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Particle Trap Effects on 
Heavy-Duty Diesel Engine Emissions 

BACKGROUND 

Diesel exhaust is a complex mixture of gases and particles. Thousands of chemicals, including some that are potent 
carcinogens in laboratory animals, are present as gases or are bound to the surface of the carbon particles. Because 
of the potential risk to public health when these particles are inhaled, the Clean Air Act Amendments specifically 
mandate reductions in particle emissions from vehicles with diesel engines. While substantial reductions have been 
achieved by engine refinements, new devices are being developed to reach the increasingly demanding standards 
required for 1994 and beyond. Among these new devices is a trap that filters the particles from the exhaust. Periodi
cally, the trap is cleaned (regenerated) by electric heating, thereby burning the particles before they can clog the 
trap. Although the use of ceramic traps substantially reduces the weight of particles in diesel emissions, there is 
concern that potentially harmful chemicals associated with the particles may be emitted from the trap during normal 
use and regeneration. 

In addition to requiring reductions in diesel emissions and other criteria pollutants, the Clean Air Act also requires 
that no new unreasonable risks be introduced by the use of emission control devices. The Health Effects Institute 
sponsored the study, summarized here, to help determine whether a ceramic trap, during normal use and during 
regeneration, alters diesel emissions in any way that might pose a threat to human health. 

APPROACH 

Dr. Susan Bagley and colleagues developed procedures (1) to collect and measure the number and size of diesel 
exhaust particles, (2) to determine the concentrations and types of chemicals bound to the particles and present 
in the exhaust gas, and (3) to measure the ability of the chemicals presE:nt in the gas or extracted from the particles 
(called particle extract) to cause mutations in bacteria. They used these procedures to characterize exhaust from a 
heavy-duty 1988 Cummins engine that was equipped with a Donaldson ceramic particle trap system designed to 
meet the 1994 standards for particle emissions. They collected the emissions with and without the trap when the 
engine was run under either a 25% or a 75% work load and during trap regeneration. 

RESULTS AND IMPLICATIONS 

The ceramic trap used in this study was highly effective in reducing particle emissions in the diesel exhaust; the 
weight of emitted particles and their associated chemicals in the filtered exhaust was reduced by over 90% under 
the two different work loads. As a consequence, the ability of the particle extract to cause mutations in bacteria was 
also reduced by over 90%. There was no consistent indication that increased amounts of chemicals were emitted 
during normal use of the trap. However, when the trap was used, a greater number of particles that were much smaller 
than the average diesel particles were emitted. The nature of these smaller particles is unknown and needs to be 
investigated. The trap had little effect on the amount and kinds of chemicals present in the gas phase, including 
nitrogen oxides (NOx) and hydrocarbons. Periodic combustion of the particles in the loaded trap during regenera
tion contributed only small amounts of additional particles and mutagenic chemicals. 

This study is important because it demonstrates that using a particle trap to filter diesel exhaust reduces the amount 
of particles as well as the chemicals bound to them. Also important is the finding that trap use does not increase 
the amounts of mutagenic chemicals released as gas. The investigators made a major contribution to our understand
ing of the nature of emissions from modern diesel engines with new control devices by providing extensive data 
on chemical composition and mutagenicity of both particles and gases from the same engine. Future reports will 
provide information on the effects of a low-sulfur fuel on emissions from diesel engines equipped with an oxidation 
catalytic converter. 

This Statement is a summary, prepared by the Health Effects Institute (HEI) and approved by the Board of Directors, of a research project sponsored by HEI from 
1987 to 1990. This study was conducted by Dr. Susan T. Bagley and associates at Michigan Technological University. The following Research Report contains both 
the detailed Investigators' Report and a Commentary on the study prepared by the Institute's Health Review Committee. 
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INVESTIGATORS' REPORT 

Characterization of Particle- and Vapor-Phase Organic Fraction Emissions from a 
Heavy-Duty Diesel Engine Equipped with a Particle Trap and Regeneration Controls 

Susan T. Bagley, Linda D. Gratz, David G. Leddy, and John H. Johnson 

ABSTRACT 

The effects of a ceramic particle trap on the chemical and 
biological character of the exhaust from a heavy-duty diesel 
engine have been studied during steady-state operation and 
during periods of trap regeneration. Phase I of this project 
involved developing and refining the methods using a Cat
erpillar 3208 engine, and Phase II involved more detailed 
experiments with a Cummins LTA10-300 engine, which 
met Federal 1988 particulate matter standards, and a ce
ramic particle trap with built-in regeneration controls. 

During the Phase I experiments, samples were collected 
at the Environmental Protection Agency (EPA)* steady-state 
mode 4 (50% load at intermediate speed). Varying the dilu
tion ratio to obtain a constant filter-face temperature resulted 
in less variability in total particulate matter (TPM), particle
associated soluble organic fraction (SOF), solids (SOL), 
and polynuclear aromatic hydrocarbon (PAH) levels than 
sampling with a constant dilution ratio and allowing filter
face temperature to vary. A modified microsuspension Ames 
assay detected mutagenicity in the SOF samples, and in the 
sernivolatile organic fraction extracted from XAD-2 resin 
(XAD-2 resin organic component, XOC) with at least 10 
times less sample mass than the standard plate incorpora
tion assay. Measurement techniques for PAH and nitro-PAH 
in the SOF and XOC also were developed during this por
tion of the project. 

For the Phase II work, two EPA steady-state rated speed 
modes were selected: mode 11 (25% load) and mode 9 (75% 
load). With or without the trap, filter-face temperatures 
were kept at 45o ± zoe, nitrogen dioxide (N02) levels less 
than 5 parts per million (ppm), and sampling times less 
than 60 minutes. Particle sizes were determined using an 
electrical aerosol analyzer. Similar sampling methods were 
used when the trap was regenerated, except that a separate 

* A list of abbreviations appears at the end of the Investigators' Report for 
your reference. 

This Investigators' Report is one part of the Health Effects Institute Research 
Report Number 56, which also includes a Commentary by the Health Review 
Committee, and an HE! Statement about the research project. Correspon
dence concerning the Investigators' Report may be addressed to Dr. Susan T. 
Bagley, Department of Biological Sciences, Michigan Technological Univer
sity, Houghton, MI 49931. 

Health Effects Institute Research Report Number 56 © 1993 

dilution tunnel and sampling system was designed and 
built to collect all of the regeneration emissions. The SOF 
and XOC were extracted from their collection media with 
dichloromethane. Levels of 12 PAH and nitro-PAH corn
pounds with known biological effects were determined 
using high-pressure liquid chromatography with fluores
cence detection. Two additional dinitro-PAHs were ana
lyzed semi-quantitatively, and several representative SOF 
and XOC samples were screened for three additional PAH 
compounds. Mutagenicity was assessed using the modified 
Ames microsuspension assay. 

The key effects of the trap on the steady-state emissions 
were reductions of approximately 90% or greater in the 
concentrations of TPM, SOF, and SOL. Oxides of nitrogen 
were not affected; hydrocarbon levels were significantly af
fected (45% decrease) only at mode 9. Sulfate and XOC con
centrations were not significantly affected at mode 11 but 
were affected at mode 9 (80% and 60% reductions, respec
tively). Increases in particle numbers and decreases in total 
particle volumes occurred at both modes, indicating more 
remaining smaller nuclei-mode particles, and removal of 
the larger accumulation-mode particles by the trap. 

In contrast to studies with older types of diesel engines, 
the decreases in raw exhaust mutagenicity at both modes 
were correlated with the reductions in TPM and SOF con
centrations with the trap. Without the trap, the mutagenic
ity associated with the XOC accounted for roughly 50% of 
the total exhaust activity. However, with the trap there was 
no detectable mutagenicity associated with the XOC, which 
greatly reduced the total amount of mutagenicity associated 
with the particle and vapor-phase emissions. 

Trap use generally decreased the TPM-associated PAH 
and nitro-PAH with the greatest decreases found at mode 
11. Concentrations of the same compounds with the XOC 
generally were not affected by trap use, although the mode 
9 concentrations were typically lower than those at mode 
11. These trends were similar to the relative effects of the 
trap on total hydrocarbon, TPM, SOF, and XOC emissions 
at both modes. The vapor phase fraction of diesel exhaust 
was an important contributor to the PAH and nitro-PAH 
emissions of modern, low particle-emitting engines. Of all 
the compounds quantified, only benzo[a]pyrene (BaP) was 
detected exclusively in the particle phase. 
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Considerable variability was observed in emissions in the 
trap regeneration tests due to differences in each regenera
tion, which result from the process variability and difficul
ties in determining when the regeneration process was 
completed. The regeneration process did produce higher 
concentrations (measured in mg/m3) of emissions such as 
TPM and SOF (and perhaps mutagenic materials) during 
the short regeneration period. However, these emissions 
alone should have no impact on the average emission con
centrations over the entire trap loading and regeneration 
period. 

Based on these data, use of an uncatalyzed ceramic parti
cle trap to lower TPM concentrations should have no added 
adverse effects due to increases in mutagenicity associated 
with TPM or biologically active PAHs or nitro-PAHs. With 
the trap, the mass emissions of some vapor-phase PAHs 
were greater than those of the particle-phase PAHs. Further 
studies are needed to determine why some of these vapor
phase PAH and nitro-PAHs increase with the trap. 

INTRODUCTION 

Particles and other emissions from diesel engines have a 
wide range of potentially adverse human health and en
vironmental effects. Inhaling particle emissions from diesel 
engines may result in adverse health effects (National Insti
tute for Occupational Safety and Health 1988). These effects 
have been attributed largely to the hydrocarbons (HCs) as
sociated with the particles, most notably the PAHs. The 
combustion of HCs may cause harmful environmental ef
fects, such as (1) damage to aquatic and terrestrial animals 
and plants resulting from the deposition of PAHs into waters, 
soil, and sediments (Landrum 1989); (2) the deposition of 
particulate and acidic by-products onto building surfaces 
(Cooper and Alley 1986); and (3) the decrease of sunlight 
intensity due to the dispersion of light by (a) particulates 
and (b) the products of oxides of nitrogen (NOx) and their 
interactions with HCs (Wark and Warner 1976). Because of 
these possible effects, the EPA implemented standards for 
diesel emissions that require the compliance of technology 
(U.S. Environmental Protection Agency 1990). To date, en
gine design alone has reduced diesel emissions to within 
the current EPA standards. However, the 1993 bus and 1994 
heavy-duty truck standards of 0.1 grams per brake horse
power-hour (g/bhp-h) for TPM, 5.0 g/bhp-h for NOx, and 
1.3 g/bhp-h for HCs may not be attainable with engine de
sign alone (Richards and Sibley 1988). Compliance with 
these regulations could require emission aftertreatment de
vices, such as particle traps and catalytic converters, as well 
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as low-sulfur diesel fuel for some engines (U.S. Code of Fed
eral Regulations 1990). 

Diesel particulate matter is defined as anything other 
than uncombined water that collects on a filter in a dilution 
tunnel at a temperature less than or equal to 53°C (John
son et al. 1979, 1982). Total particulate matter is composed 
of a SOL fraction, an organic fraction, and a sulfate frac
tion (S04). The SOL fraction is comprised mainly of small 
spherical carbon particles, ranging from 10 to 80 nm (Mc
Clellan et al. 1986), agglomerated to form the core of the 
TPM. The organic fraction comes from unburned fuel and 
lubricating oil, and from partially oxidized fuel and lubri
cating oil (Williams et al. 1987). It is typically adsorbed or 
condensed (or both) onto the surface ofthe solid core. This 
fraction is called the SOF because of its solubility in sol
vents such as dichloromethane (DCM). The last portion of 
the TPM is the S04 fraction, which is composed primarily 
of the sulfuric acid formed when sulfur trioxide reacts with 
water vapor (Truex et al. 1980). Sulfur trioxide is formed 
from the oxidation of sulfur dioxide, which is produced 
during the combustion process (along with some sulfur tri
oxide) by the oxidation of sulfur in the fuel. 

The SOF is typically in a gaseous state when exiting the 
combustion chamber. As the SOF mixes with ambient air 
as it leaves the tailpipe, it condenses and adsorbs onto the 
SOL. However, studies at Michigan Technological Univer
sity (MTU) (Wiczynski and Johnson 1986) and elsewhere 
(Baumgard and Kittelson 1985) have shown that during di
lution and cooling, when low SOL concentrations are pres
ent (that is, downstream of the trap), the SOF in the diluted 
exhaust may form small (less than 0.056 ~-tm) HC droplets. 
These droplets are then considered to be TPM because they 
are collected on the particle filter in the dilution tunnel. 

It has been determined that 90% by mass of diesel parti
cles are 11-lffi or less (Vuk et al. 1976; Frisch et al. 1979), and 
70% by mass are less than 0.3 ~-tm (Hunter et al. 1981). The 
small size of the diesel particles means that they may be in
haled easily into the deepest recesses of the lungs (Hidy 
1984; Rykowski and Brochu 1986). Once in the lungs, they 
may cause reduced lung function, bronchitis, or other re
spiratory disorders, such as emphysema (Rykowski and Bro
chu 1986). The SOF contains over 1,000 compounds (Mc
Clellan et al. 1986), and their release into the lung fluids 
may damage lung tissue (McClellan et al. 1986; Rykowski 
and Brochu 1986). This is potentially hazardous to human 
health, because the SOF contains many compounds that are 
carcinogenic, mutagenic, or both (National Institute for Oc
cupational Safety and Health 1988). The health effects of in
haled particles, extensively studied by Lippmann (1983) 
and Soderholm (1984), depend upon where the particles 
are deposited. Soderholm reviewed experimental studies of 
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inspirability and found that one of the main factors in deter
mining how deeply particles penetrate into the respiratory 
tract (and thus the potential health effect) is the size of the 
particles. 

Some of the unburned or partially oxidized HCs from die
sel exhaust are low in molecular weight and remain in the 
vapor phase, even after mixing with cool ambient air. These 
vapor-phase HCs do not adsorb or condense onto the parti
cles and are not collected on the dilution tunnel filter dur
ing sampling. These compounds contain a variety of carci
nogenic and mutagenic PAHs (Schuetzle 1983; Chuang et 
al. 1986; Dorie et al. 1987; Coutant et al. 1988;). Exposure 
to whole diesel exhaust has been implicated as carcinogenic 
in animal studies (McClellan et al. 1986; Mauderly et al. 
1987) and as potentially carcinogenic in humans (Garshick 
et al. 1987; National Institute for Occupational Safety and 
Health 1988; International Agency for Research on Cancer 
1989). The vapor-phase HC component may contribute to 
the mutagenic and carcinogenic potential of diesel exhaust 
as a whole. Animal studies with particle-free exhaust have 
yielded variable results (Heinrich et al. 19fl6; Iwai et al. 
1986). Consequently, collecting and measuring the PAHs in 
the vapor-phase exhaust of new technology engines or from 
exhaust aftertreatment devices are necessary to quantify 
these potentially harmful compounds. 

Standards also have been imposed for NOx, because they 
help produce acid rain and smog (Wark and Warner 1976). 
Oxides of nitrogen are produced in the engine at high tem
peratures and under conditions in which oxygen is abun
dant. Particle formation, however, favors regions of low oxy
gen concentration. This makes controlling both NOx and 
particle emissions from a diesel engine difficult, because 
the reduction of one usually results in the production of the 
other. The term NOx is used to define the sum of nitric ox
ide (NO), nitrogen dioxide (N02), and other nitrogen oxide 
components. One of these components, N02, is very reac
tive with certain PAH compounds, forming nitro-PAH de
rivatives (Butler and Crossley 1980; Hughes et al. 1980; 
Jager and Hanus 1986) that increase the number of rever
tants in the Ames Salmonella typhimurium microsomal 
mutagenicity assay (Ames assay) (Risby and Lestz 1983). 

Diesel particles consist of primary spherical particles, 20 
to 30 nm in diameter, with agglomerations of these particles 
forming chain aggregates (Vuk et al. 1976). Because of the 
complex geometry, it is difficult to directly define the size 
of particles (Vuk et al. 1976; Dolan and Kittelson 1978). 
Therefore, an indirect method of size determination is 
needed to compare their behavior with that of spherical 
particles under identical conditions. Particle size studies at 
MTU and elsewhere have used an electrical aerosol ana
lyzer (EAA) (Thermo Systems, St. Paul, MN) to determine 

the concentration of a certain particle size range relative to 
the entire sample (Baumgard and Kittelson 1985; Wiczyn
ski and Johnson 1986). The EAA measures the particle di
ameters by comparing them to the electrical mobility of 
spherical particles charged under the same conditions. 
This instrument accurately determines diesel particle sizes 
in the range of 0.01 11m to 1.0 J.!m when used in both compar
ing theory and actual experiments (Oh et al. 1981). 

Diesel exhaust extracts are biologically active when using 
versions of the Ames assay (Schuetzle 1983; Bagley et al. 
1987). Studies of the particle-associated SOF indicate that 
components of this complex mixture are mutagenic and in 
some cases carcinogenic (McCoy et al. 1981; LaVoie et al. 
1982; Ohgaki et al. 1982; Claxton 1983; Dorie et al. 1987; 
Lewtas 1988;). Although many studies focusing on diesel 
particles have been conducted, less information is avail
able on diesel vapor-phase emissions. Bagley and associ
ates (1987) found significant levels of HCs unassociated with 
the TPM, that is, in the vapor phase of diesel emissions. 
Vapor-phase emissions can be inhaled directly or adsorbed 
onto particles already in the atmosphere (Scholl et al. 1983). 
Stump and coworkers (1982) found that vapor-phase muta
genicity was approximately 10% of the total mutagenicity 
(measured as revertants per mile) in particle extracts using 
a light-duty diesel engine. However, Bagley and colleagues 
(1987) found that vapor-phase extracts contributed up to 25% 
of the direct-acting mutagenicity (per m3 of raw exhaust) 
from a heavy-duty diesel engine. Both of these studies as
sayed extracts of semivolatile organic compounds collected 
on XAD-2 resin. Both the SOF and XOC samples exhibited 
primarily direct-acting mutagenicity, with both possessing 
predominately frameshift mutation activity. Cryogradient 
trap-sampled vapor-phase extracts from gasoline- and light
duty diesel engine exhaust mainly exhibit base-pair muta
tion activity (Westerholm et al. 1988), and the XOC exhibited 
frame shift activity (Bagley et al. 1987). This difference may 
be due in large part to the increased levels of the lower mo
lecular weight compounds with cryogradient sampling. 

The SOF and vapor-phase samples can be fractionated 
further with a wide variety of techniques; however, research 
has focused on fractions containing various types of PAHs 
(Gibson 1982; Schuetzle 1983; Dorie et al. 1987; Lewtas 
1988), many of which have shown evidence of carcinoge
nicity (Hirose et al. 1984; Dipple 1985; Hecht et al. 1985; 
Hecht 1988). Examples of PAHs found in particle extracts 
include BaP, fluorenones, nitrofluorenes, and nitropyrenes 
(Claxton 1983; Schuetzle 1983; Bagley et al. 1987; Johnson 
1988). Schuetzle (1983) quantified over 70 different PAH 
compounds in diesel particle extracts. Most of the material 
extracted from diesel particles is composed of aliphatic HCs 
with more than 14 carbon atoms and derivatives of PAHs 
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(National Research Council1983), with an average of 25% 
of the mass extractable by organic solvents (Johnson 1988). 
Stenberg and coworkers (1983) found that at specific tem
peratures, approximately 50% of the three-ring PAHs and 
5% to 10% of the four-ring PAHs (for example, pyrene [PYR]) 
are located in the vapor phase. Examples of PAH found in 
vapor-phase extracts include fluoranthene (FLU), methyl
fluorenone, PYR, and nitronaphthalene (Schuetzle 1983; 
Stenberg et al. 1983; Bagley et al. 1987). Bagley and associ
ates (1987) and Schuetzle (1983) found that much of the 
mutagenicity resulted from compounds in the more polar 
fractions of the SOF and XOC, which include the nitro
PAHs. Most of this mutagenicity is direct-acting (not requir
ing metabolic activation) in bacterial mutagenicity assays 
and results from frameshift mutations. 

Of these compounds, the carcinogenic nitropyrenes are 
the most potent mutagens and contribute greatly to the 
direct-acting mutagenicity observed in bacterial bioassays 
(Howard et al. 1983; Paputa-Peck et al. 1983; Hecht 1988). 
Schuetzle and Perez (1983) determined that over 200 nitro
arene compounds could be found in the moderately polar 
fractions of diesel particle extracts. The contribution of 
nitroarenes to the total mutagenicity can be estimated by 
using bacterial tester strains that are resistant to various 
nitroarenes. Using this method, Bagley and colleagues 
(1987) estimated that 70% to 90% of the SOF mutagenicity 
and 65% to 75% of the SOF-methanolic fraction mutage
nicity was due to nitro-containing compounds. 

Although mobile sources only account for approximately 
1% of all global particles, they produce high concentrations 
of particles with relatively long suspension times (up to 
several months) in urban areas (Lipkea et al. 1978). The 
resulting potential health effects and environmental effects 
make control of the particles from mobile sources a neces
sity. Diesel emissions control may be achieved in three 
ways: (1) engine modifications; (2) fuel modifications; and 
(3) aftertreatment devices. 

Engine modifications include higher compression ratios 
(19.5. :1), low cam rates, high injection pressure, piston and 
ring modifications to reduce oil consumption, turbocharg
ing, and charge cooling (Cartellieri and Wachter 1987; Ze
lenka et al. 1990). Electronic control of injection timing, 
along with variable geometry turbocharging and intercool
ing, are other methods of improving combustion. Improve
ments in the combustion chamber, fuel, lubrication, and air 
systems are also important in controlling emissions (Rich
ards and Sibley 1988). 

Many studies have shown that changes in fuel composi
tion can affect TPM concentrations (Bouffart and Beltzer 
1981; Wall and Hoekman 1984; Wallet al. 1987). Reducing 
the sulfur content by mass from 0.4% to 0.05% results in a 
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36% decrease in TPM, based on experimental results from 
a diesel engine operating at EPA heavy-duty transient con
ditions (Wallet al. 1987). A 10% decrease in TPM can result 
from reducing the aromatic content of fuel from 30% to 
10%. Fuel volatility can also affect particulate emissions. 
Wall and Hoekman (1984) have shown that a TPM reduction 
of 8% can result when a 90% distillation temperature is re
duced from 316°C to 260°C. The increased cost of produc
ing a fuel with one or more of the above modifications has 
met with some concern, from both the petroleum and the 
engine manufacturing industries. 

Walsh and Bradow (1991) believe the particulate control 
technology for diesel engines has advanced such that en
gine manufacturers can obtain the 1991 EPA standard of 
0.25 g/bhp-h particulate standard with engine modifica
tions. However, in order to comply with the 1993 bus stan
dard and the 1994 heavy-duty-truck standard (both 0.1 
g/bhp-h), either some sort of exhaust aftertreatment device 
will be required or alternate fuels will need to be used. Ex
haust aftertreatment devices are likely to be the short-term 
solution because they can be installed in the exhaust stream 
of current engines. Many aftertreatment devices have been 
studied, such as ceramic wall-flow particle traps, catalytic 
trap oxidizers, and ceramic foam traps (Walsh and Bradow 
1991). 

One such device used for gaseous emissions and currently 
found in gasoline-powered vehicles in the United States is 
the catalytic converter, which reduces HC, NOx, and carbon 
monoxide levels in automotive exhaust. Several years ago, 
it was believed that the use of this device alone would not 
allow diesel engines to meet the 1994 0.10 g/bhp-h standard 
because of the large contribution of S04 to diesel emissions 
(Weaver 1984). Recent developments in engine technology, 
however, have sparked additional research to determine the 
feasibility of using a catalytic converter in conjunction with 
a low-sulfur fuel, and a low-particle-producing engine that 
would meet the 1991 particle standards (Johnson 1988). 
However, the catalytic converter alone could not effectively 
reduce the emissions of diesel engines that currently meet 
the 1988 standards (due to their higher particle emission 
levels) to the levels required for 1994. 

One of the most widely tested devices is the ceramic par
ticle trap. It is composed of a porous ceramic material ex
truded to form a cellular configuration. Every other cell at 
the trap inlet is plugged with a ceramic material, and the 
adjacent outlet cell is also plugged as shown in Figure 1. 
This forces exhaust to flow into the open cells at the trap 
inlet, through the ceramic porous walls of the trap, and into 
the adjacent cells open at the trap outlet. The trap removes 
up to 90% of the particles and other components in diesel 
exhaust, depending on engine type, speed, and load (Wade 
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Insulating rA 
mat 

Stainless steel 
canister 

• A-A 

Figure 1. Schematic showing exhaust path through a ceramic trap. The 
small figure labeled A-A is the side view of the trap through plane A marked 
on the larger figure. 

et al. 1981; Wiczynski and Johnson 1986; Konstandopoulos 
et al. 1988). 

There are a number of different filters with varying cell 
sizes and densities, wall thicknesses and porosities, and av
erage pore sizes. Each parameter is important in determin
ing filtering efficiencies for the SOL, as well as the SOF, 
S04, and XOC. As exhaust passes through the trap, the par
ticles deposit on the porous walls, thus increasing the ex
haust backpressure, which leads to a decrease in engine 
performance and fuel economy. Eventually, the trap must be 
cleaned or regenerated. This can be accomplished by ex
posing the carbon particles to temperatures greater than 
500°C, which ignites and burns the material collected in 
the trap. 

Current diesel research is focusing on lowering TPM 
emissions. The potential impact of diesel control technol
ogy on the health and welfare of humans and the environ
ment also is of interest. Several studies at MTU (Miller et 
al. 1983; Bagley et al. 1987), using a 1979-model heavy-duty 
diesel engine, reported that SOF mutagenicity on a weight 
basis increased when the traps were used, but the mutage
nicity on a raw exhaust basis generally decreased because 
the amount of SOF was reduced. The proportion ofHCs col
lected with the XOC did not change with trap usage (Bagley 
et al. 1987), but there was a 40% reduction in XOC mutage
nicity on a raw exhaust basis. There were not enough 
qualitative differences in the PAH and related compound 
composition of the SOF and XOC produced with and with
out the traps to account for the observed differences in their 
relative mutagenic activities. Few, if any, studies have been 
conducted on trap effects on the regulated and unregulated 
emissions from later model diesel engines, such as those 
meeting the 1988 standards. 

Regeneration is clearly the most widely studied process 
associated with the ceramic trap, because if regeneration 
cannot be obtained, the trap system will fail. This process 
is difficult to control because it depends on many factors, 
such as exhaust temperature, the mass and composition of 
particles in the trap, oxygen concentration, and exhaust 

mass flow rate. These factors not only determine when 
regeneration will occur, but also the rate at which the 
trapped particles oxidize and to what degree (for example, 
the fraction of trapped particulate matter that is oxidized). 
Under certain conditions, particulate combustion can oc
cur at rates that produce excessive temperatures, causing 
the trap substrate to crack or vitrify (Wiedemann and Neu
mann 1985; Baumgard and Bickel1987). Under other condi
tions, premature ignition of the particulate matter can take 
place, also possibly damaging the trap because of an even
tual build-up of excessive particles in adjacent areas. 

How the regeneration process proceeds can affect the life 
expectancy of the trap, as well as the overall performance 
and durability of the engine. Many regeneration methods 
have been studied and evaluated on the basis of (1) the relia
bility of the system, and (2) the system's effect on engine and 
trap durability. One promising method, bypass regenera
tion, involves diverting exhaust gases away from the loaded 
trap and inducing regeneration in a controlled environment 
with the aid of an electrical resistance heater (Rao et al. 
1985; Barris and Rocklitz 1989). 

Little research has been done addressing the physical, 
chemical, and biological character of emissions from a trap 
during controlled regeneration, because the expected 
masses emitted from the regenerating trap are small, rela
tive to the masses measured from diesel exhaust before 
(baseline) or after the trap. A recent study, however, has 
found that the mutagenic activity of mixed dilute trap and 
regeneration exhaust is significantly greater, on the basis of 
mass, than that of dilute baseline or trap exhaust (Konstan
dopoulos et al. 1988). This suggests that certain unregu
lated emissions could be increased by the contribution of 
regeneration to the loading/regeneration cycle of trap emis
sions. 

SPECIFIC AIMS 

This study was designed to obtain some of the quantita
tive data necessary for evaluating the toxicological impact 
of employing particle trap technology to control particle 
emissions from late-model heavy-duty diesel engines. Both 
regulated and unregulated emissions were studied during 
steady-state operation and periods of trap regeneration. Em
phasis was placed on the characterization of PAHs and 
mutagenicity associated with the particle and semivolatile 
vapor-phase organic fractions. The specific project objec
tives were (1) to determine the effects of the particle control 
system on the levels of selected mutagenic and carcinogenic 
PAHs and other compounds in the particle-associated and 
semi volatile vapor-phase organic fractions; (2) to determine 
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Phase I Specific Tasks- Caterpillar 3208 Engine 
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Phase II Specific Tasks- Cummins L-10 Engine and Donaldson Trap System 
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Figure 2. Specific tasks conducted during the project. Phase 1: Caterpillar 3208 engine; and Phase II: Cummins L-10 engine with Donaldson trap system 
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the mutagenicity of the same fractions using a modification 
ofthe microsuspension version of the Ames assay; (3) to de
termine the effects on the emission levels of particles, NOx, 
S04 , and HCs; ( 4) to evaluate the effects of the particle trap 
on the particle size distribution, particularly for those size 
fractions most likely to be respired; and (5) to measure the 
particle-associated and semivolatile vapor-phase organic 
emissions (including associated mutagenicity and particle 
size distributions) generated during trap regeneration. 
These quantitative determinations were made on a Cum
mins Engine Co. (Columbus, IN) LTA10-300 (L-10) heavy
duty diesel engine that met the California 1988 particle 
standards. It was equipped with particle traps that had 
built-in regeneration controls, and represents a late-model 
system developed to comply with future particle standards. 

The work conducted during the project was divided into 
two general phases: Phase I: sampling and analytical meth
ods development and refinement, particularly for quantify
ing key compounds, using the Caterpillar Tractor Co. (Peo
ria, IL) 3208 engine already at MTU as the sample source; 
and Phase II: characterizing regulated and unregulated emis
sions, including quantifying key compounds, from the Cum
mins L-10 engine fitted with a particle trap system during 
steady-state engine operation and during periods of trap 
regeneration. The assignment of specific tasks to each phase 
is outlined in Figure 2. 

CONSTANT VOLUME SAMPLER 

PHASE I: DEVELOPMENT OF SAMPLING 
AND ANALYTICAL METHODS USING 
A CATERPILLAR 3208 ENGINE 

EXPERIMENTAL METHODS 

Engine and Test Cell Description 

The 1979 Caterpillar 3208 medium-duty diesel engine 
used for Phase I is a naturally aspirated, direct-injection, 
V-8 engine with a total displacement of 10.4 L and a rated 
power of 157 kW. This engine was selected for this study be
cause of extensive particle characterization by MTU in 
previous studies (Hunter et al. 1981; Miller et al. 1983; 
Bagley et al. 1987; Konstandopoulos et al. 1988). The engine 
was connected to an Eaton Dynamatic (Kenoshsa, WI) 373 
kW water-gap, eddy-current dynamometer and operated un
der one steady-state condition for load and speed. Mode 4 
(intermediate speed, 50% load) of the EPA 13-mode cycle 
was chosen for this work; for the Caterpillar 3208, mode 4 
specifies a peak torque speed of 1,680 revolutions per min
ute (rpm) and a load of 320 N•m. 

An engine-muffler-exhaust splitter provided turbulent 
mixing of the exhaust from both manifolds and was used to 
split off a portion of the raw exhaust to be injected into the 
dilution tunnel (Figure 3). The MTU dilution tunnel and 

~DUST 
/ FILTER 

MAIN DILUTION TUNNEL 
_,----~-=---~ 

UHV 
SAMPLER 

1 FLOW TO 
~ ST AKSAMPLR 

COUNTER
CURRENT 
INJECTOR 

\ NOx AND HC 
\ PROBES 

0 0 

DYNAMOMETER 

EXHAUST 
SPLITTING 
MUFFLER 

CATERPILLAR 3208 
ENGINE 

Figure 3. Schematic of engine test facility with Caterpillar 3208 engine. See Figure 4 for a detailed drawing of the UHV sampler and the Staksamplr system. 
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this engine have been used extensively for previous studies, 
and a detailed description of the engine and facility is given 
elsewhere (Carpenter 1978). The dilution tunnel system 
consisted of (1) a high-efficiency inlet air filter (Donaldson 
Co., Minneapolis, MN) to minimize particle background 
levels; (2) an exhaust injection pipe and a counter-current 
injector that could inject a controlled mass flow of exhaust 
into the mixing section; (3) a straight section of pipe that 
mixed the exhaust and dilution air; (4) a sampling section 
consisting of a Staksamplr (Research Appliance Co., Alli
son Park, CA) and a Roots ultra-high-volume sampler (MD
Pneumatics, Springfield, MO), shown in Figure 4, to collect 
and measure the physical, chemical, and biological charac
ter of the mixture; and (5) a positive-displacement, con
stant-volume sampler (CVS), to control the flow of the mix
ture through the large dilution tunnel. The temperature 
and humidity were not controlled. The volume flow rate of 
the dilution tunnel (15.3 m3/minute) and volume dilution 
ratio (DR) were controlled via a constant-volume sampler 
and a butterfly valve within the exhaust splitter, respec
tively. The volume DR was calculated by the ratio of mea
sured raw NOx to measured dilute NOx. The dilution tun
nel specifications are presented in Table 1. 

Real-Time Measurements 

The methods employed for real-time measurements of 
engine, exhaust system, and dilution tunnel parameters are 
summarized in Table 2. The routinely measured gaseous 
emissions were raw exhaust levels of HCs and raw and di
lute exhaust levels of NO and NOx. The concentration of 
N02 was approximated from the difference between the 
measured NOx and NO. Raw exhaust samples were drawn 
through heated Teflon sample lines, but dilute exhaust sam-

r:LOW TO 
CONSTANT 
VOLUME 
SM/PLER 
(15,200 L/min) 

Dll.UTION TUNNEL 

Ul rF<A HIGH VOLU'AE SNAPLER 

47-rrrn FILTER HOL.DER 

81 OASSAY SA\1PLER 

1 
FLOW TO ST AKSAMPLR 

28 L/min 

Figure 4. Schematic of the 47-mm (Staksamplr) and 508- x 508-mm (UHV 
sampler) sampling systems. 

8 

Table 1. Michigan Technological University Dilution 
Tunnel Specificationsa 

Intended use 
Material 
Diameter 
Distance from injection to sample 
Total flow rate 
Residence time 
Reynolds number 
Injection 
Exhaust utilized 

a From Carpenter 1978. 

Diesel emissions 
304 Stainless steel 
0.305 m 
4.57 m 
15.29 m3/minute 
1.34 seconds 
47,000 
Countercurrent 
Variable 

ple lines were unheated. Scott Specialty Gases (Troy, MI) 
Acublend master-grade span gases were used, nominally 
900 ppm NO for NO and NOx measurements, and 200 ppm 
methane (both in air) for HC measurements. 

Particle Sampling Methods 

Particle samples were collected from the sampling sec
tion of the dilution tunnel (Figure 4) onto two sizes of parti
cle filters. Teflon-coated woven glass fiber filters of 47-mm 
diameter (TX40HI20-WW, Pallflex Products Corp., Putnam, 
CT) were used in conjunction with a stainless-steel filter 
holder (No. 2220, Gelman Sciences, Ann Arbor, MI), a 14.3-
mm diameter stainless-steel sampling probe, and a Re
search Appliance Co. Model 2342 Staksamplr dry gas sam
pler. Larger filters (508- x 508-mm) of the same material 
were exposed for the same period of time (n1Jminally 20 
minutes) in order to collect sufficient amounts of TPM for 
chemical and biological characterization. This Pallflex fil
ter type has an efficiency greater than 99% for collecting 
particle sizes as small as 0.035 llm even at high filter-face 
velocities and mass loadings as low as 0.02 !lg/cm2 (Kittel
son et al. 1983). Particle samples were collected on the large 
filters, using a 160-mm diameter sample probe and a Roots 
blower ultra-high-volume sampler. 

Before exposure, the 47-mm filters were weighed at am
bient temperatures and at controlled humidity (48% ± 6%) 
(U.S. Environmental Protection Agency 1987). After the 47-
mm filters were exposed to dilute exhaust, they were placed 
in an ammoniating chamber (for 30 to 60 minutes) to con
vert any sulfuric acid to ammonium sulfate (Society of Au
tomotive Engineers Handbook 1989). The filters then were 
placed in the controlled humidity chamber with the lids off 
the cassettes and allowed to equilibrate for 24 hours before 
being reweighed to determine TPM levels. 

The 508- x 508-mm filters, after exposure to dilute ex
haust, were folded into sixths, wrapped in aluminum foil, 
put into sealed envelopes, and placed in a freezer ( -7°C) be-



S. T. et al. 

Table 2. Instrumentation for Real-Time Measurements 

Raw and dilute exhaust NO and NOx 
Raw exhaust HC 

Beckman 955 chemiluminescence NO and NOx analyzer 
Beckman 402 FID HC analyzer 

Dilution ratio Calculated as NOx raw/NOx dilute 
Fuel consumption 
Engine intake air flow 

A VL fuel balance and electronic counters 
Meriam model 50MC2-6F 

Engine intake air humidity Bendix psychrometer (wet and dry bulb temperatures) 
Engine operating temperatures Omega type K (chromel/alumel) thermocouples and Doric digital 

readout panel 

fore analysis. These filters were removed from the freezer 
immediately before weighing to minimize any effects of am
bient temperature and humidity on the chemical and bio
logical character of the SOF. 

The exposed 47-mm and 508- x 508-mm filters then were 
placed in a Soxhlet apparatus for the SOF extraction. The 
SOF was removed with DCM (four hours for the 47-mm 
filters and 24 hours for the 508- x 508-mm filters). The 47-
mm filters then were reweighed to determine the extractable 
mass, indicating SOF levels. The SOF levels from the 508-
x 508-mm filters were determined gravimetrically directly 

from the mass of the SOF. Sulfate levels were determined 
routinely only from the 47-mm filters because they had been 
ammoniated to stabilize the sulfate component of the TPM. 
Ion chromatography was used to determine S04 levels 
(Hunter et al. 1981). 

Raw exhaust emissions (per standard cubic meter) of the 
TPM, SOF, S04, and SOL were calculated using the mass 
values obtained from the 47-mm filters, the DR, collection 
time, and the volume flow rates, temperatures, and pres
sures within the raw exhaust, dilution tunnel, and sample 
probe. Raw exhaust levels of the SOF, based on the 508-
x 508-mm filters, were obtained by using similar calcula

tions. 

Design and Validation of Semivolatile Organic 
Compound Sampling Methods 

A previous study at MTU supported by the Health Effects 
Institute (HEI) (Bagley et al. 1987) examined hydrocarbon 
balances and found that a significant amount of vapor
phase HCs was not being collected under several of the 
Caterpillar engine operating conditions, both with and 
without a ceramic particle trap. It was hypothesized that 
most of the HCs not accounted for were of the lower molecu
lar weight type, such as alkanes and alkyl aldehydes. This 
fraction oftotal HCs is potentially more important whence
ramic traps are used, because of the expected conversion of 
trapped HCs to lower molecular weight compounds. For 

this reason, an effort was made to collect and characterize 
these compounds in this study. 

For a number of reasons, the decision was made to try to 
use the 47-mm system to collect these compounds. First, the 
47-mm filters were used to provide gravimetric data for de
termining the TPM, SOF, SOL, and S04 values. Because 
the intent was to obtain quantitative results for these vapor
phase compounds, the most logical system to use to yield 
the best quantitative data would have been the 47-mm sys
tem. Second, cryogenic sampling of the compounds pass
ing through the XAD-2 resin (Supelco, Bellefonte, PA) was 
to be investigated, and because of size limitations of the 
cryogenic samplers, only a small volume of these gases 
could be collected. Third, mutagenicity testing of the gases 
passing through the XAD-2 resin could not be performed 
on these compounds unless a flow-through sampler was 
used; this also required that only a small volume of the 
gases be sampled, because of the design limitations of the 
bioassay sampler. Last, the 47-mm system used a Research 
Appliance Co. Staksamplr to draw the sample through the 
systems. The Staksamplr used a dry gas meter to measure 
the volume of gas through the sampler; this method is typi
cally more accurate than the method used for determining 
the flow through the 508- x 508-mm system. Therefore, the 
47-mm system was better for quantifying the vapor-phase 
compounds passing through the filter. 

The vapor-phase compounds can be divided into two 
fractions: the semivolatile fraction retained by the XAD-2 
resin, and the more volatile fraction collected after the 
XAD-2 resin. It was necessary to quantify the total vapor
phase HC component to calculate HC balances for the dilute 
exhaust. 

A sampler was designed and constructed for use with the 
47-mm system to collect the semivolatile vapor-phase HCs 
passing through the particle filter. The following design 
considerations were included: 

1. A pressure drop less than the maximum allowed by the 
47-mm sampling system (63.5 em Hg), with a flow rate of 
28 Llminute maintained; 
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2. Inert construction materials to protect against damage 
from the sulfuric and nitric acids in the exhaust gases 
and to provide noncatalytic surfaces to minimize sam
pling artifacts; and 

3. A support screen that would not allow the 0.3- to 0.6-mm 
beads of XAD-2 resin to pass through to the pumps. 

The semivolatile fraction also was collected on a large 
scale to obtain sufficient mass for biological and chemical 
characterization. The 508- x 508-mm XOC sampler was 
redesigned from the sampler used in a previous study sup
ported by HEI (Bagley et al. 1987). A redesign was necessary 
for three reasons: (1) the sampler was difficult to insert and 
time consuming to use; (2) the support screen, with 0.6-cm 
holes, allowed XAD-2 resin to enter the pump when the 
resin passed around the polyurethane foam, resulting in 
failure of the pump; and (3) a sampler constructed from es
sentially the same materials as the 47-mm XOC sampler was 
required to provide a better basis for comparison between 
the two systems. Because the pressure drop calculations for 
various heights of XAD-2 resin and breakthrough studies 
had already been performed (Bagley et al. 1987), a sampler 
of approximately the same diameter, capable of holding at 
least the same volume of XAD-2 resin, was designed, with 
ease of use held paramount. 

The 47-mm and 508- x 508-mm XOC samplers used in 
this study are shown in Appendix Figures A.1 and A.2, 
respectively, and the specifications for each sampler are 
displayed in Table 3. 

As in a previous study (Bagley et al. 1987), XAD-2 resin 
was used as the sorbent material because it is a nonionic 
styrene-divinylbenzene copolymer with a large surface 
area and is an efficient collector of gaseous-phase HCs with 
seven or more carbon atoms, as well as the volatile four-ring 
PAH (Stump et al. 1982; Schuetzle 1983; Alfheim and Lind
skog 1984). Open-cell polyurethane foam sheets were used 
over a fine stainless-steel screen on the 508- x 508-mm sys
tem XOC sampler to retain the XAD-2 resin in the sampler. 

Table 3. XOC Sampler Specifications 

The same setup was used on the 47-mm XOC sampler to 
keep the samplers as similar as possible. The 508- x 508-
mm and 47-mm system samplers contained 40 g and 30 g 
of XAD-2 resin, respectively. Because the total volume of 
exhaust sampled with the 47-mm XOC sampler during a 20-
minute sampling period was relatively small, the mass of 
XOC retained from a single run was not large enough to be 
quantified accurately and precisely (as explained in the 
Results section). Consequently, the 47-mm XOC sampler 
was used primarily only to condition the exhaust gases be
fore they passed through either the bioassay sampler or 
cryogenic traps. 

Before additional experiments were performed, pump 
performance curves for the 508- x 508-mm system were 
made for each of the two pumps used in this study. The 
pump performance curves were needed to perform back 
calculations to the raw exhaust for the SOF and the XOC lev
els. Using the procedures outlined in the Society of Au
tomotive Engineers Recommended Practice J1094a (1986), 
pump performance curves were generated for both pumps, 
and the equation of the best-fit linear line for each curve was 
determined. These equations then were used to determine 
the concentrations of TPM, SOF, and XOC in the raw ex
haust (Bagley et al. 1987). 

During the calibration tests, the sampler was tested for air 
leaks. Electrical tape was used to seal any region where air 
passage was possible, and the flow rate was recorded. For 
a pump inlet pressure of 92 kPa absolute, approximately 3% 
of the total flow through the 508- x 508-mm system came 
from air leaks around the sampler. Because using gaskets to 
seal the leaks would make installing and removing the sam
pler much more difficult, no further action was taken, and 
the air leaks were assumed to be negligible. 

Breakthrough experiments for the 508- x 508-mm sam
pler were done in the following manner. The sampling train 
was constructed from bottom to top as follows: poly
urethane foam on the bottom, 10 g of XAD-2 resin, another 

Used with 47-mm Filter Used with 508- x 508-mm Filter 

Material 

Diameter 
Design flow rate 
Residence time 

Maximum height of XAD-2 resin 

10 

316 Stainless-steel body 
316 Stainless-steel support screen 

(Gelman Sciences) 

4.06 em 
0.0283 m3 STPD/minute 
0.178 seconds/em XAD-2 resin 

11.43 em 

304 Stainless-steel body 
316 Stainless-steel support screen 

(Gelman Sciences) 
316 Stainless-steel underdrain disk 

(Gelman Sciences) 
9.78 em 
1.75 to 3.90 m3 STPD/minute 
0.008 to 0.013 seconds/em XAD-2 

resin 
11.43cm 
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piece of foam, and 40 g of XAD-2 resin on top. In the first 
breakthrough experiments, the layer of polyurethane foam 
between the XAD-2 resin regions failed to keep the two sec
tions of resin from mixing, indicating that the XAD-2 resin 
was behaving like a mixed bed instead of a packed bed. Be
cause of this, a stainless-steel disk was constructed, and 
quarter-inch holes were drilled throughout the disk to al
low the sampled gases to pass through. The disk was suc
cessful at keeping the two regions separated. The volatile 
organic fraction was extracted with DCM from the top 40 g 
of resin, the polyurethane foam used to separate the two 
sections, and the lower 10 g of resin. The extracts were dried 
on Florisil (Supelco), and the masses were compared. The 
mass of the extract from the top 40 g was 0.10072 g and 
0.08628 g for two different samples, and their respective 
breakthrough masses in the lower sections were 0.0306 g 
and 0.0278 g. It was apparent that some XOC "breakthrough" 
from the top section occurred under these sampling condi
tions. However, because of the measurement errors expected 
when working with only 10 g of XAD-2 resin, the level of 
semivolatile organic compounds not collected by this sys
tem could not be determined reliably. The amount of resin 
used in the sampler was left at 40 g because any higher lev
els would have severely restricted flow through the entire 
sampling system. 

Design and Validation of Low-Molecular-Weight Organic 
Compound Samplers 

Attempts to collect lower molecular weight compounds 
not collected in the XOC sampler were made by first using 
cryogenic traps and then activated carbon adsorbents. De
sign criteria for sampling these compounds were (1) ease of 
analyzing the collected compounds; (2) adequate size to 
prevent plugging and excessive pressure drops; and (3) a 
construction material that was mechanically stable for the 
sampling conditions. 

Cryogenic trapping was tried using first liquid nitrogen 
(b. p. -164°C) and then ethanol slush (f. p. -117°C) as cryo
genic fluids. A schematic of the sampling train is shown in 
Appendix Figure B.1. All parts were commercially avail
able from Ace Glass (Vineland, NJ). 

The cryotrap samplers were tested by introducing a mix
ture of acetaldehyde, benzene, n-hexane, n-pentane, and 
p-xylene into the sampling train without engine exhaust. 
The mixture was collected in the cryotraps at a sampling 
rate of 28 Llminute. Propane gas was introduced into the 
sampling train in additional experiments. Experiments 
were carried out with the 47-mm system XOC sampler both 
in place upstream of the cryotraps and removed from the 
system. The headspace of the cryotraps was analyzed by gas 
chromatography (GC), which showed that the test com-

pounds were in the headspace of each of the three cryo
genic traps in the sampling train. This illustrated that this 
method of sampling was not effective and could not yield 
quantitative results. Consequently, cryogenic trapping was 
abandoned and activated charcoal was investigated, as a 
possible collection medium. 

Another set of experiments then was carried out in an at
tempt to collect low-molecular-weight HCs on activated 
charcoal. Commercially prepared charcoal tubes were pur
chased from Supelco (ORB0-32). Each tube contained two 
parts: a front section and a backup section separated from 
the front with polyurethane foam. Two tubes were set up 
in series in a bench test, and test solutions of benzene, 
n-pentane, p-xylene, and acetaldehyde were volatilized and 
drawn through the tubes with a 1.0 Llminute E.I. Dupont 
DeNemours Co. (Wilmington, DE) P2500 air sampling 
pump. Experiments were carried out with the XOC sampler 
from the 47-mm sampling assembly loaded with 30 g of 
XAD-2 resin and later without the XOC sampler in place. 
The sections of the ORB0-32 tubes were desorbed with car
bon disulfide, and the solutions were analyzed by GC. The 
results are listed in Appendix Table B.1. The tests showed 
that the ORB0-32 sampling tubes were effective for all spe
cies analyzed, with the exception of propane. The tests also 
showed that the XAD-2 resin was very effective for collect
ing n-pentane, n-hexane, benzene, and xylenes, but was 
only moderately effective for collecting acetaldehyde (Ap
pendix Table B.2) and was ineffective for collecting propane 
(Appendix Table B.3). Consequently, in view of the effec
tiveness of the XAD-2 resin and our extensive experience 
with this sampling medium, we found no advantage in 
using charcoal as an additional collection medium. 

Chemical Characterization 

Phase I focused primarily on developing and refining 
PAH quantification methods using reference standards. 
Compounds chosen for quantification in Phase I, based 
upon their known or suspected health effects (Morris et al. 
1950; Kaden et al. 1979; Probst et al. 1981; Barfknecht et al. 
1982; Pitts et al. 1982; LaVoie et al. 1987; Solt et al. 1987; 
Cavalieri et al. 1988; El-Bayoumy et al. 1988) and their oc
currence in diesel particle and vapor-phase exhaust (Pitts 
et al. 1982; Paputa-Peck et al. 1983; Smith 1985; Draper 
1986; Niles and Tan 1989) were: benz[a]anthracene (BaA), 
BaP, FLU, chrysene (CHR), 1-nitropyrene (lNP), 2-nitrofluo
rene (2NF), 3-nitrofluoranthene (3NFL), and 4-nitrobiphe
nyl (4NBP). 

Mixtures of standard reference compounds used for cali
bration and quality control checks were obtained as follows: 
Priority Pollutant PAH Mixture from Supelco; standard ref
erence material (SRM) 1650 Diesel Particulate Matter, SRM 
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1647 Priority Pollutant PAH in Acetonitrile, SRM 1587 Nitro
PAH in Methanol, and SRM 1596 Dinitro-PAH in Methanol, 
from the National Institute for Standards and Technology 
(NIST) (Gaithersburg, MD). All solvents used were glass
distilled, high-purity grade, from Burdick and Jackson Co. 
(Muskegon, MI). Individual reference standards for quan
tification were obtained from the following sources: BaA, 
2NF, and 4NBP from Aldrich Chemical Co. (Milwaukee, 
WI); 1NP from Pfaltz and Bauer (Waterbury, CT); FLU and 
CHR from Eastman-Kodak Co. (Rochester, NY); and BaP 

from Sigma Chemical Co. (St. Louis, MO). 

The SOF was routinely obtained by Soxhlet extraction of 
the exposed 508- x 508-mm filters for 24 hours with high
purity DCM (350 mL). Anhydrous sodium sulfate (approxi
mately 1 g) was added, and the extract was filtered through 
#4 Whatman filter paper (Fisher Scientific, Itasca, IL). The 
SOF was concentrated to approximately 5 mL using a rotary 
evaporator at reduced pressure at 35°C. The concentrated 
SOF then was transferred quantitatively to a clean, tared 
Teflon vial and evaporated to near-dryness under a stream 
of nitrogen on a warming plate (less than 45°C). 

The XAD-2 resin used for the collection of volatile or
ganic compounds was obtained from Supelco. These water
washed spheres of nominal particle size 16 to 50 mesh and 
the 0.25-inch thick sheets of open-celled polyurethane foam 
(SKC, Eighty Four, PA) used to retain the XAD-2 resin with
in the XOC sampler were treated (before exposure) with 
DCM. Although a measurable mass (less than 10 mg) typi
cally was extractable from the resin and foam, no mutagenic 
activity was associated with this extract. 

The exposed XAD-2 resin was treated in a manner similar 
to that used for the 508- x 508-mm filters. However, the 
resin beads had to be retained in a Soxhlet thimble because 
they were less dense than the extracting solvent. Poly
urethane foam pieces used in the XOC sampler (Appendix 
Figure A.2) were treated coincidentally (and also used tore
tain the resin within the Soxhlet thimble during the extrac
tion procedure). 

To assess the loss of volatile components during the SOF 
concentration step, an alternative method was employed 
using a Kuderna-Danish apparatus. A pooled SOF sample 
was spiked with a mixture of standard reference com
pounds in known concentrations (Appendix Table C.1). 
Due to the unavailability of BaA and 3NFL (as pure solids) 
at the start of this project, these initial experiments were 
carried out on only six of eight compounds proposed for 
quantification. An internal standard (2-chloroanthracene 
[2CA]) was added before the concentration step to estimate 
recovery of the PAH fraction from the SOF sample. (An ad
ditional internal standard, 2-fluorobiphenyl, was also used 
in some of the experiments reported here. However, when 

12 

it became apparent that it offered no advantages over 2CA, 
the use of 2-fluorobiphenyl was terminated.) Dichlorometh
ane (300 mL) was added to each sample, and, for the Ku
derna-Danish samples, isooctane (3 mL) was employed as 
a keeper solvent; these samples were concentrated to ap
proximately 3 to 5 mL over steam. All spiked samples were 
subjected to the Florisil/C18 separation method before quan
tification with a GC flame ionization detector (FID). 

