-transported geological
material, biogenic PM (pollen, spores, and secondary PM
from VOCs), and sea salt. Naturally released sulfur and
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nitrogen compounds produce additional PM, but the an-
thropogenic emissions of sulfur and nitrogen compounds
dominate secondary particle formation in industrialized
areas. Comparison of oceanic, polar, and remote desert
aerosols®” to urban aerosols?** shows that the natural
nucleation and accumulation modes are small compared
to the anthropogenic contribution to fine PM. Reported
concentrations of ultrafines in ambient air vary from 100
to 1000/cm? in rural and oceanic environments, 10*/cm?
time-averaged in urban areas,*® and ~10%/cm?® near an
urban freeway.® Janecke®” provides quantitative descrip-
tions of typical ambient aerosols as the sum of three log-
normal distributions, which are useful for modeling input.

Source Apportionment and Modeling
Figure 15 shows that 80-90% of the PM mass emitted from
combustion sources is below 1-um diameter, while less
than 10% of the mass of dust from geological material is
PM, ..** However, the evidence for the relative contribu-
tion of various PM, , sources is contradictory, and some
source apportionment studies*? suggest that ambient
PM, , is dominated by sources other than combustion
particles. For example, Figure 16 shows ~62% of emis-
sions coming from geological material and only 38% com-
ing from combustion sources.**2%! Emissions inventories
are based on multiplying census-type data by emission
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Figure 15. Typical size distribution for the emissions from geological
dust sources and from combustion sources. PM, dominates the mass
of combustion emissions, while most geological dust is larger than
PM,,. Replotted from data in Watson and Chow.?*
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Figure 16. Inventory of the 1997 U.S. nationwide PM, , emissions.®®
Total mass was estimated as 10 Tg/yr. Major differences exist between
inventory data and source apportionments based on the composition
of particles collected at receptor sites. Source: U.S. Environmental
Protection Agency.

factors, which are often based on only a few measure-
ments. Both researchers and air quality agencies suspect
that the fugitive dust component is overstated by these
methods.?** If the fugitive dust is overstated, then some
other contribution, such as combustion, is understated,
as many urban areas are in violation of the PM stan-
dards. Suspected sources of the differences between emis-
sions inventory and receptor-based methods of
calculating source contributions include comparing na-
tional averages which are dominated by rural areas with
monitoring stations which are concentrated in urban
areas; not fully accounting for redeposition of wind-
blown PM near the source area; and not including the
effect of “super-emitter” sources such as improperly
maintained and operated combustion sources in the in-
ventory emission factors.

As EPA compiles information from speciated PM
monitoring sites, it will be interesting to learn more about
the chemical characteristics of ambient PM and how this
can relate to specific sources, including combustion. In-
ternational variation in the relative contribution of com-
bustion and geological processes to ambient PM are
expected because of local climate, geography, and tech-
nology preferences. For example, in urban areas in Tai-
wan, PM, ; was found to be as high as 80-90% of PM, ,*%
and combustion was found to be a major source of both
the coarse and fine PM.?* Likewise, particles larger than
2.5 pm, or even larger than 0.5 pm, are rare in the central
European urban environment.?%

The combination of particle size and chemical com-
position data provides insights into the sources. For ex-
ample, the PM, ; in the eastern United States has a much
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larger SO,* component and a much smaller NO,- compo-
nent than does the PM,  from California.*** This result is
likely due to the effects of coal-fired power plants in the
east and of agriculture and mobile sources in the west.
Source apportionment based on matching chemical com-
position of particles collected from known sources with
the mixture collected at receptor sites is an active area of
research.?4306-3%8 Reconciling source inventories with the
particles actually collected at receptor sites has important
public policy implications.

A mechanistic air quality model has been developed
that allows computing the contribution of individual
emission source types to the size and chemical-composi-
tion aerosol distributions.** The model predicts that the
submicron fraction of the PM does not contain appre-
ciable amounts of secondary particles. Specifically, little
SO,* and no NO, was predicted in the particles less than
0.1 um. For particles between 0.1 and 1 pm, SO > concen-
tration was slightly higher with a larger increase in NO,
concentration. Data from filters confirmed the modeling
results,!? although the sulfur concentration in the par-
ticles less than 0.1 pum was higher on the filters than pre-
dicted. The model explains the measured 0.2- to 0.3-um
particles as transformed emissions from diesel engines and
other combustion, and explains the observed 0.7- to 0.8-
pm particles as fine background aerosol that has been
transformed by fog and gas-to-particle conversion in the
urban air.?'° The model predictions are only as accurate as
the source data and the atmospheric transformation chem-
istry models.

The observed particle size distribution in urban envi-
ronments is the result of a dynamic balance between gen-
eration of ultrafine particles by combustion sources and
the transfer of these particles to the accumulation mode
by coagulation and by surface growth from secondary
aerosol gas to particle conversion. While computational
modeling may provide insights into the relationships be-
tween sources and human exposure, models are limited
by the source data, and there is a need for more detailed
characterization of combustion sources.

PARTICLE HEALTH EFFECT RESEARCH

Particles have long been implicated in the deterioration
of visibility and the environment and as the cause of ad-
verse health effects. As early as 1661, John Evelyn wrote,3!!
“It is this horrid smoake, which obscures our churches
and makes our palaces look old, which fouls our clothes
and corrupts the waters so that the very rain and refresh-
ing dews which fall in the several seasons precipitate this
impure vapour, which with its black and tenacious qual-
ity, spots and contaminates whatever is exposed to it.”
Evelyn goes on to say, “London fires, there results a great
quantity of volatile Salts, which being sharp and dissipated
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by the Smoake doth infect the Aer, and so incorporate
with it, that though the very Bodies of those corrosive
particles escape our perception, yet we soon find their
effects, by the destruction of all things they do but touch;
with their fuliginous qualities.” Evelyn not only impli-
cated combustion, but also inferred that the cause was
from small particles.

This section discusses the ongoing research into the
health effects of particulate air pollution, with an emphasis
on the toxicological hypotheses that relate to specific types
of combustion-generated particles. Table 8 summarizes

Table 8. Combustion particle characteristics investigated in toxicology studies.

combustion particle characteristics that are suspected to be
important for health effects and the results of selected epi-
demiology and toxicology studies that have addressed these
physical and chemical characteristics.5825213:305308,312-348 Re.
cent reviews discuss the toxicologic and epidemiologic
evidence for health risks from gasoline and diesel engine
emissions;***3# the toxicology of ultrafine anthropogenic
atmospheric aerosols;*** and the relationship of particle
air pollution to asthma.?*° The proceedings of recent con-
ferences are sources of more detailed coverage of current
health-related research.3!52

Characteristic Relation to Combustion

Epidemiology Studies

Toxicology Studies

Mass Filterable combustion aerosols are a minor component
of urban aerosol, which is dominated by organic,
secondary, and geological PM.*®

Particle Size Combustion is the major source of submicron
and ultrafine PM. (This review.)

Ultrafine and Inorganic ultrafines are formed by mineral

Nanoparticles vaporization during combustion followed
by nucleation and condensation. (This review.)

Transition Submicron particles from combustion are

Metals enriched in transition metals. Fe is more
bioavailable from coal fly ash than from
geological dust with similar size and total Fe.**®

EC (Soot) Combustion produces 10- to 50-nm diameter
carbon-rich primary particles. (This review.)
Diesel exhaust is the major source of urban
soot.*®

0C Incomplete combustion produces a wide
range of organic species.?™**"

Secondary Most of the urban ambient PM25 is secondary

aerosol formed from combustio'n—generated
S0, and NOX.G‘B

2— -
SO4 and NO3

Acidity Cland S in fuels produce HCI and SO2 inthe
combustion products.
Synergistic Effects ~ Combustion emissions contain EC, OC, metal-

rich particles, CO, and acid gases.

Health outcomes have been
associated with ambient PM mass.3*

Coarse particles are not associated with
mortality,*®*3*' but health outcomes
are associated with fine PM 3"

Respiratory effects associated with
ultrafine PM number #3®

Associations of health outcomes and
transition metals were found in some
studies, "% but not in others.**

Weak association between diesel
exhaust and cancer risk®* but
uncertain dose-response
relationship. 3’

Exposure studies™' to whole diesel
exhaust include the soluble organic
fraction.

8042’ and NO, " are implicated by
studies that correlated risk with

PM mass.*™®

Some evidence for a correlation of
health outcomes with H* .

Epidemiologic studies are confounded
by the complex mixture of pollutants in
ambient air 7%

Exposure of young, healthy adults to
concentrated ambient particle does not
cause acute effects. %%

Iron mobilization from coal fly ash in cell
culture increases with decreasing particle
size.** Mutagenic activity is associated with
fing PM. %

Differences between fine and ultrafine
particles of the same material 3135133234

Transition metals catalyze formation of
reactive oxygen species.?*** Metals from
ambient PM*"*2 and coal fly ash®*
induce synthesis of proinflammatory
cytokines in cells and lung inflammation in
rats *"

Carbon black and whole diesel exhaust
produced similar lung lesions in rats.*®
Ultrafine carbon causes lung inflammation.*®

PAH compounds include known and
suspected carcinogens and mutagens. *%%
NO,” not toxic at 1 mg/m® agricultural
worker exposure.” High levels of SO,
associated with increased airway resis-
tance.*"®

Various responses reported to laboratory
inhalation of acid aerosols.*

Exposure to pairs of pollutants can produce
greater effect than either one alone: ultrafine
PMand 0, coal fly ash and H,S0,,
benzo[alpyrene and carbon black >"®