These preliminary recovery experiments (based on dupli
cate samples, Appendix Table C.1) indicated that recoveries 
were better overall using the rotary evaporation method. For 
the parent PAH compounds, the rotary evaporation and 
Kuderna-Danish methods appeared to produce equivalent 
results, probably due to the fact that the quantification was 
accomplished with an internal standard that apparently 
had undergone losses similar (by either method) to those of 
the PAHs being quantified. 

Nitro-PAHs, which were quantified without the internal 
standard, were lost by both concentration methods. How
ever, losses were greater when the Kuderna-Danish appara
tus was used. This may indicate losses due to volatilization 
as well as thermal decomposition, with the former being a 
more important factor in the rotary evaporation method, 
and the latter impacting more on the Kuderna-Danish 
method. 

To determine the loss of the SOF during sample workups 
subsequent to rotary evaporation, the amount of SOF mass 
extracted from the filter was compared to the loss in mass 
of the respective 508- x 508-mm particle filter for 13 filters 
collected during several Caterpillar engine runs. The 508-
x 508-mm filters were weighed (to the nearest 0.1 mg) 

using a Mettler H6T balance (Mettler Instrument Corp., 
Hightstown, NJ) and a static control device (Nuclear Prod
ucts Co., El Monte, CA) placed near the balance pan. The 
masses of the filters were stable enough to determine the 
amount of TPM as well as the SOF collected by the differ
ence in masses before and after exposure and before and af
ter Soxhlet extraction, respectively. (This method was used 
routinely for TPM and SOF determinations on the 508-
x 508-mm filters during Phase II.) Five samples were 

treated with DCM and the extracts were rotary-evaporated at 
30°C to a volume of approximately 5 mL. The extracts then 
were evaporated to near dryness under a stream of purified 
nitrogen at room temperature. Four additional filters were 
treated similarly, except that 0.5 g of Florisil was added to 
the reduced volume extract before evaporation with nitro
gen. Extracts from the final four filters were concentrated 
using the Kuderna-Danish apparatus and evaporated to near 
dryness under nitrogen. As presented in Appendix Table 
C.2, the results indicate that the best recovery of the SOF 
is obtained with rotary evaporation followed by drying the 
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extract on Florisil; the average values obtained by this 
method were less than 1% different from the losses in mass 
from the respective filters. 

The recovery was poorest for rotary evaporation followed 
by concentrating under nitrogen without Florisil; in every 
case, material was lost with this method. The average recov
ery for five samples was approximately 7% lower than 
recoveries determined by differences in masses of the 
respective filters before and after extraction. For the method 
using the Kuderna-Danish apparatus, more extracted mass 
was recovered (on average) than was lost from the filter; 
however, these results were more variable, and it was diffi
cult to interpret their significance on the basis of these few 
numbers. It did appear, however, that utilizing the Florisil 
adsorbent offered two potential advantages: (1) decreased 
losses of the more volatile SOF components; and (2) de
creased handling (and associated losses and contamina
tion) of the SOF. Recovering the extract onto Florisil elimi
nated the need for redissolving the near-dried extract in 
order to introduce it onto the Florisil column for separation. 

Retaining volatile compounds on an adsorbent such as 
Florisil should make an even greater impact on the recovery 
of the XOC; therefore, this approach was used in handling 
extracts from the XAD-2 resin. The absolute recovery of 
the total XOC was difficult to assess because of the prob
lems associated with weighing the XAD-2 resin before and 
after extraction. The recovery of the XOC mass on Florisil, 
compared to the recovery without Florisil, is shown in Ap
pendix Table C.3. 

After the SOF was extracted and concentrated, a clean-up 
procedure was used to simplify the complex mixture before 
analyzing individual components. The procedure used 
during Phase I utilized two chromatographic separations to 
obtain relatively clean and separate PAH and nitro-PAH 
fractions. Samples for PAH analysis were redissolved in a 
small volume of DCM and separated on 0.5 g of Florisil 
(60/100 mesh, Supelco). The Florisil was packed into a 
small silanized glass column, and the column was eluted 
with hexane (10 mL). The hexane fraction was separated 
further on a C18 sample prep column (Supelco) using an 
acetonitrile (ACN) eluant, which leaves most of the aliphat
ics on the column while eluting the PAH compounds. This 
eluted fraction was diluted to exactly 10.0 mL containing 1.0 
mL of the internal standard. This PAH fraction then was 
analyzed using high-performance liquid chromatography 
(HPLC) primarily as a quantitative tool and using the NIST 
SRM 1647 Priority Pollutant PAH in Acetonitrile as a Cali
bration Standard for the parent PAH. 

The Florisil column was eluted further with DCM (10 
mL), and the nitro-PAH fraction obtained was diluted to ex
actly 10.0 mL, with 1.0 mL of the internal standard added. 

Quantitative HPLC analysis of 3NFL, 2NF, 4NBP, and 1NP 
was accomplished using the NIST Reference Standard 
(SRM 1587, Nitro-PAH in Methanol). 

Reverse-phase HPLC using a water and ACN gradient, a 
Zorbax octadecylsilane (ODS) C18 column (Zorbax ODS, 
Mac-Mod, Chadds Ford, PA), and ultraviolet detection was 
used to quantify the chosen PAH compounds in recovered 
fractions of the NIST SRM 1650 (Diesel Particulate Matter). 
This method gave incomplete resolution of BaA and CHR 
and inadequate sensitivity for quantifying PAHs at levels 
typical of the SRM. To increase sensitivity, fluorescence de
tection was used for the parent PAH compounds. To reduce 
fluorescence quenching by dissolved oxygen in the mobile 
phase, an oxygen scrubber column (MacCrehan et al. 1988) 
was employed between the pump and injector. Use of the 
scrubber (containing 10% platinum on alumina) required 
the addition of methanol (MeOH) to the mobile phase. Plati
num oxidizes the MeOH, thereby depleting dissolved oxy
gen in the mobile phase (MacCrehan et al. 1988). The mo
bile phase was changed to a water and MeOH gradient (70% 
to 100% MeOH). The minimum detection levels for BaP 
were two orders of magnitude lower with this method than 
with the GC and flame ionization detection method using 
splitless injection on the Hewlett-Packard (Avondale, PA) 
5880-A gas chromatograph. The nitro-PAHs were reduced 
to fluorescent amines using a post-separation reduction 
column containing zinc and silica gel (1:1 by mass). De
tection wavelengths were 280/389 (excitation/emission) for 
parent PAHs, and 285/370 for amino-PAHs. 

For the GC analysis, a DB-5 column (J&W Scientific, Fol
som, CA), 30-m x 0.32-mm i.d. with a film thickness of 
0.125 jlm, was used in conjunction with a FID and a 
nitrogen-phosphorus detector. The column oven tempera
ture at the time of injection was 120°C and was held isother
mal for three minutes, then programmed to rise to 300°C at 
the rate of 3°C/minute, and held there for five minutes. 

To determine the precision and accuracy of the entire 
method (including extraction and separation procedures), 
SRM 1650 (Diesel Particulate Matter) was analyzed along 
with the SOF samples. The results for the quantification of 
PYR, FLU, BaP, BaA plus CHR, and 1NP in SRM 1650 are 
given in Appendix Table C.4. Minimum detection levels 
(MDLs) were determined using dilutions of the calibration 
standards. Minimum detectable levels were those quanti
ties injected on the HPLC with a minimum of three times 
the background noise and areas that could be reproducibly 
measured. 

Mutagenicity Assays 

Mutagenicity was determined using several versions of 
the Ames assay. Comparisons initially were made between 
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the standard plate incorporation Ames assay (Ames 1972; 
Maron and Ames 1983) and the microsuspension (or 
micropreincubation) modification (Kado et al. 1983) of the 
Ames assay. The microsuspension assay was more sensitive 
and had lower requirements for sample mass, which made 
it attractive for analyzing diesel exhaust-related samples 
with little mass available for testing, such as particle sam
ples from late-model engines operated with and without 
emission control devices. This increased sensitivity could 
also aid in detecting mutagenicity in some of the diesel 
vapor-phase samples typically exhibiting very low activity 
in the standard plate incorporation assay (Dorie et al. 1987). 
(For additional details on comparisons between these as
says, see Stoltz 1988.) 

Tester strains TA98 and TA100 were provided by Dr. Bruce 
Ames (University of California at Berkeley). Tester strains 
[TA98NR and TA98-1,8-DNP6 (TA98DNP)J were provided 
by Dr. Herbert Rosenkranz (Case Western Reserve Univer
sity, Cleveland, OH). Tester strain stocks were stored in 
glass dram vials at - 80°C in nutrient broth (Oxoid Broth 
No.2, Unipath Co., Ogdensburg, NJ) with 8% v:v dimethyl 
sulfoxide (DMSO) (Maron and Ames 1983). Rat liver S9 
from Arochlor 1254-treated male Sprague-Dawley rats was 
purchased from Molecular Toxicology (Annapolis, MD); 
the S9 protein concentration was 38.9 mg/mL. 2-Nitrofluo
rene, 2-aminoanthracene (2AA), and 7,12-dimethylbenz[a]
anthracene (DMBA) were purchased from Aldrich Chemi
cal Co. (Milwaukee, WI). 1-Nitropyrene was purchased from 
Pfaltz and Bauer (Waterbury, CT), and sodium azide, BaP, 
and DMSO (99+ %) were purchased from Sigma Chemical 
Co. (St. Louis, MO). As noted earlier, extracts of diesel parti
cles and vapor-phase-exposed XAD-2 resin were obtained 
by Soxhlet extraction. After solvent removal and mass deter
minations, DMSO was added to an aliquot of known mass 
for the mutagenicity tests. These samples were stored at 

15°C to - zooc before analysis. 

Nutrient broth was used as the culture medium for grow
ing the tester strains. Sterile polystyrene 12- x 75-mm test 
tubes and Petri dishes were used in all these assays. Investi
gators combined assay components and plated them onto 
bottom agar under a biohazard laminar flow hood while 
wearing protective clothing. All assays were performed un
der filtered lighting to prevent photooxidation by ultraviolet 
rays. Before inoculating the nutrient broth, a 1-dr vial of the 
frozen culture was thawed at room temperature. Fifty mil
liliters of nutrient broth containing 25 11g/mL ampicillin in 
a 250-mL nephelo flask were inoculated with 100 IlL of the 
thawed stock culture. The cultures were grown at 37°C and 
120 to 130 rpm for approximately 10 hours on a gyrotary Or
bit Environ-Shaker (Lab-Line Instruments, Melrose Park, 
IL). Growth was monitored at 540 nm on a Novaspec spec
trophotometer (LKB Biochem Ltd., Cambridge, England) to 
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an absorbance corresponding to 1- to 2- x 109 bacteria/mL 
(late log phase). Standard plate incorporation Ames assays 
used cultures without further processing. For the micro
suspension assay, the bacteria were separated by centrifuga
tion (10,000 x g for 10 minutes at 4°C) and concentrated 
10-fold in phosphate-buffered saline (0.15 M, pH 7.4). 

The standard plate incorporation assays using 100- x 15-
mm Petri dishes were conducted using the procedures set 
forth by Maron and Ames (1983). All tests were conducted 
using duplicate dishes per dilution. Test dishes were 
counted after 63 hours of incubation at 37°C ± zoe (Belser 
et al. 1981). Dishes were counted using an Arteck Model 
880 automatic colony counter (Arteck Systems Corp., Far
mingdale, NY). 

Two types of microsuspension assays were evaluated, one 
using 100- x 15-mm Petri dishes (Kado et al. 1983), and one 
using 60- x 15-mm Petri dishes. The decision to use smaller 
Petri dishes was based on a previous study (Bagley et al. 
1987) in which less sample volume was needed with the 
smaller dishes. For the microsuspension assay, smaller Petri 
dishes offered potential savings in supplies without reduc
tions in sensitivity. 

For all microsuspension assays, 100 IlL of phosphate 
buffer (0.1 M, pH 7.4), 5 IlL of sample, and 100 IlL of 1 to 
2 x 1010 bacteria/mL in phosphate-buffered saline were 
combined in 12- x 75-mm test tubes. Each component was 
delivered directly to the bottom of the test tube. The test 
tubes then were capped and placed in test tube racks that 
were placed on the gyrotary shaker in the dark at 37°C and 
180 to 200 rpm for 90 minutes. No mixing occurred before 
this incubation. The test tubes then were placed in an ice 
water bath before being plated onto bottom agar. Six test 
tubes were placed at a time into a heating block (46°C to 
48°C), top agar was added, and the contents were vortexed 
and poured onto the bottom agar dishes. For the 100- x 15-
mm Petri dishes, 2.0 mL of top agar was added to each test 
tube. For the 60- x 15-mm Petri dishes, 0.7 mL of top agar 
was added to each test tube. Subsequent dish incubations 
and response evaluations were the same as those described 
for the standard tests. 

In addition to S9, the S9 mix used for metabolic activa
tion in all assays contained 8 mM magnesium chloride, 33 
mM potassium chloride, 5 mM glucose-6-phosphate, 4 mM 
nicotinimide adenine dinucleotide phosphate, and 100 mM 
sodium phosphate (pH 7.4) (Maron and Ames 1983). For the 
standard plate incorporation assay, 500 IlL of S9 mix was 
added to the test tube containing the top agar and sample 
just before vortex-mixing and plating onto the bottom agar 
(Maron and Ames 1983). In the microsuspension assays, 
100 IlL of S9 mix was substituted for the phosphate buffer 
(Kado et al. 1983), but was added to the test tubes just before 
the preincubation period. 
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A brief study was conducted to determine the optimum 
amount of S9 mixture to use with the SOF and XOC sam
ples (Appendix Table D.1). Optimal S9 concentrations first 
were determined using 2AA, BaP, and DMBA with TA98; 
these three compounds were selected because they charac
teristically exhibit different optimal S9 levels. In the micro
suspension assay, the highest responses were observed with 
0.5 ~-tL S9 for 2AA, 1 ~-tL S9 for BaP, and 4 to 10 ~-tL S9 for 
DMBA. Maximum responses with S9 for the Caterpillar 
SOF samples were 1 to 2 ~-tL, and 0.5 ~-tL for the XOC sam
ples. This was consistent with the findings of Kado and co
workers (1983) that 1 ~-tL S9/dish was optimal for TA98 with 
BaP and mutagens in smokers' urine; the same level of S9 
was used in later studies with extracts from airborne partic
ulate matter (Kado et al. 1986, 1987). Optimal S9 levels per 
dish in the standard plate incorporation assay were 2 ~-tL for 
2AA, 4 ~-tL for BaP, and 20 ~-tL for DMBA. Similar responses 
were found for tester strain TA100. Routine S9 levels for sub
sequent assays were 4~-tLidish (4% v:v mixture) for the stan
dard plate incorporation assay and 1 ~-tLidish (1% v:v mix
ture) for the microsuspension assays. 

Controls were run on each test date, including solvent 
(DMSO) controls for spontaneous revertant levels, geno
typic checks (ampicillin resistance, crystal violet sensitiv
ity, ultraviolet resistance, and histidine requirement), and 
sterility checks on all assay components (Maron and Ames 
1983). Sample toxicity to the tester strains was monitored by 
observing whether or not (1) the response levels decreased 
with increased dose tested; and (2) the background lawn of 
"microcolonies" varied with increasing dose (Maron and 
Ames 1983). The latter was determined by observing the 
dishes under a dissecting microscope at magnification of 
x 40 to x 100 and comparing microcolony levels on sponta
neous revertant dishes with those from test sample dishes. 
The spontaneous revertant and positive control levels found 
during both Phase I and Phase II in all types of assays in 
plastic Petri dishes with TA98, TA98NR, and TA98DNP are 
presented in Appendix Table D.2. 

All Ames assay data were stored in data files on MTU's 
IBM 4381 computer (IBM Corp., White Plains, NY). These 
data then were used to calculate revertants/~-tg values, using 
computer programs to determine the linear portion of the 
dose-response curve, and a power function model formula 
to determine activity as revertants/~-tg sample (Hibbler 1982; 
Miller et al. 1983). 

When integrated, this formula to compute the average 
slope becomes: 

R = 10a(czb -Ctbl 

Cz -Ct 

(1) 

where R is revertants/~-tg; C1 and C2 are sample masses (in 

~-tg) representing the lower and upper limits, respectively, 
of the portion of the dose-response curve determined to be 
linear (that is, significantly different from background and 
nontoxic); and a and bare the intercept and slope param
eters, respectively, determined with a least-squares fit of the 
linear portion of the dose-response curve. 

Values given in revertants/~-tg were multiplied by volu
metric values for parameters such as the SOF, XOC, and 
TPM to produce raw exhaust estimates of mutagenicity as 
revertants x 103fm3. 

Because this calculated value depended upon the interac
tion of the slope and the y intercept, ordinary statistical 
analysis (for example, t tests) was not applied. The slopes 
andy intercepts could be examined together using an F test, 
but this might not reflect accurately the differences and 
similarities of the values obtained for the calculated rever
tants/~-tg because it would not account for the effects of C1 

and C2 values. However, means, standard deviations (SDs), 
and coefficients of variation (CVs) could be utilized for com
parison purposes. Mutagenic responses (revertants/~-tg) hav
ing CVs less than that determined to be acceptable in 
repeated assays of one sample could be considered to have 
the same level of activity. Therefore, if the CV on a given day 
is less than 20%, the variability could be considered to be 
due primarily to variable tester strain response; thus, the 
samples would be considered to have essentially the same 
activity. Variability above that expected as a result of the 
tester strain response would be related to sample variability. 
Different days then could be compared by determining a 
mean of means and observing any changes in the CV com
pared to the CVs for individual days. 

Comparisons of microsuspension and standard plate in
corporation assays were first conducted using TA98-S9 with 
varying levels of 2NF. As indicated in Appendix Figure D.1, 
approximately 10 times less 2NF mass was necessary to pro
duce a response (revertants/dish) in the microsuspension 
assay equivalent to that observed with the standard plate in
corporation assay. Calculated activity values (revertants/~-tg) 
for triplicate 2NF dose-response tests are presented in Ap
pendix Table D.3. The lower response found with the small 
dish microsuspension assay was the result of limited rever
tant colony formation (Hibbler 1982) due to the smaller dish 
surface area. This effect generally is not noted when rever
tant/dish levels are less than 1,000, as indicated in tests with 
diesel particle (SOF) and XAD-2 resin (XOC) extracts (Ap
pendix Figures D.2 and D.3, respectively). In these tests, the 
microsuspension assays had equivalent responses requir
ing approximately five times less mass for the same rever
tant/dish responses. An approximately 10-fold increase in 
calculated revertant/~-tg activities was observed when test
ing three SOF samples collected in the same Caterpillar en
gine test date (Appendix Table D.3). As indicated in Appen-
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dix Figure D.3 for a single XOC sample, and in Appendix 
Table D.3 for three XOC samples collected on the same test 
date, using either microsuspension assay resulted in a level 
of activity nearly 60 times that of the standard plate incor
poration assay. This indicates that the combination of pre
incubation in a small, covered container and more cells 
does allow for detection of mutagenicity with semivolatile 
compounds. Comparisons with airborne particle extracts 
and smokers' urine resulted in similar 10-fold and 20-fold 
increases, respectively (Kado et al. 1983, 1986). Increases in 
response using TA98 and 2NF were similar to those deter
mined by Kado and associates (1983). 

To assess the precision of the small- versus the large-dish 
microsuspension assays, the variability of responses at
tained from testing three different SOF samples with 
TA98- S9 on three separate dates was evaluated (Appendix 
Table D.4). The large- and small-Petri-dish microsuspen
sion assays appeared to yield similar mean values for rever
tants/1-!g. Both assays appeared to be repeatable with the ex
ception of one sample for each assay procedure in which 
CVs greater than 15% were obtained. Past studies at MTU 
using the large-dish standard plate incorporation assay re
sulted in CVs ranging from less than 1% to 40% (average of 
13%), with acceptable variability considered to be 15% to 
20% (Miller et al. 1983). 

In general, the microsuspension procedure was more sen
sitive in detecting mutagenicity than the standard plate in
corporation assay. Responses with nitroreductase-deficient 
and a-transacetylase-deficient tester strains and TA98 plus 
S9 showed similar increases in sensitivity. The small-dish 
microsuspension assay appeared to produce activities simi
lar to those from the large-dish microsuspension assay. The 
small-dish microsuspension assay was judged to be an ac
ceptable method for mutagenicity testing for this project. 
Coefficients of variation in calculated activities for the mi
crosuspension assay routinely should be below 20%. 

The general protocol used for testing each SOF or XOC 
(or subfraction) sample consisted of first testing each sam
ple with TA98 with and without S9 over a two- to three
log10 concentration range, using one-half concentration 
doses with the small-dish microsuspension assay (for ex
ample, 240, 120, 60, 30, 15, 7.5, 3.75, and 1.88 11g/dish). 
When sufficient mass was available and the sample demon
strated activity with TA98-S9, the sample was retested with 
TA98NR-S9 and TA98DNP-S9. To eliminate the effect of 
test-to-test response by the tester strains, samples were 
grouped together to be run on the same date. 

Design and Validation of a Flow-Through 
Bioassay Sampler 

Because of the potentially large proportion of HCs pass
ing through the filter and XAD-2 resin, particularly with 
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trap use, attempts were made to assess what mutagenicity 
might be associated with this portion of the exhaust. Such 
compounds would be highly volatile and not collected on 
the filters or XAD-2 resin. A flow-through sampler for ex
posing the tester strain was designed and constructed. This 
sampler was placed after the 47-mm filter holder and small 
XOC sampling system (Figure 4) because of its lower flow 
rate (28 Llminute) and its ability to sample all of the exhaust 
passing through the system. Based on studies with both 
flow-through and static exposure systems (Barber et al. 
1981; Matsushita et al. 1986), we determined that the sam
pler should be of inert material and capable of holding up 
to eight glass Petri dish bottoms containing bottom agar and 
top agar with Ames tester strains. 

The design of the first flow-through sampler (Appendix 
Figure D.4) was modeled after flow-through and static ex
posure canisters used by Barber and colleagues (1981) and 
Matsushita and associates (1986). A stainless-steel culture 
sterilizer box (Fisher Scientific) was modified by silver
soldering the pressed seam to prevent leakage and the inlet 
and exit ports into transverse positions on opposite ends. 
Four dishes each of TA98 and TA100 were used in initial 
tests, alternating placement of the dishes with each tester 
strain. As in other studies with flow-through samplers 
(Wang et al. 1985; Matsushita et al. 1986), the tester strains 
were placed in the top agar with DMSO, and then poured 
onto bottom agar in glass 100- x 15-mm Petri dishes. Forty 
milliliters, rather than 20 or 30 mL of bottom agar, were 
used in each dish. TA100 and TA98 were used in these sam
plers because several studies have shown TA100 to be more 
sensitive to volatile, low-molecular-weight compounds than 
TA98 (Barber et al. 1981; Wang et al. 1985; Victorin and 
Stahlberg 1988). Controls for the present study were con
ducted by passing the same volume of room air, which also 
had been passed through a 47-mm filter and XOC sampler, 
through the loaded canister for the same length of time and 
at the same flow rate. These control exposures were con
ducted on the same test date as the diesel exposures. 

The most serious problem with this first sampler was the 
apparently unequal exposure of all eight Petri dishes. Two 
tests exposing eight dishes of TA98-S9 to filtered diesel ex
haust showed that the two top dishes had two to five times 
greater activity than the lower dishes, which showed no re
sponse. None of the dishes in the two control bioassay sam
pler trials had responses (TA98-S9) above spontaneous 
revertant levels. Calculations of flow patterns with this sam
pler design indicated that the 28-Liminute flow rate appar
ently did not allow for a sufficiently long residence time in 
the sampler for the gases to diffuse into a homogeneous 
mixture. Cells in the top two dishes were therefore the only 
ones receiving any exposure to the gases. 

With this knowledge, the following design criteria were 
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applied to a second bioassay samp.ler: (1) near-equal ex
posure to all eight dishes; (2) inert construction materials; 
(3) an airtight seal; and (4) easy loading and unloading. 

This second bioassay sampler (Figure 5) was essentially 
a modification of a continuously stirred tank reactor. A 
deflection dish and mixing orifice were implemented to al
low the incoming gases to mix adequately with the circulat
ing gases in the sampler. A circulating fan (7.6-cm cooling 
fan, 900 L!minute) was installed in the base ofthe sampler 
to allow for some gas recirculation and tester strain reex
posure. The gas residence time in this sampler was 1.2 
minutes. Stainless steel was chosen as the construction ma
terial because it is inert to the gases in the exhaust. Tygon 
tubing was used between the upper and lower halves to pro
vide the gasket material necessary for an airtight seal. Be
cause Tygon tubing was used to connect the various sam
plers (Figure 4), its use in the sampler was not expected to 
alter the results. The sampler design also allowed rapid and 
simple loading and unloading. 

Before the sampler was used with filtered exhaust gases, 
it was tested to determine if all dishes were receiving an 
equal exposure. A thermo-anemometer was used to mea
sure the velocity in 2 .54-em increments at five points 
around the sampler (25 points total). Using the fan alone 

did not deliver a uniform air flow; therefore, a 10.2-cm 
shroud was constructed to direct the flow upward and mini
mize variation in the gas flow in the sampler (Figure 5). A 
shroud also was extended to within 2.5 em of the top deflec
tion dish. This arrangement resulted in nearly uniform ex
posure (less than 20% CV) of each of the eight dishes in the 
sampler. Two samplers were constructed, one for exclusive 
use with filtered room air (control) and one for use with 
filtered diesel exhaust. 

The next procedure performed before the sampler was 
used with exhaust gases was a test in which a known muta
gen was passed through it. Tetranitromethane (TNM) was 
chosen as the test compound because it was volatile enough 
to introduce sufficient material into the vapor phase for the 
test (b.p. = 125.7°C; vapor pressure = 26.6 mm at 40°C). 
Tetranitromethane also has been reported to be active with 
tester strains TA98 and TA100 (Zieger et al. 1987). Filtered 
air (28 L!minute) was bubbled through a suspension of 
TNM and water for periods of 20, 40, and 60 minutes. A con
trol was tested simultaneously by drawing filtered air 
through the sampler for the same time and flow rate as the 
other sampler, but without TNM. The results for tester 
strain exposure in each sampler are shown in Appendix Ta
ble D.5 (Run 1). Because the water and TNM formed a sus-
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Figure 5. Schematic of second flow-through bioassay sampler. A: flow pattern in sampler; and B: placement of Petri dishes in sampler. 
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pension, it was not possible to calculate the amount of TNM 
entering the sampler. The activity of the dishes exposed to 
TNM was two to four times greater than the control activity 
for TA98, indicating a positive mutagenic response. The 
TA100 test showed an increase in activity with exposure 
time, but with a maximum of only 1.6 times the control re
sponse level. 

The test was repeated because of concern that the suspen
sion of TNM in water might not have resulted in a homoge
neous exposure during the sampling period. Both the con
trol and diesel or TNM samplers were cleaned between 
tests. The interior surfaces first were wiped with a solution 
of Micro (International Products Corp., Trenton, NJ). When 
the surfaces were dry, the process was repeated with 95% 
ethanol and the surfaces again were allowed to dry. Di
methyl sulfoxide was used as the TNM diluent because 
TNM is readily soluble in it; DMSO also was the solvent rou
tinely used when testing diesel-related samples. As shown 
in Appendix Table D.5 (Run 2), dishes exposed to air that 
had passed through this solution had no more than 1.5 
times the number of revertants than the control dishes. The 
TNM-DMSO combination may have resulted in less TNM 
exposure than in Run 1. 

The sampler was tested again with a suspension of TNM 
and water (Appendix Table D.5, Run 3). The only differ
ences between Runs 1 and 3 were that (1) a vacuum trap 
filled with distilled water was placed between the filter 
holder and the sampler inlet on the control, and (2) the sus
pension of TNM was agitated several times during the tests 
because a visible region of TNM had formed in the bottom 
of the vacuum trap. All TNM-exposed dishes except the 
TA100 dishes exposed for 20 minutes showed toxicity, indi
cating an over-exposure to TNM. 

The general trend in all three tests with the bioassay sam
plers and TNM was an increase in TA98 and TA100 rever
tants/dish with exposure to TNM. This indicated that a 
volatile, known mutagen could produce a detectable muta
genic response with this flow-through bioassay sampler. 

EXPERIMENTAL DESIGN 

All experiments during Phase I were conducted using the 
Caterpillar engine operated under baseline (no particle trap) 
conditions and mode 4. As indicated in the Phase I section 
of Figure 2, a variety of experiments were conducted pri
marily to modify and refine existing procedures to allow for 
more repeatable, quantitative analyses. A listing of the en
gine runs conducted along with their purpose is presented 
in Appendix Table E.1. 

Determinations ofHCs, NOx, NO, N02 , TPM, SOF, SOL, 
and S04 were made for all engine tests; TPM, SOF, and 
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XOC levels were determined from both the 47-mm and 508-
x 508-mm systems. Comparisons were made between cal

culated raw exhaust levels of SOFs and XOC as determined 
from the 47-mm and 508- x 508-mm sampling systems. The 
general format used for emission collection and analyses 
during Phase I is presented in Figure 6. Some of the 508-
x 508-mm system SOF and XOC samples were used to 

evaluate the microsuspension modification of the Ames as
say and to develop the quantitative procedures for the PAH 
analyses. 

To reduce variation in the emission data, only one batch 
of diesel fuel was used for both Phases I and II. Diesel emis
sion studies have shown that particle concentrations are 
very dependent on fuel properties (Hare and Bradow 1979), 
which can vary from batch to batch. Fuel analyses were con
ducted on samples of the 2,500 gallons of Amoco (Amoco 
Oil, Naperville, IL) premier No. 2 diesel fuel used for this 
project. The average results for analyses conducted at the 
beginning and end of this project are listed in Table 4. The 
composition of this fuel was virtually identical to fuels 
used in previous studies at MTU (Hunter et al. 1981; Miller 
et al. 1983; Bagley et al. 1987; Konstandopoulos et al. 1988). 
The lubricating oil was Mobil Delvac (Columbus, IN) 1330, 

SOF 
PAll 

Mut:tg~nicity 

xoc 
1\tutagenicity 

XAD·2 Resin 

Exhauq Exhaust 

TPM 
SOF 
so~ 

Figure 6. Diesel emission collection scheme used during Phase I with the 
Caterpillar 3208 engine (removed cryogenic and charcoal samplers). 
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Table 4. Fuel Properties for Batch of Amoco Premier 
#2 Diesel Fuel Used in Projecta 

Cetane index 
API gravity 

Elemental analysis 
(%weight) 

Carbon 
Hydrogen 
Sulfur 
Oxygen 
Nitrogend 

Hydrocarbon analysis 
(%volume) 

Paraffins and naphthenes 
Ole fins 
Aromatics 

Distillation profile %Recovered 

Initial boiling 
point 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
95 

End point 

a Analyses conducted by Amoco Oil Co., Naperville, IL. 

b Measurement only at start of project. 

48.6b 
38.0 (1.4}c 

85.8 (0.37} 
13.4 (1.1} 

0.316 (0.67} 
0.11 (641 

43.5 (11}d 

75.5 (4.7} 
2.5 (57} 

22.0 (9.6} 

Temperaturec 
(OC} 

159 (2.4} 
189b 
198 (2.0) 
21Ei [1.:3) 
22H (1.2) 
243 (0.87) 
256 (2.9) 
269 (0.79) 
281 (1.0} 
293 (1.2} 
309 (0.92) 
318b 
329 (0.64) 

c Each value is reported as the mean (CV in%) of analyses conducted at the 
start and end of this project. 

d Nitrogen value is given in ppm. 

which was changed along with the oil filters approximately 
every 200 engine hours. 

STATISTICAL METHODS AND DATA ANALYSIS 

All engine-associated raw exhaust data were calculated 
from measured engine and particle data using the MTU 
diesel emissions analysis computer program (on the IBM 
4381 mainframe computer). Data reductions for concentra
tions and mass emission rates of TPM, SOF, XOC, HCs, and 
NOx at baseline and trap conditions were done using a 
FORTRAN program originally developed by Campbell 
(1981) and Hunter (1981) for the Caterpillar 3208 engine. One 
modification to the program included incorporating the 
vacuum slip curve for the 508- x 508-mm sampling system 
Roots blower, which allowed the volumetric flow rate of the 
blower to be determined. Data from the 508- x 508-mm fil
ter and the volumetric flow rate of the blower input in the 

program allowed the calculation of brake-specific and raw 
exhaust concentrations of the 508- x 508-mm system parti
cle and XOC data. The program also computed brake
specific and raw exhaust concentrations from the 47-mm 
system data, as well as engine performance data. The 
means, SDs, and CVs were also calculated by this program. 
The raw exhaust concentration data (mgfm3 under standard 
temperature and pressure, dry [STPD] conditions) also 
were used to calculate raw exhaust concentration values for 
the PAH and mutagenicity data. 

Nonparametric statistical analyses were performed first 
on the data with the assumption that the small sample sizes 
did not allow for a normal distribution with equal vari
ances. The null hypothesis to be tested was that there was 
no significant difference between the groups being com
pared; the alternate hypothesis was that there was a signifi
cant difference (a ~ 0.05). As discussed in the Phase II 
Statistical Methods and Data Analysis section, it was deter
mined later that parametric analyses such as the analysis of 
variance (ANOVA) should be used with these emission data 
for hypothesis testing. Most of the comparisons also in
volved different numbers of samples collected under the 
same engine operating conditions, but on different dates. 
Because there usually were different numbers of samples 
on each date, a mean of means, with each date as a replicate, 
was reported (Zar 1984). A paired difference t test (Zar 1984) 
was used for direct comparisons between the 47-mm and 
508- x 508-mm sampling systems. Variability between tests 
for each sampling system was determined with a one-way 
ANOVA, with Tukey's honestly significant difference test 
(Zar 1984) used to determine differences between individ·· 
ual mean values. With the exception of the 95% confidence 
interval for the paired difference t test, all parametric sta
tistical analyses were made using the Statistical Analysis 
System (SAS 1985) on the MTU mainframe computer (IBM 
4381). 

RESULTS 

Muffler, Filter-Face Temperature, and Dilution Ratio 
Effects 

Temperature and muffler effects that could change the oh· 
served levels and composition of the TPM, SOF, and 
mutagenicity of the exhaust were investigated to make 
changes in the protocols used in past tests (Hunter et al. 
1981; Miller et al. 1983; Bagley et al. 1987; Konstandopoulos 
et al. 1988). These changes were made to increase the relia
bility of the data, particularly for determining PAH levels. 
Two series of tests were conducted to evaluate changes in 
the TPM composition, particularly the SOF, that resulted 
from varying the DR while keeping the filter-face tempera-
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ture constant, or varying the filter-face temperature while 
keeping the DR constant. In one run per series, the muffler 
was replaced with a straight pipe. 

The temperature in the dilution tunnel is primarily a 
function of the inlet air temperature, the exhaust tempera
ture, and the corresponding flow rates. The amount of ex
haust entering the dilution tunnel can be varied. However, 
for the engine and operating conditions used for most tests 
at MTU, the amount usually was controlled to obtain a DR 
below 20. This minimized the time required for TPM col
lection. The DR was kept above 10 to keep the N02 concen
tration below 5 ppm to minimize potential artifact forma
tion (Bradow et al. 1982). Filter-face temperatures varied 
according to the inlet air temperature and the DR. 

Konstandopoulos and associates (1988) found that parti
cles were reentrained from the exhaust tubing, muffler, and 
dilution tunnel wall when ceramic traps were used with the 
Caterpillar engine. This was observed in the SOL data, 
which were 94% less with the traps than with baseline con
ditions in the raw exhaust immediately following the trap, 
and 60% less with dilute exhaust. Although the present 
study was not concerned directly with this phenomenon, 
it was of interest to investigate reentrainment in terms of the 
potential effects on the repeatability of the TPM data and bi
ological activity of the exhaust. 

First, the baseline SOL data were analyzed; bar charts 
showing the raw exhaust levels of SOL calculated from the 
47-mm filter data for tests from July 1987 through March 
1988 are shown in Figure 7. Because the SOL concentration 
for each sample was determined by the difference in the 
TPM and SOF plus S04 components, most of the observed 
variation could be linked to variability in the weighing of 
the filters, the extraction of the SOF, the determination of 
the sulfate levels, and any variability associated with the 
sampling process. At test on the mean of means (for repli
cate tests) with and without a muffler showed no significant 
difference (p = 0.480) between SOL levels. Therefore, based 
on the limited amount of data available, using the muffler 
did not significantly alter the baseline SOL levels. 

Data from the first series of tests of the DR, filter-face tem
peratures, N02 levels, and raw exhaust SOF and TPM levels 
are presented in Table 5. Mutagenicity data for the same 
samples are presented in Table 6. 

In the series of tests with the muffler in place, conducted 
early in this study (Table 5), there were no apparent differ
ences in SOF activities on a mass basis regardless of the DR, 
filter-face temperatures, and N02 levels (Table 6). Differ
ences in TPM-associated activities were related to differ
ences in the percentage of SOF per filter because less SOF 
was obtained with the highest DR. The observed variations 
in raw exhaust levels of mutagenicity (revertants x 103/m3) 
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Figure 7. Comparison of solids emission levels with and without a muffier 
on the Caterpillar 3208 engine. 

also were due more to variations in levels (mg/m3) of the 
TPM and SOF. With the highest DR tested (approximately 
30:1; 4B072087H), lower levels of SOF and TPM were col
lected during the same time period than in the other tests, 
but the SOF activity (revertants/~g) was essentially the 
same. Increased temperatures at the filter face (55°C, 
4B072087L) also did not affect the observed mutagenicity of 
the SOF, as compared with runs with the same DR but lower 
filter-face temperatures. Attempts to vary the DR to maintain 
a constant filter-face temperature were largely unsuccessful 
because of little variation in air inlet temperature on the test 
date ( 4B073187). These data do indicate that, with this en
gine under these operating conditions, it is not the SOF ac
tivity that varies, so much as the levels of SOF and TPM, 
and the percentage of SOF. The higher SOF mutagenicity 
levels detected in the 4B030288 and 4B030388 tests may 
have been related to the higher filter-face N02 levels. 

In one of the tests with a straight pipe in place of the muf
fler (4SB072287), the SOF was found to be more active 
(revertants/~g) than the SOF tested with the muffler in 
place. The TPM also was more active, in part because of the 
lower percentage of SOF in these samples (54% compared 
to 62% to 70% for samples with the muffler at the same DR). 
However, due to slightly lower raw exhaust levels of SOF 
and TPM (Table 5), the raw exhaust mutagenicity levels 
(revertants x 103/m3) were similar to those detected with 
the muffler. Attempts during this run to keep first the DR 
constant while varying filter-face temperatures, and then to 
keep the filter-face temperature constant while varying DR, 
were unsuccessful because the inlet air temperature varied 
little during this test. The DR, filter-face temperature, and 
N02 levels detected without the muffler were similar to 
those found during runs with the muffler. 
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Table 5. Effects of Muffler, Dilution Ratio, and Temperature on Emissionsa 

Filter Face 

Temperature N02 SOFb TPMb 
Test Number Muffler Dilution Ratio (OC) (ppm) (mg/m3)c (mg/m3)c 

4B071787 Yes 14.4 43.8 5.02 37.7 23.4 
(2.8) (0.0) (16) (2.5) (10) 

4B072087L Yes 15.6 55.0 3.50 37.5 26.9 
(15) (5.3) (15) (11) (9.6) 

Yes 29.1d 43.4d 2.17d 29.9 14.9 4B072087H 
(6.9) (1.8) (4.6) (5.3) (7.0) 

4SB072287 No 14.3d 44.7d 4.75d 26.4 13.4 
(2.9) (1.0) (9.9) (7.1) (2.7) 

No 14.3 48.5 4.54 30.0 16.1 
(1.4) (1.6) (2.0) (3.6) (8.4) 

4B073187 Yes 15.5 42.8 4.66 34.0 NDe 
(3.3) (1.1) (8.9) (11) 

Yes 15.2 44.2 4.51 36.5 23.5 
(0.5) (0.3) (0.4) (9.1) (19) 

a Each value is reported as the mean (CV in %) of three replicates, unless otherwise noted, for samples collected for 20 minutes. 

b Data from 508- x 508-mm system; TPM values based on percentage of SOF from 47-mm filters collected during the same time intervals. 

c In this and other tables where it is used, m3 refers to the volume of raw exhaust under STPD conditions. 

d Two replicates. 
6 NO ~ not determined because no 47-mm data were available. 

Table 6. Mutagenicity of SOF and Total Particulate 
Matter with Varying Filter Face Temperatures, 
Dilution Ratios, and with and without a Mufflera 

Revertants 
Revertants/m3 

Test Numberb Muffler /J.lg SOF !J,lg TPMC (X 103) 

4B071787 Yes 0.066 0.040 1.70 
(7.6) (5.0) (4.0) 

4B072087L Yes 0.063 0.046 2.45 
(19) (30) (22) 

4B072087H Yes 0.063d 0.031 d 1.33d 
(1.5) (6.5) (8.3) 

4SB072287 No 0.109d 0.057d 2.18d 
(4.6) (29) (0.92) 

No 0.093 0.053 2.18 
(1.0) (5.7) (6.4) 

4B073187 Yes 0.068 NDe 2.17 
(7.6) (11) 

Yes 0.066 0.042 2.16 
(18) (5.3) (18) 

a Each value is reported as the mean (CV in %) of three replicates, unless 
otherwise noted, using standard plate incorporation Ames assay with 
TA98- S9. 

b Refer to Table 5 for dilution ratio and filter face temperature parameters. 

c Based on percentage of SOF from 47-mm filters. 

d Two replicates. 
6 NO ~ not determined because no 47-mm data were available. 

Because of difficulties (noted above) in varying the DR or 
filter-face temperature during the first experiments in July 
and August of 1987 (Table 5), a second study was conducted 
in March 1988, with the filter-face temperature kept at 
40°C ± zoe (Table 7). On the basis of the baseline experi
ments described above and previous work at MTU on 
whether it is better to keep the DR or filter-face temperature 
constant (Bagley et al. 1987), the filter-face temperature was 
kept constant for a given engine operating condition during 
engine tests by varying the DR. This contrasts with previous 
sampling practices (Hunter et al. 1981; Miller et al. 1983; 
Bagley et al. 1987) in which the DR was held constant. Keep
ing temperature constant ( ± zoq also helped to ensure that 
roughly the same organic compounds would adsorb to the 
SOL (to form the TPM) on one sampling date and on differ
ent dates. This was particularly important for improving the 
repeatability of the PAH analysis. A temperature of 40°C 
was chosen for the filter-face temperature for mode 4 with 
the Caterpillar 3208 engine for subsequent Phase I tests for 
the following reasons: (1) it represented a temperature that 
could be obtained with DR variations from 12:1 to 18:1 (aver
age of 15:1), based on observed annual variations in inlet air 
temperatures; (2) most chemical extraction and analysis 
steps were conducted at 40°C or below; and (3) after passing 
through the XAD-2 resin, the exhaust stream would be at 
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Table 7. Effect of Constant Dilution Ratio Versus Constant Filter Face Temperature on Percentage of SOFa 

Test Number 
Inlet Air 

Temperature (0C) Dilution Ratio 
Filter Face Temperature 

(OC) % SOF 

Constant Dilution Ratioc 
4B040285 

4B041685 

4B061885 

Mean of means 

Constant l',ilter Face Temperatured 

8 

9 

7 

4B121587 3 

4B030288 8 

4B030388 8 

Mean of means 

a Each value is presented as the mean (CV in %) for each test. 

b n ~ number of individual results. 

c Data from Bagley and associates (1987). 

d Data from present study. 

22.9 
(1.7) 
30.9 
(5.9) 

18.1 
(2.1) 
24.0 
(6.5) 

15.2 
(2.3) 
17.1 
(4.8) 

15.2 
(5.9) 
15.8 
(1.1) 

a low enough temperature to not kill the tester strain bacte
ria in the bioassay sampler. 

There was little variability in the percentage of SOF in 
samples collected on the same test date with the DR or filter
face temperature held constant (Table 7). This was mainly 
because the dilution tunnel inlet air temperatures varied 
little within a test date. However, the test date to test date 
variability in the percentage of SOF was less when filter
face temperature was held constant. This follows the 
prediction made by Clerc and Johnson (1982) that the dilu
tion tunnel temperature has a greater effect on the adsorp
tion of HCs onto solids (producing SOF) than the actual HC 
concentration in the tunnel. 

Comparison of the 47-mm and 508- x 508-mm 
Sampling Systems' Data 

Using the data from the engine tests with the Caterpillar 
3208 engine (Appendix Table E.2), the levels of SOF and 
XOC in the raw exhaust from the 508- x 508-mm and 47-mm 
sampling systems were compared to assess whether similar 
levels could be obtained. The SOF values for the 508-
x 508-mm system in Table 8 were obtained using the ex

tractable masses from the filters and the flow rate of the 
ultra-high-volume sampler, which was calculated from the 
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15.0 40.3 73.8 
(0.3) (3.1) (4.3) 
15.2 48.1 67.4 
(2.8) (4.9) (3.8) 

13.1 35.0 75.3 
(1.5) (1.6) (2.5) 
14.4 41.3 72.2 
(1.2) (6.6) (4.2) 

9.4 40.4 64.0 
(1.5) (0.9) (3.3) 
10.0 39.7 66.2 
(4.6) (2.4) (3.5) 

9.8 39.4 65.6 
(2.9) (1.9) (3.2) 
9.70 39.8 65.3 

(0.31) (0.51) (1.1) 

pump performance curve results and varied between 2 and 
4 m3/minute, depending on the pressure drop across the 
pump. The samples were collected over a 20-minute period, 
with a total flow of dilute exhaust that varied from 40 to 80 
m3. The 47-mm samples were collected over 20 minutes at 
a flow rate of 13 m3/minute or a total of 20m3 of dilute ex
haust. 

A comparison of raw exhaust SOF levels found with each 
sampling system was made using a paired difference t test. 
The 95% confidence interval for the mean difference be
tween test systems (by test date) was - 2.17 to 5.65. Because 
this confidence interval includes 0, there was no difference 
in SOF levels with the 47-mm and 508- x 508-mm sampling 
systems. 

Variability between engine tests for each sampling system 
was assessed using a one-way ANOVA. Significant differ
ences between dates were found for SOF levels with both the 
47-mm and 508- x 508-mm systems. Using Tukey's honestly 
significant difference test (a = 0.05), the SOF mean for 
4B120887 was significantly different from the means for 
4B030288 and 4B030388, and the data for 4B030388 were 
significantly different from those for 4B032288. For the 508-
x 508-mm data, the 4B120887 SOF mean was significantly 
different from all but the 4B032288 mean, the 4B030388 
mean was significantly different from the 4B121587, 4B031588, 
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Table 8. Comparison of SOF and XOC Levels for 508- x 508-mm and 47-mm Systemsa 

Test Number Muffler Dilution Ratio 

4B120887 Yes 9.9 
(0.0) 

4B121587 Yes 9.3 
(1.9) 

4B030288c Yes 10.0 
(4.5) 

4B030388c Yes 9.8 
(3.0) 

4B031588 Yes 8.8 
(2.9) 

4SB032288 No 11.2 
(2.2) 

508- x 508-mm System 

SOF 
(mgfm3) 

23.5 
[9] 

(9.1) 
29.4 
[7] 

(8.7) 

33.3 
[8] 

(9.5) 
36.4 
[8] 

(6.4) 

30.4 
[8] 

(14) 
26.3 
[8] 

(23) 

xoc 
(mg/m3) 

NC 

44.4 
[8] 

(8.1) 
44.1 
[8] 

(13) 

40.0 
[8] 

(19) 
38.9 
[8] 

(19) 

47-mm System 

22.7 
[4] 

(18.5) 
28.3 
[3] 

(14.4) 

30.0 
[8] 

(8.5) 
33.2 
[8] 

(7.8) 

78.3 
NDe 

26.0 
[8] 

(11.4) 

NC 

NC 

[1] 

63.8 
[1] 

a Each value is reported as the mean (CV in %) of the [number of samples collected]. 

b NC ~ not collected. 

c A significant difference detected between the SOF values from the 508- x 508-mm and 47-mm systems. 

d NV ~ no value because 4B030288 and 4B030388 47-mm XOC samples were mistakenly pooled. 

eND ~ not determined because no 47-mm data were available. 

and 4B032288 means, and the 4B030288 mean was signifi
cantly different from the 4B032288 mean. 

The 508- x 508-mm system XOC samples were obtained 
simultaneously with the 508- x 508-mm filters. However, 
the 47-mm XOC samples were collected over an entire day 
of testing (typically eight filter samples, collected during 
20-minute periods), resulting in a total of 4.5 m3 of dilute 
exhaust passing through the sampler. Although the XAD-2 
resin in the 47-mm XOC sampler was left in place for 160 
minutes of sampling, the total flow of dilute exhaust was 
only equivalent to approximately two minutes of flow 
through the 508- x 508-mm sampling train. 

A paired difference t test comparison was also made of 
the XOC levels obtained from each sampling system. The 
95% confidence interval for the mean difference was - 90.8 
to 43.9, indicating no difference in XOC values between the 
systems. This confidence interval is very wide, which is 
perhaps a reflection of the wide spread in the 47-mm XOC 
values. More replicates would be needed to make a more ac
curate comparison. There were no significant differences 
between any of the test dates for XOC levels (p = 0.2124). 

Mutagenicity data for the March 1988 samples are 

presented in Table 9. A comparison of two of these tests 
with the muffler (4B031588) and without (4SB032288), and 
with the SOF assessed with the micro suspension version of 
the Ames assay, also indicates no difference in mutagenic
ity levels measured as revertants/11g or revertants x 103/m3. 
No differences were found in XOC mutagenicity. From 
these limited data, the muffler also appeared to have only 
a minimal effect on exhaust mutagenicity. 

The data presented in Table 9 also indicate the increased 
sensitivity observed when using the microsuspension 
versus the standard plate incorporation Ames assays. De
tectable SOF mutagenicity (revertants/11g and revertants 
x 103/m3) increased approximately 10-fold and detectable 
XOC mutagenicity increased by nearly 40-fold with the 
microsuspension assay. Similar 10-fold increases in 
mutagenicity were observed with calculations based on 
TPM levels. 

PAH Levels in 508- x 508-mm SOF Samples 

Using the constant filter-face temperature modification of 
the test protocol, several samples from two test dates were 
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Table 9. Mutagenicity of SOF and XOC with Constant Filter Face Temperature and with 
and without a Mufflera 

Revertants Revertantsfm3 ( x 103) 

Test Number Muffler /~g SOF /~g TPMb /~g xoc SOF xoc 
4B030288 Yes 0.130c,d 0.086c,d 0.044d 4.35c,d 2.05d 

0.240d 0.156d 
(11) 

8.86d 
(14) 

4B030388 Yes 1.76 73.2 
(6.1) (6.0) (12) (6.3) (9.9) 

4B031588 Yes 2.178 NDf 1.66 71.18 77.2 
(20) (23) (17) (17) 

4SB032288 No 2.228 1.568 1.75 66.3 8 65.8 
(31) (32) (29) (30) (19) 

a Each value is reported as the mean [CV in %) for three replicates, unless otherwise noted, using microsuspension small-dish assay with TA98 - S9. 
b Based on the percentage of SOF from 47-mm filters. 
c One sample. 
d Standard plate incorporation Ames assay. 
e Two replicates. 
1 ND = not determined because no 47-mm data were available. 

analyzed to determine the levels of specific PAH in the ex
haust. Summaries of the sample concentrations from the 
4B030288 and 4B030388 engine tests are shown in Tables 
10 and 11, respectively. The only significant difference in 
PAH levels between the two test dates was found with FLU 
(p = 0.0145 for ~g/g SOF, p = 0.0262 for ~g/g TPM, and p 
= 0.0252 for ~g/m3 ). The means of means for PAH levels 
from both dates are presented in Table 12. No trends were 
observed between PAH concentrations and the mass of SOF 
collected for a given sample. Some of the variation in the 
PAH concentrations probably was a result of the extensive 
workup required before an individual sample could be ana
lyzed on the HPLC. 

Table 10. Summary of Caterpillar Mode 4 Baseline 
PAH Concentrations for Test Number 4B030288a 

P AH Concentration 

Compound nb 11g/g SOF 11g/g TPM 11g/m3 

BaA+ CHR 5 33.6 22.0 1.10 
(13) (12) (11) 

FLU 5 18.6 1.22 0.61 
(9.4) (12) (11) 

PYR 5 184 121 6.09 
(34) (38) (35) 

1NP 4 2.21 1.44 0.07 
(30) (33) (34) 

a Each value is reported as the mean (CV in %) . 

b n = number of individual results pooled. 
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Of the limited number of SOF samples from the Caterpil
lar engine that were quantitatively analyzed by the HPLC 
methods described here, none was found to contain detect
able quantities of 2NF or 3NFL. Also, because of interfering 
compounds, it was not possible to quantify 4NBP in these 
samples. However, it was decided that these compounds 
would remain in the analytical protocol for Phase II sam
ples collected from the Cummins engine, at least until more 
samples could be surveyed and the practicality of quantifi
cation reassessed. 

Table 11. Summary of Caterpillar Mode 4 Baseline 
PAH Concentrations for Test Number 4B030388a 

P AH Concentration 

Compound nb ~g/g SOF ~g/g TPM ~g/m3 

BaA + CHR 6 38.2 24.3 1.37 
(15) (15) (17) 

BaP 3 1.32 0.840 0.048 
(61) (71) (57) 

FLU 6 20.3 12.9 0.727 
(32) (34) (33) 

PYR 6 144 90.8 5.15 
(58) (63) (58) 

1NP 2 3.24 2.10 0.109 
(9.2) (7.4) (1.4) 

a Each value is reported as the mean [CV in %). 

b n = number of individual results pooled. 
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Table 12. Summary of Caterpillar Mode 4 Baseline 
Particle-Associated PAH Concentrations for Pooled 
Samples from Test Numbers 4B030288 and 4B030388a 

P AH Concentration 

Compound nb ~gig SOF ~gig TPM ~gim3 

BaA + CHR 11 35.9 23.2 1.2 
(9.1) (7.0) (16) 

BaP 3 1.32 0.840 0.048 
(61) (71) (57) 

FLU 11 19.5 7.06 0.670 
(6.2) (8.3) (12) 

PYR 11 164 106 5.60 
(18) (20.2) (12) 

1NP 6 2.73 1.77 0.090 
(27) (26) (31) 

a Each value is reported as the mean (CV in %) from two tests, except for 
BoP (one test). 

b n = number of individual results pooled. 

DISCUSSION 

Muffler, Filter-Face Temperature, and Dilution Ratio 
Effects 

The temperature ofthe dilution tunnel influences the ad
sorption of HCs on the carbonaceous fraction of the TPM 
(Clerc and Johnson 1982; Yamasaki et al. 1982). A majority 
of the less volatile, five- and six-ring PAHs adsorb onto the 
carbon particles and are collected on the particle filter, 
whereas the majority of the two- to four-ring PAHs are 
found in the vapor phase (Chuang et al. 1986). At higher di
lution tunnel temperatures, more of the HCs will be in the 
vapor phase and pass through the collection filter. This 
results in lower SOF concentrations, but higher XOC con
centrations. Clerc and Johnson (1982) suggested that more 
repeatable data can be obtained on the basis of the theoreti
cal adsorption theory if the DR is varied for variable dilu
tion tunnel air temperatures and the temperature of the di
lute exhaust mixture or filter-face temperature is held 
constant. 

The data collected in this study also indicate that, when 
comparing data collected on more than one test date, setting 
a constant filter-face temperature and varying the DR can 
provide more consistent data. 

Experiments with and without the muffler indicate that 
this device had no significant effect on the emissions mea
sured as part of this study. The muffler basically increases 
the residence time before the exhaust sample enters the di
lution tunnel by a fraction of a second. The muffler operates 

at high temperatures; therefore, the majority of the vapor
phase HCs will not associate with the diesel particles. It is 
during the dilution process that the HCs adsorb onto the 
diesel particles; consequently, the muffler had no signifi
cant effect on the SOF emissions. The muffler might act to 
reduce the TPM emissions because of particles being lost 
to the walls of the muffler. However, because the diesel par
ticles are small, they are inclined to follow the exhaust 
stream line. This, coupled with the high concentrations of 
particles in the exhaust pipe (109 particlesicm3), results in 
only a nonmeasurable portion of the particles lost to the 
muffler. 

Comparison of 47-mm and 508· x 508-mm Sampling 
Systems Data 

The small mass of XOC extracted from the 47-mm system 
and the subsequent lack of precision in the mass measure
ment effectively made comparison to the 508- x 508-mm 
filter system impractical. Although not found to be signifi
cant, the higher raw exhaust XOC values may have been due 
to two differences between the two sampling systems. First, 
the gases passing through the 47-mm XOC sampler were in 
contact with the XAD-2 resin approximately 68 times 
longer than the gases passing through the 508- x 508-mm 
system XOC sampler, possibly resulting in a greater collec
tion efficiency. Second, the collection temperatures for 
each sampler were found to be different. A 2-m length of 
Tygon tubing connected the 47-mm XOC sampler to the 47-
mm filter outlet (see Figure 4). Any contribution of organic 
compounds measured as XOC due to use of this tubing was 
considered insignificant. This length of line at a flow rate 
of 28 Liminute was sufficient to cool the gases to near room 
temperature before they entered the 47-mm XOC sampler. 
This may have led to the collection of a greater mass of 
HCsim3 of exhaust in the 47-mm XOC sampler than in the 
larger XOC sampler, which operates at a temperature ap
proximately the same as the filter-face temperature of 
40°C ± zoe. The temperature of the 508- X 508-mm xoc 
sampler increased somewhat with time as the back pres
sure on the pump caused it to heat up and conduct heat to 
the sampler. 

PAH Levels in 508- x 508-mm SOF Samples 

To evaluate whether the Caterpillar PAH concentrations 
were comparable to the levels and repeatability of the PAH 
concentrations from other diesel engines, a comparison 
was made with literature values. The results of the search 
yielded PAH concentrations for many different diesel en
gines, but no data were found specifically for a Caterpillar 
3208. 
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Despite the small sample populations, the values from 
the present study were similar to the work of other research 
labs both in magnitude and repeatability (as reviewed by 
Waldenmaier et al. 1990). Because the PAH concentrations 
for a particular engine can vary significantly at different 
operating conditions, it was difficult to make specific com
parisons with data from only mode 4 of the Caterpillar en
gine. Polynuclear aromatic hydrocarbon concentrations 
from several different modes would allow a better compari
son to the literature values. 

The precision of the MTU analytical data was compared 
to the precision of other research facilities analyzing more 
than one sample. The MTU data had a CV of less than 20% 
for BaA plus CHR, and up to 75% for BaP. In general, most 
CV values from the literature varied more than the MTU 
data for all compounds except PYR and BaP. This was due 
to the small sample population and the abnormally (or atyp
ically) high concentration for one of the samples from the 
4B030388 test (Table 10). Lower CV values would be ex
pected if additional BaP data were obtained from a larger 
number of samples, and from samples with BaP levels sig
nificantly greater than the MDL. 

The research facility with the lowest CV was NIST (Na
tional Bureau of Standards 1985). For the certified values 
listed (those with CV data), the CV was less than 10% for 
all compounds except BaP (25%). This was expected be
cause the data were obtained from a considerable number 
of replicate assays from a large composite SOF sample (ob
tained from a pooled mass of TPM). This resulted in a mea
sure of the true variability of the analytical method without 
any additional variability introduced due to actual differ
ences in the composition of replicate samples when such 
samples are collected individually. There was good agree
ment between the values reported by NIST and those de
tected at MTU using the procedures described earlier. The 
additional variability observed in the Caterpillar samples, 
therefore, represented the combined variabilities of sample 
collection, storage, handling, and analysis. 

The Caterpillar PAH data from two sampling dates then 
were used for a preliminary estimation of an initial sample 
size for the Cummins engine tests (Phase II) because no 
similar data were available for this engine. Assuming a nor
mal distribution, a sample size was determined that would 
detect a 25% or 50% difference in the means of the PAH 
concentrations as significant when making comparisons 
(Snedecor and Cochran 1967). The estimated sample size re
quired to detect a 25% or 50% difference for each compound 
using this analysis is shown in Table 13. The results of the 
calculations yielded a minimum sample size of 16, which 
is the number of samples required at each condition to de
tect at least a 50% difference in the concentrations of the 
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Table 13. Estimated Sample Size Required for 
PAH and Nitro-PAH Analysis to Detect a 25 or 
50 Percent Significant Difference, Based 
on the Caterpillar Engine Dataa 

Estimated Number of Samplesb 

Compound 2 5% Difference 

BaA + CHR 6 
BaP 72 
FLU 4 
PYR 4 
1NP 19 

a As presented in Table 12, based on J.lg/m3 values. 

b To detect significant difference in means. 

50% Difference 

2 
16 

1 
1 
5 

key compounds between sampling conditions. These results 
are for a significance level (or a) of 0.05 and a 1-13 value of 
0.8. Five or fewer samples would be required to detect a 50% 
difference as significant for all but the BaP measurements. 
Approximately four times as many samples would be neces
sary to detect a 25% difference in sample means as signifi
cant. Estimated sample sizes probably would decrease with 
improved methods for all compounds and more values for 
BaP, in particular. With the availability of preliminary PAH 
values for the Cummins engine used in Phase II, sample 
sizes would be recalculated to account for any differences 
in PAH levels between the two engines. 

CONCLUSIONS 

The following conclusions can be drawn: 

1. A constant filter-face temperature should be used when 
samples to be compared must be collected on different 
engine test dates. 

2. Either the 508- x 508-mm or the 47-mm sampling sys
tems can be used to determine raw exhaust levels of the 
SOF. 

3. Raw exhaust levels of the XOC were too variable when 
using the 47-mm system to reflect accurately actual levels 
of semivolatile organic compounds. 

4. Using a muffler had no effect on particle-associated 
emissions, including mutagenicity. 

5. A modified microsuspension assay provided mutagenic
ity dose-response data with both SOF and XOC samples 
with at least 10 times less sample mass. 

6. Cryogenic or charcoal-tube samples could not be used 
effectively to collect and quantify levels of the most vola
tile exhaust HCs. 

7. A flow-through bioassay sampler can be used to detect 
mutagenicity with known volatile mutagens. 
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8. The methods refined for PAH and nitro-PAH analyses 
provided data at least as precise as, if not more precise 
than, those reported in published studies. 

PHASE II: EMISSIONS SAMPLING WITH A 
CUMMINS LTA10-300 ENGINE AND 
DONALDSON PARTICLE TRAP SYSTEM 

EXPERIMENTAL METHODS 

Engine, Trap, and Test Cell Description 

The emission data analyzed in Phase II were from a 
Cummins L-10 diesel engine. General engine specifications 
and performance data are listed in Table 14. The L-10 was 
chosen for this study because this heavy-duty diesel engine 
is representative of engines that will be on the road in the 
1990s, and because this engine met 1988 federal emission 
standards and diesel emission standards set by the Califor
nia Air Resources Board without the use of exhaust after
treatment devices. Before being shipped to MTU, this en
gine was tested at Cummins Engine Co. under baseline (no 
particle trap) conditions on the EPA 13-mode steady-state 
cycle and the Federal Testing Procedure transient test cycle. 
Emissions data such as HC, NOx, carbon monoxide, TPM, 
SOF, S04 , and SOL levels were supplied by Cummins. The 
composite results (calculated as [1/7 x (cold cycle emis
sions)] + [6/7 x (hot cycle emissions)] of one transient cy
cle test performed at Cummins (J.C. Clerc, personal commu
nication) were 0.70 g/bhp-h HC, 5.3 glbhp-h NOx, and 0.37 
g/bhp-h TPM. These results show that this specific engine 
did meet the 1988 EPA emission standards for heavy-duty 
diesel engines of 1.3 g/bhp-h HC, 6.0 g/bhp-h NOx, and 0.6 
g/bhp-h TPM (Johnson 1988). 

The particle trap system was obtained from Donaldson 
Co. and consisted of an exhaust bypass regeneration system 
using a Corning (Corning, NY) ceramic trap and an electric 
face heater to initiate the regeneration process. The Donald
son Co. was chosen because (1) it is familiar with Cummins 
engines and has a working relationship with Cummins; (2) 
it has an active particle trap development program; (3) it has 
experience with the Corning ceramic filters that MTU used 
previously (these filters also are a potential control device 
for future exhaust control systems); and ( 4) it was interested 
in working with MTU and HEI. 

The L-10 engine and the Donaldson trap system were in
stalled in the test cell, as shown in Figure 8. The engine was 
mounted on pods that were bolted firmly to the floor of the 
test cell in the MTU diesel emissions testing laboratory, and 
the engine height was adjusted to give a 1° to 3° incline 

Table 14. Specifications of the 1988 Cummins Model 
LTA10-300 Engine 

Type 
Aspiration 
Combustion system 
Displacement 
Bore and stroke 
Compression ratio 
Rated power 
Rated speed 
Peak torque 
Peak torque speed 
Rated load air consumption 
Rated load fuel consumption 

4-Cycle, in-line 6-cylinder 
Turbocharged and aftercooled 
Direct injection 
10.0 L 
125 x 136 mm 
17.0:1 
224 kW 
1,900 rpm 
1,288 N•m 
1,300 rpm 
340 Llsecond 
44 kg/hour 

(measured from the horizontal position) in the drive shaft. 
The drive shaft was attached to the 373 kW Eaton Dynamatic 
double-ended, water-gap, eddy-current dynamometer used 
in Phase I with the Caterpillar engine. Fuel flow was mea
sured by an AVL (Graz, Austria) fuel metering system con
sisting of a fuel balance that receives fuel by gravity flow, 
a control unit, and an electronic revolution counter and 
timer. Air flow to the engine was measured with a model 
50 MC2-6 Meriam Instruments (Cleveland, OH) laminar 
flow element connected to an inclined micromanometer 
(King Engineering Corp., Ann Arbor, MI). The engine oper
ated with a closed cooling system consisting oftwo tube-in
shell counterflow heat exchangers connected in parallel for 
the engine coolant, and connected in series for the cooling 
water. The flow of the cooling water was controlled by a 
Powers (Skokie, IL) model 7-A-Z regulator that maintained 
the temperature of the engine coolant entering the engine 
aftercooler between 49°C and 54°C, Temperatures were 
measured with Omega (Stanford, CT) type K chromell 
alumel thermocouples connected to a Doric Scientific Cor
poration (San Diego, CA) DS-520 digital thermocouple 
readout indicator. Engine back pressure and pressure drop 
across the particle trap were measured with Meriam Instru
ments model 10AA15WM U-type mercury manometers. 

Exhaust System Setup 

The engine exhaust system (shown in Figure 9) was split 
into two sections immediately downstream of the tur
bocharger, with a 30-degree-angle Y-splitter. Modified 
pneumatic exhaust valves were installed in each section of 
the Y-splitter in order to control the path of exhaust gas. 
These valves were manually controlled via a switch in the 
control room. 

Downstream from the exhaust valves, each section had a 
short piece (approximately 46 em) of flex tubing to isolate 
the exhaust system from engine vibration. One section of 
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Figure 8. Schematic of engine test facility with Cummins L-10 engine, Donaldson trap system, and exhaust and regeneration dilution tunnels. Connections 
A and B are exclusive for the exhaust and regeneration dilution tunnels, respectively. 

the exhaust system bypassed the particle trap, allowing for 
the collection of baseline emissions. This section included 
a probe that was constructed from a piece of stainless-steel 
tubing that had 70 3.2-mm-diameter holes that allowed a 
representative exhaust sample to be obtained. The exhaust 
sample then flowed through a 2-m stainless-steel flex tube 
attached to the dilution tunnel. A butterfly valve located af
ter the exhaust probe was used to control the amount of ex
haust entering the dilution tunnel. The HC and NOx sam
ple probes were located downstream from the butterfly 
valve (Figure 9) to obtain a sample of undiluted exhaust, 
and the flow then continued to the building exhaust system. 

The ceramic particle trap (location shown in Figure 9) 
supplied by the Donaldson Company consisted of the EX-54 
ceramic substrate; it had a quad design consisting of four 
wedge-shaped pieces cemented together, an overall length 
of 0.305 m, and a diameter of 0.289 m. The face of the EX-54 
trap had a cell density of 15.5 cells/em 2 , a wall thickness of 
0.43-mm, and a mean pore size of 26 J.!m. 

The trap was located just downstream from the short sec
tion of flex tubing. The physical dimensions of the particle 
trap housing were similar to the dimensions of a muffler. 
The housing length was 91.4 em, and its diameter was 30.7 
em. The particle trap housing, shown in Figure 9, consisted 

28 

of four segments. An inlet segment connected the 12.7-cm
diameter exhaust tubing to the second segment, which 
housed the electrical heating element. The third segment 
contained the ceramic monolithic particle trap, and the 
fourth segment connected the trap to the 12.7-cm diameter 
exhaust tubing downstream of the particle trap housing. 
The trap was instrumented with various thermocouples to 
measure trap inlet and internal and outlet temperatures. 
The HC and NOx sample probes were located near the trap 
outlet. An exhaust sampling probe identical to the one used 
in the bypass section was located immediately downstream 
of the trap. A butterfly valve again was located downstream 
of the exhaust probe to control the amount of exhaust enter
ing the dilution tunnel. Downstream of the butterfly valve, 
this exhaust system also was connected to the building ex
haust system. 

Dilution Tunnel and Sampling Systems 

The dilution tunnel used in Phase I also was used for 
Phase II to collect baseline and trap emissions. However, 
trap regeneration emissions were collected using a separate 
mini-dilution tunnel, described later. The sampling instru
ments used in Phase II (Figure 10) were essentially the same 
as those in Phase I (see Figures 3 and 4). Particle size distri-
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Figure 9. Schematic of Cummins L-10 engine exhaust system. See Figure 10 for details of the dilution tunnel and exhaust sampling systems. 

butions were measured using a Thermo-Systems Model 
3030 EAA in conjunction with a secondary dilution system. 
This system drew a sample from the dilution tunnel and 
further diluted it by a factor of approximately 100:1. This en
abled the exhaust particle concentrations to be in the EAA 
operating range. The EAA is effective for measuring diesel 
particle sizes (based on the electrical mobility equivalent 
diameter ofthe particles) from 0.01 Jlm to 1.0 Jlm (Baumgard 
and Kittelson 1985). The Tygon tubing connecting the bio
assay sampler to the 47-mm system XAD-2 resin holder was 
shortened to reduce heat loss, which kept the filtered dilute 
exhaust temperatures within 35° to 37°C when entering the 
uioassay sampler. A port for removing samples for aldehyde 
determinations also was added. 

Chemical Characterization 

The procedure for collecting and analyzing the C1 to C8 
carbonyl compounds involved using an impinger trap con
taining acidified 2,4-dinitrophenylhydrazine (DNPH) fol
lowed by HPLC (Perez et al. 1987). The DNPH derivatives of 
formaldehyde, acetaldehyde, and acetone were prepared, 
and their purity checked by melting points. A mixed sam-

ple of the DNPH derivatives in ACN was analyzed by HPLC 
with spectrophotometric detection. The resolution of the 
components of the mixture was adequate, and retention 
times for the individual components were established. 

A mixture of vaporized formaldehyde, acetaldehyde, and 
acetone was introduced into the sampling train and col
lected. The collection proved to be efficient, and all of the 
components were identified in the impinger solution. A 
sample of the chromatograms illustrating the separation of 
the DNPH derivatives of lower molecular weight aldehydes 
is shown in Appendix Figure B.2. 

When the impinger train was connected to the sampling 
port, it was found that the Dupont sampling pump used to 
collect the aldehyde samples could not adequately draw 
gaseous samples against the negative pressure of the Stak
samplr pump. The ACN solution of DNPH was pulled back 
into the sampling train and contaminated the bioassay sam
pler. As a result, aldehyde sampling was discontinued for 
the remainder of this study. 

The exposed filters and XAD-2 resin generally were han
dled as explained in the Phase I, Experimental Methods 
section. The SOF and XOC were obtained by Soxhlet extrac-
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Figure 10. Schematic of the Cummins engine steady-state exhaust sampling system. 

tion with DCM; the masses of these extracts were deter
mined gravimetrically by allowing the SOF or XOC to dry 
on a known mass of Florisil. Of the eight compounds origi
nally proposed for quantification, seven were retained 
(BaA, BaP, FLU, CHR, 1NP, 2NF, and 3NFL). One com
pound, 4NBP, was omitted from the routine quantitative 
analysis because numerous interfering peaks were present 
on the chromatograms of most of the diesel SOF and XOC 
samples tested. Of the six compounds (or groups of com
pounds) proposed for qualitative screening, three were re
tained (9,10-dimethylanthracene [9,10DMAJ, DMBA, and 
the dinitropyrenes), and three were deleted ( cyclopenta
[c,d]pyrene, PYR quinones, and PYR dicarboxylic acid an
hydride) because of the unavailability of suitable reference 
standards. Several other compounds were added to the list; 
those were PYR, 7-nitrobenz[a]anthracene (7NBaA), 6-ni
trochrysene (6NC), benzo[b]fluoranthene (BbF) and benzo
[k]fluoranthene (BkF), and benzo[e]pyrene (BeP). The 1,3-, 
1,6-, and 1,8-dinitropyrenes, 7NBaA, BbF, and BkF were 
added, in particular, because (1) the reference standards 
were commercially available; (2) such compounds have 
known biological activity (El-Bayoumy et al. 1982; Amin et 
al. 1986; Wislocki et al. 1986; Ishizaka et al. 1987; LaVoie et 
al. 1987; Otofuji et al. 1987); (3) the compounds have been 
identified in quantifiable amounts in diesel fractions (Naka-
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gawa et al. 1983; Paputa-Peck et al. 1983; Manabe et al. 1985; 
Draper 1986; Niles and Tan 1989); and (4) they could be 
resolved from apparent interferences in most of the exhaust 
samples analyzed in our laboratory. Therefore, the analyti
cal scheme was somewhat modified for the samples ob
tained from the Cummins engine based upon the chemical 
character of these samples. The overall scheme for extract
ing the chemicals from the particulate filters and XAD-2 
resin and analyzing them is summarized in Figure 11. 

The HPLC methods used for Phase II samples were simi
lar to those for Phase I. To increase resolution of the isomers 
BaA and CHR, however, a Vydac TP201 polymeric ODS 
column (All tech Assoc., Inc., Deerfield, IL) was used for the 
HPLC separation of PAHs in place of the Zorbax monomeric 
octadecylsilane column that was used for Phase I PAH anal
ysis, as well as for nitro-PAH analysis of both Phase I and 
Phase II samples. To increase sensitivity for both CHR and 
BaP, the excitation and emission wavelengths were changed 
to 267 nm and 389 nm, respectively, for PAHs. The details 
for the methods used in Phase II for the HPLC-fluorescence 
quantification for both PAHs and nitro-PAHs are summa
rized in Table 15. 

Although BaA and CHR were resolved from each other 
on the Vydac column, some interferences still were noted 
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Evaporate Hexane 
(Dry extract onto C 11~) 

Separate on c 18 

HPLC/Fiuorescence 
(Quantitative and 
qualitative analyses); 
GC/r\1S or GC/NPD con
firmation if present 
above det~ction limits 

Elute with acetonitrile, 
8mL 

~ 

PAH 

HPLC/Fluorcsccncc 
(quantitative and qualitative 
analy~cs); GC/MS and GC/FID 
confinnation if present above 
detection limil~ 

Quantitative: Fluorantllcne 
Pyrcnc 
Benl[a]anthraccne 
Chrysene 
Bcnw(b]fluorantheile 
Bcm-o[k]fluoranthenc 
Benw(ajpyn::ne 

~ Dimcthylanthraccncs 

1-Nitropyrcnc plus 
1,3-Dinitropyrene 

2-Nitrofluorcnc 
3-Nitrofluoranthcne 
6-Nitrochrysenc 
7-Nitroben/[a]

anthraccne 
1,6-Dinitropyrenc 
1,8-Dinitropyrcnc 

Dimcthylbcn7[ajanthraccncs 
Bcnw{c]pyrcne 

Figure 11. Flow chart for the extraction of SOF and XOC and quantitative 
analysis of PAH components. 

as shoulders on the BaA peaks of some diesel extracts. The 
fact that these BaA values were likely to be artificially high, 
because of the inability to separate the area of the interfer
ing compound from the area of BaA, was well illustrated by 
the analysis of the SRM 1650 control sample. Five replicates 
(40--mg samples) were Soxhlet-extracted via the procedure 
given in the Phase I methods, and each extract was divided 
into two aliquots. These 10 samples then were separated 
and analyzed using the column separation and HPLC pro
cedure described in the Phase II methods. The results are 
given in Appendix Table F.1. Benz[a]anthracene recovery 
was about 180% of theoretical values; the recoveries for 
other compounds of interest ranged from 63% for BkF to 
133% for FLU. Benzo[ a ]pyrene was present at approximately 
twice the MDL (in a 40-mg aliquot of SRM 1650). 

For a strictly qualitative screen for BeP, 9,10DMA, and 
7,12DMBA, at least two samples of SOF and XOC for each 
mode and condition were analyzed by HPLC and compared 
to solutions of pure standards (of approximately the same 
concentrations as the quantitative PAH standards). For 
these chromatographic data, 9,10DMA was probably pres-

ent in (or could not be ruled out as a component of) the SOF 
and XOC from modes 9 and 11 baseline and 11 trap. It is less 
likely that there were quantifiable amounts of this com
pound in mode 9 trap samples (either SOF or XOC). 
Benzo[e]pyrene and 7,12DMBA would have been difficult to 
resolve from each other without optimizing the HPLC gra
dient and fluorescence wavelengths. However, there were 
peaks corresponding to the retention times of these com
pounds in all of the baseline and trap SOFs and baseline 
XOCs, but not the trap XOCs. Benzo[e]pyrene and BaP were 
resolved completely from each other by the HPLC method 
used. 

Although all the dinitropyrenes were resolved com
pletely by the HPLC method used for nitro-PAHs, 1NP + 

1,3DNP coeluted when converted to their fluorescent amine 
forms. All quantification for these two compounds was by 
comparison to a 1NP standard, but the results were noted 
as 1-nitropyrene plus 1,3-dinitropyrene (1NP + 1,3DNP) 
levels. 

The relative retention times for all compounds quanti
fied, and some additional compounds that may be present 
in diesel exhaust, are given in Appendix Tables F.2 and F.3. 
Sample chromatograms are presented in Appendix Figures 
F.1, F.2, and F.3 for standards and controls. Sample chro
matograms for Cummins SOF and XOC samples are 
presented in Appendix Figures F.4 through F.11. 

Mutagenicity Assays 

Mutagenicity of SOF and XOC samples was determined 
using the small-dish version of the microsuspension Ames 
assay during Phase I. The flow-through bioassay sampler 
was used to monitor both the steady-state and regeneration 
emissions. 

Initial Testing of the L-10 Engine 

Initial engine tests were performed to compare MTU's 
emission data with data collected on the same engine at the 
Cummins test facility. The engine was operated at peak 
torque speed (1,200 rpm) at 25%, 50%, 75%, and 100% 
load, corresponding to EPA modes 3, 4, 5, and 6. The engine 
was also operated at a rated speed (1,900 rpm) at 100%, 
75%, 50%, and 25% load, corresponding to EPA modes 8, 
9, 10, and 11. The maximum torque comparisons at the rated 
speed were 1,130 Newton•meters (N•m) measured at MTU 
and 1,103 N•m measured at Cummins. The differences are 
within acceptable levels and can be attributed to different 
atmospheric conditions and different fuels. 

Emissions data were obtained for EPA modes 3 through 
6 and 8 through 11. Particle data were collected on 47-mm 
filters and analyzed for TPM, SOF, S04 , and SOL. Gaseous 
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Table 15. Method Details for Phase II High-Performance Liquid Chromatography Analyses of PAHs and Nitro-PAHs 

Parameters PAH Method Nitro-PAH Method 

Instrument Hewlett-Packard 1084B Hewlett-Packard 1084B 

Detector 
Excitation wavelength (nm) 
Emission cut-off filter (nm) 

Schoeffel FS 970 
267 

Schoeffel FS 970 
285 

Columns 
Analytical, brand 
Type 

389 

Vydac TP 201 
Polymeric C18 
5 

370 

Zorbax ODS 
Monomeric C1s 
5 Particle size, Jlm 

Dimensions 4.6 x 250 mm x 2-mm i.d. 4.6 x 250 mm x 2-mm i.d. 

Precolumn, type 
Packing 
Size 

316 stainless steel 
10% Pt on alumina 
4.6 x 70-mm 

316 Stainless steel 
10% Pt on alumina 
4.6 x 70-mm 

Postcolumn, type 
Packing 
Size 

Mobile phase 

None 316 Stainless steel 
50% Zn on silica 
4.6 x 50-mm x 2-mm i.d. 

Eluant A (Temperature in oq 
Eluant B (Temperature in oq 
Gradienta 

Water (45) 
Methanol (45) 
0170, 30/70, 50/90, 

Water (45) 
Methanol (45) 
0/70, 40/100, 45/100, 

50/70, 55 stop 55/90, 601100, 65/100, 
70/70, 75 stop 

Samples analyzed, type Acetonitrile fraction 
from c18 column 

Dichloromethane fraction 
from Florisil column 

Volume injected, IlL 30 10 

a Expressed as elapsed program time in minutes divided by percentage of eluant B composition of mobile phase. 

HC and NOx emissions also were measured and compared 
to those provided by Cummins (see Appendix Figures G.1 
through G.6). When the data were compared on a brake
specific emission basis, similar trends for HC, NOx, TPM, 
SOF, SOL, and S04 levels were observed for the two facili
ties. Differences in quantitative values could be attributed 
to variations in sampling conditions and laboratory proce
dures. 

The intent of the initial engine testing was to verify that 
the Cummins engine installed at MTU was operating cor
rectly. The data obtained at MTU showed the same trends 
as those obtained at Cummins; therefore, it was concluded 
that the engine was operating properly and further testing 
could be conducted. 

Selection of Steady-State Modes for Detailed Testing 

Because of time and cost constraints, only two engine 
conditions were used for this study. The following criteria 
were used in selecting the two engine modes: 
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1. representativeness of the U.S. transient test cycle (cur
rently used for certification); 

2. representativeness of on-highway operation; and 

3. exhaust temperatures below particle ignition tempera
ture (482°C). 

Hales and May (1986) and Cornetti and associates (1988) 
have found that during the EPA transient cycle the engine 
is operated at idle 34% of the time, between 75 and 100% 
of rated speed 33% of the time, and operated at intermediate 
speeds and loads 33% of the time. Modes at 75% to 100% 
of rated speed would be considered representative of 
on-highway operation. Therefore, the EPA modes at rated 
speed were considered (modes 8 through 12). Mode 11 

(rated speed, 25% load) was selected because its emission 
characteristics were similar to the transient cycle emissions 
(shown in Appendix Figures G.1, G.2, and G.3). A second 
engine condition with a higher engine load, and therefore 
a different emission characteristic, was desirable. One 
criterion for selecting the other engine mode was engine ex-
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haust temperature. Particles collected in the trap begin to 
oxidize at approximately 482°C, depending on the loading 
conditions and the nature of the deposited material (Baum
gard and Bickel 1987). Because part of this project involved 
studying emissions from the electrical regenerating trap, it 
was important to avoid self-regeneration by maintaining 
trap temperatures below 482°C. Electrical regeneration 
then could be carried out in a controlled manner with a 
known specific amount of particle loading before each 
regeneration test. This criterion eliminated mode 8 as a 
choice. Modes 10 and 12 also were eliminated because their 
emissions were similar to those at mode 11. Therefore, 
mode 9, with an exhaust temperature of 450°C, and mode 
11, with an exhaust temperature of 320°C, were chosen for 
this study. 

An additional benefit of selecting modes 9 and 11 was 
that these modes had the highest output of SOF on a mass 
per unit of time basis. This allowed shorter sampling times 
than other modes for collecting the desired amount of SOF 
for quantifying PAHs and assessing biological activity. 

Selecting Dilution Tunnel Parameters 

Developing the experimental procedure involved collect
ing emissions at the selected engine modes under different 
sampling conditions (for example, filter-face temperatures 
and sampling times), to determine (1) the sampling temper
ature; (2) the range of the DR to yield the desired sampling 
temperature; and (3) the sampling time. 

It was also necessary to determine the dilution tunnel 
conditioning time or the time required for equilibrium to 
be reached between particle adhesion to the walls of the 
tunnel and particle reentrainment into the exhaust flow. 
An earlier study (Konstandopoulos 1987) suggested a two
hour tunnel conditioning time before collecting particle 
samples when operating only one mode and engine condi
tion over repeated testing days. Tests were carried out dur
ing the development of the experimental procedure that in
dicated that a two-hour tunnel conditioning time was 
adequate when testing the same mode and engine condi
tion as the previous test, and that a three-hour tunnel con
ditioning time was required when operating a different 
mode or engine condition than the previous test. 

The following dilution tunnel parameters were deter
mined next for the experimental procedure: filter-face tem
perature, DR, sampling time, and N02 level at the filter 
face. Determining these four parameters, which depended 
upon one another, yielded the protocol for performing the 
final experiment. 

Clerc and Johnson (1982) recommended maintaining a 
constant filter-face temperature and varying the DR with 

variations in tunnel inlet to improve the repeatability of the 
SOF measurements. Work with the Caterpillar engine 
(Phase I) confirmed that a constant filter-face temperature 
reduced the variability in the SOF collected. The dilution 
ratio then would be varied to account for changes in 
ambient temperature to maintain a given filter tempera
ture, ± zoe. The DR, however, should be maintained 
within a range of 10:1 to 20:1 (Clerc and Johnson 1982) to 
minimize sampling time, and the N02 filter-face level 
should be maintained at less than 5 ppm to limit artifact for
mation (Bradow et al. 1982). 

A series of experiments was run at mode 9 baseline to de
termine the effect of filter temperature and DR on emissions 
at several sampling times. Two filter-face temperatures, 
45°C and 50°C, were used, and particle samples for each fil
ter temperature were collected at two different sampling 
times, 30 and 60 minutes (Appendix Table G.1). Experi
ments also were run at mode 11 baseline with a filter tem
perature of 40°C and a sampling time of 30 minutes, and 
with a filter temperature of 45°C and a sampling time of 20 
minutes, with three particle samples collected at each con
dition (Appendix Table G.Z). 

Mode 9, which had the highest exhaust temperature, re
quired DRs of 12:1 and 18:1 to meet the 50°C and 45°C filter 
temperatures, respectively. Nitrogen dioxide levels at the 
filter were determined by subtracting the measured dilute 
NO from the measured dilute NOx levels. The N02 levels 
under these conditions ranged from a high of 3.7 ppm at a 
DR of 12:1 to 2.5 ppm at an 18:1 DR. Mode 11, with its lower 
exhaust temperature, required DRs of 11:1 and 14:1 to main
tain filter temperatures of 45°C and 40°C, respectively. 
Nitrogen dioxide levels at the filter for mode 11 ranged from 
0.3 ppm to 0.6 ppm for DRs of 14:1 and 11:1, respectively. 

There were no significant differences from baseline mea
surements in the TPM (p = 0.1843) or SOF (p = 0.4886) at 
40°C and 45°C at mode 11 (Appendix Table G.Z). At mode 
9 (Appendix Table G.1), no significant differences were de
tected in TPM levels for either filter-face temperature (i.e., 
45°C or 50°C) (p = 0.3431). There was also no significant 
difference in TPM levels with sampling time (p = 0.0605), 
although there was only one sample each for 30 and 60 
minutes at 50°C. There was a significant difference (p = 

0.012) in SOF levels at mode 9 for the two temperatures. 
There was no significant difference in SOF levels with 60 
minutes of sampling (p = 0.7930), but there was a signifi
cant difference at 30 minutes (p = 0.0086). After it was de
termined that both modes could be operated using a 45°C 
filter temperature, 45°C was chosen as the filter temperature 
for both modes. This enabled comparisons of the particle 
composition and XOC to be made between modes. 
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The selection of the final sampling conditions was made 
on the basis of two factors. First, as mentioned above, both 
modes could be operated at the same filter-face tempera
ture. Second, it was desirable to collect the most mass in the 
least amount of time to minimize both engine run time and 
any artifact formation due to extended sample collection 
times. According to the EPA Code of Federal Regulations 
(U.S. Environmental Protection Agency 1987), a recom
mended level of at least 0.5 mg of particles should be col
lected on the 47-mm filter or an equivalent mass loading of 
0.038 mg/cm2 filter stain area. The baseline experiment run 
showed particle mass on the filter two to six times that of 
the recommended minimum amount. Therefore, another 
criterion was used for determining sampling times. Accord
ing to Hunter and colleagues (1981), at least 0.4 mg of the 
SOF should be collected on the 47-mm filter to determine 
the accurate mass emission rates of the SOF. However, it was 
noted that SOF masses as low as 0.04 mg on the 47-mm filter 
yielded repeatable results. For this study, determining sam
pling times for baseline operation was based on 0.4 mg of 
the SOF on the 47-mm filter, or 53 mg of the SOF on the 508-
x 508-mm filter. With the two factors mentioned above 

(equivalent filter-face temperature at each mode and a mini
mum SOF mass of 0.4 mg collected on the 47-mm filter), the 
final sampling conditions for baseline testing were chosen 
to be 45°C at the filter face (which could be met by both 
modes) and 40 minutes for the sampling time at mode 9, 
and 30 minutes at mode 11. This provided enough mass to 
satisfy the 0.4 mg of the SOF requirement. 

Because it was not possible to cool the engine test cell 
during the warm summer months, ambient temperatures 
during the experiments performed in the summer were as 
high as 32°C. As ambient temperatures decreased to 20°C 
during the winter months, the DRs decreased to 12:1 at 
mode 9 and 9:1 at mode 11 to maintain 45°C at the filter face. 
Although DRs decreased, and fell below the recommended 
10:1 minimum level (Clerc and Johnson 1982), N02 levels 
at the filter remained below the recommended 5 ppm level 
(Bradow et al. 1982). Therefore, despite the low DR of 9:1, 
it was felt that no adverse effects would arise due to artifact 
formation. The average mode 11 baseline N02 level was 1.8 
ppm, and the average mode 9 baseline N02 level was 2.9 
ppm. These DRs were used for all of the testing in the final 
experiments, which were performed during the winter 
months and were found to vary ± 1°C as ambient tempera
tures varied from 18°C to 22°C. 

With sampling conditions set for baseline testing, experi
ments were run with the particle trap at the desired filter 
temperature of 45°C to determine DR, sampling time, and 
N02 levels at the filter. When ambient temperatures were 
between 18°C and 22°C, DRs of 11:1 and 9:1 ± 1 were 
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needed for modes 9 and 11, respectively. An initial sam
pling time of 50 minutes was calculated on the basis of trap 
filtering efficiency and baseline emission levels. Although 
the 50-minute sampling time allowed enough mass to col
lect on the 47-mm filter at mode 11 to meet the required 
minimum of 0.5 mg TPM (Appendix Table G.3), the mass 
of SOF collected was slightly under the recommended 0.4 
mg (Hunter et al. 1981). However, as already noted, masses 
of SOF as low as 0.04 mg on the 47-mm filter still yielded 
repeatable results. Therefore, it was determined that the 50-
minute sampling time at mode 11 would be adequate. Mode 
9 masses on the 47-mm filters were lower (Appendix Table 
G.3). Despite these low masses, the mode 9 trap sampling 
time was limited to 50 minutes to minimize potential ar
tifact formation. Although some studies (Risby and Lestz 
1983; Schuetzle 1983) have associated longer sampling 
times with increased artifact formation, no studies have 
been done with engines that have low emission levels such 
as the Cummins L-10 engine. However, at a filter tempera
ture of 45°C and DRs of 11:1 and 9:1 for modes 9 and 11 with 
trap, respectively, N02 levels were 2.7 ppm at mode 9 and 
0.5 ppm at mode 11; this satisfied the requirement of a maxi
mum of 5 ppm at the filter face. The steady-state sampling 
conditions used for the remainder of the project are listed 
in Table 15. 

Trap Regeneration Protocol 

Because a positive trap regeneration was used for this 
study, an additional source of energy was reqHired to initi
ate combustion of the particles in the trap. This energy was 
supplied by a 277-V electrical resistance heater located at the 
front face of the trap. Power to the heater was supplied by 
a 440-V three-phase source and fed into a 277-V single-phase 
source that provided 5.5 kW of energy. According to the 
Donaldson Co., this supply of energy was well above the 3.5 
kW minimum required to initiate and sustain trap particle 
combustion. 

Donaldson also provided a regeneration procedure, de
scribing a sequence of events that induced particle combus
tion at a reaction rate and temperature conducive to the 
durability of the trap. This procedure also included a set of 
conditions that had to be met before regeneration. One of 
the most important conditions was the mass of particles in 
the trap. For the EX-54 particle trap and this particular con
trolled regeneration procedure, Donaldson recommended 
the trap be loaded with 4 to 5 g of particles per liter of trap 
core volume (80 to 120 g for the entire 20-L core). Masses 
below this range can result in poor regeneration because 
the combusting particles at the trap face may not release 
enough energy to sustain the regeneration combustion pro-
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Table 16. Sampling Conditions for Steady-State Engine Operation 

Approximate N02 
Mode and Temperature at Sampling Time Mean Dilution Concentration at 
Condition Filter Face ( ± 2 oq (minutes) Ratio ( ± 1) Filter Face (ppm)a 

9 Baseline 45 40 12:1 2.9 (18) 
9 Trap 45 60 11:1 2.7 (17) 
11 Baseline 45 30 9:1 1.8 (12) 
11 Trap 45 60 9:1 0.5 (17) 

a Each value is presented as the mean (CV in %) for three preliminary samples. 

cess through the entire length of the trap (Pauli et al. 1984). 
Masses above the maximum can cause cracking of the cor
dierite material because of excessive thermal stresses pro
duced from fast combustion reaction rates (Niura et al. 
1986). 

Donaldson recommended that regeneration be initiated 
only when core temperatures were between 315°C and 
480°C. The low-watt density of the electrical heating ele
ment would require long periods to heat the core from tem
peratures below this range to the recommended regenera
tion temperature (815°C}, which would subject the trap to 
large thermal stresses and result in a poor temperature dis
tribution. 

The final condition set a maximum exhaust temperature 
of 480°C during trap loading. This was required because 
Donaldson found that the particulate matter could partially 
or completely oxidize at high exhaust temperatures. This 
process is termed partial or incomplete self-regeneration. 
Because regeneration rates are dependent, among other fac
tors, on the mass of oxygen present during combustion (Bis
sett 1984), critical temperatures and thermal gradients 
could result from the initiation of self-regeneration, fol
lowed by a low exhaust flow and high oxygen condition, 
such as engine idle (Pattas et al. 1986). 

Once the trap was loaded to approximately 90 g of parti
cles and the temperature was between 315°C and 480°C, ex
haust gases were bypassed while power was supplied to the 
heating element and a constant flow of air (56.6 L!minute) 
was supplied to the core. The air supply was turned off, 
however, at core face temperatures between 510°C and 
650°C. This minimized the heating of the trap core mate
rial. A regeneration study conducted by Rao and associates 
(1985) showed that a reduction in the heating of the trap 
core reduced peak temperatures by as much as 110°C when 
compared to a system that heated the entire trap core during 
the preheating stage of regeneration, such as a burner 
regeneration system. Shutting down the air blower reduced 
convection energy transport through the trap, thereby 
reducing the core temperature during regeneration. 

At a trap face temperature of 650°C, the air blower was 
turned back on to a flow rate of 113 Llminute. The first three
minute period at this condition was considered the ignition 
stage, because the heating element temperature was well 
above the combustion temperature of carbon ( 480°C}, and 
the mass flow rate of air forced through the trap was suffi
cient to sustain particle combustion. Once ignition oc
curred, the heaters were turned off, and the air continued 
to flow through the trap. The combustion wave that was 
created from the rate-controlled oxidation of the particulate 
matter propagated through the entire length of the trap. The 
time required for the combustion wave to travel this dis
tance was estimated by the Donaldson Co. to be approxi
mately 10 minutes. After this time, exhaust again was 
diverted through the trap, and the pressure drop across the 
trap was measured. This provided a measure of the percent
age of the particulate matter combusted in the trap (called 
the regeneration burn efficiency). A time bar chart showing 
the general sequence of events for this particular regenera
tion procedure is shown in Appendix Figure G.7. 

Rationale for a Separate Regeneration Sampling System 

Very few studies have been conducted that deal with de
termining the types and amounts of both regulated and un
regulated emissions during trap regeneration. The few 
studies that have been done (Lepperhoff and Kroon 1985; 
Rao et al. 1985) analyzed the effect of the regeneration pro
cess on trap emissions (for in-line regeneration) or baseline 
emissions (for bypass regeneration). Regeneration exhaust 
was not isolated during these studies, but rather was mea
sured indirectly by comparing baseline or trap emissions 
with and without the addition of regeneration emissions. 

A separate sampling system was constructed to sample 
regeneration emissions for several reasons. It was thought 
that the expected low masses emitted from the regenerating 
trap either would become deposited on the large dilution 
tunnel walls or would combine with particles in the tunnel 
from previous baseline and trap runs, contaminating the 
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sample and possibly creating a large source of sample-to
sample variability. Low regeneration emissions also pro
duced concern that masses collected using the baseline and 
trap sampling system (which sampled only a portion of the 
raw exhaust) would be very small, making a determination 
of PAH concentrations in the SOF and XOC more difficult. 
A separate sampling system that collected all of the regener
ation emissions was expected to maximize mass collection. 
In addition, it was presumed that the low flow rates ob
served with the controlled regeneration system would re
sult in lower DRs and higher filter-face temperatures than 
those observed for baseline and trap sampling conditions 
(see Table 16). The flow rate of the combustion air through 
the trap was 0.113 m3/minute, and the dilution tunnel used 
during baseline and trap sampling operated at a constant 
flow rate of 15.3 m3fminute. These flow rates were expected 
to produce a volume DR of 135:1, very different from the DR 
at the baseline and trap sampling conditions. 

Samples were taken at conditions similar to the baseline 
and trap conditions because the DR and filter-face tempera
ture affect the TPM sampling by inducing coagulation, con
densation, evaporation processes, and chemical reactions 
between the gases and particles that could affect the chemi
cal compositions (Frisch et al. 1979; Bradow et al. 1982). 
These reasons provided the motivation behind the design, 
construction, and testing of a separate sampling system. 

Regeneration Dilution Tunnel Design 

The fact that this controlled regeneration procedure oc
curred at such low flow rates and was thought to emit such 
low masses produced concern that the existing baseline 
and trap dilution tunnel and sampling system might not be 
adequate for studying regeneration emissions. 

Both regulated and unregulated emissions from the 
regeneration system were to be sampled and then compared 
to baseline and trap emissions obtained from the large dilu
tion tunnel. One of the primary objectives in designing the 
regeneration dilution tunnel was to obtain sampling condi
tions as similar as possible to those in the large dilution 
tunnel. 

Listed below are the original criteria for the design of the 
controlled regeneration system and sampling procedure: 

1. Turbulent flow at the point of injection (Reynold's num
ber greater than 10,000); 

2. Residence time (from injection to sampling) greater than 
1.0 second; 

3. Mixture temperature at the filter face of 45°C; 

4. Nitrogen dioxide less than 5 ppm at the filter face; 

5. Test setup and procedure must provide reproducible 
sampling of controlled regeneration emissions; and 
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6. Trap regeneration conditions must simulate on-road 
operations. 

A large Reynold's number ensured that mixing occurred 
at the start of the mixing section, and a residence time 
greater than one second ensured that the diffusion of the 
SOF to the surfaces of the carbon particles stabilized (Clerc 
and Johnson 1982). The filter-face temperature and NOz 
filter-face limits were based on the previously established 
initial steady-state sampling conditions (Table 16). The fifth 
criterion addressed the overall effectiveness of the system 
for obtaining repeatable controlled regeneration emission 
data, which was the primary reason for deciding to design 
and construct a separate sampling system. The final cri
terion was included because the entire exhaust system from 
a vehicle may influence the types and amounts emitted 
from a regenerating trap (due to particle loss or reen
trainment). 

Appropriate regeneration sampling criteria, such as dilu
tion tunnel temperature, flow rate, and physical dimen
sions, were difficult to calculate because the first four 
criteria listed above are interrelated. A decrease in the dilu
tion tunnel flow rate decreases the Reynold's number (tur
bulent flow) and increases the filter-face temperature and 
N02 concentration. Another problem was that the tempera
tures produced at the trap core outlet varied during the 
regeneration process because of reported variations in the 
particle oxidation reaction rate and the heat lost to the cor
dierite walls (Barris and Rocklitz 1989). Therefore, deter
mining an appropriate constant volume flow rate through 
the tunnel based on a constant mixture temperature target 
of 45°C was not possible. Fbr this reason, the tunnel design 
was based on the maximum allowable DR (18:1), to avoid the 
possibility of filter-face temperatures above 53°C (Johnson 
et al. 1982). A large DR also ensured turbulent flow because 
the flow rate through the tunnel was maximized. 

Based on this consideration and the above criteria, a dilu
tion tunnel pipe diameter of 0.123 m and a mixing section 
length of 4.6 m were determined, assuming a volumetric 
flow rate of approximately 2.15 m3/minute. This flow rate 
was chosen because calculations showed that it produced 
a DR of 13:1 and maintained a turbulent flow at the injection 
point (Reynold's number 21,200). 

Because the regeneration sampling system was not de
signed to sample at a constant filter-face temperature, the 
test protocol was to sample within the same DR range as the 
baseline and trap sampling conditions (12:1 to 18:1), rather 
than at the predetermined filter-face temperature of 45°C. 
Other factors also were considered when choosing not to 
sample at the baseline and trap filter-face temperature: (1) 
experimentally obtained trap outlet exhaust temperatures 
were significantly lower than those predicted by the 
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Donaldson Co. (730°C to 840°C, compared to 980°C), and 
produced lower regeneration filter-face temperatures; and 
(2) the low regeneration exhaust flow rate (0.113 m3/minute) 
produced large heat losses from the regeneration exhaust 
gas to the pipe connecting the trap and dilution tunnel (re
ferred to as the exhaust line), and reduced regeneration 
filter-face temperatures. (Although these losses could have 
been reduced by heating or insulating the exhaust line, this 
would have violated design criterion six, because the ex
haust pipe downstream of the trap would not be heated 
or insulated on an operating on-road vehicle.) These two 
factors produced an average regeneration exhaust injection 
temperature of 32°C, which was below the desired mixture 
temperature of 45°C; this indicated that not even undiluted 
regeneration exhaust could achieve the desired filter-face 
temperature at the sampling section. 

After the tunnel was constructed, the flow rate was de
creased through the regeneration dilution tunnel to match 
the new DR range at baseline and trap sampling conditions 
(8:1 to 12:1). This change in conditions for baseline and trap 
emission sampling was made because it was found that, 
while sampling during trap operating conditions, masses 
collected on the 508- x 508-mm filter were below that re
quired to perform a quantitative PAH analysis on the SOF 
from each filter. Decreasing the DR ultimately resulted in 
increasing the SOF and XOC masses collected for chemical 
analysis. 

The tunnel was constructed from 16-gauge 304 stainless 
steel, the same material used for the large dilution tunnel. 
A list compiled by Carpenter (1978), which compared 
specifications for eight engine exhaust dilution tunnels, 

showed that 75% of the tunnels were constructed from 
stainless steel. High corrosion resistance and inherent 
strength make stainless steel the ideal material for diesel ex
haust dilution. A dilute exhaust mixing section of 4.6 m was 
chosen on the basis of the length of the section from the 
large dilution tunnel. Fully developed flow is independent 
of the Reynold's number in turbulent flow and requires only 
7 to 10 diameters in smooth pipes (Incropera and DeWitt 
1985). The reason for the long length of the mixing section 
was to provide adequate time for air-exhaust interactions. 
The difference in residence times for the two tunnels (1.34 
seconds for the baseline and trap dilution tunnel, com
pared with 3.42 seconds for the regeneration dilution tun
nel) was not considered to be important because Clerc and 
Johnson (1982) theorized that, after an equilibrium time of 
0.165 seconds, the diffusion of the liquid SOF to the surface 
of the particles in the baseline and trap dilution tunnel 
stabilizes. Therefore, after this time period, the mass of SOF 
on the particles remains constant. A previous experimental 
study supported this by showing that, after achieving an 
equilibrium time of 0.25 seconds, increases in dilution tun
nel residence time had little or no effect on particle concen
trations (MacDonald et al. 1980). 

Diagrams of the assembled regeneration dilution tunnel 
are shown in Figures 8 and 12. Specifications for this dilu
tion tunnel are listed in Table 17. A two-stage filter was in
stalled at the dilution tunnel inlet. The first stage consisted 
of a paper dust filter, which removed dust and particles in 
the dilution air; the second stage contained an activated 
charcoal filter, which removed HCs suspended in the dilu
tion air before mixing with the regeneration exhaust. The 

ACTIVATED CHARCOAL 
FILTER DUST FILTER 

REGENERATION DILUTION TUNNEL 

203 X 254-mn FILTER\ 

\7-mn XOC SAMPLER 
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Figure 12. Schematic of the regeneration emissions sampling systems. 
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Table 17. Michigan Technological University 
Regeneration Exhaust Dilution Tunnel Specifications 

Intended use 

Material 
Diameter 
Distance from injector 

to sampler 
Total flow rate 
Residence time 
Reynolds number 
Injection 
Dilution ratio 

Sample regeneration 
emissions from a 
ceramic particle trap 

304 Stainless steel 
0.123 m 

4.6 m 
0.960 m3/minute 
3.42 seconds 
10,200 
Countercurrent 
7.51 

filter was followed by a counter-current injector, a mixing 
section, an elbow and reducer, a sampling section, and a 
constant-volume Roots blower. This blower was also used 
for pulling a controlled flow of dilute exhaust through the 
508- x 508-mm sampling train during baseline and trap 
operation. The blower speed was reduced for regeneration 
sampling in order to sample at the lower volumetric flow 
rate. This was accomplished by replacing the pump pulley 
used during baseline and trap sampling with a larger pulley 
that reduced the flow rate to 980 Llminute. 

Regeneration Sampling Systems 

Figure 12 also shows a diagram of the entire regeneration 
sampling system. It was composed of two sampling trains: 
(1) the EAA sampling train, used to determine particle size 
concentration distributions in the dilute exhaust; and (2) 
the 203- x 254-mm sampling train, used to collect the TPM 
and XOC masses. The bioassay sampler was associated with 
the 203- x 254-mm sampling train, although it was only 
used for two regeneration tests. The EAA train was identical 
to that used when sampling emissions at baseline and trap 
conditions. 

Total particulate matter was collected on a 203- x 254-mm 
Pallflex Teflon-coated glass woven type TX40HI20-WW fil
ter (same composition as the 47-mm and 508- x 508-mm 
filters). The filter-face velocity across the 203- x 254-mm 
filter was approximately 24 em/second. After this dilute ex
haust was filtered, the flow was divided into two sections. 
The main flow of exhaust (980 Llminute) was drawn 
through a large XOC sampler containing 40 g of XAD-2 
resin; this was the same sampler used when collecting the 
XOC fraction during baseline and trap operation. The re
mainder (28 Llminute) was pulled through a small XOC 
sampler containing 30 g of XAD-2 resin, then into the bioas
say sampler. 
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System Setup and Measurement Protocol 

The 203- x 254-mm sampling system was designed to pro
vide information about the regeneration process in terms of 
average exhaust concentrations (for example, the mass col
lected from one sample was used to determine the concen
trations for the entire regeneration cycle). Because the TPM 
and XOC masses from this system could not provide infor
mation concerning the real-time variations in regeneration 
exhaust concentrations, the EAA sampling system and the 
NOx chemiluminescent and heated FID HC analyzers were 
used to monitor the transient effect downstream of the trap 
and in the dilute exhaust. To provide real-time particle con
centration measurements, data from the EAA were continu
ously recorded by two Gould Brush 105 strip-chart recorders 
connected to the gas analyzers. 