1592 Journal of the Air & Waste Management Association

Volume 50 September 2000



Epidemiology

Epidemiology, the medical science that investigates the
quantitative factors controlling the frequency and distri-
bution of disease, provided the initial evidence that the
PM,, ambient air standard did not meet the legal criteria
in the Clean Air Act to “protect the public health” while
“allowing an adequate margin of safety.”?s* The current
emphasis on the health effects of particulate air pollution
was set in motion by the seminal studies of Pope, Schwartz,
and Dockery. Pope compared hospital records for years
when a steel mill in Utah was operating and closed and
showed that elevated PM,  concentration was associated
with increased hospital admissions for pneumonia, pleu-
risy, bronchitis, and asthma.?** Schwartz and Dockery
showed that variation in total suspended PM correlated
with the number of deaths per day in Steubenville, OH,
over an 11-year period.** Dockery et al. showed that fine-
particulate air pollution, or a factor correlated with fine
PM, contributed to excess mortality in six U.S. cities.!8

The methods used in recent air pollution epidemiol-
ogy studies have been reviewed,?*>3% and these methods
are based on general correlation models described in ad-
vanced statistics texts.?’ Several studies have involved
reexamining previous results by an independent group
of investigators to verify the conclusions by alternative
statistical methods.?%#3%° The statistical association of fine
PM and various health end points appears to be robust,
that is, independent of the specific correlation model used.
Pope reviewed epidemiology studies of particulate air
pollution from 1953-1996 and listed approximate ranges
of estimated effects.**”3% For a 10-ug/m? increase in PM,,
the effects were a 1.5-4.0% increase in respiratory mor-
tality, a 0.5-2.0% increase in cardiovascular mortality, a
0.5-4.0% increase in respiratory hospital admissions, and
a 1.0-4.0% increase in grade-school absences. Detecting
such a small increase requires an extremely sensitive sta-
tistical method. Since the average death rate in the United
States is about 20 deaths/day/million persons, a 1% in-
crease in mortality represents 1-2 excess deaths above the
daily average in a metropolitan area containing 5 million
people.

Epidemiology methods have limitations. These stud-
ies can only correlate data that have been consistently
measured over a sufficient geographical area or period of
time to show detectable variation. For example, to test
for the effect of geological particles, studies have had to
use indirect measures of wind-blown dust such as the dates
of dust storms®*! or the atmospheric clearing index.**®
Epidemiologists have not correlated health effects with
either ultrafine ambient particles or with the ambient
concentration of biologically available transition metals
because these suspect particle characteristics have not been
routinely measured. Although epidemiology can show a
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correlation, it cannot prove causality. Two well-correlated
factors may both be individually correlated with a third
unknown factor that is the actual cause. There have been
frequent suggestions that the observed health effects that
have been correlated with particles are actually due to
another pollutant that correlates with PM. Stagnant air
conditions in urban areas can lead to the simultaneous
buildup of multiple pollutants including PM, O,, SO,, CO,
soot, and numerous gas-phase and particle-bound organic
species, so this is a reasonable hypothesis. As will be dis-
cussed in the measurements section of this review, a need
exists for the development of robust, precise, economical
methods for measuring the various particle characteris-
tics that are possible factors for health studies.

Epidemiology studies in Spokane, WA,**! and in
Utah*?® suggest that coarse, wind-blown particles are not
the cause of the observed health effects. This implies that
some other component of the urban PM, such as fine par-
ticles from combustion, is related to the observed effects.
An important distinction must be made between chronic
and acute health effects. Some health effects, such as
chronic bronchitis, emphysema, pneumoconiosis, fibro-
sis, and lung cancer, are associated with many years of
exposure to the combustion emissions or other inhalable
toxic agents. The acute effects of particle inhalation in-
clude hospital admissions associated with asthma, bron-
chitis, pleurisy, pneumonia, and cardiovascular disease.
Time-series epidemiology studies show that these effects
typically lag the changes in PM level by 1-5 days.?*s Dur-
ing the 1952 London Fog event, a temperature inversion
trapped the air pollution, allowing the buildup of com-
bustion emissions to lethal concentrations over a period
of four days in December. The increase in deaths was al-
most 4-fold during the episode, and the effects started
within a day of the onset of the pollution increase.

The mass concentration increments addressed by
ambient air epidemiology studies are orders of magnitude
below the inhalable particle concentrations for PM in
occupational settings. Average concentrations of diesel PM
ranging up to 1400 pg/m? have been reported in studies
of underground mines.3*° Typical allowable 8-hr concen-
trations for general “nuisance dusts” in occupational set-
tings range from 2000 to 10,000 ug/m?, and these
measurements are usually stated in mg.**! Few papers have
proposed toxicological mechanisms that are based on
particle mass alone at ambient concentrations. Particle
mass, which has been the focus of most ambient PM epi-
demiology, is likely to be a surrogate for the real agent.
However, Harrison and Yin,?*%? in a review of PM health
effects, discussed the uniformity of epidemiologic corre-
lations between PM concentration and health end points
observed in different regions of the world with different

proportions of SO, NO,-, crustal material, and other
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major PM components. They concluded that the avail-
able data provides little support for the idea that any single
major or trace component of PM is responsible for ad-
verse effects, but acknowledged that there is evidence that
particle size rather than mass may be the appropriate
measure to correlate with health effects.

Respiration and Particle Inhalation

The respiratory system will be briefly discussed to pro-
vide a background for the discussion of human popula-
tion, whole animal, and cell culture studies of combustion
particles. Concise descriptions of the human respiratory
system, written in the context of air pollution engineer-
ing, include those by Carel*® and Degobert.?*8 Guyton
and Hall’s textbook is recommended for a comprehen-
sive introduction to cardiopulmonary physiology,*¢* while
Netter’s collection of illustrations is recommended for vi-
sualizing respiratory anatomy.>¢

The observed statistical associations of ambient PM
mass concentration with morbidity and mortality lead to
the mechanistic question: How can a small increase in
the mass of inhaled particles deposited cause sickness or
premature death? A person inhales from 6 to over 12 m?/
day of ambient air, depending on age and physical activ-
ity. This air contains a wide variety of natural particles
from geological and biological sources as well as anthro-
pogenic pollutants. The deposition of supermicron par-
ticles by inertial impaction and of submicron particles by
diffusion depends on the gas velocity and residence time
in various sections of the airway and lung. A widely used
model of size-dependent deposition in the nasopharyn-
geal, tracheo-bronchial, and pulmonary regions of the
respiratory system®® is reproduced in many references,
for example, Wilson and Spengler.*” Most of the PM,  mass
is deposited in the nose and throat, while ~60% of in-
haled PM_, is deposited in the lung. Actual size-depen-
dent particle deposition depends on age, health, and
especially on nasal versus oral breathing.3%

Assuming typical values for respiratory volume and
alveolar deposition efficiency, a calculation shows that a
10-ug/m? increment in ambient PM, ; results in an incre-
ment of 0.02-0.05 mg of particles deposited in the lung
per day. This has lead to the opinion that either some
component of ambient PM is highly toxic or that some
individuals are highly susceptible. Alternatively, particle
number may be considered. Assuming typical values for
ventilation rate, lung surface area, and epithelial cell size,
a calculation indicates that a typical urban, near-high-
way concentration of 10° particles/cm? results in an al-
veolar deposition rate of ~1 particle per cell per day. Figure
17 shows the relative size of the microscale structures in
the alveolar region of the lung compared to a range of
ambient particles.?643¢536¢ The accompanying graphs in
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Figure 17 show a typical urban aerosol mass distribution
and the calculated number of particles deposited per al-
veolus per day as a function of size. The calculated depo-
sition assumes an ambient concentration of 100 ug/m? of
PM,,, with 40% of the mass being smaller than 2.5 um,
and 2% being smaller than 0.1 pm. The deposition is cal-
culated using the size-dependent deposition fraction3¢¢
and assumes uniform deposition to all alveoli. This analy-
sis shows that fewer than 1 in 1000 alveoli has a coarse
particle deposited per day, but that a typical alveolus may
be exposed to several hundred ultrafine particles per day.

The body has defenses to rapidly remove inhaled par-
ticles. A mucus layer, moved upward by cilia on the cells
lining the airways, transports particles from the respira-
tory system to the throat, where they can be coughed up
or swallowed. The terminal airways and alveoli lack cili-
ated cells. Mobile macrophage cells take up particles by
phagocytosis and remove the particles from the alveoli
by active transport into the ciliated airways. Particles are
also removed from the lung by dissolution and by trans-
port into the lymphatic drainage system. A fraction of
the inhaled particles is retained for a long time in the
respiratory system, either in the airways or in the intersti-
tial spaces. The process of clearing particles from the lungs
can induce secondary physiological responses including
coughing and inflammation. The mammalian respiratory
system is likely to have evolved clearance mechanisms
that are appropriate for the natural background particle
number concentrations. A plausible hypothesis is that the
large numbers of ultrafine particles in the urban aerosol
may simply overload the ability to clear particles from
the lungs. Alternatively, some specific types of inhaled
particles may interact with the body’s nervous and bio-
chemical signaling pathways, resulting in an amplified
response.

Identification of specific particle types in the ambi-
ent mixture that are biologically active for specific health
effects is an active area of research.>?® The effects of in-
haled particles may increase with decreasing particle size
due to several factors: finer particles are deposited in the
lung rather than in the upper airway; finer particles have
greater surface area per unit mass, which enhances solu-
bility; and finer particles can enter cells more readily and
can be transported from the lung to other organs. The
living cell interacts with the surface of a particle, so sur-
face chemistry, not the volume average composition, is
likely to be most relevant for biological effects of low-
solubility particles.

Controlled Exposure to
Concentrated Ambient Particles
Inhalation exposure studies complement the results of epi-
demiology studies. The effect of particulate air pollution
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Figure 17. Scale drawing comparing ambient particles to structures in the aveoli of the human lung. The graphs show a typical ambient PM mass
distribution and the expected number of particles of each size deposited per alveolus per day. Submicron particles are suspected to be important for
health effects because of the large number deposited in the lung and because these particles can move into the interstitial space and blood stream.