Axial and radial temperature profiles were taken with an 
Interactive Microware ADALAB extender board. This 16-
channel input multiplexor, programmable amplifier, and 
signal conditioner for the ADALAB data acquisition and 
control board was installed into an Apple II microcomputer 
(Apple Computer, Cupertino, CA). Six thermocouples were 
positioned within the trap core and connected to inputs on 
the ADALAB extender board. Temperatures were recorded 
every 12 seconds and stored on disk for future reference. 
Thermocouples were positioned evenly to provide four ax
ial and three radial temperature readings (please refer to 
Figure 19). Due to the configuration of this four-piece 
"quad ;• each of the four axial thermocouples was placed to
ward the center of each of the four quad sections. The trap 
was manufactured so that the perimeter of each section was 
solid; particles, therefore, could not accumulate in this 
area. This resulted in areas of low temperature in the core 
during regeneration because the solid regions did not con
tribute to the release of energy from the combustion partic
ulate matter. Therefore, the four axial thermocouples were 
placed an equal distance away from the solid perimeter, 
as well as away from the outside boundaries of the assem
bled trap, where radiation losses would also produce low 
temperature regions. Thus, variations in axial temperature 
measurements due to these conductive and radiative losses 
were reduced. 

After loading the trap to the recommended mass, the sys
tem used during the sampling of trap emissions was disas
sembled partially to assemble the regeneration sampling 
system. This series of events, referred to as the changeover, 
prevented the sampling of regeneration emissions immedi
ately after trap emission sampling. 

Validation of the Regeneration Sampling System 

The physical, chemical, and biological changes that oc
cur when diesel exhaust is diluted with ambient air depend 



S. T. Bagley et al. 

upon many variables, including residence time in the dilu
tion tunnel, mixing efficiency (defined according to the 
cross-sectional dilute NOx profile in the dilution tunnel 
[Carpenter 1978]), and N02 concentration at the filter face 
(Bradow et al. 1982). These factors were important con
siderations for designing the regeneration dilution tunnel 
and sampling system to collect emissions at conditions 
similar to baseline and trap conditions. A direct compari
son of emission data collected from the two sampling sys
tems was attempted before sampling regeneration emis
sions. The results from this comparison were used to 
determine whether a significant difference in the physical, 
chemical, or biological character of diesel exhaust resulted 
from differences between the two systems. This comparison 
was conducted by injecting the regeneration dilution tun
nel with mode 11 baseline exhaust and then comparing the 
emission data from this sample with mode 11 baseline data 
from the large dilution tunnel and baseline sampling sys
tem. Before sampling mode 11 baseline emissions from the 
regeneration dilution tunnel, the EAA was monitored to en
sure that conditions in the tunnel had stabilized. Once par
ticle concentrations stabilized, samples were taken. How
ever, the Roots blower had to be shut down in order to place 
the 203- x 254-mm filter and the XAD-2 in the sampling 
system. Without a steady flow of air through the tunnel, the 
dilution tunnel temperature and the DR could not be con
trolled. After preparing the system for sampling and turn
ing the blower back on, we discovered that the time required 
to stabilize the filter-face temperature again (and, therefore, 
the dilution tunnel exhaust concentrations) was greater than 
the total sampling time. Because the regeneration sampling 
system was designed so that the blower had to be shut down 
in order to begin sampling, it was not possible to maintain 
constant sampling conditions. Therefore, it was not possi
ble to compare directly the collection of TPM and XOC for 
the two dilution tunnels and sampling systems, in terms of 
concentrations, compositions, and mutagenic activities. 

The original design and validation of the large dilution 
tunnel (Carpenter 1978) was more complex than for the 
regeneration dilution tunnel, because it involved making 
sure that a representative portion of the dilute exhaust was 
collected on the filters used with the ultra-high volume 
pump (as shown in Figure 10). The regeneration dilution 
tunnel collected all of the regeneration emissions; there
fore, it was not necessary to determine whether or not a rep
resentative sample was being collected for the 203- x 254-
mm filter. However, to ensure that a homogeneous mixture 
of diesel exhaust and dilution tunnel air existed at the EAA 
sampling point, it was necessary to determine the mixing 
efficiency (the degree of mixing exhaust and dilution air) 
in the regeneration dilution tunnel. This was required be
cause small pockets of unmixed exhaust in the dilution tun-

nel could be collected before interactions with the dilution 
air allowed the condensed and adsorbed SOF to reach a 
state of equilibrium on the particles (Clerc and Johnson 
1982). A dilute NOx concentration profile was taken to de
termine the uniformity of the exhaust and air mixture. The 
sampling points were located at equal radius locations. The 
results showed a mean dilute NOx level of 37.7 ppm with a 
CV of only 1.7%, indicating that the exhaust and air pro
duced a homogeneous mixture at the filter face. 

After the mode 11 baseline test was completed, the re
generation sampling system was cleaned with a dilute solu
tion of Micro and then with ethanol to avoid the possibility 
of the particles from the baseline test being reentrained dur
ing the regeneration sampling. Once the regeneration dilu
tion tunnel was tested and cleaned, it was ready for sam
pling regeneration emissions. 

EXPERIMENTAL DESIGN 

All experiments during Phase II were performed using 
the L-10 engine operated under baseline and trap condi
tions at engine modes 9 and 11; additional samples were 
collected during periods of trap regeneration. These engine 
modes and conditions resulted in a 2 x 2 factorial test ma
trix. The different measurements taken and analyses con
ducted for each operating condition are shown in Table 18. 
The general format used for emission analyses during 
steady-state and regeneration operation are shown in 
Figures 13 and 14, respectively. A listing of the engine runs 
conducted with the L-10 engine is presented in Appendix 
Table H.1. 

Lubricating oil plays a significant role in determining 
particle and PAH concentrations in diesel exhaust (Covitch 
et al. 1985). Another study has shown that unused lubricat
ing oil acts as a sink, collecting PAHs from exhaust in the 
form of unburned fuel; once PAH concentrations in the oil 
reach a state of equilibrium, the oil becomes a source of 
PAHs in particulate emissions (Williams et al. 1987). There
fore, after the initial break-in period of the engine, the en
gine oil (Cummins Premium Blue, 15W-40) was not 
changed until the emission sampling period was com
pleted. Because the engine was operated for less than 250 
hours (suggested maintenance interval), the engine oil was 
not in need of changing. 

The original design of the experiment, based on data 
from the Caterpillar engine in Phase I, called for the same 
engine mode and condition to be operated repeatedly until 
up to 16 samples had been collected to decrease any possi
ble variability in the data. This number of samples would 
be sufficient to assign significance to PAH and nitro-PAR 
values if they differed experimentally by at least 50%. Un-
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Table 18. Test Protocol for Sampling and Quantifying Regulated and Unregulated Emissions from the 
Cummins LTA10-300 Engine 

Task 

HC, NOx, NO, and N02 measurements 
TPM, SOF, S04 , and SOL measurements 

(from 47-mm filters) 
TPM and SOF measurements 

(from 508- x 508-mm filters) 

XOC measurements (from XAD-2 resin 
with 508- x 508-mm filters) 

Assessment of mutagenicity using the 
bioassay sampler (after the XAD-2 resin) 

Aldehyde measurement (from dilute exhaust) 

Particle-size distribution 
Temperature profiles in trap 
Pressure recordings in trap 
Ames assay on SOF and XOC from 

508- x 508-mm system 

Fractionate SOF and XOC samples 
from 508- x 508-mm system 

Ames assay on fractions 
Quantifying key compounds in fractions 

Baseline 

X 

X 

X 

X 

X 

X 

X 

X 

X 

a 203- x 254-mm filters only were used during regeneration sampling. 

b Only with the 47-mm sampling system. 

c Quantitative analyses were conducted only if sufficient mass was available. 

der baseline conditions, enough mass could be collected 
theoretically during one day of testing to generate eight 
samples. The amount of mass required to make one sample 
(to enable chemical and biological analyses) was deter
mined to be 40 to 50 g of SOF. During trap testing, more 
than one day of sample collection was required to accumu
late the desired amount of mass to make eight samples. This 
led to a specified sequence of engine testing for the original 
experimental design. Modes 11 and 9 baseline tests (one 
date each) were run first. These two tests were followed by 
two mode 11 trap tests and then six mode 9 trap tests; addi
tional mode 9 trap tests were conducted because it was orig
inally thought that several samples per date would need to 
be pooled to obtain sufficient mass for chemical and biolog
ical characterization. Between trap test dates, the trap was 
regenerated, and regeneration emissions were collected. At 
the end ofthe sample collection sequence, additional mode 
9 and mode 11 baseline sample sets were collected to pro
vide additional samples and to evaluate whether engine 
emissions had varied over the testing period. 

Changes in the anticipated number of samples were made 
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Engine Sampling Condition 

Mode 9 

Trap 

X 

X 

X 

X 

xh 
xh 

X 

X 

X 

X 

X 

X 

X 

Regeneration 

xa 

xa 
xa 

X 

X 

xa 

xa,c 
xa,c 
xa,c 

Baseline 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Mode 11 

Trap 

X 

X 

X 

X 

xh 
xh 

X 

X 

X 

X 

X 

X 

X 

Regeneration 

xa 

xa 
xa 

X 

X 

xa 

xa,c 
xa,c 
xa,c 

using preliminary evaluations of raw exhaust PAH and 
nitro-PAH levels for modes 9 and 11 baseline SOF and XOC 
and mode 11 trap SOF (Appendix Table F.4). These esti
mates of sample sizes necessary to detect either a 25% or 
50% difference in means of PAH and nitro-PAH concentra
tions as significant, based on Cummins engine PAH and 
nitro-PAH levels, are presented in Table 19. A sample size 
of up to five for each mode and condition would be needed 
to detect a 50% difference as significant, and a sample size 
of up to 18 would be needed to detect a 25% difference as 
significant. These lower sample size estimates for BaP, in 
particular, probably were due in large part to improvements 
made in the quantification techniques since the analysis of 
the Phase I samples. 

The reformulation of the experimental design and 
statistical methods that occurred after all samples had been 
collected and data had been obtained is discussed in the fol
lowing Statistical Methods and Data Analysis section. 

Because particle oxidation rates depended on the initial 
particle mass in the trap, it was necessary to determine the 
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Figure 13. Diesel steady·state emissions collection scheme used during 
Phase II with the Cummins L-10 engine. 

particle mass before regeneration in order to obtain repeata
ble regeneration emission masses. This was done using the 
following equation: 

TPMtrap = (Cbaseline Vbaseline -

Ctrap Vtrap) x t]aading (2) 

where TPMtrap is the mass in the core (g); Cbaseline is the 
concentration of TPM at baseline sampling conditions (mg/ 
m3); Ctrap is the concentration ofTPM under trap sampling 
conditions (mgfm3); Vis the volume flow rate (m3/hour) for 
baseline and trap conditions; and tlaading is the total load
ing time (hour). 

Because emissions during trap operation varied with 
time (due to an increase in the filtering efficiency of the 
trap), Ctrap was obtained by averaging the volumetric 
values calculated from the measured TPM masses on the 
508- x 508-mm filter for each test at trap sampling condi
tions. 

The trap was loaded with 90 g of particles before regener
ation was initiated. This mass was chosen because it was 
within the 80- to 120-g particle range prescribed by the 
Donaldson Co., and it permitted a 30-g safety margin before 
reaching the upper limit. The safety margin reduced the 
possibility of overloading the trap and subjecting it to exces-
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Figure 14. Regeneration emissions collection scheme. 

Particle 
Size 

sive core temperatures and thermal gradients during regen
eration. Estimated loading times based on baseline and trap 
filter masses were 4.5 and 6.8 hours at modes 9 and 11, 
respectively. Actual particle loading times before each re
generation were noted. Initial core temperatures for each 
test also were noted, because they can affect particle oxida
tion rates, according to model results (Bissett 1984). 

Table 19. Estimated Sample Size Required for 
PAH and Nitro-PAH Analyses to Detect a 25 or 
50 Percent Significant Difference, Based on 
Preliminary Cummins Engine Dataa 

Estimated Number of Samplesb 

Compound 25% Difference 50% Difference 

BaA + CHR 2 - 12 1 - 3 
BaP 2 - 14 1 - 4 
FLU 2 - 16 1 - 4 
PYR 1 - 10 1 - 3 
1NP 16 - 18 4 - 5 
2NF 1 1 

a Based on data in Appendix Table F.4 (ng/m3) presented as the range for 
all modes, conditions, and fractions. 

b To detect significant difference in means. 
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STATISTICAL METHODS AND DATA ANALYSIS 

As with the engine-associated data collected during 
Phase I with the Caterpillar engine, the Cummins L-10 base
line, trap, and regeneration data were analyzed using the 
MTU diesel emissions computer program. This program 
was revised to analyze data from this new engine. Data 
reduction for particle concentrations and distributions 
were carried out using a FORTRAN program developed by 
Liu and Kapadia (1977) on the MTU IBM 4381 mainframe 
computer. 

Controlled regeneration TPM and XOC masses for each 
test were converted to average mass emission rates by divid
ing the collected masses by the total sampling time. A deter
mination was made of the contribution of controlled 
regeneration TPM, SOF, XOC, HC, and NOx mass emission 
rates when incorporated into the particle loading and 
regeneration cycle of the trap. This was done by comparing 
average trap emissions (averaged over the sampling period) 
with average emission rates, which included both baseline 

and regeneration emissions produced during the bypass 
period. The equation used to determine this was: 

• • • • m = n(mbaseline + ffiregenerationl + (1 - n)mtrap (3) 

.. 
where, m is the mass emission rate under baseline, trap, and 
regeneration conditions, and n is the fraction of time ex
haust is bypassed during the loading and regeneration 
cycle. 

Particle size distributions were obtained for both baseline 
and trap sampling conditions by periodically recording the 
EAA data throughout the sampling period and then averag
ing these EAA data for each mode on each test day. An over
all average distribution then was determined by averaging 
the test days. During regeneration, the particle size distribu
tion was changing constantly, and, therefore, the EAA data 
were recorded continuously and averaged over the sam
pling period. 

As with the Phase I data (see Statistical Methods and Data 
Analysis section) statistical analyses for the Phase II data 

Table 20. Percentage of Samples Analyzed per Test Date with Detectable PAH Levels 

PAHb 

Mode and Condition Fraction Test Number na FLU PYR BaA CHR BbF BkF BaP 

9 Baseline SOF L09B030789 5 100 100 100 100 100 40 80 
L09B051389 3 100 100 100 100 100 67 100 

xoc L09B030789 1 100 100 100 100 0 0 0 
L09B051389 3 100 100 100 100 0 0 0 

9 Trap SOF L09T031189 2 100 100c 0 100 50 0 0 
L09T031689 3 100 100 67 100 67 0 0 
L09T032389 4 100 100 75 100 75 0 25 
L09T032589 5 100 100 100 100 100 0 100 

xoc L09T031189 3 100 100 100 67 33 0 0 
L09T031689 2 100 100 50 0 0 0 0 
L09T032389 2 100 100 100 100 0 0 0 
L09T032589 1 100 100 0 0 0 0 0 
L09T040889 2 100 100 50 50 50 0 0 
L09T042589 4 100 100 100 100 25 0 0 

11 Baseline SOF L11B022289 5 100 100 100 100 100 60 40 
L11B051389 3 100 100 100 100 100 100 100 

xoc L11B022289 5 100 100 100 40 0 0 0 
L11B051389 2 100 100 100 50 0 0 0 

11 Trap SOF L11T033089 2 100 100 100 100 50 0 50 
L11T050289 1 100 100 100 100 100 0 0 

xoc L11T033089 4 100 100 100 75 25 25 0 
L11T050289 3 100 100 100 75 25 0 0 

an ~ number of samples analyzed. 

b Percentage of samples. 

c Only one sample value integrated. 
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first were conducted using nonparametric analyses. The 
project's experimental design and statistical methods were 
reexamined after all the data had been obtained and most 
data had been analyzed using non parametric methods. The 
impetus for this reexamination was the absence of "reporta
ble" values for PAHs and nitro-PAHs from many of the SOF 
and XOC samples. The initial discussions of how best to 
deal with "missing data'' then led to a reformulation of the 
project experimental design, a revised format for reporting 
data, and use of parametric tests of significance. 

The null hypotheses we wished to test were (1) there was 
no significant difference in engine emissions with and 
without the particle trap; and (2) there was no significant 
difference between engine emissions at mode 9 and mode 
11. Our original intent was to include the regeneration 
emissions as part of these comparisons, but because of 
difficulties in determining when regeneration was com
pleted, the data proved to be too variable. 

The project had an unbalanced design, similar to a split 
plot design, with test dates as replicates. With one excep
tion, only one mode and condition were run on each engine 

test date; therefore, the mean test parameter value per date 
was considered to be a replicate. There was an unequal 
number of samples per replicate date for each mode and 
condition; therefore, a mean of means and associated SD 
and CV were calculated (Zar 1984). There was also an un
equal number of replicates (test dates) for the four mode and 
condition combinations. 

A two-way ANOVA was used to compare each mode (9 
and 11) with each condition (baseline and trap) at a sig
nificance level of 0.05. A one-way ANOVA by mode and 
Duncan's new multiple range test (Zar 1984) for 95% confi
dence interval were conducted for significant interaction 
terms. 

Considerable difficulty was encountered when analyzing 
the PAH and nitro-PAH data due to the presence of data 
points termed less than the MDL. In these cases, there was 
either no detectable peak above background or the peak was 
so small that it could not be integrated to produce a value. 
The number of samples analyzed per test date with values 
above the MDL are presented in Tables 20 and 21 for the 
PAHs and nitro-PAHs, respectively. 

Table 21. Percentage of Samples Analyzed per Test Date with Detectable Nitro-PAH Levels 

Nitro-PAHb 

Mode and Condition Fraction Test Number na 1NP + 1,3DNP 2NF 3NFL 6NC 7NBaA 

9 Baseline SOF L09B030789 1 100 100 100 100 100 
L09B051389 3 0 100 0 100 67 

xoc L09B030789 1 0 100 0 100 100 
L09B050389 3 0 33 0 33 100 

9 Trap SOF L09T031189 3 100 100 0 0 100 
L09T031689 3 100 100 0 0 100 
L09T032389 4 100 100 0 0 50 
L09T032589 5 100 33 0 33 33 

xoc L09T031189 1 100 0 100 0 100 
L09T031689 2 100 0 0 0 0 
L09T032389 2 100 50 100 0 100 
L09T032589 1 100 100 0 0 0 
L09T040889 5 60 0 60 80 100 
L09T042589 4 75 0 100 100 100 

11 Baseline SOF L11B022289 3 75 100 100 75 75 
xoc L11B012289 8 100 88 100 88 100 

L11B022289 4 100 0 0 100 100 

11 Trap SOF L11T021189 1 0 100 0 100 0 
L11T033089 1 100 100 100 100 100 
L11T050289 1 100 100 100 100 100 

xoc L11T033089 2 100 50 100 100 100 
L11T050289 2 50 100 100 0 100 

a n ~ number of samples analyzed. 

b Percentage of samples. 
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Analyses ofthese data sets were conducted as follows. For 
any sets (SOF or XOC) having all values above the MDL, 
comparisons between conditions and modes were made 
using the mean of means of values for each mode and con
dition. This technique could only be used with the FLU and 
PYR portion of the SOF and XOC data sets and with the 
CHR SOF data set because these were the only data sets 
with all values above the MDL. A mean of median values 
for each test date was used for all other data sets with any 
PAH or nitro-PAH values below the MDL. If the majority of 
values for any test date was above the MDL, the median 
value was used for that test date. If 50% or less ofthe values 
for each test date were above the MDL, a value was assigned 
to each less-than-MDL sample for median determination by 
these four methods: (1) setting the less-than-MDL value as 
zero; (2) setting the less-than-MDL value as the MDL; (3) 
setting the less-than-MDL value as one-half the MDL; and 
(4) setting the less-than-MDL value as some number be
tween zero and the MDL by using a random number table. 
If only two samples were analyzed per test date, the median 
values were used in the ANOVAs in the same manner as the 
mean of means values. Any comparisons between SOF and 
XOC levels or SOF plus XOC levels of PAHs and nitro-PAHs 
were made only with SOF and XOC samples collected at the 
same time. The residuals then were examined to assess 
which method, if any, of assigning a value in place of "less 
than the MDL" was most appropriate. 

Tukey's t test was used when only two treatments were be
ing compared, such as TPM levels from the 47-mm and the 
508- x 508-mm sampling systems. With the exception of 
the 95% confidence interval for the paired difference t test, 
all calculations were conducted using the Statistical Analy
sis System (SAS Institute 1985) on the mainframe computer 
(IBM 4381). 

RESULTS 

Gaseous Emissions Under Steady-State Conditions 

The mean levels of NOx and NO (mg/m3) emitted at both 
modes 9 and 11 under baseline and trap conditions are 
presented in Table 22. (More detailed data by test date are 
presented in Appendix Tables H.2 through H.5.) There was 
little variability in NOx or NO levels at either mode or con
dition (CV less than 10%). A two-way ANOVA showed no 
significant interaction between mode and condition for ei
ther NOx (p = 0.7529) or NO (p = 0.7781) levels. The NOx 
and NO levels with the trap were not significantly different 
from the baseline levels (p = 0.3020 and 0.0691, respec
tively). There were significant differences between levels at 
mode 9 and mode 11 for both NOx (p = 0.0001) and NO 
(p = 0.0001). 
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Table 22. Oxides of Nitrogen, Nitric Oxide, Nitrogen 
Dioxide, and Hydrocarbon Emission Levels at Mode 
9 and 11 Baseline and Trap Conditionsa 

Mode and Condition nb NOx NO N02 HC 

9 Baseline 3 1,390 858 72.4 41.8 
(7.5) (7.1) (18. 7) (8.9) 

9 Trap 6 1,410 886 49.9 23.7 
(3.0) (2.9) (8.6) (6.0) 

11 Baseline 2 430 261 30.0 87.2 
(7.2) (6.7) (15.3) (6.2) 

11 Trap 4 468 298 12.0 82.0 
(2 .4) (1.8) (54.9) (4.4) 

a Each value is reported as the mean of means (CV in %) in mg/m3 for each 
date per condition. 

b n ~ number of tests (data per sample per test reported in Appendix Tables 
H.2 through H.5). 

As with NO and NOx levels, N02 levels showed that the 
mode-by-condition interaction was not significant. Signifi
cant differences between modes (p = 0.001) and conditions 
(p = 0.0002) were found. However, these differences may 
be due more to variability in measurements than to actual 
differences in emissions. Levels of N02 were obtained in
directly by subtracting measured NO from measured NOx 
levels and were very small in magnitude compared to the 
NOx and NO levels. 

The mean HC values for both modes 9 and 11 under base
line and trap conditions are also presented in Table 22 
(detailed data are in Appendix Tables H.2 through H.5). 
There were significant differences between modes (p = 

0.0001) and conditions (p = 0.0001), and significant interac
tion between mode and condition (p = 0.0031). Using a 
one-way ANOVA, the mode 9 baseline and trap HC levels 
were found to be significantly different (p = 0.0001), but 
the mode 11 levels were not significantly different (p = 

0.1839). An analysis of the 95% confidence intervals using 
Duncan's new multiple range test also showed a difference 
between the mode 9 baseline and trap HC levels (- 24.1 to 
-12 .0), but not the mode 11 levels ( -11.8 to 1.35). 

Steady-State Particle Size Distributions 

Particle size distributions were obtained by fitting the 
EAA data to a bimodal lognormal distribution. The pro
gram seeks to minimize the chi-squared value by varying 
the geometrical mean size, SD of each mode, and the frac
tion of particles in each mode (Liu and Kapadia 1977). The 
program calculates the number and volume concentration 
of particles between 0.0075 and 1.0 Jlm in diameter. The log
normal parameters calculated for both the nuclei and ac-
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Figure 15. Particle number and size distributions at mode 9 for baseline 
and trap conditions. 

cumulation mode are the number and volume mean di
ameters, and tho SD for each mode. The EAA data reduction 
program basically fits a bimodal curve to the data by forcing 
the curve through limits set on the nuclei and accumulation 
modes. These limits vary depending on the raw exhaust 
data. Therefore, statistical analyses were not performed on 
these data, and only the final results are presented. (Data 
by test date are presented in Appendix Tables H.6 and H.7.) 

Figures 15 through 18 indicate that the size distributions 
are bimodal with a nuclei mode (0.0075 to 0.056 MID in di
ameter) and an accumulation mode (0.056 to 1.0 MID in di
ameter). The number distributions for modes 9 and 11 em
phasize the nuclei mode, and the volume distributions 
emphasize the accumulation mode. The number distribu
tions indicate particle formation after the trap for the 
nuclei-mode particles, but the volume distributions indi
cate a large reduction in accumulation mode particles after 
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Figure 16. Particle number and size distributions at mode 11 for baseline 
and trap conditions. 
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Figure 17. Particle volume and size distributions at mode 9 for baseline and 
trap conditions. 

the trap. Trap collection efficiency is shown in Table 23. 

The negative number efficiency again indicates particle for
mation. Although the trap creates a large number of small 
particles, the overall volume or mass efficiency (assuming 
a constant density) was greater than 93%. The small size of 
the nuclei-mode particles contributed little to the total vol
ume or mass. 

A comparison of all the nuclei-mode particle parameters 
is presented in Table 24. The parameters for modes 9 and 
11 were similar. The nuclei mode number mean diameter 
ranged from 0.01 to 0.015 !-.tiD, and the nuclei volume mean 
diameter ranged from 0.012 to 0.02 MID. The mean SD of the 
nuclei mode ranged from 1.18 to 1.37. 

Table 25 presents the data from the accumulation mode 
parameters. Both the number mean and volume mean di
ameters after the trap were larger than those for baseline 
conditions. The volume mean diameter for mode 9 in-
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Figure 18. Particle volume and size distributions at mode 11 for baseline 
and trap conditions. 
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Table 23. Particle Number and Volume Collection Efficiency8 

Number/cm3 

Efficiencyb 
Mode Baseline 

9 4.89 X 105 6.49 X 105 -33 
11 1.05 X 105 4.66 X 105 -340 

a Based on data in Appendix Tables H.6 and H.7 using a dilution ratio of 1,000:1. 

b Based on trap and baseline data. 

Volume (!lm3/cm3) 

Efficiencyb 
Baseline 

19.0 1.0 95 
24.0 1.7 93 

creased from 0.246 !lm before the trap to 0.621 !lm after the 
trap. Mode 11 data indicated the volume mean diameter in
creased from 0.154 !lm to 0.789 !lm. The SD of the accumula
tion mode also increased after the trap. This indicates that 
the distribution after the trap was not as well defined as be
fore the trap. 

Comparison of 47-mm and 508· x 508-mm Filter Data 

Particle-associated emissions determined from the 508-

tivities were determined using samples collected with the 
508- x 508-mm system. Data for different test dates from the 
47-mm filters for the TPM and SOF, as well as S04 and 
SOL, are presented in Tables 26 and 27 for modes 9 and 11, 

respectively. The 508- x 508-mm TPM and SOF data from 
the same test dates are presented in Tables 28 and 29 for 
modes 9 and 11, respectively. More detailed data are 
presented in Appendix Tables H.2 through H.5. 

x 508-mm and 47-mm filters first were compared for 
similarities in TPM and SOF levels. This was because TPM 
composition was determined using data from the 47-mm 
system, but compound quantifications and mutagenic ac-

During mode 11 baseline test L11B012289, a leak was dis
covered associated with the 508- x 508-mm system XOC 
sampler. The leak probably was caused by the position of 
the 508- x 508-mm filter housing, which created a gap at 
the XOC sampler (see Figure 4). The housing was reposi
tioned in an attempt to eliminate the leak. The next test, a 

Table 24. Comparison of Calculated Nuclei-Mode Particle Parametersa 

Number Mean Diameter Volume Mean Diameter Standard Deviation 
Mode and Condition Test Number nb of Fit 

9 Baseline L09B012989 8 0.018 (1.9) 0.019 (1.2) 1.20 (2 .3) 
L09B030789 5 0.018 (2.6) 0.019 (3.2) 1.17 (2.2) 
Mean of means 0.018 (0.8) 0.019 (0.7) 1.19 (1.4) 

9 Trap L09T031189 3 0.010 (9.4) 0.014 (12) 1.39 (1.5) 
L09T031689c 4 0.016 (0.0) 0.034 (0.0) 1.65 (0.0) 
L09T032389 5 0.009 (7.1) 0.012 (11) 1.34 (2.3) 
L09T032589 4 0.010 (8.0) 0.013 (11) 1.35 (1.7) 
L09T040889 4 0.009 (4.6) 0.012 (9.4) 1.36 (2.5) 
L09T042589 1 0.010 0.014 1.41 
Mean of means 0.010 (4.2) 0.023 (6.8) 1.37 (2.0) 

11 Baseline L11B120888 8 0.016 (8.2) 0.022 (53) 1.33 (14) 
L11B012289 7 0.015 (3.0) 0.017 (3.4) 1.19 (1.1) 
L11B022289 5 0.015 (3.7) 0.017 (4.2) 1.22 (1.6) 
L11B051389 1 0.015 0.017 1.18 
Mean of means 0.015 (1.6) 0.018 (14) 1.23 (4.7) 

11 Trap L11T012189 3 0.017 (1.7) 0.019 (1.8) 1.22 (0.39) 
L11T021189 3 0.015 (5.3) 0.020 (1.8) 1.35 (3.8) 
L11T033089 3 0.017 (1.1) 0.019 (2.0) 1.22 (0.77) 
L11T050289 3 0.015 (7.5) 0.020 (2.8) 1.39 (2.5) 
Mean of means 0.016 (6.4) 0.020 (2.6) 1.29 (5.8) 

" Each value is reported as the mean [CV in %) for each date, or the mean of means [CV in %) for all dates per mode and condition. 

b n ~ number of samples. 

c Not included in the mean of means because EAA was not working properly. 
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Table 25. Comparison of Calculated Accumulation Mode Particle Parametersa 

Number Mean Diameter Volume Mean Diameter Standard Deviation 
Mode and Condition Test Number nb (~-tm) of Fit 

9 Baseline L09B012989 8 0.062 (8.1) 0.242 (1.6) 1.96 (2.4) 
L09B030789 5 0.054 (8.4) 0.250 (7.7) 2.05 (3.2) 
Mean of means 0.058 (7.0) 0.246 (1.8) 2.01 (2.1) 

9 Trap L09T031189 3 0.089 (9.3) 0.562 (13) 2.19 (0.86) 
L09T031689c 4 0.110 (0.0) 0.232 (0.0) 1.65 (0.0) 
L09T032389 5 0.059 (12) 0.728 (13) 2.49 (0.32) 
L09T032589 4 0.062 (5.6) 0.766 (5.6) 2.50 (0.0) 
L09T040889 4 0.070 (6.8) 0.861 (6.8) 2.50 (0.0) 
L09T042589 1 0.063 0.621 2.39 
Mean of means 0.091 (16) 0.708 (15) 2.41 (5.0) 

11 Baseline L11B120888 8 0.079 (3.1) 0.161 (0.97) 1.63 (0.86) 
L11B012289 7 0.075 (6.2) 0.195 (2.4) 1.76 (2.5) 
Ll1B022289 5 0.072 (5.2) 0.161 (7.4) 1.68 (1. 7) 
L11B051389 1 0.076 0.154 1.62 
Mean of means 0.075 (3.3) 0.167 (9.7) 1.67 (3.3) 

11 Trap LllTOJ:-!189 3 0.100 (0.0) 0.633 (2.5) 2.19 (0.65) 
L11T021189 3 0.108 (16) 1.05 (15) 2.39 (0.79) 
L11T033089 3 0.081 (7.8) 0.523 (7.5) 2.20 (0.0) 
L11T050289 :3 0.076 (3.4) 0.944 (3.5) 2.50 (0.0) 
Mean of means 0.091 (14) 0.789 (27) 2.32 (5.6) 

a Each value is reported as the mean (CV in %) for each test, or the mean of means (CV in %) for all tests per mode and condition. 

b n ~ number of samples. 

c Not included in mean of means because EAA was not working properly. 

mode 11 trap run (L11T013189), showed an increase in TPM 
measured from the 508- x 508-mm filter relative to the 
previous mode 11 trap test (Table 29). The 508- x 508-mm 
sampling system was disassembled for a regeneration ex
periment and then reassembled for the next mode 11 trap 
test (L11T021189). The measured TPM levels again were 
greater than for the L11T013189 trap run. To determine 
whether or not a leak at the XOC sampler was still present 
after the L11T021189 test, a mode 11 baseline test was per
formed (L11B022289) in which three filter and XOC sam
ples were collected after sealing the suspected leak points 
on the XOC sampler. Three filter and XOC samples also 
were collected without correcting the leak on the XOC sam
pler (Table 30). Significant differences (t test) were found 
for TPM (p = 0.0154) and SOF (p 0.0091) levels before and 
after correcting the leak. 

It then was decided to seal the XOC sampler properly for 
all tests after the L11B022289 run in order to eliminate any 
leakage that might occur from constant disassembly and 
reassembly of the 508- x 508-mm sampling system. Further 
comparisons of the data involve primarily only those 508-
x 508-mm system data from runs in which there was no 

leakage around the XOC sampler. Because loading the filter 
during the sampling time caused an increase in the amount 
of leakage (which may not have increased linearly with the 

filter loading), it was difficult to apply a correction factor 
to the data collected with the leak on the XOC sampler. In 
addition, variability in the XOC sampler assembly from 
sample to sample may have resulted in variability in the 
amount of leakage for any given engine test. 

The TPM and SOF levels obtained with the 47-mm and 
508- x 508-mm sampling systems were compared for tests 
after the XOC sampler leak was fixed. The results of paired 
difference t tests showed a 95% confidence interval of 
- 6. 23 to 20.7 for mode 9 baseline, - 0.52 to 2.56 for mode 
9 trap, -46.1 to 54.6 for mode 11 baseline, and -2.20 to 6.80 
for mode 11 trap. This indicated no significant difference 
in TPM levels between the two systems because all confi
dence intervals included zero. Using the same test, mode 9 
trap and mode 11 baseline SOF levels were not significantly 
different (95% confidence intervals of -0.18 to 0.84 and 
-3.64 to 13.3, respectively), but the mode 9 baseline and 
mode 11 trap SOF levels were significantly different (95% 
confidence intervals of 4.74 to 5.46 and 2.39 to 3.83, respec
tively). When the differences between all modes and condi
tions were combined, there was no significant difference in 
either TPM (95% confidence interval of -2.10 to 7.73) or 
SOF levels (95% confidence interval of -1.63 to 6.20). How
ever, an examination of the data in Tables 26 through 29 
shows that consistently lower TPM and SOF levels were 
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Table 26. Mode 9 Baseline and Trap Particle Emissions Data Determined Using 47-mm Filtersa 

Condition Test Number 

Baseline L09B012989 8 

L09B030789 3 

L09B051389 3 

Mean of means 

Trap L09T031189 3 

L09T031689 4 

L09T032389 5 

L09T032589 5 

L09T040889 5 

L09T042589 5 

Mean of means 

a Each value is reported as the mean (CV in %) in mgim3 . 

b n = number of samples collected per test. 

c Only two samples. 

TPM 

28.5 
(7.8) 
25.5 
(10) 
28.5 
(2.2) 
27.5 
(6.4) 

2.52 
(18) 
2.37 
(22) 
2.08 
(29) 
2.24 
(35) 

2.12 
(14) 
2.38 
(20) 
2.30 
(8.1) 

found with the 47-mm sampling system. The 47-mm TPM 
mean of means for all modes and conditions was from 15% 
to 30% lower and the SOF levels were 35% to 60% lower 
than those obtained with the 508- x 508-mm sampling 
system. 

The major difference between the two sampling systems 
was the filter-face velocity. The 47-mm system's filter-face ve
locity was 35 em/second, whereas the 508- x 508-mm sys
tem's filter-face velocity averaged 11 em/second. Because 
the sampling times for both systems were equal, the mass 
loading for the 47-mm filter was more than double the 508-
x 508-mm system's loading, as shown in Table 31. The 

higher mass loading would cause a higher pressure drop 
across the filter and possibly affect the SOF collection effi
ciency. 

Whether or not a filter was ammoniated may also account 
for some of the difference in SOF levels between the two 
systems. A mode 11 baseline experiment was conducted 
(L11B022289) to investigate the effect of ammoniation on 
the sample collected using the 47-mm filters. During this ex
periment, three 47-mm filters were collected and handled 
in the same manner as the 508- x 508-mm filters, and three 
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SOF SOL 

4.70 18.9 
(9.6) (11) 
4.72 15.1c 
(38) (4.2) 
3.78 19.5 
(28) (6.6) 
4.18 17.3 
(11) (19) 

0.83 0.6 
(53) (53) 
0.30 0.9 
(31) (20) 
0.48 0.7 
(51) (75) 
0.51 0.9 
(82) (21) 

0.34 1.0 
(55) (8.8) 
0.42 1.2 
(34) (26) 
0.48 0.88 
(3.9) (24) 

so4 
4.94 
(2.8) 
5.07c 
(4.6) 
5.23 
(4.9) 
5.08 
(2.9) 

1.13 
(33) 
1.13 
(27) 
0.90 
(28) 
0.88 
(29) 

0.78 
(21) 
0.80 
(33) 
0.94 
(17) 

Bioassay 
Sampler Used 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

other 47-mm filters were collected and handled following 
normal procedures. The 508- x 508-mm filters also were 
collected during this test. On the basis of the data presented 
in Table 30, the three ammoniated 47-mm filters showed a 
significant difference (p = 0.002) in SOF levels from the 
nonammoniated filters. Sulfates from the nonammoniated 
filters were also significantly different (p = 0.0002) com
pared with those from ammoniated filters. The TPM levels 
were not significantly different (p = 0.5448), indicating 
that the changes in SOF and S04 levels occurred after sam
ple collection. For this test, the TPM and SOF data from the 
nonammoniated 47-mm filters also were not significantly 
different from those collected using the 508- x 508-mm 
filters (95% confidence intervals of - 5.37 to 1.57 and -1.43 
to 1.43, respectively). Some of the difference in measured 
S04 between the nonammoniated and ammoniated filters 
may be due to a sulfonation reaction between some of the 
sulfuric acid and aromatic compounds collected on the 
nonammoniated filters (Morrison and Boyd 1974). Some of 
the S04 (as sulfuric acid on the filter) could combine with 
the SOF and be extracted during the extraction procedure, 
resulting in slightly higher measured SOF values and lower 
measured S04 values for nonammoniated filters than for 
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Table 27. Mode 11 Baseline and Trap Particle Emissions Data Determined Using 47-mm Filtersa 

Condition 

Baseline 

Trap 

Test Number 

L11B110888c 

L11B120888c 

L11B012289 

L11B022289 

L11B051389 

Mean of means 

L11T082588c 

L11T111588c 
L11T013189c 

L11T021189 

L11T033089 

L11T050289 

Mean of means 

6 

8 

8 

3 

3 

3 

2 
3 

3 

4 

3 

a Each value is reported as the mean (CV in%) in mg/m3 . 

b n ~ number of samples collected per test. 

TPM 

37.0 
(3.8) 
28.6 
(44) 
32.6 
(10) 

36.1 
(1.0) 
33.4 
(1.2) 
34.0 
(5.4) 

5.93 
(25) 
4.95 
2.23 
(9) 

6.42 
(13) 
7.08 
(12) 
6.58 
(2.5) 
6.69 
(5.1) 

c Preliminary tests; data not used in calculating mean of means. 

ammoniated filters. However, at most, sulfonation could 
only account for approximately 15% of the SOF difference 
between the sampling systems. 

The particle data from the 47-mm filters were used to as
sess effects of the trap and operating conditions on TPM 
component levels because TPM composition was deter
mined only with this sampling system. Because semivola
tile organic compounds were collected only with the 508-
x 508-mm system, these XOC data were used for compari

sons between modes and conditions. The SOF and XOC 
data collected with the 508- x 508-mm system were used for 
determining PAH levels and biological activity, because not 
enough SOF could be obtained on the 47-mm filters for 
these determinations. 

Trap and Mode Effects on Particle-Associated 
Steady-State Emissions 

Baseline and trap TPM and TPM composition data from 
the 47-mm system are presented in Tables 26 and 27. Mode 

SOF SOL 

10.9 23.4 
(13) (7.5) 
6.90 19.6 
(51) (42) 
8.97 21.2 
(14) (11) 

7.66 25.5 
(5.7) (2.4) 
7.22 23.2 
(1.8) (1.2) 
7.95 23.3 
(12) (9.2) 

1.94 2.4 
(24) (26) 
2.09 1.5 
0.58 1.0 
(20) (2.7) 

1.98 2.7 
(25) (6.6) 
1.83 3.6 
(16) (18) 
1.70 3.3 
(0.8) (2.0) 
1.84 3.20 
(7.6) (14) 

so4 
2.63 
(5.9) 
2.07 
(45) 
2.45 
(10) 

2.94 
(1.9) 
2.91 
(2.1) 
2.77 
(9.9) 

1.54 
(27) 
1.35 
0.68 
(0.9) 

1.70 
(13) 
1.65 
(8.2) 
1.59 
(5.4) 
1.65 
(3.3) 

Bioassay 
Sampler Used 

Yes 

Yes 

Yes 

No 

No 

No 

Yes 
Yes 

Yes 

No 

No 

11 baseline data showed good repeatability within each test 
date, with a CV for each test date of 10% or less, except for 
test date L11B120888, which had a CV of 44% (Table 26). A 
leak in the bioassay sampler and a problem with the Stak
samplr pump caused this variability. The Staksamplr pump 
was fixed by replacing a cracked glass frit located upstream 
from the impinger train, and the leak in the bioassay sam
pler was repaired by resealing the holes on the bottom of 
the sampler through which the electrical connection to the 
circulating fan protruded. The data from the next engine 
test in which the bioassay sampler was used (L11012289) 
had a CV of approximately 10%. Despite repairing leaks in 
the bioassay sampler, subsequent tests in which it was used 
showed higher CVs than tests without the bioassay sampler. 
Because of this and the lack of response from the tester 
strains inside it (discussed later), the bioassay sampler was 
not used after the L11T021189 test and its accompanying 
regeneration test (11R-2). 

In general, variability increased more within a test in the 
data from trap operation at mode 11 than at baseline condi-
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Table 28. Total Particulate Matter, SOF, and XOC 
Levels Determined Using 508- x 508-mm System at 
Mode 9 During Baseline and Trap Operationa 

Condition Test Number nb TPM SOF xoc 

Baseline L09B012989c 8 20.7 5.87 17.8 
(5.3) (8.5) (16) 

L09B030789 5 33.5 9.80 32.7d 
(11) (15) 

L09B051389 3 35.0 8.90 23.2 
(15) (24) (14) 

Mean of means 34.3 9.35 28.0 
(3.1) (6.8) (24) 

Trap L09T031189 3 4.44 0.90 11.7 
(24) (49) (22) 

L09T031689 4 3.96 0.82 9.12 
(21) (11) (27) 

L09T032389 5 2.88 0.72 9.79 
(22) (31) (45) 

L09T032589 5 2.62 0.92 9.59 
(30) (28) (11) 

L09T040889 5 2.76 0.51 11.1 
(23) (44) (56) 

L09T042589 5 3.16 0.98 4.00 
(37) (35) (63) 

Mean of means 3.30 0.81 9.19 
(22) (21) (30) 

a Each value is reported as the mean (CV in %) in mg/ma 
b n ~ number of samples collected per test. 
c Not included in mean of means because the sample was collected before 

the XOC sampler leak was stopped. 
d Value for only one sample available. 

tions. One test at mode 11 trap (L11T013189) showed TPM 
levels that were lower than other mode 11 trap data. This 
was due to a leak in the impinger tubes of the Staksamplr 
pump, which decreased the volume of dilute exhaust being 
pulled through the filter. Therefore, the data from this test 
were not used to calculate the average mode 11 trap TPM 
emissions (Table 27). Mode 9 baseline TPM, SOL, and S04 

emissions had within-date sample-to-sample variations of 
10% or less, whereas the SOF emissions had CVs of 10% to 
40% (Table 26). As with the mode 11 trap data, the mode 
9 trap TPM, SOF, SOL, and S04 emissions had higher CVs 
than mode 9 baseline emissions on a sample-to-sample and 
day-to-day basis (Table 27). 

The percentage of reductions and tests of significance 
(two-way ANOVA) in TPM and components were deter
mined for both modes using the mean of means shown in 
Tables 26 and 27. There were significant differences in TPM 
levels both between modes (p = 0.0001) and conditions 
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Table 29. Total Particulate Matter, SOF, and XOC 
Levels Determined Using 508- x 508-mm System at 
Mode 11 During Baseline and Trap Operationa 

Condition Test Number nb TPM SOF xoc 

Baseline L11B012289c 8 26.2 8.50 31.3 
(9.9) (9.6) (11) 

L11B022289 3 37.6 12.0 45.3 
(9.6) (12) (9.5) 

L11B051389 3 40.5 12.5 40.4 
(13) (Hi) (23) 

Mean of means 39.0 12.2 42.8 
(5.3) (2.8) (8.1) 

Trap L11T013189c 3 7.68 3.94 31.5 
(13) (16) (1.2) 

L11T021189c 3 8.75 4.37 37.0 
(9.4) (11) (17) 

L11T033089 4 9.13 4.98 50.1 
(18) (20) (16) 

L11T050289 3 9.13 4.77 32.1 
(22) (25) (19) 

Mean of means 9.13 4.88 41.1 
(0) (3.0) (31) 

"Each value is reported as the mean (CV in %) in mg/ma 

b n ~ number of samples collected per test. 
c Not included in mean of means because the sample was collected before 

the XOC sampler leak was stopped. 

(p = 0.001). Using the trap reduced TPM levels by approxi
mately 90% at mode 9 and 80% at mode 11. For both modes, 
the trap had the greatest effect on reducing SOL levels. 
There were significant differences between both mode and 
condition (p = 0.0001) for SOL levels. Approximately 95% 
and 85% reductions were observed for SOL at modes 9 and 
11. The SOF levels were also significantly different (p = 

0.001) between mode and condition, with approximate 
reductions of 90% and 75% with the trap for modes 9 and 
11. The S04 levels between modes 9 and 11 were signifi
cantly different (p = 0.0001). Trap use at mode 9 resulted 
in a significant difference (95% confidence interval for a 
difference of -5.60 to -1.39) in so4 levels (80% reduc
tion), but not at mode 11 (95% confidence interval for a 
difference of -3.78 to 1.54). (Similar results were found 
with the 508- x 508-mm system TPM and SOF data for sig
nificant differences between modes and conditions and 
reductions in levels with trap use.) 

The XOC levels for each mode, as determined from 508-
x 508-mm system data under baseline and trap operation, 

are shown in Tables 28 and 29. The highest within-date 
variability was found at mode 9 with the trap (Table 28), 
with coefficients of variation as low as 11% on one test day 
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Table 30. Leakage and Ammoniation Effects on 
Measured Total Particulate Matter, SOF, and 
Sulfate Fraction Levels at Mode 11 a 

System Ammoniationb 
System 

Leakagec TPM SOF 

47-mm Yes 36.1 7.66 
(1.0) (5. 7) 

No 35.7 12.8 
(3.0) (3.9) 

508- x 508-mm No No 37.6 12.0 
(9.6) (12) 

No Yes 28.3 7.01 
(5.6) (20) 

so4 

2.94 
(1.9) 

1.17 
(9.5) 

NDd 

ND 

a Data from test date 1118022289. Each value is reported as the mean (CV 
in %) in mg/m3 of three samples. 

b Filter ammoniated (or not) after sample collection. 

c 508- x 508-mm system only. 

d NO = not determined; S04 levels were only from 47-mm filters. 

and as high as 63% on another. The two-way ANOVA 
showed significant differences in XOC levels between both 
modes (p = 0.0001) and conditions (p = 0.0095), but with 
a significant interaction (p = 0.0438). Using a one-way 
ANOVA indicated a significant difference in baseline and 
trap XOC levels at mode 9 (approximately 60% difference; 
p = 0.008), but not at mode 11 (approximately 5% differ
ence, p = 0.6922). 

Mutagenicity of Steady-State SOF and XOC Samples 

Once the sampling conditions had been established, 
Ames assays were conducted on SOF and XOC samples 
from both mode 9 baseline and trap (Table 32) and mode 11 
baseline and trap (Table 33) conditions. Because of the low 
amounts of mass collected on the filters, in particular dur
ing tests with the trap, portions of extracts from all filters or 
XAD-2 resin collected on one trap test date were pooled to 
obtain a single sample for Ames testing. The one exception 
was the last mode 11 trap sample, L11T050289 (Table 33), 
which represented the first of three samples collected on 
that test date. Toxicity was detected with nearly all the mode 
9 and 11 trap SOF samples at the highest doses tested (from 
120 to 480 J.tg/dish). One set of mode 9 trap SOF and XOC 
samples (L09T040889) was toxic at all doses tested. The 
baseline data reflect tests with extracts from one or two 
filters or XAD-2 resin samples on a given test date. filter
face temperatures were 40°C ± zoe, and amounts of N02 at 
filter-face levels were less than 5 ppm for all tests (Tables 32 
and 33). 

Four sets of data were taken from tests before the leak in 

Table 31. Particle Mass Loading on the 47-mm and 
508- x 508-mm Filtersa 

Mode and 
Condition nb 

Mass Loadingc 
(mg/cm2/minute) 

47-mm Filter 
9 Baseline 

9 Trap 

11 Baseline 

11 Trap 

508- x 508-mm Filter 
9 Baseline 

9 Trap 

11 Baseline 

11 Trap 

2 

6 

2 

2 

2 

6 

2 

2 

0.00396 
(14) 

0.00041 
(19) 

0.00643 
(0.6) 

0.00135 
(19) 

0.00180 
(3.9) 

0.00020 
(19) 

0.00285 
(11) 

0.00068 
(18) 

a Data for samples from test dates 1118022289 through L098051389 
(Tables 26, 27, 28, and 29). 

b n = number of test dates. 

c Each value is reported as the mean of means (CV in%). 

the 508- x 508-mm system XOC sampler was detected and 
corrected: L09B012989 (Table 32), L11B012289 (Table 32), 
L11T013189 (Table 33), and L11T021189 (Table 33). The pri
mary effect of this leak, as noted earlier, was on the amount 
of particles and SOF deposited on the filter and the organic 
compounds collected by the XAD-2 resin. This resulted in 
lower SOF, TPM, and XOC mg/m3 values. The detected 
SOF and XOC mutagenicity and the percentage of SOF did 
not appear to be affected by the leak; raw exhaust levels of 
revertants (as revertants x 103fm3) increased after the leak 
was corrected, primarily because of increases in raw ex
haust levels of SOF, TPM, and XOC. However, because data 
from these four engine runs generally were not included in 
comparisons between engine operating conditions, the as
sociated mutagenicity data also were not considered when 
making the same comparisons. 

General observations can be made for all mutagenicity 
data presented in Tables 32 and 33. The detected activity for 
both SOF and XOC was primarily direct-acting in nature, 
with S9 use generally resulting in no change or a reduction 
in activity. The mode 9 and 11 baseline XOC samples had 
only 20% to 30% of the activity of the SOF samples on a 
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Table 32. Mode 9 Baseline and Trap SOF and XOC Mutagenicity by Test Datea 

SOF or XOC TPM Raw Exhaust 

Revertants/~gd Revertants/IJ,g Revertants/m3 

Extractable Fraction TPM (X 103
) 

Test Filter Face N02 Mass 
Condition Number (ppm) Fraction nb (g)' -S9 + S9 - S9 + S9 % SOF - S9 + S9 

Baseline L09B012989 4.1 SOF 0.045 1.31 1.46 0.37 0.41 28 7.70 8.74 

(13) (7.3) (26) (17) (28) (17) (4.5) (28) (20) 
NA' xoc 0.129 0.37 0.54 NA NA NA (i.27 9.16 

(5.2) (41) (37) (41) (37) 

L09B030789f 3.0 SOF 0.058 2.02 1.48 0.61 0.44 29 20.2 1'!.6 
(21) (16.6) (13) (21) (17) (16) (5.3) (19) (17) 

NA XOC 0.1808 0.73 0.89 NA NA NA 22.48 26.6' 
(6) (13) 

L09B051389f 2.8 SOF 0.048 2.29 0.85 0.58 0.22 25 20.9 7.76 
(12) (8.8) (18) (19) (27) (26) (9.3) (41) (38) 

NA xoc 0.130 0.61 0.518 NA NA NA 14.7 12.48 

(26.7) (43) (48) 

Trap L09T031189f 2.9 SOF 1h 0.008 1.77' 2.11 0.35 0.41 20 1.59 1.90 
(9.7) (54) (24) 

NA XOC 1h 0.106 NR' NR NA NA NA NR NR 
(24) 

L09T031689f 2.7 SOF 1h 0.007 1.71 1.40 0.36 0.30 21 1.40 1.15 
(8.3) (29) (14) 

NA XOC 1h 0.084 NR NR NA NA NA NR NR 
(46) 

L09T032389f 2.9 SOF 1h 0.008 0.78 1.47 0.20 0.37 25 0.56 1.06 
(11) (29) (19) 

NA xoc 1h 0.103 NR NR NA NA NA NR NR 
(47) 

L09T032589f 3.1 SOF 1h 0.012 1.70 1.23 0.61 0.44 36 1.57 1.13 
(8) (19) (19) 

NA XOC 1h 0.105 NR NR NA NA NA NR NR 
(16) 

L09T040889r 2.6 SOF 1h 0.004 T' T T T 18 T T 
(18) (43) (26) 

NA xoc 1h 0.095 T T NA NA NA T T 
(52) 

L09T042589r 2.2 SOF 1h 0.029 1.82 1.39 0.57 0.43 31 1.79 1.36 
(26) (22) (7) 

NA XOC 1h 0.038 NR NR NA NA NA NR NR 
(70) 

a Mean (CV in %); mutagenicity determined using TA98. 

b n = number of samples. 