Compiled from information in refs 364, 365, 369.

can be amplified by conducting controlled inhalation
exposure studies with concentrated ambient PM. This has
been facilitated by the development of virtual impactor
particle concentrators®’®*7? and centrifugal particle con-
centrators®’® that keep the aerosol suspended while sepa-
rating the gas from the particles. These particle
concentrators can be staged to supply an inhalation cham-
ber with air containing a 10-fold or higher concentration
of ambient PM. Studies of this type are being conducted
with both human volunteers®>* and with laboratory ani-
mals.?’#375 An early conclusion is that healthy adults show
no adverse impacts from short duration exposure to con-
centrated ambient particles.’?32¢

Laboratory Studies with Surrogate Particles
A disadvantage of both epidemiologic studies and stud-
ies using concentrated ambient PM is that the subject
is exposed to a complex mixture containing contribu-
tions from many sources, most of which are unknown
or poorly characterized. An alternative is to conduct
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studies with laboratory-generated surrogate particles
from well-characterized sources. This approach is most
appropriate for conducting mechanistic hypothesis-
based toxicological experiments, since the investigator
can specify the particle characteristics used for the test
and control condition pairs. An example of this type of
study involved supplying fresh laboratory-generated
coal fly ash particles to animal inhalation chambers as
part of a study of the combined effects of H,SO, and
coal fly ash.?#7¢ Inhalation studies involving ultrafine
and nanoparticle PM also require having a laboratory
particle generator connected to the inhalation cham-
ber due to the rapid transformation of the particles by
coagulation.?”” Surrogate particle inhalation studies re-
quire close cooperation between the life sciences and
aerosol team members as well as physical proximity of
the animal care and combustion facilities. Due to the
cost and complexity of conducting animal inhalation
studies at combustion facilities, alternative experimen-
tal methods are common.
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Inhalation of resuspended particles allows the par-
ticle generation and collection to be separated from the
exposure studies. There is little difficulty in resuspending
2.5- to 10-um aerosol particles, and resuspension is also
suitable for testing hypotheses related to particle chemi-
cal composition if particles with size-independent com-
position are available. Surface forces make the dispersion
of submicron particles difficult, so resuspension has seri-
ous disadvantages if the hypothesis involves testing size-
dependent effects. Improved methods for particle
resuspension have been developed.378-3%

Alternatively, particles may be instilled into the lung
as a suspension in saline solution. Despite the artifacts
introduced by this invasive procedure, instillation stud-
ies have been used to investigate combustion particle ef-
fects.317329.331381 Cell culture studies involve mammalian
cells or bacteria growing in an appropriate medium. Nor-
mally, the cells grow as a layer on the bottom of the cul-
ture dish or flask. The cells can be systematically exposed
to various types of combustion particles or particle ex-
tracts to test specific biochemical hypotheses.?'432 The
biochemistry of single cells, especially cell lines derived
from tumors, can differ from the responses that occur in
the normal whole animal. Also, cell culture studies do
not include any effects related to the interaction of the
respiratory tract and nervous system with the particles.

In vitro experiments performed with purified chemi-
cals under cell-free conditions can isolate specific mecha-
nism steps such as the rate of mass transfer of a potentially
toxic component from a combustion particle. But even
experiments that simulate physiologically relevant con-
ditions simulate only a fraction of the biochemistry that
takes place in a living organism.

Laboratory experiments with surrogate particles can
be conducted in vitro, using cell-free models of selected
biochemical steps; in cell culture, using established cell
lines; and in animal models of the human respiratory sys-
tem. Specific mechanistic hypotheses can be tested by
using well-characterized particles from known sources.
These types of studies provide an important link between
fundamental biochemistry and human population stud-
ies. The next section will discuss some of the hypotheses
that are topics of current PM research.

Cardiopulmonary Effects of Particles
An active hypothesis is that the observed cardiac symp-
toms associated with particle inhalation may be medi-
ated by the nervous system. Certain nervous
system-activated changes in heart rate, blood pressure,
blood viscosity, and heart-rate variability are associated with
an increased likelihood of sudden cardiac death.’® A study
of 90 elderly subjects showed that changes in blood oxy-
gen saturation were not associated with exposure to
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particle air pollution, but increased pulse rate was associ-
ated with exposure to particle air pollution on the previ-
ous 1-5 days.** A decline in heart-rate variability is a
quantitative indication of impairment of the autonomic
function, that is, a decline in the ability of the cardiorespi-
ratory system to respond to changes. A decrease in heart-
rate variability has been observed for persons exposed to
increased ambient PM, in Utah®* and to increased PM,
in the Boston area.*¢ Cardiac monitoring may provide a
sensitive indication of acute response that will be useful in
identifying the relative importance of different components
of ambient aerosol. Exposure of dogs with induced coro-
nary occlusion to concentrated ambient particles affected
one of the major electrocardiogram signs of myocardial
ischemia,*” and other cardiac and respiratory parameters
were also affected. This suggests a plausible mechanism
by which persons with existing heart disease may become
more susceptible to serious cardiac effects when they are
exposed to some component of ambient PM.

Biochemical Signaling

The nervous system and other biological signaling path-
ways can result in enormous amplification of a stimulus.
Persons with hay fever or asthma are familiar with the
massive response that can occur within minutes of expo-
sure to an allergen. Cytokines are intracellular signaling
molecules that mediate many protective physiological
functions such as increasing the blood circulation and
recruiting leukocytes (white blood cells) at the site of an
infection. Cytokines can also induce potentially harmful
responses such as prolonged tissue inflammation and de-
velopment of fibrosis in response to irritants.*®”*% Lung
inflammation has been associated with exposure to el-
evated ambient PM, 33 and a number of studies are fo-
cusing on the relationship of inhalable particles to the
biochemical events leading to lung inflamma-
tion.198:317,326,344,391-394 Combustion particles may contain
specific chemical species that are able to activate biologi-
cal signaling pathways, and a number of these hypoth-
eses involve transition metals.

Transition Metals and Biochemical Processes
Particles provide a vehicle for metals to enter the body in
inappropriate amounts. Much of the literature on the tox-
icity of solid-phase metal compounds is based on inges-
tion rather than on inhalation.*s Ingestion dose-response
relationships may be relevant for the effects of larger par-
ticles that are deposited in the upper airways but are rap-
idly cleared from the respiratory system to the throat,
where they are swallowed. However, submicron particles
are deposited deep in the lung, and ultrafine particles are
able to pass from the lung directly into the body.**! There
is increasing evidence that the same element has very
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different behavior when inhaled than when ingested. Mn,
a necessary trace mineral in the diet and a controversial
octane-boosting additive in gasoline,*® provides an ex-
ample. Dietary Mn is homeostatically regulated by the
liver, and ~3% of ingested Mn is absorbed.*” Inhalation
bypasses the digestive system, and up to 40% of inhaled
Mn is absorbed.?%

The dose of a particle-bound element that is avail-
able to the body depends on the entry route, the particle
size and morphology, and the mineral species in the par-
ticle. When conducting laboratory experiments on metal
bioavailability, it is necessary to distinguish between in
vitro, extracellular, and intracellular behavior, since the
solubility of transition metals from a given combustion
ash mineral species depends on the pH and the presence
of chelators. Many chelators are present in cells, and some,
such as citrate, are present at millimolar concentrations.

Transition metals on inhaled particles may act as bio-
chemical catalysts that can induce other biochemical re-
sponses. Transition metals, such as V, Cu, Fe, and Pt, can
catalyze the generation of ROS*” that have been associ-
ated with both direct molecular damage and with the
induction of biochemical synthesis pathways. Coal fly
ash and residual oil fly ash have been studied as examples
of combustion particles enriched in transition metals.
Residual oil fly ash has been shown to induce inflam-
matory cytokines in human bronchial epithelial cells®!*
and both lung inflammation?®?¢ and cardiac arrhythmia's®
in inhalation studies with rats. Coal fly ash has been
shown to be a source of bioavailable iron*** and can also
induce inflammatory cytokines in human lung epithe-
lial cells.?** Generation of ROS and induction of cytokines
in human bronchial cells has also been reported in stud-
ies of diesel exhaust particles.*®® The amount of
bioavailable transition metals contained in particles has
been associated with acute lung inflammation from both
combustion and ambient particles.?!” Studies have con-
sidered the water-soluble transition metals,’>® metals as-
sociated with organic material,**> and metals that can be
mobilized by an intracellular chelator at physiological
conditions.?*?

A study of ROS generation in polymorphonuclear leu-
kocytes (a white blood cell type frequently found in the
airways of persons exposed to particles) using oil fly ash,
coal fly ash, carbon black, natural dust, and ambient par-
ticles reported that the ROS correlated with the fraction
of Si, Fe, Mn, Ti, and Co that was not removed by dis-
tilled-water washing.*! In studies with coal fly ash and
geological dusts,*? the amount of bioavailable Fe under
physiologically relevant in vitro conditions did not cor-
relate with the total Fe in the particles, as shown in Fig-
ure 18.342343403404 Cyltured human lung epithelial cells
(Type A549) were exposed to PM -enriched coal fly ash
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Figure 18. Iron mobilized by the chelator citrate and physiological
pH from three types of coal fly ash, two types of dust from unpaved
desert roads, mine tailings, urban particles, and pure iron oxides. The
mobilized iron does not correlate with the total iron in the particles.
Data sources: urban particles,*? CFA,*® geological dusts,** iron
oxides. %

both as-collected and after pretreatment with the chela-
tor desferrioxamine B. The chelator removed the ability
of the coal fly ash to induce the synthesis of the
proinflammatory cytokine IL-8.34* Mdssbauer spectroscopy
of the coal fly ash before and after the desferrioxamine B
treatment showed that Fe in an aluminosilicate glass phase
was preferentially removed.**® Fe in aluminosilicate glass
occurs in combustion ash that is produced by rapid
quenching from high temperature, but is not commonly
found in dusts with similar elemental composition that
have been produced by geological weathering.