'From 508- x 508-mm filters (SOF) or XAD-2 resin (XOC), adjusted to 40-minute and 60-minute sampling periods for baseline and trap conditions, respectively. 

d Based on extractable mass. 

e NA = not applicable because TPM is associated only with filter samples; NR = no response above spontaneous revertant levels; T = toxicity may have masked any mutagenic 
response. 

f Tests conducted after leak at XOC sampler was stopped. 

8 Data for only one sample available. 

h Pool of all samples (three) per test. 

mass basis, but equivalent activity on a raw exhaust 
(revertants x 103fm3) basis. For the mode 9 and 11 baseline 
tests for which multiple samples for each engine test date 
could be analyzed, the variability (as monitored by CV) for 
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the microsuspension analyses was within the expected 
range (15% to 20% CV), especially given the variability in 
the extractable mass and raw exhaust (mg/m3) SOF, TPM, 
and XOC values. 
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Table 33. Mode 11 Baseline and Trap SOF and XOC Mutagenicity by Test Datea 

SOF or XOC TPM Raw Exhaust 

Revertants/~gd Revertants/~-tg Revertants/m3 

Extractable Fraction TPM (X 103
) 

Test Filter Face N02 Mass 
Condition Number (ppm) Fraction nb (g)' -89 + 89 - S9 + 89 % SOF -59 +59 

Baseline L11B012289 1.65 80F 4 0.056 1.52 1.87 0.48 0.59 32 13.1 16.1 
(7.0) (< 0.1) (13) (17) (13) (16) (1.9) (14) (20) 

NA' XOC 4 0.199 0.63 0.52 NA NA NA 18.6 16.3 
(2.7) (15) (18) (11) (26) (25) 

L11B051389f 1.57 80F 0.073 2.22 1.61 0.68 0.49 31 27.3 20.8 
(7.3) (4.5) (30) (25) (31) (26) (5.1) (28) (16) 

NA xoc 0.234 0.568 0.428 NA NA NA 24.7' 18.58 

(11) 

Trap L11T013189 0.87 80F lh 0.055 0.685 0.705 0.351 0.361 51 2.70 2.78 
(1.8) (18) (3.9) 

NA xoc lh 0.436 NR' NR NA NA NA NR NR 
(2.0) 

L11T021189 1.40 50F lh 0.046 0.788 0.728 0.392 0.363 50 3.44 3.18 
(29) (13) (1.8) 

NA XOC 1" 0.393 NR NR NA NA NA NR NR 
(18) 

L11T033089f 0.53 80F lh 0.050 0.610 0.660 0.332 0.359 54 3.04 3.29 
(10) (9) (3) 

NA xoc lh 0.504 NR NR NA NA NA NR NR 
(7.3) 

Lll T050289f 0.43 50F 1' 0.076 0.830 0.489 0.446 0.261 53 4.87 2.87 

NA xoc 1' 0.452 NR NR NA NA NA NR NR 

11 Mean (CV in %); mutagenicity determined using TA98. 
b n "" number of samples. 

'From 508- x 508-mm filters (80F) or XAD-2 resin (XOC), adjusted to 30-minute and 60-minute sampling periods for baseline and trap conditions, respectively. 

d Based on extractable mass. 

e NA "' not applicable, as TPM associated only with filter samples; NR = no response above spontaneous revertant levels. 

f Tests conducted after leak in XOC sampler was stopped. 

8 Data for only one sample available. 

h Pool of all samples (three) per test. 

i Only extract from first of three samples collected was analyzed. 

Pooled mutagenicity data for all engine test dates after the 
XOC sampler leak was corrected are presented in Table 34. 
The variability observed when SOF and XOC activity data 
from three or more engine test dates were pooled (mode 9 
baseline and trap) was usually equivalent to the variability 
associated with collecting and measuring the original SOF 
or XOC samples. No CVs are presented for mode 11 trap ac
tivities, because only data from two test dates were pooled; 
however, the individual SOF activity values (Table 33) vary 
only by about 20%, which is equivalent to the variability 
found for the SOF measurements. 

For the pooled data presented in Table 34, the direct
acting mutagenicity (revertants/!J,g) associated with the 
mode 9 or 11 XOC samples was approximately 25% of the 
SOF activities. However, because the level of XOC emitted 

(mg/m3) was approximately three times that of the SOF, the 
raw exhaust XOC mutagenicity levels (revertants x 103/m3) 

increased to 80% to 90% of the SOF or TPM levels. There 
was up to 10 times more of the XOC (mg/m3) than the SOF 
emitted at both modes when the trap was used. However, all 
of the detectable mutagenicity was associated with the SOF 
and TPM component; no direct- or indirect-acting muta
genicity was found with any of the trap-produced XOC 
samples. 

Using the trap at modes 9 and 11 resulted in 85% to 90% 
reductions in raw exhaust levels of TPM-associated mutage
nicity (Table 34). As noted earlier (Table 28), the trap re
moved approximately 90% of the particles and associated 
organic compounds (SOF) at mode 9; the percentage of 
SOF remained the same whether or not the trap was used. 
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Table 34. Comparison of Modes 9 and 11 SOF and XOC Mass and Activitya 

Mode and 
Condition 

9 Baseline 

9 Trap 

11 Baseline 

11 Trap 

Fraction 

SOF 

xoc 

SOF 

xoc 

SOF 

xoc 
SOF 

xoc 

nb 

2 

2 

5 

5 

1 

1 
2 

2 

SOF or XOC 

Revertants/J.tg 
Fractionc 

-89 + 89 

2.2 1.2 
(8.9) (38) 

0.67 0.70 
(13) (38) 
1.6 1.5 
(28) (22) 
NRa NR 

2.2 1.6 
(30) (25) 

0.568 0.42 8 

0.72 0.57 
(221 (21) 
NR NR 

TPM Raw Exhaust 

Revertants/J.tg Revertantsfm3 
TPM (X 103) 

-89 + 89 % SOF -89 + 89 

0.60 0.33 27 19.6 11.2 
(3.5) (47) (11) (4.8) (43) 

NAd NA NA 17.9 19.5 
(29) (51) 

0.42 0.39 25 1.35 1.32 
(41) (15) (28) (42) (26) 
NA NA NA NR NR 

0.68 0.49 31 26.2 20.8 
(31) (26) (5.1) (28) (16) 
NA NA NA 24.78 18.58 

0.39 0.31 54 3.21 3.08 
(21) (22) (1.3) (17) (9.6) 
NA NA NA NR NR 

a Each value is reported as the mean of means (CV in%) for dates listed in Tables 31 and 32, after leak in XOC sampler was stopped; mutagenicity determined 
using TA98. 

b n = number of tests. 

c Based on mass extracted from 508- x 508-mm filters (SOF) or XAD-2 resin (XOC) nnless fewer than three samples used. 

dNA = not applicable; NR = no response above spontaneous revertant levels. 

e Data for one sample. 

A similar decrease in direct- and indirect-acting raw ex
haust levels of mutagenicity (revertants x 103/m3) was also 
observed. The direct-acting mutagenicity based on TPM or 
SOF mass with the trap at mode 9 was reduced by 30%, but 
the indirect-acting mutagenicity increased approximately 
25%. Using the trap at mode 11 resulted in a 75% decrease 
in TPM concentrations, but only a 60% decrease in SOF 
concentrations (Table 29); this was due to an increase in the 
percentage of SOF comprising the TPM. The mode 11 trap 
SOF mutagenicity (revertants/J.tg) showed a similar 65% de
crease, but the TPM-associated mutagenicity had only a 
40% decrease as a result of the increased percentage of SOF 
with the trap. On a raw exhaust basis, however, an 85% 
reduction in direct- and indirect-acting mutagenicity was 
detected. Even though the traps produced very different 
effects on XOC levels at modes 9 and 11 (Tables 28 and 
29 respectively), in both cases the XOC had no detectable 
direct- or indirect-acting mutagenicity. 

Comparisons between the engine operating conditions 
(Table 34) indicate the baseline SOF, TPM, and XOC sam
ples had similar activities (revertants/J.tg). The mode 9 trap 
SOF had twice the activity on a mass basis as the mode 11 
trap SOF, due to the twofold amount of SOF and TPM at 
mode 11; however, the TPM levels (revertants/J.tg) were 
nearly equal. The Cummins engine emitted more particles, 
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SOF, and XOC at mode 11 than at mode 9 (Tables 29 and 28 
respectively), with or without the trap. Raw exhaust 
mutagenicity levels for SOF and TPM (revertants x 103fm3) 
were therefore approximately 300 and 30 times greater 
with and without the trap, respectively, at mode 11 versus 
mode 9. 

The nitroreductase-deficient (TA98NR) and a-transacet
ylase-deficient (TA98DNP) tester strains (Table 35) were 
used with most of the active baseline and trap SOF and ac
tive baseline XOC samples listed in Table 34. With the base
line samples and TA98NR, the modes 9 and 11 SOF samples 
apparently had far more activity than the XOC samples be
cause of mononitro-containing compounds. Similarly, the 
mode 9 baseline SOF samples were more active than the 
XOC samples with TA98DNP, because of the dinitro
compounds in the XOC samples. The mode 11 XOC sample 
tested had roughly the same percentage of activity as the 
SOF samples because of the dinitro-compounds based on 
TA98DNP responses. One effect of trap use based on these 
mutagenicity data appeared to be a reduction in mutagenic
ity related to nitro-containing compounds; the modes 9 and 
11 trap SOF samples had an average of 40% of their activity 
because of these types of compounds, whereas their corre
sponding baseline samples had approximately 80% of their 
activity because of them. 
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Table 35. Response of Tester Strains TA98NR and TA98DNP to Modes 9 and 11 Baseline and Trap Fractionsa 

TA98- S9 
TA98NR- S9 TA98DNP- S9 

Mode and Revertants/IJ.g Revertants/IJ.g %of Revertants/IJ.g %of 
Fractionb Fractionb Fractionb Condition Fraction TA98- S9 TA98- S9 

9 Baseline SOF 2.2 0.32 15 0.32 15 
(8.9) (21) (6.8) 

xoc 0.67 0.37 55 0.43c 64 
(13) (2.1) 

9 Trap SOF 1.6 0.96 60 0.73 46 
(28) (30) (30) 

11 Baseline SOF 2.2 0.53 24 0.53 24 
(30) (37) (9) 

xoc 0.56c 0.23c 40 o.o7c 13 

11 Trap SOF 0.72 0.41 60 0.44d 61 
(22) (18) 

a For samples listed in Table 34. 

bEach value is presented as the mean (CV in %), or as the mean of means of data from more than one date. 

c Data for one sample. 

d Insufficient mass to test more than one sample. 

One set of PAH, DCM, and MeOH fractions (Figure 11) for 
a SOF or XOC sample from each engine operating condition 
was also assayed for mutagenicity. All samples were tested 
with TA98-S9. The PAH fraction was expected to contain 
compounds that might require metabolic activation and 
thus also was tested with S9. Any fractions showing activity 
then were tested with TA98NR and TA98DNP, if sufficient 
mass was available. The results with TA98-S9 for the modes 
9 and 11 subfractions are presented in Tables 36 and 37, 
respectively. Responses for all subfractions with TA98 + S9, 
TA98NR, and TA98DNP are presented in Table 38. 

Approximately 50% of the SOF masses and 75% of the 
XOC masses at both modes and conditions were not recov
ered; much of these HCs were probably of the paraffinic 
type and were separated from the PAH and ACN fraction 
(Figure 11). For the SOF fractions, much of the recovered 
mass was generally present in the most polar, MeOH frac
tions. In contrast, most of the recovered XOC masses were 
found in the PAH fractions for both modes and conditions. 

The baseline and trap SOF, DCM, and MeOH fractions 
had all or most of the detectable direct-acting mutagenicity 
(on a revertants/IJ.g basis). No activity (or increase in activity 
for the mode 11 SOF sample) was found with S9 use for the 
ACN fractions (Table 38). From 50% to over 100% of the 
original SOF sample mutagenicity was recovered from all 
fractions per sample. For cases in which there was suffi
cient sample mass for testing available with the TA98NR 

and TA98DNP, more of the baseline SOF fraction activity 
was related to nitro-containing compounds than for the trap 
SOF fractions (Table 38). 

No mutagenicity was detected with any of the trap XOC 
fractions, even with the addition of S9. Only one of the base
line XOC fractions (mode 11 methanolic) showed any activ
ity, even though no activity was associated with this unfrac
tionated XOC sample. 

PAHs and Nitro-PAHs in Steady-State 
SOF and XOC Samples 

Attempts were made to determine levels for seven PAHs 
and seven nitro-PAHs in the various SOF and XOC samples 
collected as part of this study. All of the raw data for these 
quantifications as ng/m3 raw exhaust are presented in Ap
pendix Tables J.1 through J.8. As noted in the Statistical 
Methods and Data Analysis section and shown in Tables 20 
and 21, many of the samples had values below the MDL for 
that analytical run. The only compound data sets for which 
this did not occur were FLU and PYR in the SOF and the 
XOC and CHR in the SOF. These data sets were analyzed 
with the same statistical techniques used for the NOx, HC, 
TPM, etc., data sets. The CHR in the XOC and all other PAH 
and nitro-PAH data sets were analyzed using the four me
dian procedures described earlier. (See Statistical Methods 
and Data Analysis section.) 
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Table 36. Mutagenicity of Mode 9 SOF and XOC Subfractionsa 

Baseline Trap 

%of Massb 
Revertants/J.!gc 

Subfraction Subfraction % of Activityd %of Massb 
Revertants/J.!gc 

Subfraction % of Activityd 

SOF-ACN 15 
SOF-DCM SLe 
SOF-MeOH 46 

%Recovered 61 

XOC-ACN 22 
XOC-DCM 2.4 
XOC-MeOH 1.8 

%Recovered 26.2 

a Based on separation scheme in Figure 11. 

b Based on sample mass used in separation. 

c TA98- S9. 

d Based on activity of unfractionated sample. 

NRe NR 

5.85 125 
125 

NR 0 
NR 0 
NR 0 

0 

3.6 
3.6 

13 
20.2 

18 
2.2 
3.6 

23.8 

NR 
4.54 
5.25 

NR 
NR 
NR 

NR 
9.6 

40 
50 

NDe 
ND 
ND 
ND 

e NR = no response above spontaneous revertant levels; SL = sample lost; ND = not determined because unfractionated sample had no response. 

The mean daily raw exhaust levels for FLU and PYR in 
the SOF and XOC and chrysene in the SOF are presented 
in Appendix Tables J.9 through J.11, with the mean of mean 
concentrations presented in Table 39. The AN OVA statistics 
for all three PAHs are given in Appendix Table J.12. Trap us
age had a significant effect on SOF FLU concentrations at 
mode 9 (78% reduction) and PYR concentrations at mode 
11 ( 470% increase), but no significant effects on CHR. There 
was no significant difference in FLU or CHR SOF concen
trations between modes, but there was a significant differ
ence with PYR in cases in which the mode 11 values were 

greater than those at mode 9. The only trap usage or mode
dependent differences for the XOC concentrations for these 
three PAHs was a significant difference in FLU concentra
tions between modes 9 and 11, with higher values for base
line and trap conditions found at mode 11. 

Of the four procedures used to determine daily median 
values for the remaining SOF and XOC PAHs and nitro
PAHs, method C, which replaced the less than the MDL 
value with MDL/2, appeared to have slightly less scatter in 
the data upon examination of residual error plots. There
fore, mean of median values obtained with method C are 

Table 37. Mutagenicity of Mode 11 SOF and XOC Subfractionsa 

Subfraction %of Massb 

SOF-ACN 17 
SOF-DCM 12 
SOF-MeOH 15 

%Recovered 44 

XOC-ACN 21 
XOC-DCM 5.9 
XOC-MeOH 2.6 

%Recovered 29.5 

a Based on separation scheme in Figure 11. 

b Based on sample mass used in separation. 

c TA98- S9. 

Baseline 

Revertants/J.!g 
Subfractionc 

0.92 
4.16 
2.05 

NR 
NR 
1.24 

d Based on activity of unfractionated sample. 

% of Activityd 

13 
40 
24 
77 

NDe 
ND 
ND 
ND 

%of Massb 

6.1 
8.6 

29 
49.7 

14 
3.5 
8.9 

26.4 

Trap 

Revertants/ J.! gc 
Subfractionc 

NRe 
2.81 
1.60 

NR 
NR 
NR 

e NR = no response above spontaneous revertant levels; ND = not determined because unfractionated sample had no activity. 
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0 
31 
59 
90 

ND 
ND 
ND 
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Table 38. Response of SOF and XOC Subfractions to S9 and Tester Strains TA98NR and TA98DNP 

Baseline Condition Trap Condition 
% of Revertants/Jlga % of Revertants/Jlga 

Mode Subfraction TA98 + S9 TA98NR- S9 TA98DNP- S9 TA98 + S9 TA98NR- S9 TA98DNP- S9 

9 SOF-ACN NRb NTb NT NR NT NT 
SOF-DCM SLb SL SL NT ISb IS 
SOF-MeOH NT 25 14 NT 75 IS 
XOC-ACN NR NT NT NR NT NT 
XOC-DCM NT NT NT NT NT NT 
XOC-MeOH NT NT NT NT NT NT 

11 SOF-ACN 88 80 58 NR NT NT 
SOF-DCM NT 13 10 NT 80 53 
SOF-MeOH NT 28 57 NT 53 30 
XOC-ACN NR NT NT NR NT NT 
XOC-DCM NT NT NT NT NT NT 
XOC-MeOH NT 53 IS NT NT NT 

a Mutagenic response compared with TA98- S9 activity (see Tables 36 and 37). 

b NR = no response above spontaneous revertant levels; NT = not tested; SL = sample lost; IS = insufficient sample to test. 

presented in Tables 40 and 41 for the remaining PAHs and 
nitro-PAHs, respectively. The ANOVA results for all four 
methods are presented in Appendix Tables J.13 and J.14 for 
the SOF and XOC samples, respectively. In general, very 
similar values were obtained with all of the procedures. 
The main exception to this was when all or nearly all values 
per data set were less than the MDL. This resulted in me
dians of zero for procedure A, and no ANOVA statistics 
were calculable for BkF and BaP in the XOC (Appendix Ta
ble J.14). 

Some significant differences at the a = 0.05 level were 
found using these median techniques. For the SOF compar
isons, trap usage had significant effects on concentrations 
of BbF at mode 9 and 7NBaA at both modes; in all cases, 
concentrations of these compounds were lower when the 
traps were used. Concentrations of 7NBaA were also signif
icantly different between modes, with mode 11 baseline 
and trap values higher than those at mode 9. In contrast, the 
trap had no significant effect on compound concentrations 
in the XOC at either mode. There were significant differ
ences in concentrations of 6-nitrochrysene (6NC) and lNP 
+ 1,3DNP between modes, with the higher levels again 
found at mode 11. 

Because of the high level of variability found with some 
of these analyses and the large number of samples with 
values less than the MDL, a range of values found for each 
compound by mode and fraction (SOF or XOC) is presented 
in Table 42 for the PAHs and Table 43 for the nitro-PAHs. 

Table 39. Raw Exhaust Concentrations of Fluoranthene, 
Pyrene, and Chrysenea 

P AH Concentrationsb 

Mode and 
(ng/m3) 

Condition Fraction nc FLU PYR CHR 

9 Baseline SOF 2 1,300 30 150 
(52) (87) (93) 

xoc 2 1,800 310 NDd 
(7.4) (8.4) 

9 Trap SOF 4 290 88 28 
(85) (60) (68) 

xoc 6 1,800 360 ND 
(28) (23) 

11 Baseline SOF 2 590 91 140 
(6.5) (4.0) (20) 

xoc 2 2,600 460 ND 
(14) (18) 

11 Trap SOF 2 900 420 110 
(110) (55) (13) 

xoc 2 3,600 1,100 ND 
(29) (29) 

a All data sets have no values below the MDLs. 

bEach value is reported as the mean of means (CV in %). 

c n = number of test dates. 

d ND = not determined because data set contains values below the MDLs. 
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Table 40. Raw Exhaust Levels of PAHs for Which the Concentrations for Some Samples Were Below the 

Minimum Detection Limits 

P AH Concentrationsb 
(ng/m3) 

Mode and Condition Fraction na BaA CHR BbF BkF 

9 Baseline SOF 2 140 NDC 90 3.4 
(79) (50) (96) 

xoc 2 140 21 1.1 1.0 
(24) (130) (21) (2.8) 

9 Trap SOF 4 13 ND 2.8 0.50 
(170) (29) (55) 

xoc 6 19 13 1.1 0.99 
(86) (60) (100) (88) 

11 Baseline SOF 2 170 ND 43 3.8 
(19) (25) (94) 

xoc 2 200 11 1.3 1.5 
(13) (123) (39) (39) 

11 Trap SOF 2 30 ND 50 0.80 
(21) (7.4) (28) 

xoc 2 150 27 0.77 0.86 
(64) (31) (50) (52) 

a n ~ number of test dates. 

BaP 

3.9 
(100) 
0.60 
(120) 
0.71 
(18) 
0.69 
(59) 

2.7 
(71) 
0.15 
(40) 
5.9 
(18) 
0.90 
(51) 

b Each value is presented as the mean of daily medians (CV in %) calculated using model C, in which the calculated MDL value for the sample mass analyzed 
is replaced by the value MDL/2. 

c NO ~ not determined because all values are greater than the MDL; means presented in Table 39. 

Table 41. Raw Exhaust Levels of Nitro-PAHs for Which the Concentrations for Some Samples Were Below the 

Minimum Detection Limits 

Nitro-PAH Concentrationsb 
(ng/m3) 

Mode and Condition Fraction na 1NP + 1,3DNP ZNF 3NFL 6NC 7NBaA 

9 Baseline SOF 2 11 8.7 1.5 5.8 3.1 
(120) (56) (11) (90) (36) 

XOC 2 0.99 5.1 1.0 1.7 4.8 
(2.9) (100) (3.5) (69) (69) 

9 Trap SOF 4 5.2 7.0 0.71 0.64 0.63 
(130) (57) (27) (29) (51) 

XOC 6 19 12 0.73 1.0 13 
(100) (230) (58) (76) (170) 

11 Baseline SOF 1c 30 5.6 1.6 2.7 4.2 
xoc 2 110 12 2.7 5.3 29 

(48) (120) (44) (4.0) (2.0) 

11 Trap SOF 3 24 17 2.2 5.8 7.0 
(92) (54) (82) (86) (130) 

xoc 2 33 9.2 4.2 4.9 2.3 
(120) (110) (93) (71) (12) 

8 n ~ number of test dates. 
b Each value is presented as the mean of daily medians (CV in %) calculated using model C, with the MDL calculated value for the sample mass analyzed 

replaced by the value MDL/2. 

c Only one sample obtained at this mode and condition. 
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Table 42. Range of Raw Exhaust PAR Concentrations 

PAR Concentration Range 

Mode and 
(ng/m3) 

Condition Fraction FLU PYR BaA CRR BbF BkF BaP 

9 Baseline SOF 520-23,000 8.1-84 24-310 24-340 6.1-190 < 1.7-24 < 1.4-22 
xoc 1,300-2,200 120-590 82-190 1.4-49 < 85a < 2.8b < 2.9b 

9 Trap SOF 57-2,100 13-380 < 1.1-76 4.6-110 < 0.97-52 < 2.4b < 0.14-1.3 
xoc 88-3,000 99-580 < 0.37-48 < 0.35-45 <0.15-11 < 3.ob < 3.1b 

11 Baseline SOF 410-780 69-130 120-310 23-360 15-68 < 1.9-6. 7 < 1.3-5.2 
xoc 2,100-3,500 390-650 160-280 < 0.31-40 < 4.ob < 4.6b < 4.8b 

11 Trap SOF 190-2,900 260-790 88-220 12-230 < 1.2-95 < 1.9b < 1.4-13 
xoc 730-6,500 690-1,600 8.1-400 < 8.7-450 < 0.96-180 < 34a < 2.9b 

a Above the MDL value for one sample only. 

b No values greater than the MDL; MDL values are presented in Appendix Tables J.1, J.3, }.5, and J.7. 

Table 43. Range of Raw Exhaust Nitro-PAR Concentrations 

Nitro-PAR Concentration Range 

Mode and 
(ng/m3) 

Condition Fraction 1NP + 1,3DNP 2NF 3NFL 6NC 7NBaA 1,6DNP 1,8DNP 

9 Baseline SOF < 2.1-21 5.3-23 < 1.4a 2.1-13 0.60-3.9 21-79 < 47b 
xoc < 2.7c 2.1-9.9 < 2.8c 1.7-2.5 2.5-9.5 < 8.4b < 62b 

9 Trap SOF 0.86-25 < 2.0-21 < 2.1c < 0.88-4.3a 0.14-2.1 < 86b < 36b 
xoc 0.13-45 < 0.12-69 0.015-13 0.69-8.0 < 0.34-60 < 69b < 2oob 

11 Baseline SOF < 3.8-38 5.2-5.6 0.17-2.0 < 0.27-0.76 < 4.0-7.2 < 32b < l.Oc 
xoc 12-190 1.8-28 3.4-12 < 0.65-12 14-63 < l.Oc < 910b 

11 Trap SOF < 3.8-47 7.4-18 < 0.56-4.2 1.6-11 < 1.3-18 < 110b < llb 
xoc < 1.1-65 < 2.1-26 < 1.1-7.5 < 0.95-7.9 < 1.1-14 < 77b < 85a 

a Above the MDL value for one sample only. 

b MDL not determined, but known to be less than 1.0 ng/m3 for both the 1,6- and 1,8-dinitropyrenes. 

c No values> MDL; MDL values presented in Appendix Tables J.Z, J.4, J.6, and J.B. 

The PAR compound present in highest concentration in 
SOF and XOC is FLU, with levels generally greater than 
1 ~g/m3 of raw exhaust. All the remaining PARs and nitro
PARs analyzed were present at concentration levels of less 
than 1 ~g/m3 , with levels decreasing, for the most part, 
with increasing molecular weight. As expected, the propor
tion of analytes found in the vapor phase (compared to 
SOF) decreased with increasing molecular weight as well. 
Benzo[a]pyrene was the only PAR compound not detected 
in any of the XOC samples. Benzo[k]fluoranthene was not 
commonly present above the detection limit in any samples 
except the baseline SOF. 

Although MDLs were not determined for the dinitropy
renes, quantitative results are reported for those com
pounds in Table 43. These compounds appear to be present 
in both the SOF and XOC (on the basis of RPLC and fluores-

cence data) and there may be some difference in SOF and 
XOC partitioning of these compounds, especially for base
line operation. 

On a qualitative basis (using RPLC and fluorescence), 
DMA was found in both the SOF and XOC for all but the 
mode 9 trap samples. Benzo[e]pyrene or DMA or both were 
probable components of the SOF and XOC for baseline 
modes 9 and 11, and also ofthe SOF of both trap modes, but 
not the XOC. 

The expected (and observed) variability for these analyses 
was greater than that expected (and found) for measure
ments requiring less sample manipulation such as the TPM 
and SOF. Many of the ANOVA tables containedp values be
tween 0.05 and 0.10 for the mode, condition, and interaction 
terms (Appendix Tables J.12 through J.14). Therefore, a 
reexamination of the ANOVA tables using a significance 
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level of 0.10 resulted in several additional comparisons that 
showed significant differences between mode and trap us
age. For the SOF comparisons, using the trap also had sig
nificant effects on BaA, CHR, and BkF concentrations at 
both modes, and PYR, BaP, and 6NC concentrations at 
mode 9. An additional significant difference was found in 
BaA concentrations in the two modes. For the XOC compar
isons, additional significant differences between baseline 
and trap conditions were found for BaA for both modes, 
and for lNP + 1,3DNP for mode 11. Concentrations of PYR 
and BaA were also significantly different in the two modes. 
These additional comparisons confirm the general trends 
noted above for decreases in PAH and nitro-PAH concentra
tions with trap use and higher concentrations at mode 11 
than at mode 9. 

Response with Bioassay Sampler 

The second flow-through bioassay sampler was used with 
12 tests with the Cummins engine (Table 44), with at least 
two tests at each steady-state operating condition with and 
without the trap. Most tests were conducted at mode 11 base
line conditions because this was the most extensively used 

operating condition to check out collection systems and 
other operating parameters. Based on revertants x 103fm3 
of filtered diesel exhaust flowing through the sampler, there 
is a general trend toward fewer revertants x 103/m3 with in
creased exposures. 

However, for most of the tests listed in Table 44, the re
sponse of the TA98 and TA100 tester strains did not exceed 
the control levels when they were exposed to filtered diesel 
exhaust, and these control values were often higher than 
the test values. Furthermore, the control and diesel-exposed 
responses are greater than the spontaneous revertant levels, 
that is, those observed when dishes with cells are prepared 
and placed directly into a 37°C incubator. These effects 
could be related to (1) a temperature difference between the 
control and diesel bioassay samplers (up to 10°C difference) 
and between the bioassay conditions and the spontaneous 
revertant incubation conditions; and (2) the placement 
of the control bioassay sampler for conducting the flow
through study. 

Even with the first bioassay sampler, the XOC trap acted 
as a heat sink, lowering the filtered dilute exhaust tempera
ture from a filter-face temperature of 40°C to an exhaust tern-

Table 44. Response of Tester Strains TA98 and TA100 (- S9) to Filtered Diesel Exhaust Using 
the Bioassay Sampler 

Diesel Control 

Sampling T A98 Revertants TA100 Revertants T A98 Revertants TA100 Revertants 
Mode and Test Time Temperature Temperature 
Condition Number (minutes) m3 ('C) /dish" /m3 /dish" /m3 ('C) /dish" /m3 /dish" /m3 

9 Baseline 109B012989 159 4.5 31 80 18 420 93 34 110 24 550 120 
(12) (12) (29) (29) (9) (9) (6.5) (6.5) 

109B030789 NOb NO NO NO NO NO NO NO NO NO NO NO 
9 Trap 109T092288 119 3.3 DNb 64 19 230 70 NR 73 22 478 145 

(7.7) (7.7) (9.0) (9.0) (8.0) (8.0) (8.0) (8.0) 
109T100688 179 5.0 NR 64 13 290 58 NR 95 19 389 78 

(8.0) (8.0) (25) (25) (16) (16) (16) (16) 

11 Baseline 111B101188c 60 1.7 36 78 46 420 247 26 81 48 569 335 
(11) (11) (24) (24) (6.7) (6.7) (78) (78) 

111B101588c 91 2.5 32 61 24 305 122 24 79 32 400 192 
(6.7) (6.1) (316 (31) (9.6) (6.7) (43) (43) 

111B110888 152 4.3 37 35 8 NT NT 27 52 12 NT NT 
(7) (7) (8.2) (8.2) 

111B111588 81 2.3 34 58 25 145 63 27 83 36 253 110 
(4.6) (4.6) (2.6) (2.6) (2.3) (2.3) (13) (13) 

111B120888 180 5.0 27 92 18 355 71 27 102 20 412 82 
(17) (17) (5.2) (5.2) (11) (11) (7.3) (7.3) 

111B012289 183 5.1 31 46 11 185 36 31 53 10 180 35 
(12) (12) (14) (14) (6.6) (6.6) (18) (18) 

11 Trap 111T011389 21.5 0.60 27 39 65 168 280 32 45 75 187 312 
(13) (13) (15) (15) (12) (12) (37) (37) 

111T021189 NO NO NO NO NO NO NO NO NO NO NO NO 

a Each value is reported as the mean (CV in%) of four replicates; spontaneous revertant levels (mean, CV in%) for all runs were 36 (22) and 177 (20) for 
TA98 and TA100, respectively; positive control responses (mean, CV in%) for all runs were 692 (19) (3.2 ~g sodium azide/dish) and 1,040 (17) (1.56 ~g 
2-nitrofluorene/dish) for TA98 and TA100, respectively. 

bND not determined because DNPH from aldehyde sampler contaminated bioassay sampler; ON ~ data not recorded; NT ~ not tested. 

c XOC sampler not used after 47-mm filter. 
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perature as low as 22°C entering the bioassay sampler. Sev
eral tests were conducted to determine whether an initial 
incubation at 25°C, 30°C, or 35°C for up to two hours would 
result in differences in either spontaneous revertant levels 
or responses to positive controls compared to immediate 
dish incubation at 37°C. No differences in responses were 
found for either TA98 or TA100. The differences in exposure 
temperatures between the two samples should not have 
been the major cause of the high responses in the control 
bioassay sampler. The length of the Tygon tubing connect
ing the XOC trap to the bioassay sampler was shortened, 
resulting in less heat loss (as shown in Figure 10). 

The increases in the response levels of the control sam
pler tester strain could have been due to some exposure to 
diesel exhaust vapor-phase organic compounds. In order to 
achieve air temperatures closer to those in the diesel sam
plers, the control samplers were placed in the engine test 
cell, with the test cell air containing some diesel exhaust 
and other types of fumes. A run with only the control bioas
say sampler was conducted with the sampler in the test cell, 
but without the engine operating. No increase above spon
taneous revertant levels (for dishes immediately placed at 
37°C) was observed for either TA98 or TA100 when they 
were exposed to filtered test cell air for 30, 60, 90, or 120 
minutes. 

Several tests then were conducted with the control bioas
say sampler placed in a completely separate room with 
tester strain exposure for the same time period at approxi
mately the same temperature as the diesel bioassay sampler 
tests (tests L11B012289 and L11T013189). The control sam
pler tester strain responses were equivalent to the spontane
ous revertant levels. However, the diesel-exposed results 
were also equivalent to the spontaneous revertant levels. 
This could indicate that (1) no mutagenic material that could 
be detected by these tester strains was present in the filtered 
diesel exhaust, (2) mutagenic and toxic material was pres
ent (negating any mutagenic response), or (3) mutagenic 
material that could have been detected was present but the 
flow rate was too fast to allow for the materials to diffuse into 
the assay dishes. 

Further use of the flow-through bioassay sampler was dis
continued after DNPH from the aldehyde sampler contami
nated the dishes during two tests on L11T021189 and 
L09B030789 (Table 44). It was decided that too many sam
ples were being taken after the 47-mm filter, which made it 
difficult to obtain accurate measurements with other com
ponents of the 47-mm filter system. 

Regeneration Tests 

Nine controlled regeneration emission samples were ob
tained during Phase II. Five of the samples were collected 

from the regenerating trap initially loaded at EPA mode 9 
(designated 9R-1 through 9R-5), and the remaining four 
were collected from the regenerating trap initially loaded at 
EPA mode 11 (designated 11R-1 through 11R-4). Detailed 
data for the mode 9 and 11 regeneration runs are presented 
in Appendix Tables J.1 and J.2, respectively; additional 
data and discussion are presented in Laymac (1989). 

Temperature Profiles During Regeneration 

Temperature measurements from the six type K ther
mocouples that were placed at various positions within the 
trap (Figure 19) were used to obtain axial and radial temper
ature profiles during periods of controlled regeneration. 
The results of these profiles were used to (1) observe the 
changes in the oxidation rate of the particles during the 
controlled regeneration process and describe the factors 
that could have produced these changes; and (2) define the 
location of the combustion wave front in the trap core, so 
that a correlation could be made between the wave front lo
cation and the measured NOx, HC, and particle volume 
concentrations. 

Axial temperature profiles for a typical run during con
trolled regeneration for the trap initially loaded at modes 
9 (9R-5) and 11 (11R-4) are found in Figures 20 and 21, 
respectively. The other data for the additional runs show 
similar trends. These figures also show the temperature 
versus time curve plotted for the thermocouple positioned 
at the front trap face. The sharp decrease in this temperature 
curve indicates when the particle combustion process was 
occurring without the aid of the electrical heating element. 

The measured peak core temperatures, listed in Table 45, 
were all within the desired range at mode 11. Peak tempera
tures at mode 9 were significantly different (p = 0.0028), 
and all were below the desired range of 815°C to 980°C. Ta
ble 46 lists the initial temperatures for each of the six ther-

AXIAL VIEW 
RADIAl. VI El'l 

Figure 19. Thermocouple locations in the ceramic particle trap. 
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Figure 20. Axial temperature profile during controlled regeneration of the 
trap initially loaded at mode 9 (9R-5). TIC = thermocouple. 

mocouple locations for all nine regeneration tests. The 
mode 9 and 11 initial temperatures were significantly 
different (p = 0.001). The initial trap core temperatures at 
mode 11 were also much more uniform than at mode 9. 
There were no significant differences among the mode 11 
initial temperatures (p = 0.704), but there were significant 
differences among mode 9 initial temperatures (p = 0.001). 
Significant differences in temperature occurred between 
some thermocouple locations as regeneration progressed 
through the trap (Table 46); mean values at locations A 
through C, C and E, and D through F were not significantly 
different from each other. The differences may have 
resulted in significant effects on the combustion process at 
each mode because oxidation rates are sensitive to temper
ature. 
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Figure 21. Axial temperature profile during controlled regeneration of the 
trap initially loaded at mode 11 (11R-4). TIC = thermocouple. 

Peak regeneration temperatures at mode 9 were, in 
general, approximately 50°C to 100°C lower than those at 
mode 11. The time required for the flame front to pass 
through the trap was approximately six minutes for mode 
9 and four minutes for mode 11. The difference in flame 
front velocity can be attributed to different particle loadings 
and peak temperatures during regeneration. 

Radial temperature profiles for a typical run during con
trolled regeneration of the trap initially loaded at steady
state modes 9 and 11 are shown in Figures 22 (9R-5) and 23 
(11R-4), respectively. The thermocouple at location D 
(closest to the perimeter of the trap) was not functioning 
properly, as seen from the erratic temperature-time curve in 
Figure 22. For this reason, that location was not considered 
when analyzing the mode 9 radial profile results. Rather, it 
was assumed that the general trend of the curve from D at 
mode 11 was similar (in terms of the thermal gradient and 

Table 45. Loading Times, Peak Regeneration Core Temperatures, and Final Pressure Drops Across the Trap 

Loading Time Peak Core Temperature Final Pressure Drop Calculated TPM Mass 
Mode Test Number (hours) (OC) (em Hg) (g)a 

9 9R-1 6.42 734 8.8 129 
9R-2 7.58 784 8.9 152 
9R-3 7.67 788 8.8 154 
9R-4 8.17 734 8.5 164 
9R-5 8.50 721 8.5 171 

Mean 7.69 752 8.7 154 
(CV in%) (10) (4.2) (2.2) (82) 

11 11R-1 6.17 870 9.6 82 
11R-2 5.83 881 10.4 77 
11R-3 6.67 854 8.7 88 
11R-4 6.42 809 9.0 85 
Mean 6.27 856 9.4 83 

(CV in%) (5.3) (3.7) (8.0) (5.7) 

a Mass calculated from equation (2) in the text. 
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Table 46. Initial Trap Core Temperatures at 
Thermocouple Locations A through F8 

Mode Test Number 

9 9R-1 
9R-2 
9R-3 
9R-4 
9R-5 
Mean 

A 

461 
479 
482 
460 
474 
471 

Initial Temperature at 
Thermocouple Location 

(OC) 

B c D E 

461 441 376 425 
478 463 419 456 
486 471 388 436 
459 446 367 402 
466 452 351 382 
470 455 380 420 

F 

433 
429 
409 
385 
367 
405 

(CV in%) (2.2) (2.5) (2.7) (6.7) (6.9) (7.0) 

11 11R-1 
11R-2 
11R-3 
11R-4 
Mean 

(CV in%) 

304 
308 
420 
414 
362 
(18) 

275 
294 
421 
420 
353 
(22) 

322 307 323 315 
328 311 329 320 
408 326 353 354 
392 325 368 332 
363 317 343 330 
(12) (3.1) (6.1) (5.3) 

a The locations of the thermocouples are shown in Figure 19. 

approximate time of particle oxidation) to that at mode 9, 
based on the similarities between curves A and B in both 
modes. 

The fastest measured temperature increase, or largest 
temperature gradient, occurred at trap location B, even 
though thermocouples A, B, and D were at the same axial 
position. Assuming the trap core was evenly loaded with 
particles and there was an even air distribution in the core 
segment where the radial temperature measurements were 
being taken, then the difference in the reaction rates could 
only be a result of differences in the radial substrate temper
atures, both before and during controlled regeneration. The 
temperatures at locations A and B were lower than at D be
cause of the heat lost to the cemented region in the center 
of the trap and the outer wall. These regions acted as heat 
sinks, absorbing the accumulated energy during regenera
tion. Consequently, the temperature gradient and speed of 
the combustion wave were reduced near these regions. 

Oxides of Nitrogen, Hydrocarbon, and Particle Volume 
Concentrations During Regeneration 

Emission data were collected continuously from the HC 
and NOx analyzers, as well as from the EAA for eight of the 
nine regeneration tests to provide information regarding the 
transient nature of the trap. Particle size data were recorded 
from the EAA throughout the entire regeneration period. 
One set of data points was collected every 2 to 2 .5 minutes, 
producing a total of 9 to 13 sets for each regeneration (sum
marized in Appendix Tables 1.3 and 1.4). The mean nuclei 

~0 o- ·~~~;-·~~~.,~,~~w~~~~20 ~~ 

Time (minutes) 

Figure 22. Radial temperature profile during controlled regeneration of 
the trap initially loaded at mode 9 (9R-5). TIC ~ thermocouple. 

and accumulation-mode diameters are not provided in Ap
pendix Table I.3; throughout the regeneration process the 
size distribution changed, and, therefore, only the total 
number and volume data could be determined. The total 
volume and the NOx and HC concentrations were plotted 
for tests 9R-5 and 11R-4, resulting in the curves shown in 
Figures 24 and 25, respectively. For each mode, the volume 
concentration increased toward the middle of regeneration, 
with the highest concentration occurring near the end of 
regeneration. This correlates with the peak temperature ob
served at the thermocouple nearest the trap outlet (loca
tion E). 

Once the combustion wave traveled the length of the trap, 
particle combustion ended and the trap began to cool (com
bustion wave extinction). However, because oxidation rates 
varied radially in the trap (as shown from the radial profile 
results), the time at which the combustion wave reached 
the outlet also varied. The parts of the combustion wave 
where the oxidation rate was fastest were first to reach the 
trap outlet. As a larger portion of the combustion wave ar-
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Figure 23. Radial temperature profile during controlled regeneration of 
the trap initially loaded at mode 11 (11R-4). TIC ~ thermocouple. 
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Figure 24. Top: Total particle volume as determined by the EAA. Bottom: 
NOx (0), and HC ( x) concentrations during mode 9 controlled regenera
tion (9R-5). 

rived at the outlet, the overall particle oxidation rate de
creased, as seen from the more rapid decrease in NOx con
centration. During this time, the volume concentration 
began to increase; the origin of these particles is not under
stood. 

Evaluation of Regeneration Run Sampling Variability 

The particle mass loading in the trap was determined by 
assuming a trap collection efficiency, knowing the baseline 
engine output, and recording the loading time. The loading 
times, peak regeneration temperatures, final pressure drop 
across the trap, and calculated mass loadings are shown in 
Table 45. The mass loading should be directly related to the 
pressure drop across the trap with the higher loadings cor
responding to the higher pressure drops (Simon and Stark 
1985). The mass loadings and pressure drops for mode 9 
shown in Table 45 do not follow this trend. Figure 26 shows 
the trap pressure drop versus loading time for both modes 
9 and 11. At mode 11, the loading is linear, as expected, but 
at mode 9, the pressure drop increases and then levels off. 
This indicates that partial regeneration is occurring. The 
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Figure 25. Top: Total particle volume as determined by the EAA. Bottom: 
NOx ( 0), and HC ( x) concentrations during mode 11 controlled regenera
tion (11R-4). 

amount of particles entering the trap equals the amount 
of particles being oxidized. This condition is called con
tinuous regeneration (Weidemann and Neumann 1985), 
and, therefore, actual mass loadings at mode 9 were quite 
variable. 

Variations in TPM masses and in the contributions of the 
SOL, SOF, and S04 are shown in Figure 27 and Table 47. 

Because sampling was stopped near the time period when 
the largest particle volume concentration was observed, 
small increases or decreases in sampling time resulted in 
large variations in the mass of particles collected. This is 
shown in Appendix Figure I.1 from the relationship be
tween the total measured particle volume and the collected 
TPM mass. The total particle volume values shown in 
Figures 28 and 29 were calculated by integrating the parti
cle volume concentrations over the entire sampling period 
and multiplying that value by the regeneration exhaust flow 
rate. 

The slope obtained from the best fit linear curve in Ap
pendix Figure I.1 represents the density of the regeneration 
particles. Assuming that the EAA measures 90% of the total 
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Figure 26. Total pressure drop versus time curves for modes 9 
(L09T040889; x) and 11 (L11T033089; 0) during trap-loading period. 

particles emitted for combustion aerosols, a corrected den
sity can be determined by multiplying the density in Ap
pendix Figure I.1 by 0.9 to obtain a density of 2.18 g/cm3 . 

This density value falls within the 0.5 to 2.8 g/cm3 diesel 
particle density range determined using the same EAA 
sampling train and TPM masses collected on 47-mm filters 
at baseline and trap operating conditions (Wiczynski and 
Johnson 1986). 

Table 47 also shows that some of the samples were col
lected using two filters. This was done because the first 203-
x 254-mm filters ripped along the creases due to the pres

sure difference across the filter produced from the vacuum 
pressure created by the Roots blower during sampling. 
(These creases resulted from folding the filter, which was 
thought to be necessary for weighing because of the small 
size of the balance pan.) When two filters were placed in 
the filter holders, one on top of the other, the filters did not 
tear. Before the last test was run (11R-4), it was found that 
the filter could be weighed by rolling it, without creating 
creases, and thus, only one filter was used to collect the 
TPM. The fact that the TPM was collected on one filter for 
some regeneration tests and on two filters for others may 
have contributed to variations in the percentage of TPM 
composition. A large degree of variability was also noted 
for some of the NOx, HC, and XOC masses, particularly at 
mode 11 (Table 48). 

Comparison of Trap, Baseline, and Regeneration 
Emissions 

Total particulate matter and SOF masses collected during 
controlled regeneration were only compared with those 

Table 47. Percentage of Composition for Total 
Particulate Matter Masses Collected During 
Controlled Regeneration 

Test TPM Mass 
Mode Number na (mg) % SOF %804 %SOL 

9 9R-1 1 4.4 41 20 39 
9R-2 1 4.1 39 43 18 
9R-3 2 5.4 2 18 80 
9R-4 2 3.8 11 11 78 
9R-5 2 4.7 53 18 29 
Mean 4.5 29 22 49 

(CV in%) (14) (74) (56) (59) 

11 11R-1 1 71 68 7.7 24 
11R-2 1 25 40 43 17 
11R-3 2 12 3 45 52 
11R-4 1 42 42 32 26 
Mean 37.2 38 32 30 

(CV in%) (69) (70) (54) (52) 

an ~ number of filters used. 
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Figure 27. Total particulate matter masses collected on 203· x 254-mm 
filters during controlled regenerations. 
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Figure 28. Total particle volume concentration as measured by the EAA versus sampling regeneration time during mode 9 controlled regenerations. 

baseline and trap values collected on the 508- x 508-mm 
filters. This was done because the 203- x 254-mm filter han
dling procedures after exposure to the dilute regeneration 
exhaust were similar to the 508- x 508-mm filter handling 
procedures. Only TPM and SOF data collected from the 
time oftest L11B022289 and afterward were considered, be
cause before this date, leaks were present in the 508- x 508-
mm system XOC sampler. Because of the high degree of 
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variability found with much of the regeneration data, only 
qualitative comparisons were made. 

Total particulate matter and SOF masses were converted 
to average mass emission rates for each regeneration (Table 
49). Although it was stated earlier that regeneration TPM 
masses varied greatly from test to test, even the largest TPM 
mass emitted represented less than 0.1% of the total mass 
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Figure 29. Total particle volume concentration as measured by the EAA versus sampling regeneration time during mode 11 controlled regenerations. 
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Table 48. Oxides of Nitrogen, Hydrocarbon, and 
XOC Masses During Controlled Regeneration 

NOx Mass HC Mass XOC Mass 
Mode Test Number (mg) (mg) (mg) 

9 9R-1 1,100 62 30.82 
9R-2 960 88 su 
9R-3 1,200 81 128.82 
9R-4 1,000 64 30.86 
9R-5 1,000 49 26.72 
Mean 1,050 68.8 54.3 

(CV in%) (9.3) (22.7) (91.5) 

11 11R-1 ND8 ND 84.6 
11R-2 1,800 195 69.4 
11R-3 380 93 SL 
11R-4 1,200 95 12.92 
Mean 1,230 128 55.6 

(CV in%) (63.3) (45.3) (67.9) 

a SL = sample lost; NO not determined due to instrumentation 
difficulties. 

in the trap before controlled regeneration. The high burn ef
ficiency during regeneration produced average controlled 
regeneration TPM emission mass rates that were one to two 
orders of magnitude lower than those collected at baseline 
and trap sampling conditions, as shown in Table 49. How
ever, when considering the baseline exhaust that was also 
emitted during controlled regeneration, the TPM emission 
rate averaged over the entire particle loading and regenera
tion cycle of the trap was large. The calculations in Table 
50 indicate what the emission rates would be (mg/min) if 
there were only one trap used and during regeneration the 
bypass emissions were emitted to the atmosphere. As dis
cussed before, typically two traps would be used in paral-

Table 49. Mass Emission Rates for Total Particulate 
Matter and SOF at Different Sampling Conditions 

SOF Rate 
Mode and Test TPM Rate (mg/ 
Condition Number (mg/minute) minute) 

9 Regeneration 9R-1 0.18 0.075 
9R-2 0.21 0.082 
9R-3 0.22 0.004 
9R-4 0.12 0.013 
9R-5 0.27 0.096 

Mean (CV in%) 0.20 (28) 0.054 (78) 
9 Trap8 Mean 42 (20) 10 (22) 
9 Baseline8 Mean 470 (2.7) 130 (7.0) 

11 Regeneration 11R-1 3.29 2.23 
11R-2 1.17 0.47 
11R-3 0.644 0.022 
11R-4 1.76 0.73 

Mean (CV in %) 1.72 (67) 0.86 (110) 
11 Trap8 Mean 79 (2.0) 43 (0.3) 
11 Baseline8 Mean 354 (4.9) 100 (18) 

a Each value is presented as the mean of means (CV in %) for tests from 
L11B022289 to L09B051389. 

lei. From examining the data in Tables 49 and 50, it was ap
parent that, for modes 9 and 11, the time-averaged mean 
mass emissions for TPM and SOF generally increased, due 
to the inclusion of baseline and regeneration emissions 
during the controlled regeneration bypass period. 

Using the empirically determined density of 2.18 g/cm3 , 

peak regeneration volume concentrations were converted to 
mass concentrations for each regeneration and compared to 
those measured at baseline and trap conditions using the 
following equation: 

Table 50. Time-Averaged Emission Rates for Total Particulate Matter and SOF Assuming One Trap and the 
Exhaust Bypassed During Regeneration 

Loading Time Sample Time f8 Emission Rate for TPMb Emission Rate for SOFb 
Mode Test Number (hours) (hours) (%) (mg/minute) (mg/minute) 

9 9R-1 6.42 0.400 5.9 67.1 17.0 
9R-2 7.58 0.326 4.1 59.6 14.9 
9R-3 7.67 0.408 5.1 63.6 16.1 
9R-4 8.17 0.510 5.9 67.1 17.1 
9R-5 8.50 0.433 4.9 62.8 15.8 

Mean (CV in %) 7.69 (12) 0.415 (16) 5.2 (15) 64.0 (4.9) 16.2 (5.6) 

11 11R-1 6.17 0.358 5.8 94.4 46.3 
11R-2 5.83 0.353 5.7 95.3 46.6 
11R-3 6.67 0.298 4.2 90.8 45.4 
11R-4 6.42 0.398 5.8 95.1 46.4 

Mean (CV in %) 6.27 (5.7) 0.352 (12) 5.4 (15) 93.9 (2.2) 43.2 (1.2) 

a f = fraction of time exhaust is bypassed. 
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Table 51. Calculated Mass Emission Concentrations for 
Total Particulate Matter and SOF at Different 
Sampling Conditions 

Mode and 
Condition 

9 Regeneration 

9 Trapa 
9 Baselinea 

11 Regeneration 

11 Trapa 
11 Baselinea 

Test Number 

9R-1 
9R-2 
9R-3 
9R-4 
9R-5 

Mean (CV in %) 
Mean 
Mean 

11R-1 
11R-2 
11R-3 
11R-4 

Mean (CV in %) 
Mean 
Mean 

TPM SOF 
(mg/m3) (mg/m3) 

6.73 2.76 
6.87 2.68 
NDb ND 
2.69 0.30 
3.32 1.76 

4.90 (45) 1.88 (61) 
3.20 (31) 0.86 (28) 
34.1 (12) 9.46 (17) 

51.9 35.2 
22.1 8.84 
38.6 1.16 
32.7 13.7 

36 (34) 14.7 (99) 
9.13 (18) 4.89 (20) 
39.1 (11) 12.2 (13) 

a Baseline and trap emission rates are converted mass emission rates from 
data in Appendix H. 

b NO = not determined, as no EAA data were collected. 

Concmass = ?corrected x ConcEAA x Cz (4) 

where Concmass is the mass concentration of TPM 

( mg/m 3 exhaust-standard); P corrected is the corrected particle 
density (2.18 g/cm3TPM); ConcEAA is the peak volume con-

centration from the EAA (J.tm3TPM/cm3 exhaust-standard); and 
C2 is the unit conversion factor (0.001). 

Table 51 shows that, because ofthe low flow rate observed 
during controlled regeneration (0.133 m 3/minute), peak 
regeneration TPM concentrations were similar to concen
trations measured at trap conditions for mode 9 and at base
line conditions for mode 11. 

Because of contributions from the combusting particles 
in the trap and the unfiltered baseline exhaust, the effect of 
controlled regeneration on gaseous emissions was deter
mined by calculating the increase (or decrease) in NOx and 
HC emission rates (Table 52). These values then were aver
aged over the particle loading and regeneration cycle of the 
trap and compared with gaseous emissions measured only 
during the particle loading period (without regeneration). 
The results from this comparison are listed in Table 53. 