Traditional mass transfer and heterogeneous chemi-
cal reaction theory*®® was applied to analysis of the mea-
sured rate of Fe mobilization from various sizes of coal fly
ash by the chelator citrate. The rate of Fe mobilization
was consistent with solid-phase-limited diffusion mass
transfer, but the final values were consistent with size-
dependent differences in initial composition.**> Such size-
dependent composition differences are expected from the
mechanism of coal fly ash formation described in the fun-
damentals section above. These results show the impor-
tance of particle size and chemical speciation in the
activation of specific biochemical pathways and suggest
mechanistic reasons for differences in the response of the
body to combustion and geological particles.

Soot and Biochemical Processes
Soot is the major type of combustion-derived ultrafine PM,
and associated organic and inorganic compounds cause soot
to have mutagenic, carcinogenic, and irritant properties. A
study of size-fractionated urban PM showed that the mu-
tagenic activity increased with decreasing particle size,?*
which is consistent with expectations for organic compounds
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condensed on submicron combustion particles. The inde-
terminate chemical composition of the EC and OC mix-
ture emitted from combustion, ranging from fuel-like
hydrocarbons to primary particles formed from graphite-
like fused aromatic rings, greatly complicates biochemical
studies. Carbon black is often used as a surrogate for the
EC component of real combustion soot.?***?% Various sol-
vent extracts of soot, or isolated compounds such as spe-
cific PAH species, have been used as surrogates in
toxicological studies of the OC fraction of combustion soot.
Many PAHs are suspected carcinogens and mutagens,**® and
there has been considerable controversy regarding the role
of nitroaromatic compounds because of the differing re-
sults in bacteria and mammalian cells.*”” Quantified com-
pounds account for only a fraction of the observed
mutagenicity of real soot mixtures.

Chlorinated polycyclic aromatic compounds, espe-
cially polychlorinated dibenzo-p-dioxins, and furans are
also associated with combustion emissions. These com-
pounds are fat-soluble, accumulate up the food chain, and
have been suspected to disrupt or mimic the action of
developmental hormones.**”® The most-studied effects in-
volve chronic exposure, but the possibility of acute ef-
fects from these compounds cannot be ruled out. The
chlorinated dioxin and furan compounds are a special
concern for municipal and medical waste incineration.?!
Emissions of chlorinated dioxin and furan compounds
do not appear to be a problem when burning fuels that
contain more sulfur than chlorine, such as coal.

Ultrafines

Ultrafine particles and nanoparticles have been proposed
by some health researchers®”’ as the biologically impoz-
tant ambient particle. Ultrafine particles are deposited by
diffusion deep in the lung and have been found by
Oberdorster et al.?*! to be retained in the lungs. Ultrafine
particles can also pass through the cells lining the lung
and enter the interstitial space. Table 9 summarizes stud-
ies with micron-sized and ultrafine particles of the same
compound.?19:329.331,409-411 The data show that ultrafine par-
ticles often have a greater biological effect than an equal
mass of larger particles of the same substance.

For slightly soluble particles, the high surface area of
ultrafine and nanoparticles can result in a faster release of
toxic compound than would result from larger particles
of the same composition. The concentration of a toxic
substance reached in cells or in body fluids is the dynamic
result of the relative rates of release from the particle and
of clearance of the toxic material from the body.

Synergistic Effects
The combination of multiple toxic substances often has a
much greater effect than the sum of the effects of the
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individual substances. Historically, emissions of combus-
tion particle and sulfur oxides have been closely linked.
Separating the effects of these pollutants was difficult since
both were produced from burning coal. Coal was used
extensively in urban areas for both industrial steam en-
gines and domestic heating in Europe and North America
prior to the 1950s, when natural-gas pipelines, automo-
biles, and regulations for large industrial sources changed
the emission pattern. European regulations treated these
pollutants as a combination and set a limit on SO, that
varied with the smoke concentration (roughly a measure
of EC).?2412 The assumption underlying this approach was
that acid gases adsorbed on the surface of particles could
be transported into the lung, whereas vapor-phase acid
would diffuse to the wall of the upper respiratory tract.
Amdur and coworkers conducted extensive studies of the
health effects of H,SO, aerosols, both as a pure compo-
nent and in combination with coal fly ash.2526413

Amdur®?® reported that a 10-fold increase in dose
with acid aerosol alone was required to match the effect
on lung-diffusing capacity caused by inhalation of H,SO,
condensed on PM. A concentration of 310 mg/m? of
H,SO, mist corresponded to the same change in diffu-
sion capacity as occurred when the H,SO, was surface-
layered on a coal fly ash particle at a concentration of 30
mg/m?. In addition, the type of particle was also impor-
tant. Amdur found that with lignite, which has higher
Ca and Na than does bituminous coal, the H,SO, reacted
with the alkali to form sulfates. With bituminous coal,
which has Al, Si, and Fe-rich ash, H,SO, persisted on the
particles. Synergistic effects between other combustion-
generated pollutants occurring on the same particle have
been studied. For example, the combination of
benzo[a]pyrene adsorbed on carbon black caused release
of tumor necrosis factor-alpha and caused programmed
cell death of lung macrophages, but neither carbon black
nor benzo[a]pyrene had this effect alone.?!¢ Other syn-
ergistic effects involve particles plus a gas-phase pollut-
ant, such as O,.%%°

Importance of Chemically Speciated
PM Sampling
Equal mass doses of sea salt, desert dust, and diesel ex-
haust are unlikely to have the same effect on the body.
The startup of a large number of air monitoring sites that
will routinely report individual chemical categories of PM
(EC, OC, SO,*, NO;, other inorganic) and the funding of
EPA particulate research centers and Supersites will pro-
vide input data for epidemiology studies. Improved char-
acterization of combustion and other PM sources will
provide data needed to relate the chemical speciation at
receptor sites to the major sources. Controlled toxicology
studies using exposure to well-characterized components
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Table 9. Studies of ultrafine vs. larger particles of the same substance.
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Material Dose/Method References Results

Titanium dioxide Rat, instillation 331 Increased pulmonary toxicity of ultrafines related to surface area and the

20-nm and 200-nm ability to enter interstitial spaces. Alveolar macrophage involvement.

Titanium dioxide Rat, inhalation, 410 Greater inflammatory response at equal dose with 20-nm particles.

20-nm and 250-nm 22 mg/m”, 6 hr/day for 6 months

Titanium dioxide Rat explants in vitro 411 Ultrafine particles were able to induce procollagen expression, which is

21-nm and 120-nm related to development of airway fibrosis.

Carbon black Rat, instillation 329 Ultrafine carbon black had greater ability to produce lung inflammation at low dose.
14-nm and 260-nm

Carbon black Rat, inhalation 319 No effect with 260-nm particles. Ultrafine produced proinflammatory response,
14-nm and 260-nm 1 mg/m®, 7 hr one-time oxidative stress, increased procoagulant blood factor.

Magnesium dioxide Human, inhalation 409 No significant differences in bronchoalveolar lavage cell concentration or cytokine

UF, 28% < 0.1 um
F.98% < 2.5 um

concentration. Suggested that particle composition, not size alone, is significant.

of ambient aerosol will be needed to develop a mechanis-
tic understanding of how particles affect the body.

AIR QUALITY REGULATIONS

The preceding discussion of the respiratory system and
air pollution health effects sets the framework for discuss-
ing air quality regulations. These regulations have the
primary purpose of protecting human health and the sec-
ondary purpose of reducing other environmental impacts
of pollution. Environmental laws must be unambiguous
for the regulated sources, the enforcement agencies, and
the affected public. A prerequisite to developing a rule is
that a means must exist to measure the component(s) to
be regulated so that compliance monitoring can take place.
This monitoring must be cost-effective and reproducible.
As a result, the existing regulations focus on regulating
ambient concentrations of pollutants for which reason-
able cost, robust, and precise measurement methods are
available.

Three sections of the U.S. Clean Air Act apply directly
to PM. The most important of these are the NAAQS, which
include PM,; and the newly implemented PM, , regula-
tions. The EPA**! has indicated that the PM, trend is im-
proving, with a decrease of 26% in average ambient
concentrations from 1988 to 1997. In 1987, the original
NAAQS for total suspended PM was replaced by a PM
standard set at 150 pg/m?® 24-hr average and 50 pg/m?
annual average. The legal requirement to periodically re-
view the standards, combined with growing epidemio-
logic evidence and a citizen lawsuit, lead to further
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rulemaking. In 1997, the EPA revised its existing PM stan-
dards by adding the PM, ; standard.*'* The annual stan-
dard is set at 15 ng/m? with a new 24-hr standard set at
65 pug/m®. The PM,, annual standard was retained, but
the statistical method of determining compliance with
the 24-hr average was modified. The scientific evidence
considered by the EPA in setting the standard was com-
piled into a criteria document.?*

It should be noted that the standard was recently (May
14, 1999) challenged, and a panel of the U.S. Court of Ap-
peals for the District of Columbia remanded the new stan-
dards for PM, ; and O,. In a summary of the decision, the
EPA points out that the court did not question the health
evidence for the standard; rather, the decision required more
explanation of the process used to set the standard. Con-
gress has required the National Research Council to form a
committee to guide the PM research and monitoring
agenda. This committee is charged to write four reports
between 1998 and 2002, when EPA is to complete a 5-year
scientific review of the standards, leading to possible revi-
sion. Two of the four reports have been completed.*541¢
The current regulation is based on PM, ; measured by the
Federal Reference Method. This mass is dominated by sec-
ondary SO,* and NO," aerosol and by EC and OC. Submi-
cron inorganic ash and ultrafines from combustion are a
small part of the PM, ; mass in many locations. However,
the mass measurements do not directly relate to the previ-
ously discussed mechanistic toxicological hypotheses.
Other characteristics, such as the morphology and chem-
istry of ultrafine particles, may be more important than
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simple mass. The EPA is attempting to address this fact by
its ambitious Supersite program. These Supersites intend
to support the on-going health studies by obtaining chemi-
cal- and time-resolved data using a range of research meth-
ods. However, one must realize that cost-effective, robust,
and simple monitoring methods must be available before
any change in the present standards can be realistically
promulgated and implemented.

The second regulation can be found in the regional
haze rule.*” Decreased visibility occurs due to the scatter-
ing and absorption of light by particles. This is of particu-
lar concern in the 156 National Parks and Wilderness Areas
that are designated as mandatory Class I air quality areas
in the United States. Since fine particles are transported
over hundreds of miles, all 50 states will have to partici-
pate in planning, analysis, and, in some cases, emission
control programs. Since submicron particles scatter light
efficiently, combustion-generated PM has a large impact
on visibility, even when the primary combustion PM rep-
resents a small part of the total PM, , mass. The EC, which
results in light absorption rather than light scattering, is
particularly important for visibility. In addition, second-
ary PM, not covered by this review, is important. Regula-
tions to control acid rain precursors and photochemical
smog precursors also reduce the ambient particle concen-
tration, since SO, and NO_ are also the precursors of sec-
ondary SO,* and NO,~ particles. Visibility rules may prove
to be more stringent than health standards in controlling
the emission of submicron particles from combustion
sources.

Finally, the Clean Air Act Amendments of 1990 require
the EPA to address 188 hazardous air pollutants (HAPs). In-
cluded in this list are As, Be, Cd, Co, Cr, Hg, Ni, Mn, Pb, Sb,
and Se, which are contained in fuels. The accumulation of
toxic metals, such as Se and Hg, and the accumulation of
persistent organic compounds, such as chlorinated dioxins
and furans, in ecosystems is a concern that affects standards
for combustion particle emissions. Current regulations fo-
cus on sources emitting greater than 25 tons/year, and elec-
tric utility steam-generating boilers are temporally exempt
from the regulations. Due to amplification in the food chain,
and to public concern for wildlife and endangered species,
these indirect effects of particles may also result in more
stringent regulation of sources. Complying with the eco-
logical goals of the HAP regulations will require an under-
standing of the relationship between combustion conditions
and the emissions of these trace elements.

Adverse health effects originally identified by epide-
miology studies motivated the public perceptions and le-
gal actions that have resulted in new regulations for
ambient PM. Current air quality standards are based on
the mass of particles smaller than a specified size; how-
ever, toxicological studies may eventually identify
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specific categories of ambient PM that need stricter con-
trol to protect public health. Advances in understand-
ing the formation and transformation of combustion
aerosols and advanced monitoring techniques must take
place to meet the challenge of setting and complying
with regulatory standards.

TIME- AND SIZE-RESOLVED PARTICLE
MEASUREMENTS

The ability to test various health-related hypotheses is
closely linked to which PM characteristics can be mea-
sured at combustion sources and in the ambient air. The
particle measurement issues that are especially relevant for
testing current health effects hypotheses regarding metals,
ultrafines, and soot from combustion sources include

e Measurement Artifacts. This includes all the par-
ticle transformations that can be different be-
tween a sampling train and the ambient air. Due
to the effects of temperature-dilution history on
the partitioning of chemical species between the
gas phase and the particles, the PM that is mea-
sured in the laboratory may have a different size-
dependent composition than the PM to which
the population is exposed. Also, transformation
of the particle size distribution due to coagula-
tion, surface condensation, chemical reactions,
and size-selective removal may occur as a result
of the sampling methodology.

e Instrument Limitations. Methods are needed to
measure particle-to-particle variation, which pro-
vides information that is lost in the bulk average
properties of the PM collected by filter sampling.
Rapid response instruments are needed to quan-
tify short duration transients in particulate air
pollution that may have significant health effects.
Many methods for measuring aerosols that were
developed for supermicron particles need to be
modified or extended for ultrafine PM.

Measurement Artifacts
The historic regulation of the total PM mass smaller than
a given size has produced precise mass measurement tech-
niques. Since the largest particles dominate the mass, there
has been an emphasis on isokinetic sampling. There has
also been concern about equilibrating the samples to con-
stant humidity before weighing, even though the mass of
particle-bound water is unlikely to have biological impor-
tance. The techniques that yield precise mass measure-
ments may, however, introduce serious artifacts if the goal
is to obtain data on submicron particle composition and
size distribution. For example, allowing air of variable tem-
perature, pollutant concentration, and humidity to pass
over the accumulating filter deposit for 1-6 days can strip
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the more volatile species from the collected particles be-
fore the sample is weighed. This has led to the develop-
ment of samplers that can quantify the volatile PM.418:419
While there is uncertainty regarding the significance of
the mass of volatiles adsorbed on particles, this serves as
an example of the importance of using appropriate par-
ticle measurement methods when testing a given toxico-
logical hypothesis.

Condensable PM, that is, material that condenses into
a liquid or solid within a few seconds of leaving the stack,
can be comparable in mass to the filterable PM,  measured
in the stack of a power plant.**® Currently, U.S. regulations
do not require measuring condensable PM when stack-
testing stationary sources. This is another example of how
measurement protocols developed for regulatory compli-
ance do not collect the data that is most needed for health
and environmental studies.

Dilution tunnels were developed for measuring con-
densable particulate, including both SO > aerosol and or-
ganic compounds from vehicle exhaust and stationary
sources of VOCs.?842! The dilution tunnel process involves
mixing the hot combustion emissions with filtered air, al-
lowing a short residence time, then extracting a particu-
late sample for either on-line analysis or for collection on a
filter. Dilution tunnels were developed to measure mass
and chemical composition of PM. The possibility that a
laboratory dilution tunnel could create a different particle
size distribution than the size distribution that occurs dur-
ing natural dilution was pointed out by Kittelson and Dolan
20 years ago.*”? Since then, many papers have discussed
the artifacts that can occur in dilution tunnels.?65423-428

The formation of particles during dilution depends
on the opposing effects on condensation of the decreas-
ing saturation pressure of the volatile species due to cool-
ing and the decreasing partial pressure of the volatile
species due to mixing. The saturation reaches a peak in
the dilution range of 5:1 to 50:1, depending on the boil-
ing point of the volatile species and the initial tempera-
tures of the exhaust and dilution gases. Particles will be
formed by nucleation if the mixture stays in this dilution
range for sufficient time for significant mass transfer to
take place. Typical dilution tunnels operate in the range
of 3:1 to 20:1 and have residence times on the order of
seconds, so critical supersaturation may be exceeded long
enough for formation of nuclei particles followed by rapid
growth from condensation. The formation of H,SO,/H,O
particles is an example in which dilution conditions in-
fluence the measured particle number both in dilution
tunnels*” and in the atmosphere.*°

Unlike mass, particle number is not conserved, and
the effect of dilution conditions makes it difficult to com-
pare the particle number size distributions measured by
different investigators. This is especially important when
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using combustion source measurements for investigating
the health effects of ultrafines and nanoparticles. Changes
in particle number of up to 2 orders of magnitude have
been reported when conditions were varied over the typi-
cal range used in laboratory dilution systems.*? Initial
combustion exhaust conditions, dilution history, dilution
gas temperature and relative humidity, and the residence
time interact to affect nucleation and surface growth.
Careful interpretation of conditions used for experiments
is required. For example, diesel exhaust studies have re-
ported that high dilution ratio both increases*?* and de-
creases*” formation of particles below 50 nm.

Research studies of the particulate emissions from IC
engines fall into two groups: studies of the transient mix-
ing and chemical reactions inside the cylinder, and stud-
ies of the tailpipe emissions to the atmosphere. Between
these points is the exhaust system in which the undiluted
exhaust cools and ages, but is not diluted. The gas resi-
dence time in the engine cylinder is 10-30 msec, depend-
ing on engine speed. The time from the cylinder to the
atmosphere for a typical heavy-duty truck engine exhaust
system is 100-300 msec, about 10 times greater. The ex-
tractive particle sampling systems used by various inves-
tigators can add another 0.25-1 sec or more to the age of
the aerosol before dilution begins. The dilution of tailpipe
exhaust under highway conditions starts at the tailpipe
and is about 1000:1 after 1 sec.**® The coagulation of equal
size particles is proportional to #?, so most particle growth
by coagulation takes place prior to the onset of exhaust
dilution. Under urban conditions, once combustion ex-
haust is diluted more than ~100:1, the collisions between
accumulation mode particles from the ambient air and
ultrafines from the combustion source become significant
compared with the coagulation between ultrafine particles
originating from a single source.

The ultrafine particle size distribution formed from
hot diesel exhaust in a laboratory dilution tunnel operat-
ing with filtered air may be very different from the size
distribution formed under roadway dilution conditions
with ambient air. Ambient air contains accumulation
mode particles that, due to the increased collision rate
between particles of different size, increase the rate at
which the nuclei and condensation mode ultrafines are
depleted. A novel approach to studying dilution effects
involves the simultaneous use on a moving truck of both
a dilution tunnel extracting from the tailpipe and an in-
plume sampler with the inlet mounted on the rear of the
trailer.**! For these experiments, the dilution system mea-
surement showed a smaller accumulation mode mean size
than did the in-plume measurement.*

Nanoparticles are difficult to measure because they
are rapidly transformed by coagulation, surface growth,
and transport to the walls of the equipment. Internal

Journal of the Air & Waste Management Association 1601



Lighty, Vleranth, and Sarofim

combustion engine particle number measurements may
contain artifacts from the sampling lines due to both
desorption of condensed material and reentrainment of
deposits. A dynamometer study comparing tailpipe and
dilution tunnel measurements of gasoline vehicle ex-
haust particle concentration found that a heated and
insulated transfer line resulted in a very intense
nanoparticle mode when the drive cycle involved op-
eration at high vehicle speed.*** This ultrafine mode was
not detected under identical operating conditions with
an unheated transfer line. This artifact was attributed to
the hot exhaust increasing the transfer line temperature
above 180-250 °C, resulting in desorption/pyrolysis of
organic material in the line.