This comparison is very similar to that made for con
trolled regeneration TPM emissions (Table 50). The results 
from each comparison, however, were very different. The 
addition of regeneration emissions (Table 52) produced 
only a slight increase in HC emissions (4.5% and 0.8% at 
modes 9 and 11, respectively), and no increase in NOx 
emissions. The difference in results between TPM and 
gaseous regeneration emissions averaged over the loading 
and regeneration cycle can be attributed to the similarities 
in gaseous emissions at baseline and trap conditions. Al
though TPM, NOx, and HC controlled regeneration emis
sions were small when compared with those at baseline 

Table 52. Time-Averaged Mass Emission Rates for Hydrocarbon and Oxides of Nitrogen from the 
Trap at Different Sampling Conditions 

Mode and Condition 

9 Particle loading period 
and regeneration cyclea 

9 Particle loading periodb 

11 Particle loading period 
and regeneration cyclea 

11 Particle loading periodb 

Test Number 

9R-1 
9R-2 
9R-3 
9R-4 
9R-5 

Mean (CV in %) 
Mean 

11R-1 
11R-2 
11R-3 
11R-4 

Mean (CV in %) 
Mean 

a Includes bypass (baseline) emissions during regeneration. 
b See Table 50. 

c NO = not determined due to instrumentation problems. 

68 

Time-Averaged Emission Rate 

HC 
(g/minute) 

0.326 
0.321 
0.323 
0.326 
0.323 

0.324 (0.7) 
0.310 

NDC 
0.720 
0.719 
0.720 

0.720 (0.1) 
0.714 

NOx 
(g/minute) 

18.3 
18.3 
18.3 
18.3 
18.3 
18.3 
18.3 

ND 
4.14 
4.14 
4.14 
4.14 
4.14 
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Table 53. Mass Emission Rates for Hydrocarbon and 
Oxides of Nitrogen at Different Sampling Conditions 

Mode and 
Condition 

9 Regeneration 

9 Trapa 
9 Baselinea 

11 Regeneration 

11 Trapa 
11 Baselinea 

Test Number 

9R-1 
9R-2 
9R-3 
9R-4 
9R-5 

Mean (CV in%) 
Mean 
Mean 

11R-1 
11R-2 
11R-3 
11R-4 

Mean (CV in %) 
Mean 
Mean 

HC Rate NOx Rate 
(g/minute) (g/minute) 

0.0026 0.046 
0.0045 0.049 
0.0033 0.049 
0.0021 0.033 
0.0019 0.040 

0.0029 (37) 0.043 (16) 
0.310 (6.3) 18.3 (2.7) 
0.580 (11) 18.6 (7.9) 

NDb ND 
0.0092 0.086 
0.0052 0.021 
0.0040 0.052 

0.0061 (44) 0.053 (61) 
0.714 (0.3) 4.14 (0.3) 
0.820 (0.3) 3.85 (9.7) 

a Each value is presented as the mean of means (CV in %) for tests from 
L11B022289 to LD9B051389. 

b ND = not determined due to instrumentation difficulties. 

and trap conditions, there was a large increase in TPM 
when exhaust was bypassed, due to the high TPM mass rate 
of the baseline exhaust. This accounted for the increase in 
TPM emissions resulting from the contribution of emis
sions during controlled regeneration. 

Table 54 shows that the averaged XOC mass emission rate 

from the trap during regeneration was roughly 100 times 
lower than the XOC mass rate produced during baseline and 
trap operation. This large difference, however, was not ob
served when XOC raw exhaust concentrations were com
pared (Table 54). The XOC concentrations measured during 
controlled regeneration were comparable to those mea
sured at trap sampling conditions. 

Mutagenicity of Regeneration Emissions 

Mutagenicity assays were conducted on the SOF and 
XOC collected from all nine of the regeneration tests listed 
in Table 45. All samples were tested twice with S9; only one 
sample showed any toxicity that might have masked a muta
genic response. Samples from only two of the mode 11 tests 
showed activity (Table 55). There was insufficient sample 
mass to test these samples with the nitroreductase-deficient 
and a-transacetylase-deficient tester strains. 

The two mode 11 regeneration SOF samples had similar 
responses in terms of percentages of SOF and mutagenicity 
with TA98 with and without S9, whether as revertants/J,tg 
SOF or TPM, revertants x 103/m3 , or revertants/minute. As 
with some of the mode 11 trap SOF samples (Table 33), 
using S9 resulted in a decrease in mutagenic response. The 
one XOC sample showing activity did so only with S9; the 
XOC response was approximately 25% to 30% lower than 
the corresponding regeneration SOF sample on both a mass 
and raw exhaust basis. On a mass basis, all of the regenera
tion samples had higher levels of activity than the corre-

Table 54. Mass Emission Rates and Concentrations for XOC at Different Sampling Conditions 

Mode and 
Condition 

9 Regeneration 

9 Trapc 
9 Baselinec 

11 Regeneration 

11 Trapc 
11 Baselinec 

Test Number 

9R-1 
9R-2 
9R-3 
9R-4 
9R-5 

Mean (CV in %) 
Mean 
Mean 

11R-1 
11R-2 
11R-3 
11R-4 

Mean (CV in %) 
Mean 
Mean 

a Includes bypass (baseline) emissions during regeneration cycle. 

b ND = not determined; no XOC data available. 

XOC Rate 
(mg/minute) 

1.28 
NDb 
5.26 
1.01 
1.03 

2.14 (97) 
119 (30) 
380 (24) 

3.93 
3.28 
ND 
0.54 

2.58 (70) 
363 (31) 
404 (14) 

c Each value is reported as the mean of means (CV in%) for runs from L11B022289 to L09B051389. 

xoc 
(mg/m3) 

1.1 
ND 
46 

8.9 
9.1 

16.3 (124) 
9.19 (30) 
28.0 (24) 

34.8 
29.2 
ND 
4.77 

22.9 (70) 
41.1 (31) 
42.8 (8.1) 

xoca 
(mg/minute) 

134 
ND 
132 
134 
132 

133 (1.0) 

366 
368 
ND 
365 

366 (0.4) 
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Table 55. SOF and XOC Samples Emitted During Trap Regeneration Demonstrating Mutagenicity in TA98a 

SOF orXOC TPM Raw Exhaust 

Revertants/~g Revertants/~g Revertants/m3 Revertants/min 
Fractionc TPM (X 103) (X 103) 

Extractable 
Mode Test Number Fraction Massb (g) - S9 + S9 - S9 + S9 % SOF - S9 + S9 - S9 + S9 

11 11R-2 SOF 9.40 1.69 0.58 0.68 0.23 40 7.10 2.44 0.79 0.27 
11R-4 SOF 14.6 1.26 0.66 0.53 0.27 42 8.13 4.24 0.92 0.48 
11R-4 xoc 10.8 NRC 0.22 NAC NA NA NR 1.05 NR 0.12 

a Only 3 of 17 regeneration SOF and XOC samples showed activity. 

b From 208- x 254-mm filters (SOF) and XAD-2 resin (XOCJ, adjusted to a 20-minute sampling period. 

c NR ~ no response above spontaneous revertant levels; NA ~ not applicable, as TPM only from filter samples. 

sponding mode 11 trap samples (test numbers L11T021189 
and L11T050289, Table 33). The two regeneration SOF sam
ples had an average of 180% more direct-acting mutagenic
ity than the corresponding trap samples; there was no 
difference in detected indirect-acting mutagenicity. Similar 
responses were seen with comparisons on a TPM (rever
tants/~-tg) basis. Mutagenicity was detected with S9 for one 
regeneration XOC sample, whereas no trap-generated XOC 
samples had activity. 

Similar raw exhaust levels (mg/m3) of the SOF and TPM 
were produced under these mode 11 regeneration (Table 51) 
and trap (Table 29) conditions. Raw exhaust levels (revert
ants x 103fm3) of SOF- and TPM-associated mutagenicity 
were, therefore, an average of 50% greater during the 
regenerations. However, the regeneration process was of 
short duration and relatively low levels of mass (mg/min
ute) were produced, compared with trap (and baseline) 
emissions rates (Table 49). The SOF- and TPM-associated 
regeneration mutagenicity revertant rates (revertants/ 
minute) therefore represented less than 3% of the emission 
rates of the corresponding trap samples. With baseline (un
treated) exhaust added to the emissions during trap 
regeneration, any increases in raw exhaust mutagenicity 
(particle and vapor phase) would have been due to the in
creased levels of the TPM, SOF, and XOC. 

Tests using the flow-through bioassay sampler were at
tempted with the first two mode 11 regeneration tests (11R-1 
and llR-2). Both tests were conducted after protocols were 
revised to help ensure acceptable tester strain responses in 
the control sampler. Sampling times for both tests were 
approximately 20 minutes at 25°C; total filtered exhaust 
flow rates were approximately 0.5 m3. Tester strains in the 
diesel-exposed samplers showed no increased responses 
above those found in the control bioassay samples. Due to 
the problems (discussed above) with drawing too many 
sample trains from one system, the bioassay sampler was 
not used during regeneration after the llR-2 test. 

70 

PAHs and Nitro-PAHs Associated 
with Regeneration Emissions 

The regeneration SOF and XOC samples were highly 
variable in terms of PAH and nitro-PAH content, both quali
tatively and quantitatively. Some compounds were identi
fied by the HPLC-fluorescence methods in Phase II (used for 
all steady-state samples): FLU, PYR, 2NF, and 6NC in the 
XOC; and 1NP + 1,3DNP, 3NFL, 6NC, and 7NBaA in the 
SOF. Due to the small masses of these few samples and the 
fact that they were qualitatively very different from steady
state samples (which resulted in the loss of several samples 
during workup), these PAH results are considered prelimi
nary findings. Additional testing with a larger number of 
replicate samples and alternate analytical methods would 
be necessary for definitive qualitative and quantitative data 
for PAH regeneration emissions. 

DISCUSSION 

Some engine manufacturers may use ceramic particle 
traps to meet the 1993 EPA Bus Standard of 0.1 g/bhp-hr, 
and also to meet the 1994 EPA Heavy-Duty Truck Standard 
of 0.1 g/bhp-hr. It is also likely that ceramic traps will be 
retrofitted to in-use busses to lower the particle emissions. 
The goal of this project was to evaluate the effects of a ce
ramic trap on both the regulated and unregulated emissions 
during normal operation and electrical bypass regenera
tion. The overall objective was to obtain information to as
sess whether the health risks associated with diesel exhaust 
would change if a ceramic trap requiring electrical regener
ation were used as an emission control device. This in
volved an extensive study examining various gaseous emis
sions and diesel particle size distributions, separating the 
particulate matter into the various fractions, and looking at 
the mutagenicity and various chemical compounds as
sociated with the SOF and XOC. 
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Steady-State Emissions 

A summary of the trap's effect on steady-state emissions 
for modes 9 and 11 is given in Table 56. The trap caused no 
significant change in NOx or NO emissions. The gaseous 
HCs were reduced 43% for mode 9 (significant change) and 
6% for mode 11. The gaseous HCs can be removed by several 
mechanisms. Miller and associates (1983) suggested that the 
primary HC removal mechanism was the oxidation of HCs 
within the trap, with higher oxidation rates occurring at 
higher trap temperatures. For this study, the trap tempera
ture was approximately 450°C for mode 9 and 325°C for 
mode 11; consequently, the HC removal efficiency was 
greater at mode 9. MacDonald (1983) measured the HC con
centration before and after a ceramic trap for a light-duty 
engine operating at conditions producing a range of trap 
temperatures from 168°C to 242°C. At these temperatures, 
there was no significant change in the HC emissions. This 
indicates that the oxidation process probably does not oc
cur until temperatures reach approximately 300°C or ap
proximately the mode 11 trap temperatures. The HCs also 
may be transferred from the gaseous phase by being ad
sorbed onto the diesel particles before the particles are re
moved by the trap (Clerc and Johnson 19S2). This mecha
nism of HC transfer typically would occur at the lower 
exhaust temperatures. 

The general trends in TPM, SOF, and SOL removal effi
ciency were as expected and agree with other studies. The 
trap is most efficient at removing the SOL portion because 
the removal process is mainly a physical process and inde
pendent of engine conditions (Miller et al. 19S3; Konstan
dopoulos and Johnson 19S9). The SOF removal efficiency 
depends on engine condition because the amount of SOF 
associated with the diesel particles depends on exhaust 
temperature (Clerc and Johnson 19S2), and the amount of 
the SOF oxidized in the trap depends on the trap tempera
ture (Lepperhoff and Kroon 19S5). Baumgard and Kittelson 
(19S5) showed that overall TPM trap removal efficiencies for 
six engine conditions range from S9% to 96%, SOL effi
ciencies range from 92% to 97%, and volatile or SOF effi
ciencies range from 66% to 90%. MacDonald (19S3) deter
mined the trap removal efficiencies from one engine 
condition and found the TPM, SOL, and SOF efficiencies 
to be S9%, 95%, and 75%, respectively. 

Michigan Technological University has one of the few re
search facilities capable of analyzing vapor-phase or XOC 
emissions (Bagley et al. 19S7). These experiments with a 
Caterpillar engine indicated that the XOC emissions ranged 
from 7 to 41 mg/m3 without a ceramic particle trap and 7 
to 33 mg/m3 with the trap. Similar results were obtained 
from this study with the Cummins engine, for which the 

Table 56. Summary of Trap Effects on Modes 9 and 11 
Steady-State Emissions 

%of Changea 

Parameter 

NOx (mg/m3) 

NO (mg/m3) 
HC (mg/m3) 
TPM (mgfm3) 
SOF (mg/m3) 

so4 (mg/m3) 
SOL (mg/m3) 
XOC (mg/m3) 
Particle number/cm3,c 
Particle volume/cm3,c 

Activity in SOFc,d 
(revertantsfm3) 

Activity in xocc,d 
(revertantsfm3) 

Fluoranthene (ng/m3) 
SOF 
xoc 

Pyrene (ngfm3) 
SOF 
xoc 

Mode 9 

+ 1.4 
+ 3.3 

- 43b 
- 92b 
- s9b 

-sob 
- 95b 
- 67b 
+ 33 
-95 

-93 

-100 

- 7Sb 
-0.0 

+ 190 
+ 16 

a Presented as: (1- [Trap/Baseline]) x 100. 

Mode 11 

+ s.s 
+14 
-6.0 

-sob 
-75b 

-40 
- S6b 
-4.0 

+ 340 
-95 

- S6 

-100 

+53 
+ 3S 

+ 310b 
+ 140 

b Significant differences between baseline and trap data at a = 0.05 level. 

c Not tested for significant differences. 

d TA98- 89. 

XOC emissions ranged from 2S to 43 mg/m3 without the 
trap and 9 to 41 mg/m3 with it. For each study, the lower 
XOC emissions corresponded to the engine conditions with 
the higher loads or exhaust temperatures (EPA mode 5 for 
the Caterpillar engine and mode 9 for the Cummins en
gine). At the higher temperatures, a larger fraction of the 
HCs was oxidized (Miller et al. 19S3). Similar trap XOC 
removal efficiencies were obtained in the current study and 
the previous one (Bagley et al. 19S7). The previous study 
used the Caterpillar engine operating at EPA mode 4 (inter
mediate speed and 50% load) and mode 5 (intermediate 
speed and 75% load). In terms of emission characteristics, 
mode 4 closely matches mode 11 and mode 5 closely 
matches mode 9. The trap XOC removal efficiency for mode 
5 was 50%, which is similar to the 57% efficiency of mode 
9. The mode 4 XOC efficiency was a negative 9%, which is 
similar to the 4% efficiency of mode 11. One key difference 
between the emissions from these engines, however, is that 
the XOC from the Caterpillar tests comprised approximately 
50% and 70% of the total SOF and XOC concentrations at 
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modes 4 and 5, respectively, whereas the XOC made up 
about 84% of the SOF and XOC concentrations with the 
Cummins engine, because of the much lower TPM and SOF 
emission levels. 

Results from the analyzed EAA data indicated nuclei 
particle formation after the trap. These results agree with 
other findings (MacDonald 1983; Baumgard and Kittelson 
1985; Wiczynski and Johnson 1986). Baumgard and Kittel
son (1985) attributed these particles to the homogeneous 
nucleation of the HC vapors that pass through the trap and 
nucleate during dilution. The particle concentrations also 
can be related to the concentration of soluble organic mate
rial. Mode 11 has a lower exhaust temperature and higher 
SOF than mode 9 and consequently, the nuclei-mode parti
cle concentration is higher. Even though there are a large 
number of these particles, because of their small size, they 
contribute little to the total volume or mass emitted from the 
trap. The volume of each particle using the EAA instrument 
was determined by assuming a spherical particle and using 
the geometrical definition for volume; the total volume was 
then a summation of all the particle volumes. The signifi
cance of the nuclei-mode particles is that they probably 
consist of pure HC material; because of their small size, they 
will stay suspended in air for long periods of time or attach 
to other suspended particles. 

The EAA results showed that the total volume or mass 
removal efficiency with the trap was still greater than 93% 
because of the large reduction of accumulation-mode parti
cles. The EAA parameters for baseline accumulation mode 
agreed with other findings (Dolan and Kittelson 1978; Lip
kea et al. 1978; Baumgard and Kittelson 1985). The volume 
mean diameter of the accumulation mode was 0.246 Jlm for 
mode 9 and 0.154 Jlm for mode 11. After the trap, the ac
cumulation volume mean diameter increased to 0.681 Jlffi 

for mode 9 and 0.789 Jlm for mode 11. These larger particles 
after the trap may be due to particles that have been reen
trained from the exhaust pipe wall downstream of the trap. 
The SD of the curve fit from the accumulation mode is 
larger after the trap, which indicates an unsteady aerosol (a 
characteristic of particle reentrainment). 

Using the ceramic particle trap with the Cummins L-10 
engine did not produce SOF or TPM with higher mutage
nicity (revertants/J.Lg); the reductions in raw exhaust and 
particle-associated mutagenicity levels were comparable to 
reductions in SOF levels at both modes (Table 54). This con
trasts with findings from earlier studies with the Caterpillar 
3208 engine operated at EPA modes 4 and 5 (Bagley et al. 
1987) and modes 9 and 11 (Miller et al. 1983), and with 
results from studies by Draper and associates (1987) with a 
Caterpillar 3304 engine, and Mogan and colleagues (1986) 
with a Deutz F6L714 engine. In the earlier studies, reduc-
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tions in the TPM and SOF with trap use were far greater 
than the reductions in mutagenicity. Differences in engine 
configurations, operating emissions levels, such as for NOx 
and NO, and sampling procedures may account for the ob
served differences in trends between this study and the 
previous studies. 

As with a previous study with the Caterpillar 3208 engine 
(Bagley et al. 1987) and our Phase I results, the XOC from 
the Cummins engine had about 50% of the total detected ex
haust mutagenicity under baseline conditions. Unlike the 
Caterpillar studies, however, all detectable mutagenicity 
with trap use in this study was associated with the SOF. 
This was in spite of using the microsuspension assay, 
which earlier had been found to have greatly increased sen
sitivity to mutagens in baseline XOC. The PAH and nitro
PAR analyses of the XOC samples also showed extremely 
low or undetectable levels of some of the compounds 
known to have very high activity in these Ames assays. 

All mutagenicity detected with the mode 9 and 11 SOF 
and XOC samples appeared to be direct-acting in nature, 
with S9 use resulting in either no change or a reduction in 
activity. This lack of enhancement by mammalian enzymes 
frequently has been observed with diesel-derived organic 
extracts (Claxton 1983; Bagley et al. 1987; Ballet al. 1990). 
Little or no activity was found with the fractions known to 
contain PAHs requiring metabolic activation; this was prob
ably due to the low levels of these PAHs. Ball and colleagues 
(1990) suggested that some of these indirect-acting muta
gens in diesel exhaust extracts would be difficult to detect 
in unfractionated samples because of the large responses 
resulting from direct-acting mutagens, and that the indirect
acting mutagens might not produce significant increases in 
responses even when fractionated. 

Based on the responses of the nitroreductase-deficient 
and a-transacetylase-deficient tester strains, larger propor
tions of the observed mode 9 baseline SOF mutagenicity 
were associated with nitro-containing compounds than with 
the baseline XOC. Roughly equivalent reductions were 
found for the mode 11 baseline SOF and XOC samples tested. 
This may indicate differences in the proportion of nitro
containing compounds in the particle and vapor phases for 
these two modes. Less of the mutagenicity found with the 
mode 9 and 11 trap SOF samples apparently was associated 
with nitro-containing compounds than with the baseline 
SOF, indicating generally proportionally lower levels of 
these types of compounds with trap use. 

The PAH data for the Phase II samples have generally 
greater variability associated with them than the PAH data 
for Phase I. The engines of each phase of this study gener
ated particle samples that were different both qualitatively 
and quantitatively. The decreased TPM and SOF from the 
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Cummins engine compared to the older Caterpillar engine, 
and the constraints placed upon sampling time and DR 
(with the aim of artifact minimization) resulted in the col
lection of smaller mass samples; the relative error in the 
collection, handling, and analysis of these reduced mass 
samples was greater than for the larger mass samples col
lected with the Caterpillar engine. This increased variabil
ity also could be related to a combination of factors, includ
ing the engine and sampling systems used, the test matrix, 
the sample and data handling, and the analytical methods. 

The numbers of samples generated for Phase II were con
siderably greater than for Phase I PAH measurements, 
which were preliminary determinations of diesel samples 
employing the methods adapted and developed during 
Phase I. Polynuclear aromatic hydrocarbon measurements 
made on the few samples from Phase I probably did notre
flect the true variability of the methods applied to the analy
sis of Phase II samples. 

Some of the variability of sample analysis undoubtedly 
came from the workup of the SOF and XOC. Although 
recoveries were generally better when extracts were brought 
to dryness on Florisil than when such an adsorbent was not 
used, there was still some inherent variability in the recov
eries of the semivolatile compounds (including most of the 
PAHs in this study). Variability also was introduced in the 
workup and analysis in Phase II by handling the samples 
in randomly generated groups rather than treating each test 
as a distinct group. The day-to-day analytical variability was 
therefore apparent even for samples collected on the same 
day. Again, this was not a factor in Phase I because the small 
number of samples for that portion of the study were ana
lyzed as a group. 

Some of the variability in PAH measurements also may 
have been inherent in the sampling methods and the dilu
tion tunnel system used. The engine exhaust manifold, 
transfer pipe, injector, and dilution tunnel comprise a sys
tem of considerable surface area and temperature gradients. 
Although the temperature was controlled at the filter face, 
it was not possible to control temperatures precisely in all 
other portions of the system. Consequently, changes in tem
perature affecting PAH partitioning between vapor and par
ticle phases may have occurred. Although the temperature 
differences may have been small enough to not affect the 
TPM or SOF masses, effects on PAH composition have not 
been ruled out. 

The HPLC-fluorescence method chosen as the primary 
quantitative tool for PAH measurements was far more sensi
tive than the available GC methods. Also, because of their 
thermal instabilities in GC systems, recovering nitropyrenes 
and dinitropyrenes is of some concern (Sweetman et al. 
1982; Liberti et al. 1984). There are, however, two character-

istics of the instrumental method used that contribute to the 
method's inherent variability: (1) the relative lack of resolu
tion of HPLC columns; and (2) the relatively nonselective 
detection of older generation fluorescence detectors (such 
as those used at MTU for this project). The resolution of 
most commonly used capillary GC columns is greater (by 
several orders of magnitude) than even the best available 
standard-bore HPLC columns. The result is that the com
pounds of interest were not always separated from interfer
ing compounds. These interferences and the compounds of 
interest are variable and depend upon engine and sampling 
conditions; therefore, it is difficult to define them before 
analyzing actual samples. 

For cases in which significant differences did exist for 
PAH levels in the SOF and XOC on a raw exhaust volumetric 
basis (measured as nanograms of PAH per cubic meter of 
raw exhaust), the differences generally were correlated 
with conditions and modes as follows: PAH emissions 
generally were less when the trap was used than at baseline 
conditions; and mode 11 emissions were generally higher 
than mode 9 emissions. Because the engine load (and ex
haust temperatures) were considerably greater at mode 9, 
one would expect the products of incomplete combustion 
(as well as unburned fuel and lubrication oil components) 
to be less at mode 9 than at mode 11. This difference is 
evident in all the HC-related emissions measurements 
(TPM, SOF, XOC, and HC) that were lower at mode 9 than 
at mode 11. 

The trap generally reduced the PAHs associated with par
ticles, which one would reasonably expect, given that the 
trap operates as a particle filter. At the 0.05 significance 
level, the trap had no effect on XOC PAH levels at either 
mode. Although the particles retained within the trap 
might be considered ideal PAH collection media, the tem
peratures were probably too high for adsorption or conden
sation to occur. Therefore, one would not expect to see 
many trap-mediated decreases in PAH composition of the 
XOC. Some increases might be expected if the level of parti
cles was so low in the dilution tunnel that the rate of adsorp
tion of PAHs onto particles was much less than at baseline 
conditions. 

Although direct comparisons to literature values are dif
ficult because of the variety of engine types, operating and 
sampling conditions, analytical test methods, and reported 
units, previous studies (discussed below) have presented 
data indicating that mode-dependent PAH emissions are 
evident when modes that differ greatly in engine load are 
compared. 

Wall and Hoekman (1984) found that emission rates ofthe 
heavier PAH compounds they studied (that is, those as
sociated mostly with particles such as BaA, BbF, BkF, and 
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BaP) were mode-dependent for a heavy-duty diesel engine 
operated at several steady-state modes. Raw exhaust emis
sions of these PAHs were less at cruise (lighter loads) and 
high-power modes than at idle. This was not the case with 
FLU, although this study did not include quantification of 
vapor-phase components. 

Hoekman and Ingham (1987) measured the emissions of 
many PAHs (for example, FLU, BaA, BbF, BkF, BaP, 1NP, 
7NBaA, and 6NC) from a Cummins NTC 350 DI turbo
charged engine during eight steady-state modes of varied 
load, speed, and injection timing. They found that emis
sions of PAHs, but not nitro-PAHs, appeared to be mode
dependent, with highest emission rates for all PAHs except 
FLU at idle modes. Approximately 20% to 30% ofthe emit
ted FLU was partitioned into the vapor-phase and collecta
ble on polyurethane plugs. 

Draper and associates (1987) reported raw exhaust con
centrations of 1NP (ng/m3) for a Caterpillar 3304 engine 
equipped with an uncatalyzed ceramic particle trap up to 
99% less than baseline emissions (without the trap). These 
differences were observed at the moderate- to high-load 
modes (that is, more than 50% of maximum load at peak 
torque and rated speeds). Without the trap, levels of raw ex
haust 1NP were highest for the moderate- and high-load 
modes. The opposite trend was reported by Schuetzle and 
Perez (1983), who found that the concentration of nitro
PAHs emitted decreased with increased load and speed (for 
a heavy-duty diesel engine), with concurrent increases in 
emissions of oxynitro-PAHs and dinitro-PAHs. In the pres
ent study also, the SOF (and XOC) levels of 1NP + 1,3DNP 
generally were lower at the higher load mode (mode 9). 

Because the observation by Pitts and coworkers (1978) that 
mutagenic nitro-PAH compounds could be formed by ex
posing nonmutagenic parent PAHs on glass fiber filters to 
ppm levels of N02 and parts per billion levels of nitric acid, 
several studies have been attempted to determine the contri
bution of sampling artifacts to the observed chemical com
position and biological activity of diesel exhaust samples. 
Schuetzle and Perez (1983) used kinetic theory to calculate 
that most of the nitro-PAHs collected in their study were 
formed in the engine and tailpipe, and, under controlled 
sampling conditions (sampling times of less than 23 
minutes, filter-face temperatures of less than 40°C, and 
filter-face N02 levels less than 3 ppm), the maximum con
tribution of 1NP, due to artifact, was approximately 16% for 
a heavy-duty diesel engine. 

Substantial vapor-phase PAH emissions were noted in 
this study. Most of the XOC samples contained amounts of 
FLU, PYR, and BaA at concentrations equal to or greater 
than those found with the particle phase. Chrysene, an iso
mer of BaA, seemed to be more associated with the particle 
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phase than the heavier PAHs quantified (BbF, BkF, and 
BaP). Benzo[a]pyrene was not found in any XOC sample, 
and BkF was found in only one XOC sample (Table 20). 
Similar results were reported by Schuetzle and Frazier 
(1986) for uncontrolled heavy-duty diesel emissions. This 
was expected because the vapor:particle partitioning of 
PAHs depends upon the vapor pressures of the individual 
compounds, the concentrations of particles and adsorbable 
species, and the relative rates of adsorption and desorption, 
a function of both the temperature and the chemical nature 
of the adsorbate and adsorbent (Yamasaki et al. 1982). Some 
particle:vapor partition coefficients have been reported for 
PAHs in diesel exhaust: 0.75 for FLU, 0.75 for PYR, 1.46 for 
BaA (Schuetzle and Frazier 1986), and 21.00 for BaP 
(Schuetzle 1983). Although the magnitudes of these mea
surements are not entirely applicable to samples collected 
under different conditions, their relative values are proba
bly more transferable and seem to be in reasonable agree
ment with the present study. 

Hoekman and Ingham (1987) noted that 20% to 30% of the 
FLU collected from a heavy-duty engine at several operating 
conditions was in the vapor phase. The two- to four-ring 
PAHs primarily are unburned fuel components (Williams et 
al. 1986). A qualitative study of vapor-phase emissions 
using GC and mass spectrometry (Bagley et al. 1987) identi
fied various three- and four-ring PAHs, as well as some two
and three-ring heterocyclic PAHs (containing one atom of 
nitrogen or sulfur per molecule). 

Nitro-PAHs, in general, were more associated with the 
particle phase, although mode 11 baseline XOC was an ex
ception (see Table 21). There seemed to be more samples 
with quantifiable levels of nitro-PAHs in the XOC than in 
the SOF at this mode, although a direct comparison is diffi
cult because not all the SOF samples had XOC counterparts 
that were analyzed for nitro-PAHs. Very few comparative 
data are available in the literature for vapor-phase nitro
PAHs in diesel exhaust. Liberti and colleagues (1984) 
reported quantitative values for several nitro-PAHs in diesel 
particle extracts, including 2NF, 1NP, and dinitropyrenes. 
Many of the nitro-PAHs in that study were also found in 
vapor-phase samples; however, the investigators noted that 
2NF and 1NP were not detected in vapor-phase samples col
lected on graphitized carbon black. In the present study, the 
apparently increased incidence of these and other nitro
PAHs in the semivolatile component may be related to the 
low SOL and TPM levels produced by the Cummins engine. 

Schuetzle (1983) noted that the vapor-phase mutagenicity 
relative to the amount of diesel particles may depend on the 
collection method (for example, adsorbent versus impinger 
methods). The dynamic partitioning equilibrium also can 
be disrupted in several ways by the particle sampling pro-
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cess. The downstream vapor phase may be enriched by 
volatilizing adsorbed compounds from particles on the fil
ter (Van Vaeck et al. 1984). Another effect may be enhancing 
adsorption by increasing the number of collisions of vola
tile compounds and particles via the formation of a particle 
layer on the filter through which the volatile compounds 
must pass. Although the turbulent flow in the dilution tun
nel provides a well-mixed sample, it may also provide colli
sional opportunities for volatile compounds and particles 
even before they reach the sampler. These opportunities 
may not exist in the case of tailpipe emissions to the at
mosphere. 

Because of these inherent difficulties of obtaining repre
sentative vapor and particle samples, some research has fo
cused on quantifying artifacts from the sampling process. 
Van Vaeck and associates (1984) devised a measurement 
method to quantify the volatilization losses occurring dur
ing prolonged periods of ambient air sampling. The investi
gators found the volatilization artifact most important for 
the semi volatile PAHs and that the artifact was proportional 
to the volume of air sampled. The effect was, therefore, less 
evident for high-volume particle samplers than for cascade 
impactors used in their study. 

Regeneration Emissions 

A summary of comparisons of regeneration effects on 
emissions is shown in Table 57. It is apparent that any 
changes in levels of regulated and unregulated emissions 
during trap regeneration are the result of added baseline 
(untreated) emissions from the trap bypass system. 

In general, peak regeneration temperatures at mode 9 
were approximately 50°C lower than those at mode 11. Ac
cording to model equations (Bissett 1984), the only two in
fluencing variables that could produce this difference dur
ing controlled regeneration are the initial particle mass and 
the initial temperature of the trap before regeneration. The 
initial temperature at mode 9 regeneration was higher than 
at mode 11 because the higher engine load at mode 9 during 
the loading period resulted in a higher exhaust tempera
ture, thereby increasing the trap core temperature before 
regeneration. The higher temperature should have in
creased the regeneration temperatures, because less energy 
produced during particle oxidation would have been lost to 
conduction energy transfer to the substrate. However, 
regeneration temperatures at mode 9 were lower than at 
mode 11, suggesting that a lower initial particle mass was 
in the trap at mode 9. A lower mass would cause less energy 
to be released during combustion, resulting in lower tem
peratures and reaction rates. 

An attempt was made to find a correlation between the 
differences in the initial trap core (substrate) temperatures, 

Table 57. Comparison of Regeneration and 
Regeneration/Bypass Emissions Effects 

% Change Compared to 

Parameter 
Trap Emissions Alone8 

(mg/minute) 9 Rb 9 RfBC 11 Rb 

NOx 0.0 0.0 0.0 
HC 0.0 + 4.5 0.0 
TPM 0.5 +52 2.2 
SOF 0.5 + 62 2.2 
xoc 0.0 + 12 0.0 

11 RfBC 

0.0 
+ 0.8 

+ 19 
+ 0.5 

0.0 

a % Change = change in emission' divided by trap emissions x 100%. 

b Change due to regeneration emissions. 

c Change due to regeneration and bypass emissions. 

listed in Table 46, and the run-to-run variation in the total 
particle volume concentrations, shown in Figures 28 and 
29. However, no relationships were found. This could be be
cause of the small number of regeneration tests or because 
the six thermocouple locations were not enough to deter
mine accurately the overall particle reaction rates occurring 
in the trap during controlled regeneration. Therefore, the 
differences in reaction rates from the different trap core 
temperatures could have altered the shape of the combus
tion wave for each regeneration test, which would explain 
the differences in the measured particle volume concentra
tion trends. 

Using the Arrhenius rate of reaction equation and activa
tion energy constant for carbon (Bissett and Shadman 
1985), it was found that, even for the locations where the 
smallest run-to-run temperature difference was measured 
(thermocouple locations A at mode 9 and D at mode 11, 
from Table 46), there was an initial rate of reaction differ
ence of 69% for mode 9 (tests 9R-3 and 9R-4), and 91% for 
mode 11 (tests 11R-1 and 11R-3). Thus, this difference in 
reaction rates from the different trap core temperatures 
could have altered the shape of the combustion wave for 
each regeneration test, which would explain the differ
ences in the measured particle volume concentration 
trends. 

During the regeneration tests, it was thought that parti
cles loaded on the walls of the exhaust line from previous 
baseline and trap engine runs might become reentrained in 
the regeneration dilution tunnel and be sampled, thus con
tributing to regeneration TPM variability. The fact that al
most all of the particle mass was emitted at the end of each 
regeneration, coupled with the observation that the 
regeneration exhaust injection temperature did not change 
during the sampling period, demonstrated that this did not 
occur. This is because particle reentrainment would not 
have been a time-dependent phenomenon for constant con-
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ditions in the exhaust line (for example, constant exhaust 
flow rate and constant exhaust temperature), and therefore 
would be observed at all stages of each regeneration period. 
The absence of particles at the beginning of the regenera
tion period suggested that no particles were being en
trained in the exhaust at the end of the regeneration period. 
Therefore, reentrainment did not contribute to sample vari
ability. 

The particle volume concentration was compared to NOx 
and HC concentrations in Figures 24 and 25 to enhance un
derstanding of the transient behavior of particle combus
tion during controlled regeneration. The reasons for the 
trend in the NOx concentration can be explained by divid
ing the controlled regeneration period into four stages: pre
heating, combustion wave formation, combustion wave 
propagation, and combustion wave extinction. The first 
stage, preheating, produced a temperature increase in the 
trap core as a result of heat transfer between the heater core 
element and the core face. The NOx concentration did not 
increase until the core temperature was high enough to ini
tiate particle combustion. The rapid rise in NOx signified 
the state of the combustion wave formation stage. The NOx 
concentration at the beginning of the combustion process 
was very high, because the electrical heater provided excess 
energy to encourage a rapid particle oxidation rate. Reac
tion rates were much lower during the combustion wave 
propagation stage, as shown by the rapid decline in the 
NOx concentration. As this stage continued, the thermal 
losses caused the oxidation rate to decrease, which caused 
a gradual decrease in the NOx formation. 

Peak HC concentrations were observed before the com
bustion wave formation stage because many of the HC com
pounds retained in the trap have vaporization temperatures 
below the ignition temperature of the particles. Therefore, 
the largest concentration of HCs was released and oxidized 
during the preheating stage; the HCs also were released as 
the traveling combustion wave was heating the particles. 
Therefore, hydrocarbon concentrations were governed by 
the rate of particle oxidation, which explains the relation
ship between the HC and NOx curves. 

The relationship between the sampled TPM masses and 
measured particle volumes demonstrated that the variabil
ity of the collected regeneration TPM masses was largely at
tributed to differences in the combustion process and 
differences in when sampling was stopped relative to the 
particle volume concentration. The large variation in the 
percentage of composition for the sampled regeneration 
TPM masses shown in Table 47, however, was primarily are
sult of collecting masses below the recommended TPM and 
SOF minimum levels (18 mg TPM and 14 mg SOF for the 
203- x 254-mm filter) established by the EPA (U.S. Environ-
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mental Protection Agency 1987). Only masses collected for 
two of the nine regeneration tests were large enough to meet 
both criteria (tests 11R-1 and 11R-4). Although these recom
mended minimum masses were not meant to be absolute, 
they did provide a reference indicating that errors attrib
uted to filter weighing or sample workup, or both, could 
have been significant, and could account for the large vari
ability in the regeneration TPM measurement. 

CONCLUSIONS 

Steady-State Studies 

1. Using the ceramic particle trap had no significant ef
fects on NOx and NO emissions at either mode. 

2. Significant changes in HCs were found at mode 9 ( 43% 
reduction), but not at mode 11, with trap use. 

3. Levels of TPM, SOF, and SOL were changed signifi
cantly (approximately 90% reductions) with trap use at 
both modes; so4 and xoc levels were changed signifi
cantly at mode 9, but not at mode 11. 

4. Particle numbers increased at both modes with trap 
use, but particle volumes decreased, indicating in
creases in the small, nuclei-mode particles and removal 
of the larger accumulation-mode particles. 

5. Using the trap had little effect on TPM-associated mu
tagenicity (revertants/~g) at either mode; the calculated 
raw exhaust (revertants/m3) reductions in mutagenic
ity, therefore, were correlated with the reductions in 
TPM and SOF. 

6. The mutagenicity of the baseline XOC was roughly 
equivalent to that associated with the TPM (rever
tants/~g) and accounted for approximately half of the 
detected mutagenicity on a raw exhaust basis (rever
tants/m3). The trap removed any mutagenicity detect
able in the XOC fraction with the microsuspension 
assay. 

7. All of the detected mutagenicity was direct-acting in 
nature, with nitro-containing compounds contributing 
more to the mode 9 baseline SOF and mode 11 baseline 
SOF and XOC activity than to the mode 9 baseline XOC 
and trap SOF samples. 

8. Most of the mutagenicity recovered after sample frac
tionation was associated with the moderately and highly 
polar subfractions, with nitroreductase-deficient and 
a-transacetylase-deficient tester strain responses indi
cating substantial contributions from nitro-containing 
compounds, particularly with the baseline SOF sub
fractions. 

9. For PAHs present at levels above the MDL for all sam
ples tested (FLU and PYR in both the SOF and XOC, 
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and CHR in only the SOF), the trap reduced FLU levels 
in SOF at mode 9, increased PYR at mode 11, and had 
no effect on CHR. Mode 11 had significantly higher lev
els of PAHs (PYR in SOF and FLU in XOC) than mode 9. 

10. For PAHs and nitro-PAHs that had some levels below 
the MDL (CHR in XOC, BaA, BbF, BkF, BaP, 1NP + 
1,3DNP, 2NF, 3NFL, 6NC, and 7NBaA in SOF and XOC), 
ANOVA statistics showed some differences between 
modes and conditions at the 0.5 significance level. Us
ing the trap decreased BbF in the SOF at mode 9 and 
7NBaA in the SOF at modes 9 and 11. 

11. There were significant differences between modes for 
6NC and 1NP + 1,3DNP (with mode 11 greater than 
mode 9) in XOC, although the trap had no effect on XOC 
levels at either mode. Some borderline differences were 
noted (significant at a 0.10 level), which confirms the 
general trends observed for decreased PAH and nitro
PAR emissions with the trap and higher emissions at 
mode 11 than at mode 9. 

Trap Regeneration Studies 

1. The axial temperature profiles defined the four stages of 
regeneration as: preheating; ignition; transport-con
trolled combustion; and cooling. 

2. The time for the combustion wave to travel through the 
trap was approximately six minutes for mode 9 and four 
minutes for mode 11. The difference in time can be at
tributed to the different trap loadings. 

3. Particle size distribution data indicated a greater-than
fourfold increase in particle volume concentration after 
the combustion wave passed through the trap. The ori
gin of these particles is not fully understood. 

4. The large variability in TPM, SOF, and XOC masses col
lected during regeneration was probably due to differ
ences in trap loading, regeneration sampling time, and 
typical laboratory errors associated with small amounts 
of sample material. The difficulties encountered with 
PAH and mutagenicity determinations were probably 
also due to this variability. 

5. Increases in overall trap emissions with this regenera
tion bypass system were due primarily to the untreated 
bypass (baseline) exhaust during trap regeneration and 
not to emissions from the regenerating trap. 

SIGNIFICANCE OF FINDINGS 

Methods were developed and adapted to collect and char
acterize the particle and vapor phases of diesel engine emis
sions. This was the first detailed quantitative study of PAH 

and nitro-PAH compounds (with known adverse health ef
fects) in the vapor-phase exhaust from a modern diesel en
gine, with a large sample set comprising multiple test dates, 
engine modes, and conditions. 

Using an uncatalyzed ceramic particle trap with this late
model, heavy-duty diesel engine at two steady-state operat
ing conditions had consistent significant effects only on 
one of the three regulated parameters, that is, TPM concen
trations. There was no effect on NOx emissions and, at best, 
only moderate effects on HC emissions. Levels of TPM
associated components were also typically significantly de
creased. Using the trap had significant effects (reductions) 
on the concentration of some of the PAHs and nitro-PAHs 
in the particle (TPM) phase, but not necessarily in the vapor 
(XOC) phase. Some PAHs were found primarily in either the 
particle or vapor phases, which was expected because of 
their vapor pressures. However, some shifting of com
pounds into the vapor-phase due to the low particle levels 
with trap use was apparent. Mutagenicity associated with 
the particles also decreased with trap use, primarily due to 
the reduced concentration of particles; no mutagenicity 
was detected in the XOC with the trap. This type of control 
device appears to be effective in reducing particle concen
trations without increasing concentrations of particle
associated biologically active PAHs, nitro-PAHs, or mutage
nicity. Even with the variability found with the trap 
regeneration measurements, it is apparent that these emis
sions alone would have minimal impact on the overall 
emissions with trap use, particularly if a second trap were 
used with the bypass exhaust during the trap regeneration 
procedure. 

RECOMMENDATIONS 

1. Extend the chemical and biological characterization 
methods presented in this report to catalytic converter 
systems, other types of engines, low-heat-rejection diesel 
engines, reformulated diesel fuels, and alternative fuels 
such as MeOH and natural gas. 

2. Include an idle mode in future test matrices to provide 
PAH, nitro-PAH, and mutagenicity data. This is an im
portant operating mode for diesel trucks and buses that 
may expose people to higher levels of diesel emissions 
because the vehicle is not moving and diluting the ex
haust. It could be a particularly important mode in en
closed spaces such as parking structures, loading dock 
areas, and curbsides. This also would provide SOF and 
XOC samples with relatively high levels of PAH (com
pared to modes 9 and 11). Using an idle mode would al
low the assessment of sampling and analytical variabil-
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ity under the best analytical conditions possible with 
low emission engines, and would aid in interpreting 
data from other steady-state modes. 

3. Design the test matrix and analytical protocols to pro
vide simultaneously collected (and analyzed) samples 
from the particle and vapor-phases of diesel exhaust, be
cause the present and previous studies have shown that 
a number of PAHs and nitro-PAHs (of interest because of 
their potential adverse health effects) are present in both 
phases. This is particularly important because the pa
rameters chosen for the sampling process influence the 
partitioning of such compounds between the particle 
and vapor-phases and because state-of-the-art diesel en
gines have less particle emissions than older engines, 
which may place greater importance on the vapor-phase 
as a source of HCs (especially PAHs). 

4. Design definitive experiments to quantify artifacts 
resulting from the sampling process, in which tempera
ture, DR, particle concentration, NOx levels, sample 
times, filter-face velocities, and other important pa
rameters are varied independently and correlated with 
PAH, nitro-PAH, and mutagenicity levels in the SOF and 
xoc. 

5. Enlarge the scope of PAH and nitro-PAH measurements 
to include more polar PAH compounds as suitable refer
ence standards become available; polar PAH compounds 
are important, biologically active exhaust components. 

6. Decrease the variability and enhance the sensitivity of 
PAH measurements by employing such techniques as 
microbore HPLC and multiple wavelength detection. 

7. Collect samples for analyses of aldehydes using a com
pletely separate, low-flow-rate system; a separate system 
should also be used with the flow-through bioassay 
sampler. 

8. Reduce the variability found with the trap regeneration 
data by making the following changes before further test
ing is performed: 
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a. Use a single extruded ceramic trap of the EX 54 mate
rial combined with a heater section with a re
designed inlet section (developed by Donaldson) to 
ensure more even TPM deposition and flow through 
the trap during regeneration. 

b. Revise trap loading procedures to obtain nearly the 
same mass before each regeneration. The mass 
within the trap can be determined from the trap vol
ume flow rate and the pressure drop across the trap. 
The recommended loading is approximately 68 g. 
This method will account for mass lost during load
ing due to self-regeneration which may occur at 
mode 9. The mass loading then can be related to the 
pressure drop across the trap. 

c. Determine the repeatability of the regeneration pro
cess by examining the internal trap temperatures. 
Additional thermocouples should be strategically lo
cated to obtain a well-defined temperature profile 
during regeneration, which then can be used to de
termine position and velocity of the combustion 
wave during regeneration. 

d. Modify the regeneration sampling system to mini
mize particle losses and to obtain 45°C at the filter 
face, which will allow for better comparisons with 
the steady-state data. This would include heating the 
transfer pipe from the trap to the regeneration tunnel 
to reduce particles lost to the wall because of ther
mophoretic forces, and heating the inlet air to the 
regeneration tunnel to maintain the necessary tem
perature at the filter face. 

e. Reduce the size of the regeneration filter to increase 
the mass collected to the surface area, thus minimiz
ing laboratory weighing errors and allowing for 
quantitative PAH, nitro-PAH, and mutagenicity de
terminations. 
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APPENDIX A. Schematics of XOC Samplers 

14.600 em 

FLOW TO PUMP 
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FILTER HOLDER 

4.61 em O.D. x 3.97 em I .D. 
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SCREEN SUPPORT 

em 

Figure A.1. Schematic of the 47-mm system XOC sampler. 

FLOW FROIA 

508x508-mn 

FILTER 

12.7 em 1.0. with 0.32 em WALLS 

COARSE SCREEN 

Figure A.2. Schematic of the 508- x 508-mm system XOC sampler. 
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APPENDIX B. Sampling Systems and Associated 
Data for Lower Molecular Weight Compounds 

FROM 47-mm FILTER 

INSERTION 
POINT FOR 
BIOASSAY, 
SAMPLER ~ 

! 

VACUUM TRAP 

Figure B.1. Schematic of the cryogenic sampling system for use with the 47· 
mm system. 

Table B.l. Tests of the Effectiveness of ORB0-32 
Sampling Tubesa 

Flame Ionization Detector Response (area counts) 

Sample 
Number 

Test Tube 1 Tube 1 Tube 2 Tube 2 
Compound Front Section Back Section Front Section Back Section 

NOXAD 1 n~Pentane 

nRHexane 
Benzene 
Xylenes 
Acetaldehyde 

NOXAD 2 n~Pentane 

n-Hexane 
Benzene 
Xylenes 
Acetaldehyde 

NOXAD 3 n-Pentane 
n-Hexane 
Benzene 
Xylenes 
Acetaldehyde 

NOXAD 4 n-Pentane 
n-Hexane 
Benzene 
Xylenes 
Acetaldehyde 

a XOC sampler not in place. 

127,200 
123,000 

30,490 
118,465 
107,000 

124,600 
179,200 

44,660 
180,500 
156,600 

141,000 
136,400 

33,960 
180,500 
156,600 

219,000 
211,200 

49,270 
202,200 
167,500 

721 

0 
0 
0 

0 
0 

0 
0 
0 

0 
0 

0 

0 

0 
0 
0 
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Table B.2. Tests of the Effectiveness of the 
XOC Samplera 

Flame Ionization Detector 
Response (area counts) 

Sample Test Tube 1 Tube 1 
Number Compound Front Section Back Section 

XAD 1 n-Pentane 0 0 
n-Hexane 0 0 
Benzene 0 0 
Xylenes 0 0 
Acetaldehyde 0 0 

XAD 2 n-Pentane 0 0 
n-Hextane 740 0 
Benzene 0 0 
Xylenes 0 0 
Acetaldehyde 2,322 1,112 

XAD 3 n-Pentane 0 
n-Hexane 951 
Benzene 0 
Xylenes 0 
Acetaldehyde 651 

XAD 4 n-Pentane 0 0 
n-Hextane 0 0 
Benzene 0 0 
Xylenes 0 0 
Acetaldehyde 1,593 0 

a XOC sampler in place. 

Table B.3. Effectiveness of Sampling Assembly for 
Collecting Propane 

Sample 

NOXAD propanea 
XAD propaneb 

a XOC sampler not in place. 
b XOC sampler in place. 

Flame Ionization Detector 
Response (area counts) 

Tube 1 
Front Section 

69,540 
73,800 

Tube 1 
Back Section 

67,000 
58,910 

Dtf>H 

Acetaldehyde-DNPH 

AcetOM-DNPH 

(I) 
t/) 

~ c: I'-' Unl4lellltftN 
8. 
t/) 
(I) 

a: ... 
0 -E"r-- Formaldehyde-DNPH 
ts 

* Cl 

~Ju v \ 

0.37 4.99 7.84 
3.56 6.16 

Time (minutes) 

Figure B.2. Liquid chromatogram for acetaldehyde DNPH and acetone
DNPH derivatives. 

87 



Characterization of Emissions from a Diesel Engine Equipped with a Particle Trap 

APPENDIX C. Phase I PAH and Nitro-PAH 

Methods and Development Data 

Table C.1. Comparison of the Relative and Absolute 

Recoveries of PAHs from a Spiked SOF Sample 

Concentrated by Two Different Methodsa 

Absolute Recovery (%) 

Spiked 
Concentration Rotary 

Compound (J.tg/rnL) Evaporationb Kuderna-Danishc 

1NP 11.6 110 52 
2NF 12.6 84 75 
4NBP 16.3 54 33 
FLU 12.0 124 113 
CHR 11.9 105 109 
BoP 11.9 75 73 

a Absolute recoveries determined according to the separation method dis
cussed in the text, with subsequent comparison to a spiked SOF sample 
not subjected to either concentration method. 

b Rotary evaporation at<; 35°C and reduced pressure. 
c Kuderna-Danish evaporation over steam. 

Table C.2. Comparison of Extracted SOF Masses 

and Losses in Filter Masses After SOF Extraction 

Extracted Loss in Solvent 
SOF Filter Mass Evaporation 
(g) (g) % Differencea Methodb 

0.07852 0.0795 -1.2 1 
0.08010 0.0799 + 0.2 1 
0.07218 0.0697 + 3.6 1 
0.13424 0.1340 + 0.2 1 

0.70174 0.7173 -2.2 2 
0.06780 0.0688 -1.5 2 
0.13057 0.1443 -9.5 2 
0.07338 0.0829 -11.5 2 
0.32020 0.3583 -10.6 2 

0.12027 0.1212 -0.8 3 
0.14474 0.1417 + 2.1 3 
0.07747 0.0678 + 14.3 3 
0.08284 0.0777 + 6.6 3 

a ([SOF mass - change in filter mass]/change in filter mass) x 100. 
b Solvent evaporation methods: (1) rotary evaporated and dried on Florisil 

under N2; (2) rotary evaporated and brought to near-dryness under N2; (3) 
concentrated using Kuderna-Danish apparatus, and brought to near-
dryness under N2. 
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Table C.3. Relative Recoveries of XOC with 

and without Florisil 

Normalized Recoveriesh 

Mode and With Florisil Without Florisil 
Condition na (mg) (mg) 

9 Baseline 11 135.7 (17.9) 117.3 (20.5) 
9 Trap 27 89.1 (44.6) 87.1 (47.0) 
11 Baseline 25 235.0 (15.3) 249.4 (25.7) 
11 Trap 13 422.7 (18.8) 509.3 (18.4) 

an = number of samples analyzed. 
b Normalized recovery = mass of XOC obtained divided by the fraction of 

total XOC solution volume, reported as mean (CV in %). 