There is a need for improved technology for making
laboratory measurements of combustion PM that can be
related to the real behavior of particles in the combustor
exhaust, the initial plume, and the atmosphere. Computer
simulations of the fundamental mechanisms of aerosol
formation and transformation can be used to interpret
and compare particle size distribution data collected un-
der various dilution configurations. Rapid dilution is es-
sential if the ultrafines generated in combustion are to be
measured. Likewise, ultrafines are most likely to survive
from the combustion source to inhalation exposure when
there is rapid dilution with relatively clean ambient air.

The commonly used instruments have limitations
that may introduce artifacts into measurements of
ultrafine particles. Many published graphs of combustion
particle number distributions show the highest concen-
tration in the smallest size range measured by an SMPS.
This makes the integrated total particle number suspect
since there may be extremely high concentrations of un-
detected nuclei particles present. Some authors explicitly
acknowledge this measurement truncation problem by
stating the results as the total number within the range of
the SMPS. Another approach, for example, that used by
Khalek et al.,?®* is to fit a lognormal distribution to the
data with an algorithm that allows for truncated mea-
surements. Truncation of the measured size distribution
is an important issue both when using experimental data
as the input to a coagulation model calculation and when
testing toxicological hypotheses related to ultrafine par-
ticle number.

Characterization of particle number and chemical
composition from combustion and other PM sources is
important for both source apportionment studies of the
submicron ambient aerosol and for designing controlled
tests of particular toxicological hypotheses regarding
ultrafines, metals, and synergistic effects between par-
ticle components. The size distribution measured from
dilution tunnel sampling shows artificially high num-
bers of particles. However, there is also the possibility
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that a substantial portion of the nuclei is below the de-
tection limit of the instruments used.

Instrumentation Needs

To understand what particle characteristics affect human
health, we must develop ways to make inexpensive, ro-
bust measurements of particle size distribution, morphol-
ogy, and chemical speciation. The important variables
have not yet been identified, but the current inhalation
toxicology research direction suggests that a better un-
derstanding of health effects will require more time-re-
solved, size-segregated, chemically speciated data from
both combustion sources and ambient monitors. Testing
of epidemiologic hypotheses requires wide-scale, long-
term measurement of PM characteristics. The characteris-
tics selected for measurement should be economical to
quantify under field conditions and should be well corre-
lated with the factors that are suspected to be biologically
significant.

Filter samples provide only time-averaged aerosol
properties, but individual particle composition contains
information that is important for both source apportion-
ment and toxicology studies. The urban aerosol contains
contributions from nearby and regional sources, both
natural and anthropogenic, that have aged in the atmo-
sphere from minutes to days. A typical ambient particle
that is inhaled consists of coagulated primary combus-
tion particles or geological particles, coated with some
mixture of condensable organic species, secondary SO,*
and NO,, and H,O at equilibrium with local humidity.
The particle-to-particle variation reflects different sources
and transformation histories. The different particle types
within the ambient mixture are likely to have different
effects when inhaled. The information on particle-to-par-
ticle variation is preserved by single particle techniques,
such as electron microscopy and aerosol mass spectrom-
etry. However, it is necessary to efficiently measure a sta-
tistically large population of particles to obtain meaningful
ensemble averages of the ambient PM as a function of
time and place.

The wide variation in the physical and chemical char-
acteristics of combustion PM emissions as operating con-
ditions change creates a need for near-real-time
measurements that can capture both the transient emis-
sions and the variation between individual sources in a
category. For IC engines, toxicological hypotheses moti-
vate a desire to characterize the soot, the soluble organic
compounds including individual PAH, the ultrafine par-
ticle number, and the metal speciation with various fuels
at various speeds and loads. Likewise, measurements of a
few boilers, gas turbines, or fireplaces cannot be expected
to fully describe the emissions from all similar sources.
One of the most challenging combustion PM problems is
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to characterize highly variable sources such as open burn-
ing and domestic biomass combustion. Compliance moni-
toring methods such as filter sampling of an automobile
over the FTP drive cycle, or a 2- to 4-hr steady-state stack
test of a boiler, cannot measure the transients. Collecting
statistical data on a representative sample of in-service
sources is slow and very expensive using compliance meth-
ods. This section will discuss some of the research instru-
ments that may offer improved capability to make time-
and size-resolved measurements of PM, ; and ultrafine PM.

Desirable instrument characteristics for testing epi-
demiologic hypotheses include low cost per data point to
allow collection of sufficient data to perform statistical
analysis, rapid response to allow tracking of transients,
reliability and ruggedness to allow use under field condi-
tions, and reproducibility to allow comparisons between
investigators. Desirable characteristics for source appor-
tionment and toxicology studies are the ability to pro-
vide information on detailed morphology and chemical
composition that is relevant to the origin of the particle
and its behavior inside the body.

Chemical analysis techniques for source apportion-
ment rely on variation in the concentration of specific
compounds that provide individual “markers” or “finger-
prints” (i.e., characteristic patterns) for identification of
sources. The pioneering studies used elemental composi-
tion: Pb for gasoline engines, V for oil-burning power
plants, Se for coal-fired boilers, and Al for geological ma-
terials.?¢ This allowed identification of only a few catego-
ries, and changes in technology, such as the phase-out of
leaded gasoline, have eliminated some of the markers.
Compared with less than 50 elements that are potential
markers of combustion particles, organic compounds pro-
vide tens of thousands of potential markers, allowing de-
tailed identification of combustion sources.!3629%8434435 A
“memory” of the original fuel is preserved in the detailed
composition of the products of incomplete combustion.
A limitation of these organic markers is the time needed
to collect and analyze a sample by conventional solvent-
extraction and gas chromatography. An alternative tech-
nique, currently being tested in research programs, is
thermal desorption gas chromatography (TD-GC),**
which involves controlled heating of a lightly loaded par-
ticulate filter. This method has been shown to provide
composition data with 2-hr time resolution that are nearly
identical to collocated 24-hr samples that were analyzed
by conventional solvent-extraction, GC/MS methods. Pro-
totypes indicate that TD-GC has the potential to be fully
automated in a field-transportable unit.

Another option for rapid organic analysis is the pho-
toelectric aerosol sensor (PAS),*74% which provides a real-
time indication of changes in the amount of
particle-bound PAH. This instrument is compact and has
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a sensitivity of about 1 ng PAH/m?3.#* The value of rapid
time-resolved PAH measurement is illustrated by a study
in which a PAS was installed near the runway of an Air
Force base. The spikes in the signal could be correlated
with flight logs showing the activity of specific aircraft,
as indicated in Figure 19.4° The PAS signal is a weighted
sum from many chemical species. Some research has been
completed to quantify the relationship between the PAS
instrument reading and conventional measurements of in-
dividual PAH by traditional methods for a range of sources.
The ability to make rapid semi-quantitative measurements
of PAH is extremely valuable for characterization of the
variation in the emissions from large populations of simi-
lar sources, and to study the effect of combustion tran-
sients on the time-averaged emissions. Ongoing research
includes developing methods to use the PAS to monitor
for high PM-emitting equipment in an operational fleet
through edge-of-roadway or edge-of-runway real-time
measurements.

Soot is a functional definition and actual combus-
tion particulate emissions are a complex mixture of or-
ganic compounds ranging from unburned fuel to
graphite-like polycyclic structures, making an arbitrary di-
vision into composition categories necessary. These divi-
sions are based on behavior in an analytical procedure.
The measured split between OC and EC is based on the
light-adsorbing properties of a filter punch as a function
of temperature, first under a helium atmosphere and then
under an oxygen/helium atmosphere.*! Changes in the
procedure, for example, the NIOSH and IMPROVE meth-
ods, give different results.**? The fuel- and lubricant-de-
rived hydrocarbons are alternatively distinguished from
the graphite-like carbon structures in soot by measuring
the soluble organic fraction using dichloromethane or a
similar solvent.*# Further separation of the soluble organic
compounds usually involves extraction with aqueous and
organic solvents, acidic and basic solvents, and polar and
non-polar solvents until various classes such as paraffins,
aromatics, and oxygenates are isolated for analysis by gas
chromatography.275276444,445

EC, or soot, is an important class of particulate air
pollution, and the ability to economically make near-
real-time measurements of EC is valuable for character-
izing transient emissions from combustion sources. The
photoacoustic analyzer detects light-absorbing particles
(black carbon) by the transient heating resulting from a
pulsating laser beam passing through the sample cham-
ber.44¢447 A preliminary study of IC engine exhaust
showed that the photoacoustic instrument response and
the EC analyzed on filter samples by thermal/optical re-
flectance**! correlated as shown in Figure 20.4#® This tech-
nique provides a rapid signal, making time-resolved
measurements of events, such as sudden acceleration of
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Figure 19. Time-trend data obtained by a PAS sampling at an Air Force base. The spikes in PAH concentration can be correlated with aircraft

operations and with local ground traffic. Courtesy of G. Palmer.#4©

the engine, feasible. The instrument also has a wide dy-
namic range, making it suitable both for studies of tran-
sient emissions from combustion sources and for
monitoring spikes in ambient concentration. The lower
limit of detection for EC is 40 ng/m3.**” When develop-
ing alternative methods for measuring the health and
visibility impacts of soot and of particle-bound organ-
ics, there is a need to compare these methods to existing
EC and OC data. However, EC, as currently reported, is a
method-dependent definition, so the relationship be-
tween methods is only an empirical correlation, not a
fundamental relationship.

Electron microscopy, coupled with energy dispersive
X-ray analysis, can provide size, shape, and elemental
composition information on individual particles. Auto-
mated electron microscopy, also called CCSEM, allows
the characterization of several hundred particles per hour
and provides a powerful technique for characterizing
both source and receptor samples for source apportion-
ment studies. #4450

Concern over acid rain has motivated studies that
have looked for coal particles in lake sediments as a tracer
for rain-out from power-plant plumes. The methods used
to identify coal fly ash in sediments can also be extended
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to plume tracking for health studies. An early example of
using CCSEM in a health-related combustion particle
study involved collecting particles from the plume of a
coal-fired power plant using a helicopter. Kim et al.*!
showed that the plume particles could be distinguished
from background PM by the characteristic morphology
and composition of coal fly ash. Characteristics of com-
bustion ash include large carbonaceous spheroidal par-
ticles*? and glassy aluminosilicate spheres.**# Advanced
techniques for single particle analysis by microscopy
have been reviewed.**¢ A limitation to the study of
submicron particles is that the spatial resolution of
many techniques, such as energy-dispersive X-ray analy-
sis, is comparable to the size of the particles.