Table C.4. Quantification of Selected PAHs in National 

Institute for Standards and Technology Standard 

Reference Material 1650 "Diesel Particulate Matter"a 

Compound Method 

FLU HPLC!fluorescence 
PYR HPLC!fluorescence 
BaP HPLC!fluorescence 

1NP HPLC/GC-NPD 
CHR HPLC!fluorescence 
BaA HPLC!fluorescence 
2NF HPLC/GC-NPD 

Concentration 
(J.lg/g) 

NISTb MTUC 

51 ± 4 47 
48 ± 4 48 

1.2 ± 0.3 2 

19 ± 2 21 
22d 31e 

6.5 ± 1.1 NRf 
o.27d NDf 

a Results for initial assay of NIST SRM 1650 using Phase I analytical 
methods. 

b Mean ± 2 SD. 
c n = 2 analytical determinations. 
d Informational value only; not certified by NIST. 
e Result for chrysene includes coeluting isomers such as BaA. 

f NR = not resolved as coelutes with chrysene; ND = no data because value 
below or near the MDL for this method. 
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APPENDIX D. Mutagenicity Methods Development Data 

Table D.1. Determination of Optimum Volume of S9 for Mutagenicity Assays with Tester Strain TA98 

Response/~-tL S9 per Dishc 

Sam plea Assayb Type 0.2 0.5 1 2 4 10 20 

2AA Microsuspension 60/55 442/419 257/321 267/199 112/126 74/77 42/31 
Standard NTd NT NT 1,641/1,332 1,013/1,070 837/827 472/433 

BaP Microsuspension 31/28 149/142 226/235 181/210 142/119 66/80 39/37 
Standard NT NT NT 115/100 162/142 98/95 71/69 

DMBA Microsuspension 24/21 48/54 68/87 143/134 160/198 135/198 80/81 
Standard NT NT NT 23/30 41/28 57/56 63/90 

SOF8 Microsuspension 199/219 259/239 251/269 288/259 202/218 152/152 114/142 
xoce Microsuspension 125/190 135/114 91/98 90/86 89/97 112/92 73/82 

a 2AA amount was 48.75 ng/dish for microsuspension assays and 2.5 J.lg/dish for standard assays; BaP amount was 625 ng/dish for microsuspension assays 
and 5.0 j.lg/dish for standard assays; DMBA amount was 2.5 J.lg/dish for microsuspension assays and 20 J.lg/dish for standard assays; SOF amount was 60 
j.lg/dish; XOC amount was 60 j.lg/dish. 

b Microsuspension assay used 60- x 15-mm dishes; standard assay used 100- x 15-mm dishes. 
c Reported as revertants per Petri dish for replicate assays. 
d NT ~ doses not tested with standard plate incorporation assay. 
e From Caterpillar 3208 engine. 

Table D.2. Tester Strain Spontaneous Revertant and Positive Control Responsesa 

Spontaneous 

Tester 
Revertantsc 

2NFd 
Strain Assay Typeb - S9 + S9 - S9 

TA98 Standard 34 (16) 44 (18) 564 (12) 
(9] (3] (9] 

Microsuspension, large 34 (23) 45 (9) 918 (20) 
(12] (2] [8] 

Microsuspension, small 35 (21) 46 (15) 881 (16) 
(22] (16] (21] 

TA98NR Standard 24 (30) NT 110 (21) 
(4] (4] 

Microsuspension, large 25 (16) NT 136 (16) 
(6] (4] 

Microsuspension, small 24 (16) NT 169 (23) 
(17] [13] 

TA98DNP Standard 17 (34) NT 231 (44) 
(4] (4] 

Microsuspension, large 23 (14) NT 279 (24) 
(8] [8] 

Microsuspension, small 19 (25) NT 251 (18) 
(17] NT (13] 

a Each response is reported as the mean (CV in %) with [number of test dates]. 

1NPe 2AAf 
- S9 + S9 

NTg 608 (8) 
[3] 

NT NT 

720 (12) 194 (26) 
[5] (16] 

NT NT 

NT NT 

81 (24) NT 
(7] 

NT NT 

NT NT 

626 (10) NT 
(7] NT 

b Standard plate incorporation assay used 100- x 15-mm Petri dishes; large-dish microsuspension assay used 100- x 15-mm Petri dishes; small-dish 
microsuspension assay used 60- x 15-mm Petri dishes. 

c Tested with DMSO. 
d Tested with 3.2 j.lg/dish for standard assays and 0.4 j.lg/dish for microsuspension assays. 
e Tested with 0.05 j.lg/dish for microsuspension assays. 
1 Tested with 1.56 J.lg/dish and 4% S9 mixture for standard assays and 48.8 ng/dish and 1% S9 mixture for microsuspension assays. 
g NT ~ not tested. 
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Table D.3. Comparison of Ames Test Responses Using 
TA98- S9 with 2-Nitrofluorene, SOF, 
and XOC Samplesa 

Test Procedure8 

Standardb 
Microsuspension Microsuspension 

Sample Large Small 

2NFb 134 (20) 3BOO (20) 2500 (21) 
SOFC 0.24 (6) 2.14 (9) 2.04 (12) 
xocc 0.04 (11) 2.34 (4) 2.36 (17) 

a Standard plate incorporation assay used 100- x 15-mm Petri dishes; large-dish 
microsuspension assay used 100- x 15-mm Petri dishes; small-dish microsuspension 
assay used 60- x 15-mm Petri dishes. 

bEach value is reported as the mean (CV in%) of triplicate tests. 

c Each value is reported as the mean (CV in%) of tests with three samples collected on 
the same engine test date. 

Table D.4. Mutagenicity Data Obtained from Testing 
Three Different SOF Samples on Three Separate Datesa 

Sample 

SOF-1 
SOF-2 
SOF-3 

Assay Procedureb 

Microsuspension Largeh 

1.10 (8) 
3.15 (22) 
4.60 (1) 

Microsuspension Smallb 

1.23 (30) 
3.11 (12) 
5.10 (8) 

a Each value is reported as the mean (CV in %) of activities using 
TA9B- S9. 

b Large-dish microsuspension assay used 100- x 15-mm Petri dishes; 
small-dish microsuspension assay used 60- x 15-mm Petri dishes. 

Table D.5. Bioassay Sampler Results from 
Tetranitromethane Tests with TA98 and TA100 

Activity8 

(revertants/dish) 

Run Exposure TA9B TA100 
Number (minutes) Control TNM Control TNM 

1b 20 44 (26) B3 (20) 120 (12) 165 (14) 
40 41 (23) 104 (14) 141 (12) 1B6 (B) 
60 44 (20) 163 (6) 160 (3) 254 (7) 

zc 20 53 (7) 66 (5) 254 (17) 242 (B) 
40 55 (25) 74 (9) 307 (6) 321 (10) 
60 6B (3) 105 (2B) 261 (10) 351 (7) 

3d 20 64 (B) 78 (7) T" 275 (7) 443 (10) 
40 74 (12) 52 (36) T 295 (12) 276 (60) T 
60 65 (14) T 284 (6) T 

a Each value is reported as the mean (CV in %) of four replicates without 
metabolic activation. 

b Tetranitromethane in water suspension; spontaneous revertant (unex
posed to airorTNM) levels were 40 (13) and 131 (10) forTA9B and TA100, 
respectively. 

c Tetranitromethane in DMSO; dishes with spontaneous revertant levels 
were contaminated. 

d Tetranitromethane in water suspension and agitated during exposure; 
spontaneous revertant levels were 41 (12) and 1B6 (1) for TA9B and TA100, 
respectively. 

" T = toxicity may have masked mutagenic response. 
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APPENDIX E. Phase I Test Summaries and Engine Data 

Table E.1. Summary of All Caterpillar 3208 Mode 4 Engine Tests 

Test Numbera,b 

4B071787 
4B072087L 
4B072087H 
4SB072287 
4B072187 
4ST102287 
4ST111087 
4B112087 
4B112387 
4B120887 
4B121587 
4B030288 
4B030388 
4B031588 
4SB032288 

of Test 

Check out engine with muffler 
Collect TPM and SOF, keeping DR = 15 and varying filter face temperature, with muffler 
Collect TPM and SOF, keeping DR = 30 and varying filter face temperature, with muffler 
Collect TPM and SOF, varying DR and then filter face temperature, with a straight pipe in place of the muffler 
Collect TPM and SOF, keeping filter face temperature constant by varying DR, with muffler 
Check out cryogenic samplers with particle trap and straight pipe in place 
Investigate effect of straight pipe with particle trap, keeping filter face temperature constant by varying DR 
Collect volatile organic fractions for chemical analysis, with muffler 
Collect volatile organic fractions for chemical analysis, with muffler 
Collect SOF for development of methods to quantify PAHs and mutagenicity, with muffler 
Collect SOF for development of methods to quantify PAHs and mutagenicity, with muffler 
Collect SOF and XOC to determine repeatability of PAHs and mutagenicity data, with muffler 
Collect SOF and XOC to determine repeatability of PAHs and mutagenicity data, with muffler 
Collect SOF and XOC to determine repeatability of PAHs and mutagenicity data, with muffler 
Collect SOF and XOC to determine repeatability of PAHs and mutagenicity data, with straight pipe 

a Presented as mode (4), baseline (B), trap (T), and test date. 

b L = low dilution ratio; H = high dilution ratio; S = straight pipe (without muffler). 
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Table E.2. Mode 4 Baseline Test Summary 

Test Numberb 

Parametera 4B120887 4B121587 4B030288 4B030388 4B031588 4SB032288° 

Number of measurements 10 8 8 8 8 8 
Sampling time [minutes) 20.2 20.0 20.3 20.3 20.2 20.1 

(1.5) (0.1) (0.8) (0.2) (0.4) (0.3) 

Measured from Raw Exhaust 
NO, Corrected [ppm) 653 684 709 681 657 654 

[0.9) [0.6) [2.8) [0.5) [1.2) [1.1) 
NO Corrected [ppm) 566 588 612 601 572 590 

[0.5) [1.5) [2.9) [0.7) [0.8) [1.6) 
N02 Corrected [ppm) 86 95 97 79 85 64 

NO, [mg/m3
) 

[6.0) [7.7) [3.8) [5.5) [7.1) [9.0) 
857 901 934 887 861 944 
[0.9) [0.6) [2.8) [0.5) [1.2) [1.1) 

NO [mg/m3) 694 721 751 737 702 724 

N02 [mg/m3
) 

[0.5) [1.5) [2.9) [0.7) [0.8) [1.6) 
163 179 183 150 160 120 
[6.0) [7.7) [3.8) [5.5) [7.1) [9.0) 

Brake-specific NOx [g/kWh) 9.03 9.41 9.74 9.43 9.39 9.39 
[1.1) [0.6) [3.0) (0.5) [1.4) [1.0) 

Brake-specific NO [g/k\Vh) 5.11 5.28 5.48 5.43 5.34 5.53 
[0.6) (1.7) [3.2) [0.5) [1.0) [1.3) 

Brake-specific N02 [g/kWh) 1.20 1.31 1.33 1.10 1.21 0.92 
[6.2) [7.6) [3.8) [5.7) [7.2) [2.1) 

HC [ppm carbon) 140 149 144 152 153 134 
[4.0) [3.0) [3.2) [3.1) [4.5) [3.5) 

HC [mg/m''l 79.1 84.2 31.3 86.2 86.7 75.9 
[4.0) [3.0) [3.2) [3.1) [4.5) [3.5) 

Brake-specific HC [g/kWh) 0.582 0.616 0.594 0.634 0.659 0.579 
[3.8) [2.9) [3.4) [3.0) (3.9) [3.5) 

Measured from Dilute Exhaust 
Dilution tunnel inlet 16.2 15.9 17.1 15.2 13.3 18.7 

temperature (0 C) [3.0) [4.5) [4.8) [5.8) [1.5) [3.9) 
Volume dilution ratio 9.9 9.3 10.0 9.8 8.8 11.9 

[0.9) (1.9) [4.5) [3.0) [2.9) [2.2) 
Fraction injected 0.131 0.139 0.131 0.129 0.140 0.103 

[0.7) [2.1) [4.5) [7.1) [2.1) [2.1) 

47-mm System 
41.1d Nuf TPM [mg/m3

) 44.2e 45.3 50.6 41.8 
[4.0) [11) [6.4) [6.6) [4.7) 

SOF [mg/m3
) 22.7° 28.3' 30.0 33.2 NO 26.0 

[19) [14) [8.5) [7.8) [11) 
SO, [mg/m3

) 2.43d 3.22° 3.30 3.66 NO 2.81 
[5.1) [2.1) [8.1) [4.2) [41) 

SOL [mg/m3
) 1a.o" 12.6° 12.0 13.7 NO 12.9 

[28) [5.9) [7.3) [9.4) (22) 

Brake-specific TPM (g/k\Vh) 0.3oo" 0.320' 0.327 0.367 NO 0.315 
(4.0) (11) [6.8) [6.8) (4.8) 

Brake-specific SOF (g/k\Vh) 0.165d 0.205' 0.217 0.241 NO 0.196 
(19) (14) (8.9) (7.9) [11) 

Brake-specific S0
4 

(g/kWh) 0.018d O.OZ3e 0.024 0.027 NO 0.021 
(5.2) (2.0) (8.4) (4.4) (40) 

Brake-specific SOL (g/kWh) 0.117d 0.091' 0.086 0.100 NO 0.098 
(28) (5.8) (7.5) (9.7) (22) 

% SOF 55.1d 64.8e 66.2 65.6 NO 62.2 
(18) [3.3) [3.5) [3.2) (9.1) 

Filter face temperature 40.0 40.7 39.7 39.4 40.0 39.9 
('C) (3.5) (1.0) [2.4) [1.9) (3.6) (1.2) 

Filter face N02 9.27 10.8 10.2 8.53 10.4 5.97 
(ppm) (5.9) (8.9) [6.7) [4.0) (8.6) (11) 

508- x 508-mm System 
29.4h SOF (mg/m3

) 23,58 33.3 36.4 30.4 26.3 

XOC (mg/m3
) 

(9 1( (8.7) (9.5) (6.4) (14) (23) 
NC NC 44.4 44.1 40.0 38.9 

Brake-specific SOF (g/kWhJ'. 
(8.1) (13) (19) (19) 

Brake-specific XOC (g/kWh)' 

a All values given in mg/m3 are reported at STPD conditions. 

bEach value is reported as the mean [CV in %). 

c Straight pipe used instead of a muffler. 

d Data for four samples. 

' Data for three samples. 

f ND ~ not determined, as no data available; NC not collected. 
8 Data for seven samples. 

h Data for nine samples. 

i No baseline data were calculated for these samples [508- x 508-mm system) from this engine. 
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APPENDIX F. Phase II PAH and Nitro-PAH Methods 
and Development Data 

The time scale legend was added to each figure and was 
not printed out as a part of each chromatogram; therefore, 
the time scale is approximate. The analytes in the chromato
grams are identified as follows: 

BA 
BaP 
BbF 
BkF 
CA 
CH 

1,6-DNP 
1,8-DNP 

FL 
NB 
NC 
NF 

NFl 
NP 

benz [a] anthracene 
benzo[a]pyrene 
benzo [ b] fl uoranthene 
benzo[k]fluoranthene 
2-chloroanthracene (internal standard) 
chrysene 
1,6-dinitropyrene 
1,8-dinitropyrene 
fluoranthene 
7-nitro benz[ a ]anthracene 
6-nitrochrysene 
2-nitrofluorene 
3-nitrofluoranthene 
1-nitropyrene and 1,3-dinitropyrene 

PY pyrene 

Table F.1. Concentrations of PAHs in National Institute 
for Standards and Technology Standard Reference 
Material 1650 "Diesel Particulate Matter"a 

PAH Mean cv Theoretical %of 
Compound nb (!lg/g TPM) (%) Meanc Theoretical 

FLU 10 66.7 21.7 51 133 
PYR 10 49.2 14.8 48 102 
BaA 10 11.8 20.8 6.5 182 
CHR 10 17.0 26.2 22d 77 

BbF 9 6.65 48.2 ND8 NA8 

BkF 7 1.32 44.7 2.1 63 
BaP 8 0.79 37.3 1.2 66 

a Found by HPLC fluorescence methods in Phase II. 

b Number of samples (out of 10 analyzed) for which concentrations greater 
than MDL were found. 

c Reported as NIST-certified 11g/g values, unless otherwise specified. 

d Reported as an informational (noncertified) value by NIST. 

e ND ~ not determined because concentration not reported by NIST; NA ~ 
not applicable. 
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Table F.2. Relative Retention Times for PAH 
Compounds Quantified Using High-Performance 
Liquid Chromatography with Fluorescence Detectiona 

Compound 

BaA 
BbF 
BkF 
Bg,h,1Pe 
BaP 
BeP 
2CA 
CHR 
DBa,hA 
DMA 
DMBA 
FLU 
Ic,dP 
PYR 

a Method details are given in Table 15. 

Relative Retention 
Timeb 

1.22 
1.46 
1.55 
1.77 
1.58 
1.42 
1.00 
1.29 
1.71 
0.861 
1.38 
0.561 
1.83 
0.636 

b Retention time relative to that of ZCA, the internal standard, which elutes 
at approximatly 30 minutes. 

Table F.3. Relative Retention Times for 
Nitro-PAH Compounds Quantified Using 
High-Performance Liquid Chromatography with 
Fluorescence Detection of the Corresponding 
Amino-PAHsa 

Compound 

2CA 
1,3DNP 
1,6DNP 
1,8DNP 
9NA 
7NBaA 
6NBaP 
4NBp 
6NC 
3NF 
2NF 
1NP 

a Method details are given in Table 15. 

Relative Retention 
Timeb 

1.00 
0.830 
0.723 
0.749 
0.622 
0.910 
1.12 
0.506 
0.980 
0.861 
0.603 
0.830 

b Retention time relative to that of ZCA, the internal standard, which elutes 
at approximately 32 minutes. 
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Table F.4. Preliminary Estimates of Raw Exhaust PAH and Nitro-PAH Concentrations 

P AH Concentration 

Mode and 
(ng/m3) 

Condition Fraction na FLU PYR BaA + CHR BaP 2NF 1NP 

9 Baseline SOF 2 640 160 NDb < 10 60 70 
XOC 3 830 1,100 430 < 10 < 10 < 10 

(7.1) (3.4) (22) 
11 Baseline SOF 6 870 300 450 40c 60 2od 

(17) (19) (12) (23) (7.2) (27J 
xoc 6 410 730 420 < 10d ND 30 

(7.8) (19) (13) (25) 
11 Trap SOF 3 520 740 570 30 ND ND 

(7.7) (13) (6.8) (8.4) 

a n ~ number of samples analyzed. 
b ND = not determined. 
c Four samples. 
d Five samples. 
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Figure F.l. High-pressure liquid chromatograms of SRM 1647a, the PAH 
Calibration Standard. A: Phase I PAH method utilizing a Zorbax ODS 
column, and excitation and emission wavelengths of 280 and 389 nm, 
respectively. B: Phase II PAH method using a Vydac TP201 column and exci
tation and emission wavelengths of 267 and 389 nm, respectively. The details 
of the method are given in the text (Phase II, Methods) and summarized in 
Table 15. 
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Figure F.Z. High-pressure liquid chromatogram of SRM 1587, the Nitro
PAR Calibration Standard. 
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Figure F.3. High-pressure liquid chromatograms of SRM 1650, the Diesel 
Particulate Matter Standard. A: PAH fraction. B: Nitro-PAH fraction. 
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Figure F.4. High-pressure liquid chromatograms of Cummins mode 9 base
line SOF. A: PAH fraction. B: Nitro-PAH fraction. 
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Figure F.5. High-pressure liquid chromatograms of Cummins mode 9 base
line XOC. A: PAH fraction. B: Nitro-PAH fraction. 
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Figure F.6. High-pressure liquid chromatograms of Cummins mode 9 trap 
SOF. A: PAH fraction. B: Nitro-PAH fraction. 
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Figure F.7. High-pressure liquid chromatograms of Cummins mode 9 trap 
XOC. A: PAH fraction. B: Nitro-PAl-l fraction. 
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Figure F.B. High-pressure liquid chromatograms of Cummins mode 11 
baseline SOF. A: PAI-I fraction. B: Nitro-PAl-l fraction. 
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Figure F.9. High-pressure liquid chromatograms of Cummins mode 11 
baseline XOC. A: PAH fraction. B: Nitro-PAH fraction. 
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Figure F.10. High-pressure liquid chromatograms of Cummins mode 11 
trap SOF. A: PAH fraction. B: Nitro-PAH fraction. 
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Figure F.ll. High-pressure liquid chromatograms of Cummins mode 11 
trap XOC. A: PAH fraction. B: Nitro-PAH fraction. 

APPENDIX G. Preliminary Cummins Engine and 
Donaldson Trap System Data 

Table G.l. Comparison of Filter Face Temperature and 
Sampling Time on Mode 9 Baseline Total Particulate 
Matter and SOF Levels 

Sampling Time 
Sample Numbera [minutes) 

30 
2 30 
3 30 

Mean [CV in %) 

60 
2 60 
3 60 

Mean [CV in %) 

a In order of sample collection. 

b Reported as mg/m3 from 47-mm filters. 

c SL ~ sample lost. 

TPMb 
Filter Face 

Temperature 

45°C 50°C 

34.4 35.5 
32.3 SLC 
32.2 SL 
33.0 35.5 
[3.8) 

19.1d 28.5 
30.3 24.0d 
23.3 29.6 
27.4 29.6 

(13) 

SOFb 
Filter Face 

Temperature 

45°C 50°C 

5.71 4.23 
5.50 SL 
5.55 SL 
5.59 4.23 
(2.0) 

3.81d 4.65 
5.19 3.87d 
4.96 4.84 
4.93 4.84 
(5.5) 

d Sample collected to assess dilution tunnel conditioning time and not 
used in comparisons between sampling times and filter face temperatures. 

Table G.2. Comparison of Filter Face Temperature and 
Sampling Time on Mode 11 Baseline Total Particulate 
Matter and SOF Levels 

Sampling 
Time 

(minutes) 

Sample Numbera 40°C 45°C 

1 30 20 
2 30 20 
3 30 20 
Mean (CV in%) 

a In order of sample collection. 

b Reported as mg/m3 from 47-mm filters. 

c SL ~ sample lost. 

TPMb 
Filter Face 

Temperature 

40°C 45°C 

SLC 34.4 
32.0 31.5 
30.6 33.2 
31.3 33.0 
(3.2} (4.4} 

SOFb 
Filter Face 

Temperature 

40°C 45°C 

SL 7.53 
7.02 7.05 
6.80 7.19 
6.91 7.26 
(2.3} (3.4} 

101 



Characterization of Emissions from a Diesel Engine Equipped with a Particle Trap 

Table G.3. Total Particulate Matter and SOF Masses 
from 47-mm Filtersa 

Mode and 
Condition 

9 Trap 

11 Trap 

4 

3 

TPM 
(mg) 

0.31 
(65.9) 
1.17 

(20.2) 

a Each value is presented as the mean (CV in %). 

b n ~ number of samples. 

SOF 
(mg) 

0.16 
(41.3) 
0.35 

(20.6) 

Table G.4. Estimated Trap Loading Times at Modes 9 
and 11 for Trap Loaded to 90 Grams of Total 
Particulate Matter 

Baseline Trap 
Brake Trap Loading 

TPMb TPMb Horsepower Time 
Mode na (g/kWh) na (g/kWh) (kW) (hours) 

9 4 0.132 2 0.015 171.7 4.48 
(19) (47) 

11 4 0.291 0.052c 56.9 6.79 
(8.9) (9.5) 

a n number of test dates. 

bEach value is reported as the mean (CV in %) of mean values. 

c Mean (CV in %) value for two samples collected on one test date. 
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Figure G.1. Comparison ofMTU and Cummins brake-specific NOx and HC 
levels at rated speed 1,900 rpm (from left to right: modes 11, 10, 9, and 8). 
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Characterization of Emissions from a Diesel Engine Equipped with a Particle Trap 

APPENDIX H. Phase II Test Summaries and Engine Data 

Table H.l. Summary of All Cummins L-10 Engine Testsa 

Test Numberb 

L11B051388 
L09B052488 
L09B070788 
L09B071588 
L09B081188 

L09B081288 

L11B082388 

L11B082588 

L09T092288 
L09T100588 
L11B101188 
L11B101588 

L11B110888 

L11T111588 

L11B120388 
L11B120888 
L11B012289 
L09B012989 
L11T013189 
11-R1(020789) 

L11T021189 
11R-2(021589) 

L11B022289 

L09B030789 
L09T031189 
L09T031589 
9R-1(031889) 

L09T032489 
9R-2(032489) 

L09T032589 
9R-3(032889) 

L11T033089 
11R-3(040189) 

L09T040889 
9R-4(042089) 

L09T042589 
9R-5(042789) 

L11T050289 
11R-4(050289) 

L11B051389 

L09B051389 

Purpose of Test 

Evaluate 508- x 508-mm system operation at mode 11 baseline 
Evaluate 508- x 508-mm system operation at mode 9 baseline 
Evaluate 508- x 508-mm system operation at mode 9 baseline 
Evaluate 508- x 508-mm system operation at mode 9 baseline 
Establish mode 9 baseline sampling conditions (30-, 45-, and 50-minute sampling times at 45°C filter 

face temperature) 
Establish mode 9 baseline sampling conditions (30-, 45-, and 50-minute sampling times at 50°C filter 

face temperature) 
Establish mode 11 baseline sampling conditions (20- and 30-minute sampling times at filter face 

temperatures of 45°C and 40°C, respectively) 
Establish mode 11 baseline sampling conditions (30-minute sampling times at 35 oc filter face 

temperature) 
Evaluate 508- x 508-mm system operation at mode 9 trap 
Establish mode 9 trap sampling conditions (50-minute sampling time at 45°C filter face temperature) 
Repeat engine test L11B082588 
Establish mode 11 baseline sampling conditions (30-minute sampling time at 42 oc filter face 

temperature) 
Establish mode 11 baseline sampling conditions (20- and 30-minute sampling times at 45 oc filter 

face temperature) 
Establish mode 11 trap sampling conditions (90-minute sampling times at 45°C filter face 

temperature) 
Attempt to collect mode 11 baseline emissions using the regeneration dilution tunnel system 
Collect mode 11 baseline SOF and XOC samples for preliminary PAH and mutagenicity analysis 
Collect mode 11 baseline samples for comparisons between modes and conditions 
Collect mode 9 baseline samples for comparisons between modes and conditions 
Collect mode 11 trap samples for comparisons between modes and conditions 
Regenerate trap (mode 11) and collect regeneration emissions for comparisons between modes and 

conditions 
Collect mode 11 trap samples for comparisons between modes and conditions 
Regenerate trap (mode 11) and collect regeneration emissions for comparisons between modes and 

conditions 
Assess effects of 47-mm filter ammoniation on SOF and sulfate levels and effects of 508 x 508-mm 

system XOC trap leak on TPM, SOF, and XOC levels 
Collect mode 9 baseline samples for comparisons between modes and conditions 
Collect mode 9 trap samples for comparisons between modes and conditions 
Collect mode 9 trap samples for comparisons between modes and conditions 
Regenerate trap (mode 9) and collect regeneration emissions for comparisons between modes and 

conditions 
Collect mode 9 trap samples for comparisons between modes and conditions 
Regenerate trap (mode 9) and collect regeneration emissions for comparisons between modes and 

conditions 
Collect mode 9 trap samples for comparisons between modes and conditions 
Regenerate trap (mode 9) and collect regeneration emissions for comparisons between modes and 

conditions 
Collect mode 11 trap samples for comparisons between modes and conditions 
Regenerate trap (mode 11) and collect regeneration emissions for comparisons between modes and 

conditions 
Collect mode 9 trap samples for comparisons between modes and conditions 
Regenerate trap (mode 9) and collect regeneration emissions for comparisons between modes and 

conditions 
Collect mode 9 trap samples for comparisons between modes and conditions 
Regenerate trap (mode 9) and collect regeneration emissions for comparisons between modes and 

conditions 
Collect mode 11 trap samples for comparisons between modes and conditions 
Regenerate trap (mode 11) and collect regeneration emissions for comparisons between modes and 

conditions 
Collect mode 11 baseline samples for comparisons between modes and conditions and assess 

whether engine operation has changed since start of tests 
Collect mode 11 baseline samples for comparisons between modes and conditions and assess 

whether engine operation has changed since start of tests 

a Other than March 1988, tests to compare MTU and Cummins emission data. 

b For steady-state tests, presented as engine type (L = L-10), mode (9 or 11), baseline (B) or trap (T), and test date; for regeneration runs, presented as mode 
(9 or 11), regeneration (R), and regeneration number (test date in parentheses). 
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Table H.2. Mode 9 Baseline Test Summary Table H.3. Mode 11 Baseline Test Summary 
Test Numberb 

Test Numberb 
Parameter8 L09B012989 L09B030789' L09B051289' 

Parametera L11B012289 L11B022289' L11B051389' 
Number of measurements 8 5 3 
Sampling time (minutes) 40.0 39.9 39.8 Number of measurements 8 6 3 {1.4) {0.3) (0.3) Sampling time {minutes) 30.6 30.5 29.8 

Measured from Raw Exhaust 
{1.7) {2.0) (0.6) 

NO, Corrected (ppm) 773 746 668 Measured from Raw Exhaust 
(0.9) {1.2) {1.9) NOx Corrected (ppm) 235 235 207 

NO Corrected (ppm) 727 711 635 (1.6) {1.9) {1.8) 
(0.9) {0.9) (8.9) NO Corrected (ppm) 219 217 194 

N02 Corrected (ppm) 46 35 33 (1.8) {2.8) (2.2) 
(12) {21) {13) N02 Corrected (ppm) 16 18 13 

(6.6) {11) (8.4) 
NO, (mg/m3

) 1,470 1,420 1,270 
{1.0) {1.2) (1.9) NO, (mg/m3

) 448 448 394 
NO (mg/m3

) 904 882 788 (1.7) {1.9) {1.9) 
(0.9) (0.7) {1.4) NO (mg/m3

) 272 270 241 
N02 (mg/m3

) 87.9 66.2 63.0 (1.8) {2.9) {2.3) 
(12.5) {21.8) {14.1) N02 (mg/m3

) 31.1 34.0 25.0 
(6.5) (5.1) (6.9) 

Brake-specific NO, (g/kWh) 7.04 6.82 5.92 
Brake-specific NO, (g/kWh) {1.4) (1.1) {1.9) 4.29 4.32 3.79 

Brake-specific NO (g/kWh) 4.32 4.24 3.67 {1.5) (2.3) {2.1) 
Brake-specific NO (g/kWh) 2.60 2.60 2.31 {1.2) {2.0) {1.3) 

{1.6) {3.2) {2.4) Brake-specific N02 (g/kWh) 0.42 0.32 0.29 
Brake-specific N02 (g/kWh) 0.30 0.33 0.24 {12) (20) (13) 

(6.8) {10) (8.5) 

HC (ppm carbon) 69 69 80 HC (ppm carbon) 141 158 157 (3.8) {6.3) {3.8) {1.0) {0.9) {0.7) 
HC (mg/m3

) 39.7 39.6 46.1 HC (mg/m3
) 81.0 90.5 90.1 

(3.8) {6.8) (3.7) (1.0) (0.6) (0.6) 
Brake-specific HC (g/kWh) 0.190 0.191 0.214 Brake-specific HC (g/kWh) 0.775 0.873 0.865 

{3.6) (4.5) (3.9) (1.3) (0.6) (0.5) 

Measured from Dilute Exhaust Measured from Dilute Exhaust 
Dilution tunnel inlet temperature 17.7 18.7 21.9 Dilution tunnel 23.5 23.0 18.1 

("C) (4.9) {26) (5.3) inlet temperature (0 C) {2.1) {2.0) {1.8) 
Volume dilution ratio 11.9 12.5 12.8 Volume dilution ratio 10.4 9.8 8.3 

(2.0) {19) (3.7) {2.4) {0.4) {1.2) 
Fraction injected 0.049 0.048 0.045 Fraction injected 0.095 0.101 0.117 

(1.8) {16) (3.8) {2.4) (0.7) {1.2) 

47-mm System 47-mm System With NH3rl Without NH3e 
TPM (mg/m3

) 28.5 25.5d 28.5 TPM (mg/m3
) 32.6 36.1 35.7 33.4 

(7.8) (10)d {22) 
SOF (mg/m3

) 

{10) {1.0) (3.0) (1.2) 
SOF (mg/m3

) 4.70 4.72 3.78 8.97 7.66 12.8 7.22 
(9.6) (38) {28) 

S04 (mg/m3
) 

{14) (5.7) (3.9) (1.8) 
S04 (mg/m3

) 4.94 5.07e 5.23 2.45 2.94 1.17 2.91 
(2.8) (4.6) (4.9) {10) {1.9) {9.5) (2.1) 

SOL (mg/m3
) 18.9 15.1' 19.5 SOL (mg/m3

) 21.2 25.5 21.7 23.2 

(11.4) (4.2) (6.6) {11) (2.3) (4.8) (1.2) 

Brake-specific TPM (g/kWh) 0.124d 0.133 Brake-specific TPM (g/kWh) 0.313 0.347 0.345 0.320 0.136 (10) {0.9) (3.0) {1.4) (7.6) {10) (2.0) Brake-specific SOF (g/kWh) 0.086 0.074 0.123 0.069 
Brake-specific SOF (g/kWh) 0.023 0.024d 0.018 (13) (5.6) {3.5) (2.2) 

(9.7) (34) (28) Brake-specific S04 (g/kWh) 0.023 0.028 0.012 0.028 
Brake-specific S04 (g/kWh) 0.024 0.025' 0.024 {11) (2.2) (5.2) {2.4) 

(3.2) (6.5) (4.7) Brake-specific SOL (g/kWh) 0.203 0.245 0.210 0.223 
Brake-specific SOL (g/kWh) 0.090 0.074e 0.091 {11) (2.5) (5.0) {1.3) 

(11.1) (5.7) {6.6) 
% SOF 27.5 21.2 35.8 21.6 

% SOF 16.6 18.6d 13.3 (9.8) (5.9) (3.6) {1.0) 
{1.9) (25) (28) Filter face temperature ("C) 45.3 45.6 45.6 

Filter face temperature ("C) 44.7 44.7 45.7 (1.5) (1.2) {1.2) 
{1.0) (1.1) (0.7) Filter face N02 (ppm) 1.65 1.91 1.64 

Filter face N02 (ppm) 4.14 3.02 2.77 (7.0) (10.4) (7.3) 
{13) (21) (12) 

With Leakf Without Leakf 508- x 508-mm System 
508· x 508-mm System TPM (mg/m3

) 28.8 28.3 37.6 40.5 
TPM (mg/m3

) 20.7 33.5 35.0 {9.9) (5.6) (9.6) (12) 
(5.3) {11) {15) SOF (mg/m3

) 8.50 7.17 12.0 12.5 
SOF (mg/m3) 5.87 9.80 8.90 (9.6) (14) {12) (16) 

XOC (mg/m3
) 31.3 38.9 45.3 40.4 (8.5) {15)f {24) 

{11) (5.6) (9.5) (23) XOC (mg/m3) 17.8 32.7 23.2 
(16) {14) 

Brake-specific TPM (g/kWh) 0.256 0.272 0.363 0.389 

Brake-specific TPM (g/kWh) 0.099 0.161 0.163 {9.9) (5.7) (9.7) {13) 
Brake-specific SOF (g/kWh) 0.081 0.069 0.116 0.120 (5.2) {13) (14) {9.6) {14) (12) {16) 

Brake-specific SOF (g/kWh) 0.028 0.047 0.041 Brake-specific XOC (g/kWh) 0.299 0.348 0.438 0.388 
(8.3) {17) {13) (11) (4.3) (9.4) (24) 

Brake-specific XOC (g/kWh) 0.085 0.158f 0.108 % SOF 31.8 25.5 31.9 30.7 
{16) (14) {1.9) (18) {12) (5.1) 

% SOF 28.4 29.1 25.2 
(4.5) (5.3) {9.3) 

a All values given in mg/m3 are reported at STPD conditions. 

a All values given in mg/m3 are reported at STPD conditions. bEach value is reported as the mean (CV in %). 

b Each value is reported as the mean (CV in %). c Data used for comparisons between conditions for TPM, SOF, S04 , SOL, and XOC. 

' Data used for comparisons between conditions for TPM, SOF, S04 , SOL, and XOC. d Three filters ammoniated (as with all other 47-mm filters). 

d Data for three samples. e Three filters not ammoniated. 

e Data for two samples. f With leak and without the leak in XOC sampler. Only samples without the leak were 
f Data for one sample. used for comparisons. 
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Table H.4. Mode 9 Trap Test Summary 

Test Numberb 

Parametera L09T031189 L09T031689 L09T032389 L09T032589 L09T040889 L09T042589 

Number of measurements 3 4 5 5 5 5 
Sampling time (minutes) 59.0 59.9 59.9 59.7 60.6 60.3 

(1.7) (0.9) (1.0) (0.3) (2.6) (2.1) 

Measured from Raw Exhaust 
NOx Corrected (ppm) 728 768 737 730 758 721 

(0.6) (0.6) (1.1) (0.3) (1.0) (1.4) 
NO Corrected (ppm) 702 747 708 701 733 697 

(0.2) (0.6) (0.8) (0.5) (0.4) (0.7) 
N02 Corrected (ppm) 26 26 28 29 25 23 

(13) (9.4) (11) (2.7) (19) (27) 

NOx (mg/m3) 1,410 1,460 1,400 1,420 1,430 1,330 

NO (mg/m3) 
(1.8) (0.9) (2.7) (1.7) (1.5) (2.2) 
884 917 876 890 905 842 

N02 (mg/m3) 
(1.3) (0.9) (2.7) (1.8) (1.5) (1.6) 
50.7 49.5 53.6 55.0 47.4 43.2 
(15) (10) (10) (9.8) (18) (27) 

Brake-specific NOx (g/kWh) 6.31 6.70 6.41 6.36 6.56 6.15 
(0.5) (0.3) (2.0) (1.6) (0.7) (2.1) 

Brake-specific NO (g/kWh) 3.97 4.22 4.02 3.98 4.14 3.88 
(0.2) (0.5) (2.0) (1.5) (0.3) (1.3) 

Brake-specific N02 (g/kWh) 0.23 0.23 0.25 0.26 0.22 0.20 
(12) (9.2) (10) (4.2) (18) (28) 

HC (ppm carbon) 43 39 38 45 42 43 

HC (mg/m3) 
(12) (4.1) (5.7) (9.6) (15) (5.5) 
25.2 22.3 21.9 25.2 23.7 24.1 
(11) (4.5) (7.1) (4.8) (16) (5.1) 

Brake-specific HC (g/kWh) 0.113 0.103 0.100 0.118 0.108 0.111 
(13) (4.5) (7.3) (11) (15) (6.0) 

Measured from Dilute Exhaust 
Dilution tunnel inlet 8.5 11.2 11.4 10.9 12.7 14.3 

temperature (0C) (3.8) (4.7) (19) (17) (3.7) (10) 
Volume dilution ratio 9.8 10.5 10.4 10.3 10.5 11.5 

(3.5) (2.8) (4.8) (6.2) (2.0) (3.1) 
Fraction injected 0.059 0.055 0.056 0.056 0.055 0.050 

(3.0) (2.8) (3.9) (4.7) (1.6) (3.0) 

4 7 -rnrn System 
TPM (mg/m3) 3.06 2.37 2.08 2.24 2.12 2.38 

SOF (mg/m3) 
(18) (22) (29) (35) (14) (20) 
0.83 0.30 0.48 0.51 0.34 0.42 

so, (mg/m3) 
(53) (31) (51) (82) (55) (34) 
1.13 1.13 0.90 0.88 0.78 0.80 

SOL (mg/m3) 
(33) (27) (28) (29) (21) (33) 
0.6 0.9 0.7 0.9 1.0 1.2 
(53) (20) (75) (21) (8.8) (26) 

Brake-specific TPM (g/kWh) 0.012 0.011 0.010 0.010 0.010 0.011 
(19) (22) (31) (37) (15) (21) 

Brake-specific SOF (g/kWh) 0.004 0.002 0.003 0.003 0.002 0.002 
(52) (15) (28) (6) (28) (34) 

Brake-specific SO, (g/kWh) 0.005 0.005 0.004 0.004 0.004 0.004 
(34) (27) (30) (31) (22) (34) 

Brake-specific SOL (g/kWh) 0.003 0.004 0.003 0.004 0.005 0.005 
(54) (21) (77) (22) (8.4) (27) 

% SOF 33.1 12.8 25.3 19.9 15.4 18.3 
(55) (34) (54) (55) (45) (40) 

Filter face temperature 45.0 45.0 45.3 44.9 45.2 45.2 
(OC) (1.2) (0.0) (0.7) (1.8) (1.4) (1.9) 

Filter face N02 2.91 2.67 2.94 3.09 2.57 2.19 
(ppm) (9.7) (8.3) (11) (8.1) (18) (26) 

508· x 508-rnm System 
TPM (mg/m3) 4.44 3.96 2.88 2.62 2.76 3.16 

SOF (mg/m3) 
(24) (21) (22) (30) (23) (37) 
0.90 0.82 0.72 0.92 0.51 0.98 

XOC (mg/m3) 
(49) (11) (21) (28) (44) (35) 
11.7 9.12 9.79 9.57 11.1 3.95 
(22) (27) (45) (11) (56) (63) 

Brake-specific TPM (g/kWh) 0.020 .018 0.013 0.012 0.013 0.014 
(25) (21) (24) (32) (23) (38) 

Brake-specific SOF (g/kWh) 0.004 0.004 0.003 0.004 0.002 0.004 
(50) (11) (23) (29) (44) (36) 

Brake-specific XOC (g/kWh) 0.053 0.042 0.045 0.044 0.050 0.018 
(23) (28) (45) (12) (56) (63) 

% SOF 19.6 21.2 25.1 35.6 18.1 31.2 
(24) (14) (8.7) (19) (26) (6.7) 

a All values given in mg/m3 are reported at STPD conditions. 

bEach value is reported as the mean (CV in %). 

' All data are used for comparisons between conditions for TPM, SOF, S0
4

, SOL, and XOC. 
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Table H.5. Mode 11 Trap Test Summary 

Test Numberb 

Parametera L11T013189 L11T021189 L11 T033089' L 11 T050289' 

Number of measurements 3 3 4 3 
Sampling time (minutes) 60.7 59.1 60.0 58.9 

(1.7) (0.2) (0.1) (0.7) 

Measured from Raw Exhaust 
NO, Corrected (ppm) 252 249 245 238 

(0.7) (2.3) (1.2) (0.2) 
NO Corrected (ppm) 245 238 240 235 

(0.7) (1.1) (1.1) (0.2) 
N02 Corrected (ppm) 6.7 11 4.8 2.9 

(0.2) (74) (8.2) (0.0) 

NOx (mg/m3) 479 474 468 453 

NO (mg/m3) 
(0.9) (2.6) (1.2) (0.3) 
304 296 299 292 
(0.8) (0.8) (1.4) (0.3) 

N02 (mg/m3
) 13.0 20.7 8.95 5.33 

(0.0) (73) (5.9) (1.1) 

Brake-specific NOx (g/kWh) 4.45 4.44 4.31 4.23 
(0.3) (2.5) (1.7) (0.9) 

Brake-specific NO (gikWh) 2.83 2.77 2.76 2.72 
(0.3) (1.1) (1.6) (0.9) 

Brake-specific N02 (gikWh) 0.12 0.19 0.08 0.05 
(1.0) (74) (8.1) (0.0) 

HC (ppm carbon) 137 152 144 139 

I-JC (mg/m3
) 

(1.1) (1.0) (1.2) (3.2) 
78.6 86.9 82.6 79.9 
(0.9) (1.1) (0.9) (3.3) 

Brake-specific HC (g/kWh) 0.7JO 0.814 0.761 0.745 
(2.0) (0.9) (1.6) (2.4) 

Measured from Dilute Exhaust 
Dilution tunnel inlet 13.3 15.0 18.3 11.9 

temperature ("C) (4.2) (9.8) (4.3) (12) 
Volume dilution ratio 8.1 8.3 9.4 7.5 

(1.8) (6.1) (2.6) (7.3) 
Fraction injected 0.122 0.118 0.103 0.129 

(2.1) (5.90) (2.7) (6.3) 

47-mm System 
TPM (mg/m3

) 2.23 6.42 7.08 6.58 
(8.6) (13) (12) (2.5) 

SOF (mg/m3
) 0.58 1.98 1.83 1.70 

(20) (25) (16) (0.8) 
S04 (mg/m3

) 0.68 1.70 1.65 1.59 
(8.9) (17) (8.2) (5.4) 

SOL (mg/m3
) 1.0 2.7 3.6 3.3 

(2.7) (6.6) (18) (2.0) 

Brake-specific TPM (gikWh) 0.021 0.060 0.065 0.061 
(9.5) (13) (10) (3.1) 

Brake-specific SOF (g/kWh) 0.005 0.019 0.017 0.016 
(21) (25) (16) (1.2) 

Brake-specific S04 (g/kWh) 0.006 0.016 0.015 0.015 
(9.8) (17) (7.1) (6.1) 

Brake-specific SOL (gikWh) 0.009 0.026 0.033 0.031 
(3.3) (6.2) (16) (2.6) 

% SOF 25.8 30.5 25.9 25.9 
(12) (15) (150) (1.9) 

Filter face temperature 45.0 44.3 44.2 45.0 
("C) (0.1) (0.7) (0.7) (1.2) 
Filter face N02 0.87 1.40 0.53 0.40 
(ppm) (1.8) (79) (10) (7.2) 

508· x 508-mm System 
TPM (mg/m3

) 7.68 8.75 9.13 9.13 

SOF (mg/m3
) 

(13) (9.4) (17.9) (22) 
3.94 4.37 4.98 4.77 

XOC (mg/m3
) 

(16) (11) (20) (25) 
31.5 37.0 50.1 32.1 
(1.2) (17) (16) (19) 

Brake-specific TPM (g/kWh) 0.071 0.082 0.084 0.085 
(14) (9.7) (16) (23) 

Brake-specific SOF (gikWh) 0.037 0.041 0.046 0.045 
(17) (12) (18) (25) 

Brake-specific XOC (g/kWh) 0.293 0.347 0.462 0.300 
(2.0) (17) (14) (20) 

% SOF 51.2 49.8 54.4 52.1 
(3.9) (1.8) (3.4) (2.6) 

a All values given in mg/m3 are reported at STPD conditions. 

bEach value is reported as the mean (CV in %}. 

c All data used for comparisons between conditions for TPM, SOF, 304 , SOL, and XOC. 
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Table H.6. Mean Particle Size Distributions at Mode ga 

Midpoint of Size Range 
(J.lm) 

Condition Test Number nb Typec 0.0075 0.0133 0.0237 0.0422 0.075 0.133 0.237 0.422 0.75 Total 

Baseline L09B012989 8 Number 244,000 217,000 7,530 7,130 4,570 1,160 112 7 482,000 
Volume 0.0 0.5 1.0 0.3 1.7 5.6 7.1 3.5 1.1 20.8 

L09B030789 Number 1 235,000 242,000 7,390 6,340 3,830 915 82 6 496,000 
Volume 0.0 0.5 1.1 0.3 1.5 4.6 5.6 2.6 1.0 17.2 

Trap L09T031189 3 Number 368,000 389,000 50,400 380 151 116 19 7 0 808,000 
Volume 0.1 0.5 0.2 0.0 0.0 0.2 0.1 0.2 0.0 1.4 

L09T031689d 4 Number 40,000 121,000 113,000 59,200 43,200 7,620 2,230 688 134 387,000 
Volume 0.0 0.2 0.7 0.7 1.4 2.3 2.8 1.9 1.0 10.9 

L09T032389 5 Number 498,000 356,000 21,400 273 196 126 28 876,000 
Volume 0.1 0.4 0.1 0.0 0.0 0.2 0.2 0.2 0.2 1.4 

L09T032589 4 Number 418,000 366,000 28,400 237 183 112 24 1 813,000 
Volume 0.1 0.4 0.1 0.0 0.0 0.1 0.2 0.1 0.2 1.4 

L09T040889 4 Number 414,000 269,000 15,100 271 128 68 17 1 1 698,000 
Volume 0.1 0.3 0.1 0.0 0.0 0.1 0.1 0.0 0.2 1.0 

L09T042589 Number 340,000 320,000 34,600 229 110 61 12 6 0 695,000 
Volume 0.1 0.4 0.2 0.0 0.0 0.1 0.1 0.2 0.0 1.0 

a Reported using dilution ratio of 1,000:1. 

b n = number of samples per date. 

c Number = number/cm3 ; volume = volume/cm3
. 

d EAA not working properly. 

Table H.7. Mean Particle Size Distributions at Mode 11 a 

Midpoint of Size Range 
(J.lm) 

Condition Test Number nb Typec 0.0075 0.0133 0.0237 0.0422 0.075 0.133 0.237 0.422 0.75 Total 

Baseline L11B120888 8 Number 0 35,970 16,600 10,600 18,100 12,200 1,830 62 1 95,300 
Volume 0.0 0.1 0.1 0.6 4.6 14.2 9.7 1.5 0.1 30.9 

L11B012289 7 Number 0 58,200 16,200 7,810 12,000 8,390 1,760 123 4 104,000 
Volume 0.0 0.1 0.1 0.4 3.0 10.1 10.1 3.4 0.6 28.0 

1118022289 5 Number 0 29,900 11,100 8,130 12,300 7,430 1,050 40 1 69,900 
Volume 0.0 0.1 0.1 0.4 3.1 8.6 5.7 1.0 0.1 19.0 

L11B051389 Number 0 102,000 25,100 6,520 11,400 7,140 1,010 35 0 153,000 
Volume 0.0 0.2 0.1 0.4 2.9 8.2 5.3 0.9 0.1 17.9 

Trap L11T013189 Number 0 272,000 197,000 1,330 120 80 19 4 0 470,000 
Volume 0.0 0.5 0.9 0.0 0.0 0.1 0.1 0.2 0.0 1.9 

L11T021189 3 Number 87,900 344,000 197,000 1,400 111 121 22 5 1 630,000 
Volume 0.0 0.5 1.1 0.0 0.0 0.2 0.2 0.2 0.1 2.3 

L11T033089 3 Number 0 246,000 157,000 1,050 128 64 15 3 0 405,000 
Volume 0.1 0.5 0.7 0.0 0.0 0.1 0.1 0.1 0.0 1.5 

L11T050289 2 Number 67,700 192,000 100,000 787 48 46 40 2 0 360,000 
Volume 0.0 0.3 0.5 0.0 0.0 0.1 0.1 0.1 0.0 1.2 

a Reported using dilution ratio of 1,000:1. 

b n = number of samples per date. 

c Number = number/cm3 ; volume volume/cm3
. 
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APPENDIX I. Phase II Regeneration Test Summaries 
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Figure I.J.. Cone!ation of total particle volume and sampled TPM mass. 
PTPM ~ apparent density of the TPM. 

Table I.1. Mode 9 Regeneration Summary 

9R-1 9R-2 9R-3 9R-4 9R-5 
Parametera (031889) (032489) (032889) (042089) (042789) 

Average NOx (ppm) 59 62 63 42 51 
Average HC (ppm) 11 19 14 9 8 
TPM [mg) 4.4 4.1 5.4 3.8 4.7 
SOF [mg) 1.8 1.6 0.1 0.4 2.5 
S04 (mg) 0.88 1.8 0.95 0.35 0.86 
SOL (mg) 1.7 0.7 4.4 3.1 1.3 

XOC (mg) SLb 31 130 31 27 
TPM [mg/m3

) 6.73 6.87 NDb 2.69 3.32 
SOF [mg/m3

) 2.76 2.68 ND 0.30 1.76 
S04 (mg/m3

] 1.35 2.95 ND 0.30 0.60 
SOL [mg/m) 2.62 1.24 ND 2.10 0.96 

XOC [mg/m3
) 1.1 SLb 46 8.9 9.1 

% SOF 41 39 1.9 11 53 
Loading time [hours) 6.42 7.58 7.67 8.17 8.50 
Sampling time [minutes) 24.0 19.6 24.5 30.6 26.0 
1!. P (em Hg) 8.8 8.9 8.8 8.5 8.5 
Trap mass, calculated [g) 129 152 154 164 171 

a All values given in mg/m3 are reported at STPD conditions. 

b SL = sample lost; ND = not determined because no EAA data available. 

Table 1.2. Mode 11 Regeneration Summary 

Regeneration Number (Test Date) 

11R-1 11R-2 11R-3 11R-4 

Parameter• (020789) (021689) (040189) (050489) 

Average NOx (ppm) NDb 110 27 66 
Average HC (ppm) ND 45 22 17 
TPM (mg) 71 25 12 42 
SOF (mg) 48 9.9 0.4 18 
S04 (mg) 5.6 11 5.2 14 
SOL (mg) 17 4.1 6.4 10 

XOC (mg) 85 69 SLb 13 
TPM (mg/m3) 51.9 22.1 38.6 32.7 
SOF (mg/m3) 35.2 8.84 1.16 13.7 
so4 (mg/m3

) 4.00 9.50 17.4 10.5 
SOL (mg/m3) 12.2 3.76 20.1 8.5 

XOC (mg/m3) 34.8 29.2 SL 4.77 
% SOF 68 40 3.3 42 
Loading time (hours) 6.17 5.83 6.67 6.42 
Sampling time (minutes) 21.5 21.2 17.9 23.9 
11. P (em Hg) 9.6 10.4 8.7 9.0 
Trap mass, calculated (g) 82 77 88 85 

a All values given in mg/m3 are reported at STPD conditions. 

b ND = not determined due to instrumentation difficulties; SL sample 
lost. 
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Table 1.3. Regeneration Particle Volume Concentration at Mode 9 

9R-1 9R-2 9R-4 9R-5 

Time EAA Volume Time EAA Volume Time EAA Volume Time EAA Volume 
(minutes) (J.lm3/cm3) (minutes) (J.lm3/cm3) (minutes) (J.lm3/cm3) (minutes) (J.lm3/cm3) 

1.26 113.5 1.71 293.9 2.00 110.9 2.00 46.60 
3.50 177.9 3.96 536.4 4.00 73.76 4.25 199.2 
5.74 126.8 6.16 229.8 6.25 76.32 6.75 81.14 
7.94 474.0 8.12 192.0 8.75 125.5 9.00 63.89 

9.98 263.2 10.10 308.1 11.25 435.1 11.25 596.7 
12.06 527.0 12.76 207.3 13.75 704.2 13.50 710.7 
14.33 445.0 14.65 2,863 16.00 988.7 15.75 893.7 
16.58a 3,087 16.87a 3,152 18.ooa 1,233 18.ooa 1,522 

18.82 2,695 20.25 1,012 20.25 1,147 
21.05 1,887 22.75 964.2 22.50 864.0 

25.00 449.0 24.50 645.1 
27.25 394.5 
29.50 289.6 

Average volume 
EAA (J.lm3/cm3) 

980 973 590 620 

Total volume 0.00266 0.00215 0.00204 0.00182 
particles (J.lm3) 

• Value used in determining regeneration TPM density. 