The aerosol time-of-flight mass spectrometer
(ATOFMS) is the most sensitive technique currently avail-
able for on-line measurement of the size and chemical
composition, both organic and inorganic, of individual
aerosol particles. The size and chemical composition of
hundreds of particles per minute can be obtained. Funda-
mentals of the ATOFMS technique and recent advances
in aerosol mass spectrometry are discussed in a review,*’
which lists the contributions of 17 research groups. Fig-
ure 21 illustrates the capabilities of an ATOFMS research

Volume 50 September 2000



Hill AFB Aircraft Ground Equipment
Babs (1/km) = 5.5 E.C. (mg/ m°) - 0.063

9 R? = 0,93

Y
(3]

[ rrrrrrrrrrrroT

o
(2]

1047 nm Laser Babs (1/km)

0 0.1 0.2 0.3
Elemental Carbon (mg/m?)
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instrument similar to a design that is now commercially
available. Studies have compared the composition of
source PM and of ambient PM by cascade impactor time-
averaged samples and by time trend data from the
ATOFMS.*8 Real-time characterization of aerosol time-of-
flight mass spectroscopy has also been used in studies of
diesel exhaust to study PAH composition under various
operating conditions.**

Figure 21 illustrates four single particle mass spectra
sampled using an on-line single particle mass spectrom-
eter developed at the University of California, River-
side.*5740 These four single particles are representative of
(a) diesel- and (b) gasoline-powered vehicular OC-contain-
ing particulate emissions, (¢) coal combustion, and (d)
ambient dust. Figures 21a—c show single particles collected
during controlled source characterization studies utiliz-
ing a dilution sampler.?’¢2”® These illustrate how single
particle source characterization studies allow for the iden-
tification and differentiation of PM sources. Figures 21a-1
and 21a-2 are the cation and anion spectra, respectively,
of an OC-containing particulate emitted from a 1994 Ford
E350 diesel truck. The cation spectrum contains many
low mass organic fragments, as well as nitrogen-contain-
ing species. Peaks of interest from the cation spectrum
include m/z 12 (C*), m/z 18 (NH,*), m/z 27 (C,H,"), m/z
43 (C,H* C,H,0*, CHNO*) m/z 86, and m/z 101. The
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Figure 21. Mass spectra from four different single aerosol particles. a-1 through d-1 are single particle cation spectra and a-2 through d-2 are their
associated anion spectra. a-1 and a-2 are from a single particle emitted from a diesel-powered 1994 Ford E350 truck. b-1 and b-2 represent a single
particle emitted from a gasoline-powered 1993 Honda Civic. c-1 and c-2 represent a single particle emitted from the combustion of lllinois coal.
d-1 and d-2 represent an ambient Riverside, CA, dust particle collected on Oct. 7, 1999. Each of these single particles is representative of its specific

source or type. Courtesy of K. Prather and D. Suess.
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anion spectrum contains fewer signals, and these are domi-
nated by sulfur- and nitrogen-containing species includ-
ing m/z —62 (NO;"), m/z -97 (HSO,"), m/z -125 (HN,O,")
and m/z -188 (H,N,O,").

Figures 21b-1 and 21b-2 are representative OC-con-
taining single particles emitted from a gasoline-powered
1993 Honda Civic. The cation spectrum, Figure 21b-1,
contains very similar low-mass organic fragments to those
observed from the diesel-powered vehicle, 21a-1. There-
fore, differentiating OC-containing single particles from
gasoline- and diesel-powered vehicles solely by their posi-
tive spectra is not possible. However, with additional in-
formation from the anion spectra, these OC-containing
single particles can be differentiated. Figure 21b-2 does
not contain signals at m/z-125 or m/z-188. As shown in
Figure 21a-2, signals at these m/z values are associated
with diesel-powered OC vehicular emissions.

Figures 21c-1 and 21c-2 are representative Illinois coal
combustion. The cation spectrum contains signals at m/z
23 (Na*), m/z 27 (Al*), m/z 39 (K*) and m/z 56 (Fe*). In
contrast to Figures 21a and b, the complexity of this inor-
ganic particle type lies in the anion spectrum. Chemical
species present in Figure 21c¢-2 include m/z -16 (O,),
m/z-32 (S, O,), m/z-43 (BO,"), m/z-60 (S5iO,"), m/z-76
(8i0;), m/z -97 (HSO,"), m/z -119 (AlSiO,"), m/z -136
(8i,0,), m/z -179 (AlSi,0O,), and m/z -196 (5i,0,"). Fig-
ures 21d-1 and 21d-2 represent an ambient dust particle
sampled in Riverside, CA, on October 7, 1999. The cation
ambient dust spectrum is indistinguishable from the coal
combustion single particle cation spectrum in Figure 21c-
1, but the anion spectra allow for differentiation between
these single particle types. Signals in Figure 21d-2 differ-
ing from Figure 21¢-2 include m/z -12 (C°), m/z-24 (C,),
m/z-35 (Cl), m/z-36 (C,"), and m/z-46 (NO,"). Interest-
ingly, the sulfur-containing species are absent from the
ambient dust single particle, as well as from higher mass
silicate clusters.

As more single particle source characterization stud-
ies are performed, the goal of performing source appor-
tionment of ambient aerosols on a single particle basis
becomes more feasible. Data such as these illustrate that
it should be possible to distinguish vehicle emission par-
ticles from different engine types from other combustion
processes such as coal. In addition, the differentiation of
coal from ambient dust should be possible using the
unique combination of ion markers shown here.

The ATOFMS measurements of single particle compo-
sition can provide data on the variation in both source
and ambient particles that is lost in filter samples. This
allows detailed characterization of both combustion sources
and ambient particles on a level of detail that will be suit-
able for testing of specific toxicological hypotheses; how-
ever, this technique has limitations. Large particles are
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preferentially detected by the ATOFMS, which requires
correcting the raw data for the counting efficiency.*! The
current limit of detection is ~0.2 pm. Work is on-going to
extend the capability of this technology to characterize
ultrafines and nanoparticles.

Both source-based modeling and ambient studies with
real-time instruments have demonstrated that the compo-
sition of the ambient aerosol has short-term variation as the
wind brings in particles from various mixtures of sources.
Presently, the relative importance of time-averaged expo-
sure versus short-term exposure to spikes in the ambient
aerosol composition is unknown. Some laboratory studies
have shown strong responses from short exposures to high
particle concentrations.**? Figure 22 shows the time-re-
solved PM, and PM, ; measured at an active military base
located near an urban area.** These transients are suspected
to result from nearby sources. The ATOFMS, PAS, and
photoacoustic analyzer and similar near-real time instru-
ments provide the analytical tools needed to begin testing
hypotheses related to transient exposure. Advances in both
data reduction capability and in instrumentation capabil-
ity, especially with regard to the submicron and
nanoparticle components, are still needed.

CONCLUDING COMMENTS

Providing the scientific basis for improved regulation of
the emission of combustion particles requires an inter-
disciplinary approach with interactions between research-
ers in combustion, air pollution control, atmospheric
transport and transformation, exposure assessment, and
health effects, together with the regulatory community.
The review has touched briefly on relevant information
in these areas, providing references for the reader inter-
ested in more detailed coverage. Gaps exist in the scien-
tific understanding of all elements of the problem, but
the greatest gaps are at the interfaces between the fields.
In addition to the need to fill these gaps, there is a need
for a better balance between applying the knowledge that
has been gained to answer pressing questions and refin-
ing the theory to gain better solutions. Significant progress
has been made in understanding the processes governing
combustion particle formation:

e  Particles emitted from combustors are either gen-
erated by condensation or, in the case of soot,
molecular weight growth reactions that lead to
the formation from the gas phase of submicron
aggregates of primary particles. Significant
progress has been made in understanding the
factors controlling the amount, size, and com-
position of these submicron particles. Their mass
is determined primarily in the early stages of
combustion for soot, inorganic ash, and con-
densable hydrocarbons. H,SO, is controlled by
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Figure 22. Time trend measurements of PM, (—)and PM, ( ------ ) by a beta attenuation meter show short-term spikes in fine particles,

presumably from nearby combustion sources. Courtesy of G. Palmer.44°

the oxidation of SO,, primarily catalytically, on
tube surfaces, fly ash, and, for certain vehicles,
catalytic converters. The number and size distri-
bution of the aggregates is controlled by colli-
sion and coagulation processes that are relatively
well understood.

e  Supramicron combustion-generated particles are
produced by the agglomeration of the mineral
content in fuels and by the coking of heavy hy-
drocarbons in fuel oils or coals. The size of these
particles is, to an order of magnitude, equal to
that of the parent fuel particles for pulverized or
atomized fuels. The larger particles will be emit-
ted only in the case of combustion systems not
equipped with particulate control equipment.
Large particles of carbonaceous material are also
important for uncontrolled combustors such as
fireplaces and open burning.

e Trace, sometimes toxic, elements are emitted in small
enough amounts not to contribute significantly
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to the mass of the emitted particles. They are dis-
tributed between the sub- and supramicron par-
ticles emitted by combustors by condensation
and surface reaction, sometimes modified by dif-
fusion through pores. The processes governing
the distribution of the trace elements are rela-
tively well known; the size dependence of the
concentration depends on the controlling mecha-
nism and can provide a means for determining
that mechanism.

The particle formation mechanisms have been used
mainly in interpreting laboratory data. Although imperfect,
they are at a stage where they can be incorporated in com-
putational fluid dynamics simulations of furnaces and
boilers to make predictive calculations of the particle size
distribution and composition. In order to predict emis-
sions, one needs to combine the information on the size
and composition distribution of the particles emerging
from combustors with information on the collection effi-
ciency of the APCDs. The penetration of the APCD by
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particles will vary with the design and operation of the
APCD. No control devices are installed on many small
combustors or combustors operated with clean fuels, so
that the emissions are closely approximated by the com-
bustion emissions.

The limited studies of the PM at the inlet and out-
let of APCD devices on full-scale combustion systems
show that particle penetration is greatest in the 0.1-
1.0 pm range, that is, in the transition of dominance of
inertial forces to particle diffusion. There is a need to
integrate models of the APCD with those of particle
formation. At present, the greatest investment in the
measurement of particle emissions has been carried out
for compliance purposes and provides data on the total
(not size-dependent) penetration efficiency of different
elements. Without a mechanistic model, it is not pos-
sible to determine how these emission parameters
change with changes in fuel, combustion conditions,
or the operation and maintenance of the APCD. Fur-
ther, little effort has been directed at extending the
knowledge gained from studies of particle formation
in engineered combustion chambers to some of the
more mundane sources, such as domestic combustion
and open burning. These types of sources are of increas-
ing environmental importance as the emissions from
boilers, furnaces, and IC engines become better con-
trolled through improved technology.

Empirical emission factors become quickly dated as
regulations are tightened, and as technological changes
impact fuel composition and combustor design. The
trends in emissions for major combustion sources show
decreasing total mass emissions from coal-fired and oil-
fired boilers and from on-road diesel engines. Modifica-
tions of older stationary sources and the retirement of
older vehicles have more than offset the increases due to
growing population and economic activity. More atten-
tion needs to be focused on biomass sources if these are
used to significantly supplant fossil fuel combustors. A
major question, however, arises as to whether decrease in
mass emission per se achieves the desired impacts of safe-
guarding human health, since in many cases, the decrease
in mass is accompanied by an increase in numbers of
smaller particles.

Examination of the size and composition of combus-
tion-generated particles shows that, compared with geo-
logically generated ambient PM, they are smaller and have
unique chemical composition and morphology that re-
flect the fuel composition, the combustion conditions,
and the particle transformations between the furnace and
the stack. The data generated for compliance purposes
provide a starting point, but are not adequate to answer
many of the health-related hypotheses being proposed.
More characterization studies will be needed for particle
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sources, including measurements of transient emissions,
detailed chemical speciation, and ultrafine particle num-
ber. The complex aerosol mixture produced by combus-
tion is further transformed in the atmosphere before
human exposure by mechanisms that, though subject to
uncertainty, are sufficiently well understood to provide
reasonable models of ambient particles from well-charac-
terized emissions.

Epidemiology has demonstrated that susceptible in-
dividuals are being harmed by ambient particulate air
pollution at levels comparable to the current air quality
standards. Based on these findings, new regulations have
been proposed for PM, ,, but these have been contested.
The proposed regulations based on mass loading are to be
subject to review as current research leads to better un-
derstanding of the mechanism for the health impact of
particles and of which specific size fractions and chemi-
cals are responsible for these effects. Controlled studies
with surrogate particles are being conducted to help un-
ravel the various hypotheses proposed for the biological
effects associated with the exposure to ambient particles.
The problem is confounded by the probability that dif-
ferent particle characteristics are associated with differ-
ent health end points in different susceptible populations.
Particle surface area, number of ultrafine particles, and
bioavailable transition metals are likely to be found to be
more important than particle mass when correlating
health effects with air pollution.

The understanding of the effects of particle air pollu-
tion on health has benefited from great advances in bio-
chemistry and molecular biology on one side and from
improved particle measurement capabilities on the other.
Mechanistic toxicology studies are currently looking at
the activation of specific genes and the synthesis of spe-
cific proteins in response to exposure to particles. Ad-
vances in the ability to collect time- and size-resolved
research data on the composition of the ambient air will
provide valuable input data for health studies and help
identify the particle characteristics that are actually re-
sponsible for biological responses.

As the particles of importance to human health are
identified, time- and size-resolved data will be needed for
source apportionment studies both during the develop-
ment of plans to improve air quality, and for the develop-
ment of particle-control engineering technology for
stationary and mobile sources. The health effects and ap-
portionment studies can be assisted by the knowledge
derived from the more fundamental studies on how fuel
and combustion conditions affect size and composition
of particulate emissions.

The observed association of increased ambient PM
with adverse health effects and the lack of a toxicological
mechanism provide the dilemma of balancing the added
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Table 10. Nomenclature.

APCD Air pollution control device

ATOFMS Aerosol time-of-flight mass spectrometer

Dp Aerodynamic or physical diameter of a particle

EC/0C Elemental carbon and organic carbon, respectively, as
measured by thermal/optical reflectance or a similar
method

ESP Electrostatic precipitator

EPA United States Environmental Protection Agency

fv Volume fraction of a species (metal oxide or soot) per
volume of gas

GC (Gas chromatograph

NAAQS National Ambient Air Quality Standards

PAH Polycyclic aromatic hydrocarbons

PM Airborne particulate matter

SMPS Scanning mobility particle sizer

cost to society of implementing imperfect regulations
against the health costs of delaying action. The role of
epidemiology during the 1854 cholera outbreak in Lon-
don is instructive.*%* Dr. John Snow showed a correlation
between cholera deaths and water from the Broad Street
pump. Discovery of the germ theory of disease by Louis
Pasteur was still 11 years in the future, and isolation of
the cholera bacteria was 32 years in the future.** How-
ever, closing the well, based solely on associations and in
the absence of a biological mechanism, stopped the epi-
demic and saved lives. Implementing a stricter fine par-
ticle standard can be seen as an analogous to “removing
the pump handle.” However, closing the offending well
had a small cost, since other sources of water were nearby.
Major reductions in the emissions of primary particles,
especially ultrafines, from stationary and mobile combus-
tion sources will require both advances in engineering
practice and major investments of capital.

The cost of the implementation of the regulations
can, however, be reduced by contributions provided by
advances in the fields of aerosol and combustion science,
combined with advances in biochemistry and toxicology.
A causal relationship between ambient particles from dif-
ferent sources and specific health end points is needed to
provide a sound scientific basis for regulations. These sci-
entific contributions will eventually allow better
prioritization of air pollution control resources. The
tradeoffs between social costs and health risks are value
judgments that need to be resolved through the political
process, but that process can be assisted by the clarifica-
tion of the scientific issues.
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EX S



“"""”
Concentration

Hamon Resc&rch -Cottrell, Inc. SunCoke proposed bag (PPS) n/a, guarantcc [] ﬂﬂﬁ PM

BWF America, Inc’s Grade 700 MPS Polyester Felt 18 0.0000086
Donaldson Company, Inc. Tetratec #6255 Filtration Media 22 0.0000090
Donaldson Company. Inc. 6277 Filtration Media 8 0.0000034
Donaldson Company, Inc. 6282 Filtration Media 10 0.0000020
Southern Filter Media, LLC PE-16/M-SPES Filter 16 0.0000220
W.L. Gore & Associates, Inc. L3650 Filter 22 0,0000070
Air Purator Corp. Huyglas 1405M Filter 22 0.0000065
Albany International Corp. Primatex Plus I Filter 16 0.000014
BASF Corp. AX/BA-14/9-SAXP Filter 14 0.00011
GEJBHA Group, Inc. QG061 Filter 0.0000009
GEJBHA Group, Inc. QP131 Filter 0.000003
BWF America, Inc. Grade 700 MPS Polyester Felt Filter 18-20 0.0000045
Inspec Fibres 5512BRF Filter 16 0.00016
Menardi-Criswell 50-504 Filter 16 0.0000083
Polymer Group, Inc. DURAPEX PET Filter 10 0.0000185
Standard Filter Corp. PE16ZU Filter 0.0000041
Tetratec PTFE Technologies Tetratex 6212 Filter 16 0.0000023
Tetratec PTFE Technologies Tetratex 8005 16 0.000022
W.L. Gore & Associates, Inc. L4347 Filter 0.0000059
W.L. Gore & Associates, Inc. L4427 Filter 0.0000021

Test Procedure

Conditioning period with 10,000 rapid pulse cleaning cycles
Recovery period with 30 normal filtration cycles
Six-hour performance test period

Inlet particle concentration = 18.4 £ 3.6 g/dscm with average particle size of 1.5 micron diameter

= 8.0+ 1.6 gridsct

**GE acquired and 1s still selling the BHA Group filters



micro-pore-size, high-efficiency, scrim-supported felt, singed cake side
woven tiberglass wath Tetratex PTFE membrane

Polyester Spunbond wath Tetratex PTFE membrane

Pleatable polyphenylene sultide (PPS) with Tetratex PTFE membrane
smged Micro-Denier polyester felt

membrane/fiberglass fabric laminate

PTFE film applied to a glass telt
polyethylene terephthalate filtration fabric with fine fibrous surface layer

woven-glass-base fabric with an expanded, micro porous PTFE membrane
polvester needle telt substrate with an expanded, micro porous PTFE membrane
micro-pore size high efficiency scrim supported felt, singed cake side

100% scrim supported P84 needle felt

smged microdenier polyester felt

100 percent polyester, non-woven fabric, non-scrim supported

stratified microdenier polyester non-woven

polyester needle telt with Tetratex® expanded PTFE membrane

polyester scrim-supported needle felt with a Tetratex® expanded PTFE membrane
GORE-TEX® ePTFE (expanded polytetratfluoroethylene) membrane/polyester felt laminate
GORE-TEX® membrane/polyester felt laminate

never veritied

currently verified
currently verified
currently verified
currently verified
currently verified
currently veritied

. verified

. verified

. verihied

. verified

. verihied

. verified

. verified

. verified

. verihied

. verified

. verified

. verified

. verified

. verified




Outlet PM2.5 concentration sghhc_ili
Best Worst Average

Currently veritied 0.000002 0.000022§ 0.0000087

All veritied {including expired) 0.0000009 0.00016] 0.0000207