Table 1.4. Regeneration Particle Volume Concentration at Mode 11 

11R-1 11R-2 11R-3 11R-4 

Time EAA Volume Time EAA Volume Time EAA Volume Time EAA Volume 
(minutes) (J.lm3/cm3) (minutes) (J.lm3/cm3) (minutes) (J.lm3/cm3) (minutes) (J.lm3/cm3) 

1.52 275.8 2.27 274.7 1.26 376.0 2.14 298.7 
4.18 102.3 5.38 120.6 3.55 786.1 4.42 68.38 
6.32 358.3 7.64 377.1 5.90 122.2 6.64 209.2 

8.44 427.7 9.86 532.4 8.2 84.85 8.82 94.67 
10.57 455.0 12.61 845 10.42 123.1 10.98 90.04 
12.69 1,822 15.04 6,746 12.64 9,698 13.18 4,560 
14.81 12,500 17.40a 10,150 14.88a 17,710 15.39 8,855 

16.94a 23,800 19.78 5,634 17.60 14,130 
19.07 16,650 19.80a 15,000 

22.00 11,000 

Average EAA 6,400 3,100 4,100 5,400 
volume (J.lm3/cm3) 

Total particle 0.0155 0.00741 0.00827 0.0149 
volume (J.lm3) 

a Value used in determining regeneration TPM density. 
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APPENDIX J. Phase II PAH and Nitro-PAH Summary Data 

Table J .1. P AH Concentrations in Mode 9 Baseline SOF and Xoca 

P AH Concentration 

Fraction of Sample 
(ng/m3) 

Sample Test Number Number FLU PYR BaA CHR BbF BkF BaP 

SOF L09B030789 1 830 25 68 57 58 < 1.9 3.4 
2 520 7.6 24 24 32 < 1.7 1.4 
3 890 2.6 61 44 68 < 2.1 < 2.2 
4 1,000 14 100 68 88 3.0 2.4 
5 810 6.5 37 56 6.1 3.7 1.5 

L09B051389 1 1,600 54 220 230 120 5.7 6.7 
2 1,400 8.1 120 180 91 < 4.7 3.4 
3 2,300 84 310 340 91 24 22 

xoc L09B030789 5 1,700 330 120 1.4 < 1.8 < 2.1 < 2.2 

L09B051389 1 1,300 120 82 17 < 85 < 2.0 < 2.0 
2 2,000 590 160 40 < 2.5 < 2.8 < 2.9 
3 2,200 180 190 49 < 18 < 2.0 < 2.1 

a Using HPLC and fluorescence methods of Phase II. 

Table J.2. Nitro-PAH Concentrations in Mode 9 Baseline SOF and xoca 

Nitro-PAH Concentration 

Fraction of Sample 
(ng/m3) 

Sample Test Number Number 1NP + 1,3DNP 2NF 3NFL 6NC 7NBaA 1,6DNP 1,8DNP 

SOF L09B030789 1 21 5.3 1.4 2.1 3.9 25 <MDLb 

L09B051389 1 < 2.1 5.3 < 2.2 2.4 4.7 21 47 
2 < 4.5 12 < 4.6 9.5 < 4.7 79 10 
3 < 3.1 23 < 3.2 13 0.60 38 170 

xoc L09B030789 5 < 2.1 8.7 < 2.1 2.5 2.5 58 <MDL 

L09B051389 1 < 1.9 9.9 < 1.9 < 1.7 7.1 84 62 
2 < 2.7 < 2.9 < 2.8 < 2.4 4.4 <MDL 14 
3 < 19 < 2.1 < 2.0 1.7 9.5 <MDL <MDL 

a Using HPLC and fluorescence methods of Phase II. 

b < MDL ~ MDL not specifically determined, but known to be < 1.0 ng/m3 for both the 1,6- and 1,8-dinitropyrenes. 
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Table J.3. PAH Concentrations in Mode 9 Trap SOF and xoca 

P AH Concentration 

Fraction of Sample 
(ng/m3) 

Sample Test Number Number FLU PYR BaA CHR BbF BkF BaP 

SOF L09T031189 2 110 14 < 1.1 17 2.9 < 1.3 < 1.4 
3 57 Nib < 1.2 6.6 < 1.2 < 1.4 < 1.5 

L09T031689 1 140 380 15 34 1.1 < 1.0 < 1.1 
3 83 13 < 1.2 10 < 1.2 < 1.4 < 1.5 
4 170 25 2.0 19 3.7 < :t.4 < 1.5 

L09T032389 1 190 44 2.1 39 1.2 < 1.0 < 1.1 
2 130 23 < 1.7 26 5.9 < 2.0 < 2.1 
3 110 23 4.9 17 4.2 < 1.1 0.14 
5 2,100 330 28 4.6 < 0.97 < 1.1 < 1.2 

L09T032589 1 390 130 76 110 52 < 2.0 1.3 
2 300 100 48 62 15 < 1.8 0.46 
3 180 47 2.5 34 32 < 2.1 0.87 
4 150 32 28 27 2.9 < 2.1 0.79 
5 550 170 46 51 2.4 < 2.4 0.96 

xoc L09T031189 1 510 99 4.2 < 0.98 < 1.1 < 1.2 < 1.3 
2 3,000 570 45 20 < 1.1 < 1.3 < 1.4 
3 2,300 370 45 26 11 < 1.4 < 1.5 

L09T031689 1 2,100 440 13 < 1.7 < 1.9 < 2.1 < 2.2 
2 2,200 400 < 2.5 < 2.4 < 2.6 < 3.0 < 3.1 

L09T032389 1 2,600 580 46 19 < 8.5 < 0.95 < 1.0 
3 2,200 390 18 9.4 < 0.82 < 0.92 < 0.96 
4 1,900 290 < 1.7 < 1.6 < 1.8 < 2.0 < 2.1 

L09T040989 3 2,200 570 26 45 6.5 < 0.73 < 0.76 
5 750 130 < 0.37 < 0.35 < 0.40 < 0.45 < 0.47 

L09T042589 1 390 190 6.6 5.5 < 0.15 < 0.17 < 0.18 
2 1,500 360 24 12 < 0.55 < 0.62 < 0.65 
3 88 21 9.6 18 2.9 < 0.69 < 0.67 
4 1,950 410 29 14 < 0.50 < 0.56 < 0.59 

a Using HPLC and fluorescence methods of Phase II. 

b NI ~ peak not integrated. 
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Table J.4. Nitro-PAH Concentrations in Mode 9 Trap SOF and xoca 

Nitro-PAH Concentration 

Fraction of Sample 
(ng/m3) 

Sample Test Number Number 1NP + 1,3DNP 2NF 3NFL 6NC 7NBaA 1,6DNP 1,8DNP 

SOF L09T031189 1 3.3 11 < 1.2 < 2.2 0.23 86 <MDLb 
2 2.2 8.9 < 1.3 < 1.1 0.16 67 <MDL 
3 1.8 7.6 < 1.4 < 1.2 0.72 59 <MDL 

L09T031689 1 5.1 11 < 1.0 < 0.90 0.76 90 <MDL 
3 1.9 9.5 < 1.4 < 1.2 1.5 74 <MDL 
4 0.95 8.5 < 1.4 < 1.2 0.14 56 <MDL 

L09T032389 1 1.8 9.4 < 1.0 < 0.88 0.62 51 <MDL 
3 1.2 7.4 < 1.0 < 0.92 0.50 37 <MDL 
5 0.86 5.6 < 1.1 < 0.95 < 1.1 31 36 

L09T032589 1 25 < 2.0 < 1.9 < 1.7 < 2.0 <MDL <MDL 
2 5.4 21 < 1.8 4.3 0.57 61 49 
3 15 < 2.2 < 2.1 < 1.8 < 2.1 <MDL <MDL 

xoc L09T031189 1 38 < 2.6 13 < 2.2 60 <MDL 37 
L09T031689 1 22 < 2.2 < 2.1 < 1.8 < 2.1 <MDL <MDL 

2 30 < 3.1 < 30 < 2.6 < 3.0 <MDL <MDL 
L09T032389 1 1.8 < 0.99 0.19 < 0.83 1.9 <MDL 5.8 

3 9.6 0.12 1.7 < 8.0 12 <MDL <MDL 
4 45 69 < 2.0 < 1.8 < 2.0 <MDL <MDL 

L09T040889 1 0.37 < 0.67 < 0.64 0.10 1.5 14 200 
2 4.0 < 0.68 1.0 2.3 9.7 49 35 
3 < 0.70 < 0.75 < 0.72 < 0.63 0.36 3.4 70 
4 < 1.5 < 1.6 0.06 0.16 3.3 21 99 
5 0.13 < 0.45 0.09 0.21 3.1 14 47 

L09T042589 1 0.03 < 0.18 0.02 0.07 0.34 2.5 5.0 
2 2.4 < 0.64 0.81 2.3 6.1 28 85 
3 < 6.2 < 0.67 0.22 1.7 11 22 22 
4 2.8 < 0.58 1.1 2.5 11 69 110 

a Using HPLC and fluorescence methods of Phase II. 

b <MDL ~ MDL not specifically determined, but known to be less than 1.0 ng/m3 for both the 1,6- and 1,8-dinitropyrenes. 
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Table J.9. Fluoranthene Raw Exhaust Concentration 
Summary Data 

Fluoranthene Concentration" 
(ng/m3) 

Mode and 
Condition 

9 Baseline 

9 Trap 

11 Baseline 

11 Trap 

Test Number 

L09B030789 
L09B051389 

L09T031189 
L09T031689 
L09T032389 
L09T032589 
L09T040889 
L09T042589 

L11B022289 
L11B041389 

L11T033089 
L11T050289 

Sample 
Number 

5 
3 

2 
3 
4 
5 
0 
0 

5 
3 

2 

SOF 

Mean 

820 (20) 
760 (21) 

82 (31) 
130 (27) 
630 (134) 
310 (46) 

NAb 
NA 

611 (23) 
560 (13) 

1,600 (79) 
190 

• Each value is reported as the mean (CV in %). 

b NA ~ not applicable; no samples analyzed. 

n 

3 

3 
2 
2 

2 
4 

5 
2 

4 
3 

Table J.10. Pyrene Raw Exhaust Concentration 
Summary Data 

xoc 

Mean 

1,660 
1,840 (21) 

1,900 (54) 
2,200 (1.8) 
2,400 (8.5) 
1,900 
1,500 (49) 

970 (77) 

2,900 (19) 
2,300 (8.4) 

4,400 (51) 
2,900 (22) 

Pyrene Concentration" 
(ng/m3) 

Mode and 

Condition 

9 Baseline 

9 Trap 

11 Baseline 

11 Trap 

Test Number 

L09B030789 
L09B051389 

L09T031189 
L09T031689 
L09T032389 
L09T032589 
L09T040889 
L09T042589 

L11B022289 
L11B051389 

L11T033089 
L11T050289 

Sample 

Number 

5 
3 

3 
4 
5 
0 
0 

5 
3 

2 

Mean 

113 (71) 
49 (78) 

14 
140 (120) 
100 (120) 

96 (54) 
NA" 
NA 

88 (20) 
93 (34) 

590 (34) 
260 

a Each value is reported as the mean (CV in %) . 

b NA ~ not applicable; no samples analyzed. 
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n Mean 

1 330 
3 300 (72) 

3 350 (56) 
2 420 (4.4) 
2 480 (20) 
1 290 
2 350 (64) 
4 250 (63) 

5 52 (20) 
2 400 (37) 

4 1,300 (28) 
3 860 (16) 

Table J .11. Chrysene Raw Exhaust Concentration 
Summary Data 

Mode and 
Condition 

9 Baseline 

9 Trap 

11 Baseline 

11 Trap 

Test Number 

L09B030789 
L09B051389 

L09T031189 
L09T031689 
L09T032389 
L09T032589 

L11B022289 
L11B051389 

L11T033089 
L11T050289 

Chrysene 
Concentration 

(ng/m3) 

Sample 
Number Mean8 

5 50 (30) 
3 250 (27) 

2 12 (45) 
3 21 (47) 
4 22 (58) 
5 56 (51) 

5 160 (76) 
3 120 (42) 

2 120 (90) 
1 100 (NA)b 

8 Each value is reported as the mean (CV in %) . 

Table J.12. Analysis of Variance Statistics for Raw 
Exhaust Concentrations of SOF and XOC for 
Fluoranthene and Pyrene, and SOF for Chrysenea 

Fluoranthene Pyrene Chrysene 
Variable 
Tested 

Mode 
Condition 
Mode by condition 

interaction 
Mode 9, baseline vs. trap 
Mode 11, baseline vs. trap 

SOF 

0.6517 
0.5304 
0.0076 

0.0019 
0.2958 

' All above the MDLs from each data set. 

XOC 

0.0029 
0.3284 
0.2264 

SOF xoc SOF 

0.0001 0.0669 0.1476 
0.0001 0.8106 0.0855 
0.0001 0.7827 0.3526 

0.0992 
0.0001 
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Table J.13. Analysis of Variance Statistics for Raw Table J.14. Analysis of Variance Statistics for Raw 
Exhaust Concentrations (ng/m3) of PARs and Exhaust Concentrations (ng/m3) of PARs and 
Nitro-PARs Quantified in the SOFa Nitro-PARs Quantified in the xoca 

Analysis Methodb Analysis Methodb 

A B c D A B c D 

Benz[a]anthracene 
Mode 0.0536 0.0537 0.0537 0.0536 Benz[a]anthracene 
Condition 0.0628 0.0630 0.0629 0.0629 Mode 0.0536 0.0537 0.0537 0.0536 
Mode by condition interaction 0.1657 0.1663 0.1660 0.1658 Condition 0.0628 0.0630 0.0629 0.0629 

Mode by condition interaction 0.1657 0.1663 0.1660 0.1658 
Benzo[b]fluoranthene 
Mode 0.8914 0.8914 0.5531 0.0131 Chrysene 
Condition 0.1391 0.1391 0.0626 0.0123 Mode 0.6764 0.7436 0.9531 0. 7384 
Mode by condition interaction 0.0271 0.0271 0.0419 0.0022 Condition 0.9691 0.7256 0.6455 0.7417 
Mode 9, baseline vs. trap 0.0381 0.0381 0.0378 0.0379 Mode by condition interaction 0.6524 0.2086 0.3760 0.2064 
Mode 11, baseline vs. trap 0.3010 0.3001 0.4632 0.4563 

Benzo[b]fluoranthene 
Benzo[k]fluoranthene Mode 0.6996 0.8177 0.2499 0.9133 
Mode 0.9198 0.9651 0.7609 0.8465 Condition 0.6996 0.2465 0.1829 0.9692 
Condition 0.1140 0.0327 0.0884 0.0800 Mode by condition interaction 0.6996 0.6704 0.1852 0.6689 
Mode by condition interaction 0.9198 0.6426 0.9773 0. 7628 

Benzo[k]fluoranthenec 
Benzo[a]pyrene Mode 0 0.2531 0.7378 0.6992 
Mode 0.1276 0.1404 0.9756 0.8639 Condition 0.0999 0.5095 0.2330 
Condition 0.4069 0.9045 0.4683 0.1356 Mode by condition interaction 0.6352 0.5552 0.9005 
Mode by condition interaction 0.0527 0.0208 0.0765 0.8105 
Mode 9, baseline vs. trap 0.2058 0.0782 0.2472 NC' Benzo[a]pyrenec 
Mode 11, baseline vs. trap 0.1351 0.1565 0.1586 NC Mode 0.2458 0.1066 0.7124 

Condition 0.1436 0.5130 0.7093 
1-Nitropyrene + 1,3-Dinitropyrene Mode by condition interaction 0.7948 0.36ll1 0.6943 
Mode 0.1692 0.1704 0.1697 0.1760 
Condition 0.9377 0.9035 0.9207 0.8880 1-Nitropyrene + 1,3-Dinitropyrene 
Mode by condition interaction 0.8006 0.7515 0. 7761 0.7477 Mode 0.0056 0.0053 0.0069 0.0056 

Condition 0.0692 0.0630 0.0529 0.0660 
2-Nitrofluorene Mode by condition interaction 0.0087 0.0093 0.0116 0.0090 
Mode 0.4744 0.4853 0.4791 0.4775 Mode 9, baseline vs. trap 0.2359 0.2742 0.3767 0.2532 
Condition 0.3547 0.3065 0.3298 0.3375 Mode 11, baseline vs. trap 0.0810 0.0795 0.0802 0.0805 
Mode by condition interaction 0.2010 0.1965 0.1982 0.1990 

2-Nitrofluorene 
3-Nitrofluoranthene Mode 0.9249 0.8668 0.8960 0.9282 
Mode 0.2430 0.8206 0.3088 0.2769 Condition 0.9000 0.8839 0.8921 0.9023 
Condition 0.7250 0.9842 0.9159 0.9986 Mode by condition interaction 0.7383 0. 7605 0.7491 0. 7150 
Mode by condition interaction 0.7687 0.9470 0.4169 0.6780 

3-Nitrofluoranthene 
6-Nitrochrysene Mode 0.6455 0.6542 0.5980 0.7136 
Mode 0.3881 0.2910 0.3677 0.3312 Condition 0.5832 0.7461 0.5761 0.5076 
Condition 0.3187 0.4294 0.3383 0.4416 Mode by condition interaction 0.9455 0.8831 0.9477 0.6810 
Mode by condition interaction 0.0589 0.1234 0.0938 0.1382 
Mode 9, baseline vs. trap 0.0619 NC 0.0846 NC 6-Nitrochrysene 
Mode 11, baseline vs. trap 0.5002 NC 0.5129 NC Mode 0.0053 0.0090 0.0069 0.0074 

Condition 0.1208 0.1040 0.1156 0.1271 
7-Nitrobenz[a]anthracene Mode by condition interaction 0.0713 0.0751 0.0666 0.0614 
Mode 0.0752 0.1867 0.0249 0.0790 Mode 9, baseline vs. trap 0.4173 0.4996 0.2483 0.1660 
Condition 0.0680 0.0028 0.0041 0.0741 Mode 11, baseline vs. trap 0.3295 0.3295 0.3295 0.3295 
Mode by condition interaction 0.6445 0.3889 0.4567 0.6263 

7-Nitrobenz[a]anthracene 
a ANOVA statistics presented here for those PAHs and nitro-PAHs present at levels less Mode 0.5898 0.5956 0.4343 0.5995 

than the MDL for one or more of the samples analyzed. Condition 0.4580 0.4738 0.5541 0.4650 

b p values determined by four methods for using or replacing the MDL values, where 
Mode by condition interaction 0.1779 0.1645 0.1912 0.1657 

Ais<MDL ~ o,Bis<MDL ~ MDL,Cis<MDL ~ MDLIZ,andDis<MDL ~random a ANOVA statistics presented here for those PAHs and nitro-PAHs present at levels less 
number between 0 and MDL. than the MDL for one or more of the samples analyzed. 

c NC = not calculated; interaction was > 0.10. b p values present determined by four methods for using or replacing the MDL values, 
where A is< MDL ~ 0, B is< MDL ~ MDL, Cis< MDL ~ MDL/2, and Dis< MDL 
= random number between 0 and MDL. 

'All BaP and all but one BkF values less than MDL. 
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ABBREVIATIONS 

2AA 2-aminoanthracene 

ACN acetonitrile 

ANOVA analysis of variance 

API American Petroleum Institute 

BaA benz[a)anthracene 

BaP benzo[a)pyrene 

BbF benzo[b]fluoranthene 

BeP benzo[e]pyrene 

BghiPr benzo[ghi]perylene 

BkF benzo[k]fluoranthene 

2CA 2-chloroanthracene 

CHR chrysene 

CV coefficient of variation 

CVS constant-volume sampler 

DB ahA dibenz[ ah ]anthracene 

DCM dichloromethane 

9,10DMA 9,10-dimethylanthracene 

7, 12DMBA 7, 12-dimethy lbenz[ a ]anthracene 

DMSO dimethyl sulfoxide 

1,3DNP 1,3-dinitropyrene 

DNPH 2 ,4-dinitropheny lhydrazine 

DR dilution ratio 

EAA electrical aerosol analyzer 

EPA Environmental Protection Agency 

FID flame ionization detector 

FLU fluoranthene 

g/bhp-hr grams per brake horsepower-hour 

GC gas chromatography 
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HC hydrocarbon NOx oxides of nitrogen 

HPLC high-performance liquid chromatography NOz nitrogen dioxide 

IcdP indeno(1,2,3-c,d]pyrene 1NP 1-nitropyrene 

kWh kilowatt-hour 1-NP + 1,3DNP 1-nitropyrene plus 1,3-dinitropyrene 

L-10 Cummins LTA10-300 engine NPD nitrogen-phosphorus detector 

MDL minimum detection level ODS octadecylsilane 

MeOH methanol PAH polynuclear aromatic hydrocarbon 

MS mass spectroscopy ppm parts per million 

MTU Michigan Technological University PYR pyrene 

9NA 9-nitroanthracene rpm revolutions per minute 

7NBaA 7-ni trobenz [a] anthracene SD standard deviation 

6NBaP 6-nitrobenzo[a]pyrene so4 particle-associated sulfate fraction 

4NBP 4-nitrobiphenyl SOF particle-associated soluble organic 

6NC 6-nitrochrysene 
fraction 

2NF 2-nitrofluorene 
SOL particle-associated solid fraction 

3NFL 3-nitrofluoranthene SRM standard reference material 

NIST National Institute of Standards and 
STPD standard temperature and pressure, dry 

Technology TA98DNP tester strain TA98-1,8-DNP 

nitro-PAHs nitro-polynuclear aromatic hydrocarbons TNM tetranitromethane 

N•m Newton•meter TPM total particulate matter 

NO nitric oxide xoc XAD-2 resin organic component 
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INTRODUCTION 

A Request for Applications (RFA 86-2), which solicited 
proposals for "Health Effects of Diesel Emissions," was is
sued by the Health Effects Institute (HEI) in the summer of 
1986. In response to the RFA, Dr. Susan T. Bagley and col
leagues, from the Michigan Technological University, sub
mitted a proposal entitled "Effect of Organometallic Fuel 
Additives on Emissions from a Diesel Engine Equipped with 
Ceramic Particulate Traps." Following a request from the 
HEI Research Committee to incorporate more modern diesel 
engine and particle trap technology in her proposal, Dr. 
Bagley and associates submitted a revised research plan in 
May 1987 for a modified proposal entitled "Characterization 
of Particle- and Vapor-Phase Organic Fraction Emissions 
from a Heavy-Duty Diesel Engine Equipped with a Particle 
Trap Having Regeneration Controls:' The HEI approved the 
two-year project, which began in July 1987. Total expendi
tures were $286,884. The Investigators' Report was received 
at HEI for review in December 1990, and was accepted by 
the Health Review Committee in April 1991. During the re
view of the Investigators' Report, the Review Committee and 
the investigators had the opportunity to exchange comments 
and to clarify issues in the Investigators' Report and in the 
Review Committee's Commentary. The Health Review Com
mittee's Commentary is intended to place the Investigators' 
Report in perspective as an aid to the sponsors of HEI and 
to the public. 

REGULATORY BACKGROUND 

The U.S. Environmental Protection Agency (EPA) sets 
emissions standards for diesel engines and vehicles under 
Section 202 of the Clean Air Act, as amended in 1990. Sec
tion 202(a)(1) of the Act directs the Administrator of the EPA 
to "prescribe (and from time to time revise) ... standards 
applicable to the emissions of any air pollutant from any 
class or classes of new motor vehicles or new motor vehicle 
engines, which in his judgment cause, or contribute to, air 
pollution which may reasonably be anticipated to endanger 
public health or welfare:' Section 202(a)(3)(A)(i) of the Act, 
as amended by Section 201 of the 1990 Amendments, spe
cifically directs the Administrator to set standards for the 
"emissions of hydrocarbons, carbon monoxide, oxides of 
nitrogen, and particulate matter from classes ... of heavy
duty vehicles or engines ... :' 

The EPA has taken a variety of regulatory actions with re
spect to diesel engines and vehicles under the authority 

given it by Sections 202(a)(1) and (a)(3)(A)(i). The EPA has 
set emissions standards initially made applicable to all en
gines and vehicles produced in a given model year. Engines 
and vehicles of the same class that are produced in succeed
ing years must also comply with these existing standards, 
unless the EPA establishes a new set of standards. 

Section 202(a)(4)(A) states that, to comply with emissions 
requirements of the Clean Air Act Amendments, emission 
control devices used in new motor vehicles or engines after 
model year 1978 should not "cause or contribute to an un
reasonable risk to public health, welfare, or safety in its 
operation or function:' To assess the extent to which un
reasonable risk may occur, Section 202(a)(4)(B) requires, in 
part, that the use of such control devices be considered in 
terms of the effect they have on concentrations of unregu
lated pollutants and whether alternative devices or methods 
can be used to produce less risk to public health. 

With respect to heavy-duty diesel engines and vehicles, 
the EPA issued emissions standards in 1980 that specified 
limits for hydrocarbons, carbon monoxide, and oxides of 
nitrogen (NOx)* applicable to engines and vehicles pro
duced in the 1985 model year. New standards were later 
promulgated for the 1988 and 1989 model years, with the 
1988 model year standards, initially promulgated in 1985, 
adding limits on particulate matter emissions. Emission 
standards for the 1991 and 1994 model years have also been 
set by the EPA. Those standards were most recently revised 
by the EPA in 1989 and 1990. 

The 1990 Amendments to the Clean Air Act include sev
eral provisions that deal with diesel engines and vehicles. 
Section 202(a)(3)(B)(ii) of the Act, as amended by Section 
201 of the 1990 Amendments, sets out new emissions stan
dards for NOx produced from diesel-powered heavy-duty 
trucks. This Section requires that, beginning with model 
year 1998, all diesel-fueled heavy-duty trucks not emit more 
than 4.0 g of nitrogen oxides per brake horsepower-hour 
(g!bhp-hr). 

Emissions from buses are a focus of several provisions in 
the 1990 Amendments. Section 202(f) of the Act, added by 
Section 207(b) of the 1990 Amendments, requires increas
ingly demanding particulate matter emission standards for 
buses not covered by Section 219 of the Act. Sections 219(a) 
and (b) of the Act, as added by Section 227 of the 1990 
Amendments, requires the EPA to promulgate regulations 
"applicable to urban buses for the model year 1994 and 
thereafter" that will reduce particulate matter emissions by 
as much as 50%. 

* A list of abbreviations appears at the end of this report for your reference. 
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SCIENTIFIC BACKGROUND 

COMPOSITION OF DIESEL EMISSIONS 

Several review articles adequately address the identifica
tion of the chemical constituents of diesel engine emissions 
(National Research Council1982; Schuetzle 1983; Schuet
zle and Frazier 1986; International Agency for Research on 
Cancer 1989; Volkswagen AG Research and Development 
1989; Waytulonls 1992). 

There are two basic designs of diesel engines. In open
chamber or direct-injection engines, the fuel is injected 
directly into the combustion chamber. In prechamber or 
indirect-injection engines, the fuel and air are combined 
first in a mixing chamber where combustion begins; the air 
and fuel then are expelled into the combustion chamber, 
where oxidation of the fuel continues. This design results 
in more complete combustion and lower emissions of pol
lutants. Because the direct-injection engine consumes ap
proximately 10% less fuel and has a slightly better power-to
weight ratio than an indirect-injection engine of equivalent 
size, it is the preferred design for heavy-duty use. The in
direct-injection engine has been the design choice for light
duty applications in passenger cars and light trucks be
cause it is quieter, has a wider range of speeds, and emits 
less pollutants. 

In addition to the carbon dioxide and water produced by 
the complete combustion of hydrocarbons in fuel, emis
sions from diesel engines contain thousands of organic and 
inorganic pollutants. These pollutants may be either com
ponents of unburned fuel and lubricating oil or products of 
incomplete combustion of the fuel and oil. Much of the 
detailed characterization of diesel emissions was per
formed in the late 1970s and 1980s with light-duty engines 
from this period. These engines are substantially different 
in design and emission control technology from earlier or 
later model engines. Thus, the composition of emissions 
reported in the literature may not be representative of other 
types or designs of engines. 

Included among the inorganic pollutants of diesel ex
haust are carbon monoxide from the incomplete combus
tion of carbon, NOx from the reaction of oxygen and nitro
gen present in the air at the high temperatures of the 
combustion process, and oxides of sulfur from the oxida
tion of sulfur compounds present in the fuel. 

Organic pollutants in diesel exhaust belong to several 
chemical classes. Hydrocarbons and aldehydes are major 
classes of pollutants. Hydrocarbon emissions are derived 
from (1) unburned components of fuel and lubricating oil, 
(2) partially decomposed (cracked) substances from the in
complete combustion of fuel and oil, and (3) substances 
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formed by the recombination of intermediate products of 
combustion. Aldehydes originate from the partial oxidation 
of hydrocarbons. 

The pollutants in diesel exhaust are emitted either as 
gases (vapor phase) or as particles (particle phase). Exam
ples of pollutants in the vapor phase include the inorganic 
gases NOx and oxides of sulfur, as well as a variety of low
molecular-weight organic compounds. Some vapor-phase 
compounds that may be potentially important to human 
health are formaldehyde, methanol, acrolein, benzene, 1,3-
butadiene, small linear- and branched-chain hydrocarbons 
(containing up to 18 carbon atoms), and low-molecular
weight (consisting of four rings or less) polynuclear aro
matic hydrocarbons (PAHs) and their oxygenated and 
nitrated derivatives. The organic compounds in the vapor 
phase that are trapped for chemical analysis by appropriate 
resins (such as XAD-2 resin) usually are collectively re
ferred to as the semi-volatile organic component or XOC. 

The particle phase (often referred to as total particulate 
matter or TPM) is defined as that material, excluding water, 
that can be collected on a filter after dilution of diesel ex
haust with ambient air. It is also derived from the incom
plete combustion of fuel and lubricating oil and contains (1) 
solid, nonextractable carbonaceous material consisting 
mostly of elemental carbon, (2) nongaseous inorganic oxi
dation products (primarily sulfates from fuel combustion, 
but also barium and calcium oxides from the combustion 
of lubricating oil additives, and traces of metal oxides from 
engine wear materials), and (3) a particle-associated soluble 
organic fraction (SOF) containing organic compounds that 
are extractable from the particles by an appropriate solvent. 

Diesel exhaust particles originate from hot products of 
fuel and oil combustion within the engine cylinder that 
condense around nucleation sites (reviewed by Lipkea et al. 
1978). In this process, small spheres are formed with a di
ameter ranging from 0.01 to 0.09 J.lill (average diameter of 
0.03 ~-tm). These primary or "nuclei mode" particles consist 
mainly of carbon atoms that then agglomerate during the 
expansion stroke to form long chain agglomerated ("ac
cumulation mode'') particles. Because these particles have 
large surface areas, they are able to adsorb significant 
amounts of organic compounds from the exhaust. The 
range of the mass mean diameters of these particles is be
tween 0.15-0.35 ~lm, depending on the engine operating 
conditions. 

Typically, the emitted particles contain 60% to 80% ele
mental carbon, 2% to 7% sulfates, and 15% to 45% ad
sorbed organic compounds (Schuetzle 1983; International 
Agency for Research on Cancer 1989). It is the higher-mo
lecular-weight compounds that are preferentially adsorbed 
to the particles, although some intermediate-molecular-
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weight compounds are present in both the particle and va
por phases. Examples of classes of chemicals adsorbed to 
particles include linear- and branched-chain hydrocarbons 
with 14 to 35 carbon atoms, PARs (primarily with four or 
more rings), alkylated benzenes and PAHs, nitro-PARs, and 
a variety of polar, oxygenated PAH derivatives. The chemi
cals adsorbed to particles are of particular concern to hu
man health because they include many compounds that are 
mutagens and carcinogens. 

In addition to molecular weight, other factors such as 
temperature and concentration determine how much of an 
individual chemical is present in the vapor or particle 
phase (Schuetzle and Frazier 1986; International Agency for 
Research on Cancer 1989). The relative concentration of a 
substance in the vapor and particle phases is expressed as 
a partition coefficient, which is the ratio of the mass of com
pound in the particle phase to the mass in the vapor phase. 
For example, intermediate-molecular-weight PAHs of four 
rings such as fluoranthene or pyrerw have partition coeffi
cientn of 0.6 to 1.1 (Schuetzle 1983) and thus occur at ap
proximntnly equal concentrations in the vapor and particle 
phases. Benzo[a]pyrene, a carcinogenic five--ring Pf\H, has 
a partition coefficient of 15 to 27, and is found almost exclu
sively in the particle phase. Partition coefficients have been 
reported for only a small number of biologically important 
PARs and their derivatives. 

FACTORS AFFECTING DIESEL EMISSIONS 

The composition of diesel exhaust is strongly influenced 
by the chemical composition of the fuel and lubricating oil, 
as well as the type of engine and the conditions under 
which the engine is operated and maintained (reviewed by 
National Research Council 1982, Schuetzle and Frazier 
1986, International Agency for Research on Cancer 1989, 
and Waytulonis 1992). The most important characteristics 
of the fuel are the sulfur content, aromatic hydrocarbon 
content, and the cetane number. Reducing the sulfur con
tent lowers emissions of oxides of sulfur and the sulfate frac
tion of the particles. This has the added benefit of reducing 
engine wear by sulfuric acid corrosion, and reducing emis
sions of pollutants coming from lubricating oil. Reducing 
the aromatic hydrocarbon concentrations in fuel lowers hy
drocarbon and carbon particle emissions, and increasing 
the cetane number generally lowers the NOx emissions. 

The highest particle-phase emissions are produced at 
high engine loads or during cold starting, whereas low en
gine loads result in relatively low particle concentrations 
but higher proportions of organic compounds. Because com
bustion of lubricating oil can contribute 50 to 280 times 
more particles than combustion of an equivalent weight of 
fuel, worn engines produce much higher levels of pollu-

tants. Most emissions problems from newer engines arise 
from worn or improperly adjusted fuel injection system com
ponents or from clogged air filters. These factors reduce the 
amount of oxygen available to burn the fuel completely, 
and therefore increase the pollutants from incomplete com
bustion. 

The condition of the lubricating oil is a significant factor 
in the concentration of pollutants in emissions from older 
design diesel engines because the oil may contribute 40% 
to 70% of the total particles emitted in the exhaust (Wil
liams et al. 1987). Unlike diesel fuel itself (Williams et al. 
1986), clean lubricating oil contains negligible amounts of 
PAHs and related compounds. However, used lubricating 
oil contains significant levels of PAHs that accumulate from 
unburned diesel fuel. Lubricating oil contributes much less 
to the emissions from more modern engines. 

SAMPLING DIESEL EMISSIONS 

Diesel emissions are collected for chemical and biologi-
cal analysis primarily by a sampling procedure that em
ploys a dilution tunnel in which the raw exhaust is cooled 
by mixing with ambient air (Schuetzle 1983). This tech
nique has the advantage of producing a sample that is phys
ically and chemically similar to the emissions released into 
the environment by diesel engine operation. The particle 
phase is trapped on filters, and the SOF can be extracted 
from the particles with an appropriate solvent. The vapor 
phase is passed through an adsorbent resin such as XAD-2, 
which traps the semivolatile portion of the compounds 
present. The resin is treated with an appropriate solvent to 
extract the XOC. However, the more volatile organic com
pounds may pass through the resin and therefore may not 
be collected by this technique. 

Much of the literature on diesel engine emissions deals 
primarily with the chemical and biological properties of 
the SOF, with relatively little attention given to compounds 
present in the XOC. It is important to obtain information on 
the chemical composition and biological activity of both 
the SOF and XOC if the health effects of raw diesel exhaust 
are to be placed in proper perspective. In addition, there is 
relatively little information in the literature on the charac
teristics of emissions from heavy-duty diesel engines. Most 
data have been obtained from light-duty engines that have 
quite different emissions characteristics. 

EMISSION CONTROL TECHNOLOGY 

The need for effective emission controls is dictated by 
more stringent air quality standards. For diesel engines, in 
particular, it is important to control particle emissions be
cause of the presence of known carcinogens adsorbed to 
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particles sufficiently small enough to be inspired into the 
deepest regions of the lung. Two devices that are being de
veloped to control exhaust emissions are the oxidation cata
lytic converter and the particle trap (reviewed by Way
tulonis 1992). 

The function of oxidation catalytic converters is to oxi
dize exhaust pollutants to less toxic products. In general, 
they are effective in oxidizing hydrocarbons and aldehydes 
to carbon dioxide and water, and in reducing the SOF in the 
particle phase. However, because the converters work best 
at higher exhaust temperatures, they also increase produc
tion of sulfur trioxide (which reacts with water to form sul
furic acid) from sulfur dioxide, and nitrogen dioxide from 
the less toxic nitric oxide (NO). A consequence of this latter 
reaction may be an increase in the mutagenicity of the chem
icals in the particle phase due to formation of more muta
genic nitro-PAHs from the reaction of PAHs with N02 . How
ever, a model of an oxidation catalytic converter, used on a 
7-L diesel mining engine burning low sulfur fuels, did not 
increase NOx levels and reduced SOF mutagenicity by 30% 

to 40% (McClure et al. 1992). 

Uncatalyzed diesel particle traps, like the one used in 
this study, have a high efficiency for collecting particles but 
may have little effect on the mass of the vapor-phase pollu
tants. The biggest problem is to dispose of the collected par
ticles before the trap is rendered inoperative by clogging 
from soot or damaged by heat from self-initiated combus
tion of the soot. The key to safe and effective operation of 
the trap, therefore, is limiting the amount of particles re
tained in the trap. 

The most promising method of disposing of the particles 
is to burn or oxidize them periodically under controlled 
conditions to regenerate the filter. This thermal regenera
tion cycle may create a health hazard by causing mutagenic 
substances to be reemitted or produced from the burning 
particles. It is important, therefore, to obtain quantitative 
information on the characteristics of emissions from diesel 
engines equipped with particle traps during both the col
lection period and regeneration cycle. 

BIOLOGICAL ACTIVITY OF DIESEL EMISSIONS 

Carcinogenicity 

The International Agency for Research on Cancer has 
classified diesel exhaust as a probable human carcinogen, 
based on limited epidemiological evidence for an increased 
risk of lung cancer in occupationally exposed workers (In
ternational Agency for Research on Cancer 1989). 

Several long-term studies have shown that chronic inha
lation of high concentrations of diesel exhaust causes lung 
cancer in rats (reviewed by Mauderly 1992). In general, lung 
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tumors were induced in up to 40% of the rats exposed to 
diesel emissions for at least two years at relatively high soot 
concentrations of at least 3.5 mg/m3 . At these concentra
tions of soot, the normal clearance mechanisms of the lung 
were overwhelmed, resulting in a visible and continued ac
cumulation of diesel particles in the lung. Lung tumors 
were not found in hamsters under comparable conditions 
of exposure. 

In other chronic inhalation studies rats were exposed to 
diesel exhaust in which the particles with their associated 
organic compounds had been removed (Mauderly 1992). 
No lung tumors were induced in any of these animals, dem
onstrating the primary importance of the particle phase in 
diesel exhaust carcinogenesis. None of the experiments with 
rats addressed the question of whether the organic com
pounds bound to the carbonaceous core particles, the core 
particles themselves, or a combination of the core particles 
with the bound compounds were responsible for the tumor
igenic response. 

Many PAHs and their chemical derivatives in diesel ex
haust are well-known mutagens in bacteria and mammalian 
cells and are carcinogens in laboratory animals (Interna
tional Agency for Research on Cancer 1983, 1989). Chemi
cals extracted from diesel emissions produced tumors 
when applied to the skin of mice (Nesnow et al. 1983) or im
planted into the lungs of rats (Grimmer et al. 1987). In the 
latter study, further fractionation and testing of the chemi
cals demonstrated that most of the carcinogenic activity 
was associated with the PAHs, whereas only low activity 
was associated with the nitro-PAHs. 

Mutagenicity 

The biological activity of emissions from combustion 
sources is assessed routinely in a mutation assay that mea
sures the ability of substances to induce mutations in the 
bacterium Salmonella typhimurium. This assay is rela
tively cheap and quick to perform and requires only com
paratively small amounts of emissions for testing. 

Mutations are produced in the bacteria because the bac
terial DNA has been damaged or altered by mutagenic sub
stances in the emissions, which disrupt the proper process
ing and expression of genetic information contained in the 
DNA. Damage resulting from alteration of DNA is consid
ered to be the initial step by which chemical carcinogens 
induce cancer in laboratory animals and humans (Interna
tional Agency for Research on Cancer 1992). Thus, positive 
results in the Salmonella assay indicate that the materials 
tested have the potential for causing mutation, and possibly 
cancer, in humans. 

Emissions from most combustion processes are more 
mutagenic in the Salmonella assay when a preparation of 
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rat liver homogenate (S9) is added to the bacterial incuba
tion mixture. This is because the rat liver contains enzymes 
that metabolize many chemicals in emissions into sub
stances that are more mutagenic than the original com
pounds and, thus, have a greater capacity to alter the bac
terial DNA (Austin et al. 1985). Most mutagenic (and 
carcinogenic) PAHs require S9 for manifestation of maxi
mum mutagenic activity in bacteria (International Agency 
for Research on Cancer 1983) and are termed indirect-acting 
mutagens. 

Extracts containing the organic compounds adsorbed to 
diesel exhaust particles, however, are unique with respect 
to other combustion emissions because they are potent in
ducers of bacterial mutations even when S9 is omitted from 
the assay (Pederson and Siak 1981; Rosenkranz 1982; Lewtas 
and Williams 1986). This is because diesel exhaust contains 
relatively high concentrations of nitro-PAHs, a class of 
direct-acting mutagens that do not require the presence of 
S9 because they are metabolized to mutagenic substances 
by other kinds of enzymes (nitroreductases) already present 
in the bacteria (Mermelstein et al. 1981). More than 90% of 
the direct-acting mutagenicity present in raw diesel ex
haust is associated with the SOF, with the nitro-PAHs ac
counting for more than 50% of this activity (Schuetzle 
1983; Tokiwa and Ohnishi 1986). Only about 5% of the 
direct-acting mutagenicity is associated with the XOC in 
these studies. 

Nitropyrenes are a group of nitro-PAHs that are major 
contributors to the direct-acting mutagenicity in extracts of 
particles from diesel engine emissions (Schuetzle 1983; 
Rosenkranz and Mermelstein 1985). 1-Nitropyrene is proba
bly the most abundant mutagenic nitro-PAH in diesel ex
haust; however, the dinitropyrenes (the 1,3-, 1,6-, and 1,8-
isomers of dinitropyrene) are probably the most mutagenic 
nitro-PAHs. Nitrohydroxypyrenes and nitroacetoxypyrenes 
have also been reported to contribute to the direct-acting 
mutagenicity of diesel engine emissions (Schuetzle 1983; 
Manabe et al. 1985). Although actual figures vary depend
ing upon the conditions of the experiments, 1-nitropyrene 
was responsible for 15% to 30% of the direct-acting mutage
nicity of several diesel particle extracts (Salmeen et al. 1982; 
Schuetzle 1983). Dinitropyrenes accounted for an addi
tional 20% to 50%, and nitrohydroxypyrenes for another 
3% to 30% of the mutagenicity (Nakagawa et al. 1983; 
Schuetzle 1983). 

Due to the relatively high concentrations of direct-acting 
mutagens in an extract prepared from diesel exhaust parti
cles, Ball and associates (1990) were unable to measure the 
mutagenic contribution of the indirect-acting PAHs that 
were also present. This was because the potent mutagenic
ity and the relatively high concentrations of the direct-acting 
mutagens present in the extract masked the comparatively 

low levels of mutagenicity contributed by the indirect-acting 
PAHs. Only after the diesel particle extract had been sepa
rated into several components was indirect-acting mutage
nicity demonstrated in one of the fractions. Thus, the many 
measurements of the mutagenicity of diesel emissions re
ported in the literature represent primarily that subset of 
mutagens represented by the nitro-PAHs and possibly the 
compounds from other classes of direct-acting mutagens. 
This, therefore, provides only a partial reflection of poten
tial biological activity because it excludes the contributions 
of the PAHs, many of which are potent carcinogens in labo
ratory animals (International Agency for Research on Can
cer 1983). 

Some tester strains of Salmonella have been developed to 
differentiate among the mutagenic responses of nitro-PAHs. 
The presence of nitro-PAHs in an emissions sample may be 
suspected if, in the absence of S9, a positive result is ob
tained in the Salmonella tester strain TA98 and in a reduced 
response in the nitroreductase-deficient strain TA98NR 
(Rosenkranz and Mermelstein 1985; Tokiwa and Ohnishi 
1986). This is because bacterial nitroreductase is required 
in one step of the process to convert many nitro-PAHs, such 
as 1-nitropyrene, to metabolites that can react with DNA to 
cause mutations. 

A third tester strain (TA98DNP) is not deficient in nitro
reductase, but in transacetylase, another enzyme that is re
quired in the process of metabolizing dinitropyrenes into 
substances that can react directly with DNA (McCoy et al. 
1983; Rosenkranz and Mermelstein 1985). Characteristi
cally, dinitropyrenes are highly mutagenic in strains TA98 
and TA98NR, but much less so in strain TA98DNP. 

A complicating factor is that mutagenicity may be ex
pressed in different units within the same report. Mutage
nicity may be presented as mutants produced per volume 
of raw exhaust (total mutagenicity), or as mutants identified 
per weight of fraction collected (specific mutagenicity), or 
as mutants produced per unit of time (emission rate). Thus, 
it is important to consider the context in which mutagenic
ity data are expressed to avoid confusion. 

In summary, chemicals present in diesel exhaust are a 
function of many factors, including engine design and 
maintenance, engine fuel and lubricating oil composition, 
and conditions of engine operation (National Research 
Council 1982; International Agency for Research on Cancer 
1989). Mandated reductions in diesel emissions will be ac
complished by continued changes in engine design, diesel 
fuel composition, and increased efficiencies in emissions 
control devices. 

Because of the large expense and limited resources avail
able, it is not possible to do many full-scale tests of car
cinogenicity in laboratory animals by inhalation exposure. 
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Furthermore, the problem of sampling the multitude of 
variables involved in diesel engine operation dictates that 
only small samples of emissions are available for testing in 
biological systems. The measurement of bacterial mutage
nicity in the Salmonella assay, though by no means an ac
curate indicator of carcinogenic potential, does serve to pro
vide some measure of the ability of test materials to damage 
DNA, particularly when information on large numbers of 
samples is needed. The nitro-PAHs in diesel exhaust do, 
however, complicate the interpretations of biological activ
ity because their relatively high concentrations and muta
genicity overwhelm the ability to detect the mutagenicity 
from other classes of perhaps even more carcinogenic com
pounds. 

JUSTIFICATION FOR THE STUDY 

In 1986, the Health Effect~ Institute decided to support 
studies that would increase understanding of the discovery 
that high levels of inhaled diesel exhaust induced lung 
tumors in laboratory animals. Research was needed to clar
ify the role of diesel exhaust particles in carcinogenicity. 
Proposals were sought (1) to evaluate the influence of the 
physical and chemical characteristics of diesel exhaust par
ticles on various in vivo or in vitro toxicological end points 
relevant to the carcinogenic process, and (2) to assess the 
impact of emerging emissions control devices upon the 
reduction of exhaust particle emissions and their associ
ated biological activity. 

Dr. Bagley and colleagues proposed to investigate the ef
fect of a prototype particle trap on emissions from a heavy
duty, direct-injection diesel engine. Data to be obtained in
cluded physical characteristics of the particles in the ex
haust, concentrations of combustion gases and selected 
chemicals adsorbed to the particles or present in the vapor 
phase, and the mutagenicity of extracts from the particle 
and vapor phases in bacteria. In a previous study funded by 
the HEI (Bagley et al. 1987), the investigators examined the 
effect of an uncatalyzed ceramic particle trap on the amount 
and bacterial mutagenicity of particle and vapor-phase emis
sions from a 1979-model medium-duty diesel engine oper
ated under different work loads. 

The REI funded the current study because it addressed 
the implications of diesel particle control technology using 
current engine models. Research in this critical area should 
provide a needed biological perspective to a problem of 
substantial interest to regulators, industry, and the general 
public. Dr. Bagley and her collaborators, with a modern 
heavy-duty diesel engine and a prototype particle trap in 
their facility, were uniquely able to combine the appropri-
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ate engineering and biological expertise to bring this study 
to a successful conclusion. 

OBJECTIVES AND STUDY DESIGN 

The overall objective of this study was to investigate the 
effect of a ceramic particle trap, a device to reduce emis
sions with potentially widespread applicability, on selected 
physical, chemical, and biological properties of the exhaust 
from a current model heavy-duty diesel engine. 

The work was to be conducted in two phases. The first 
phase of the study was oriented toward improving and 
validating the emission sampling procedures and develop
ing analytical techniques for measuring specific PARs and 
nitro-PARs in these emissions. This portion of the project 
used a 1979-model medium-duty Caterpillar diesel engine. 
The specific aims of this phase were to: 

1. Validate the procedures to sample exhaust particles and 
to measure the organic compounds associated with par
ticles (SOF) and those present in the vapor phase (XOC). 

2. Develop analytical methods to measure specific biologi
cally active PARs and nitro-PARs in the SOF and XOC. 

3. Evaluate modifications of the Salmonella bacterial mu
tagenicity assay to increase sensitivity and reduce the 
sample size needed. 

4. Improve the methodology to measure the amounts of or
ganic compounds present in the vapor phase but too 
volatile to be collected in the XOC. 

5. Design and develop a sampler to measure the bacterial 
mutagenicity of these volatile compounds. 

The second phase of the study was to apply the meth
odology developed in the first phase to characterize the 
emissions from a current model heavy-duty diesel engine 
equipped with a ceramic particle trap. The selected engine 
and particle trap would, when used together, reduce emis
sions to meet the 1994 Federal particle emission standards. 
The specific aims of this phase were to: 

1. Determine the effect of the particle trap on the emis
sions of particles, hydrocarbons, sulfates, NOx, SOF, and 
xoc. 

2. Measure the concentrations of 12 PARs and nitro-PARs, 
selected mainly on the basis of their mutagenic and car
cinogenic activities, in the SOF and XOC of emissions 
obtained in the presence and absence of the particle trap. 

3. Determine the effect of the particle trap on the mutage
nicity of the SOF and XOC. 

4. Evaluate the effect of particle trap regeneration on the 
emission of particles and organic compounds and on the 
mutagenicity of the SOF and XOC. 
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TECHNICAL EVALUATION 

ATTAINMENT OF STUDY OBJECfiVES 

This was a well-designed and thorough study. The sam
pling methodology was carefully conceived and rigorously 
validated. The experimental data appear consistent and the 
interpretations and conclusions drawn by the investigators 
are appropriate. The information presented in this report 
and the methodologies developed and employed by the in
vestigators are valuable to other researchers who are in
terested in studying the environmental impact of diesel en
gines and new devices for reducing engine emissions. 

METHODS AND STUDY DESIGN 

Dr. Bagley and coworkers examined the effects of the 
operation of a ceramic particle trap on the emission of gases 
and particles, and on the chemical and biological character
istics of the exhaust from a current model heavy-duty diesel 
engine. The study was conducted in two phases. 

Phase I 

Phase I focused on developing and refining methods 
using a 1979-model medium-duty Caterpillar 3208 engine 
without emission controls. The engine was run at EPA 
steady-state mode 4 (50% work load at intermediate speed) 
using a batch of Amoco Premier #2 diesel fuel with a cetane 
index of 48.6 and containing 0.3% sulfur and 22% aromatic 
hydrocarbons. This part of the study focused on (1) sam
pling emissions, (2) designing a flow-through apparatus for 
measuring the mutagenicity of volatile compounds not re
tained by the particle filters or the XAD-2 resin, and (3) de
veloping analytical methodology for measuring selected 
PAHs and nitro-PAHs. 

The investigators' decision to keep the temperature of the 
filter face constant during TPM collection by varying the di
lution ratio of the engine exhaust was appropriate. Variable 
temperatures at the filter face would have resulted if the di
lution ratio instead had remained constant. These changes 
in temperature would have altered the proportion of com
pounds present in the SOF and XOC and contributed to in
creased variability in the measurements of chemical com
position and mutagenic activity. 

The use of a modified microsuspension version of the 
Salmonella assay increased sensitivity and permitted 
mutagenicity testing of the small samples obtained from the 
diesel engine emissions. 

The design and testing of a flow-through bioassay sam
pler for detecting mutagenicity was also a unique contribu-

tion to the project. This apparatus was tested with a known 
volatile mutagen (tetranitromethane) and allowed the inves
tigators to detect the mutagenicity of volatile chemicals in 
the vapor phase that are not absorbed by XAD-2 resin and 
therefore not present in the XOC. 

The investigators established chromatographic proce
dures to analyze PAHs and nitro-PAHs in the SOF and in 
the XOC. Twelve PAHs and nitro-PAHs were quantified 
using high-pressure liquid chromatography coupled with 
fluorescence detection. Additionally, semiquantitative de
terminations of two dinitropyrenes were also analyzed in 
selected samples. The analytical methods used by the in
vestigators appear to be as good, if not better, than existing 
methods, although the compounds of interest were notal
ways separated from interfering substances. Measurements 
of 1-nitropyrene included the contribution of what would 
be expected to be low concentrations of 1,3-dinitropyrene. 
Likewise, quantification ofthe concentrations ofbenz[a]an
thracene and chrysene were somewhat compromised be
cause of difficulties in separating these compounds from 
one another. 

Phase II 

Phase II studies were conducted using a 1988 model 
Cummins L-10, direct-injection, heavy-duty diesel engine 
that met the 1988 Federal standards for particulate matter 
emissions. In addition, emissions from this engine were 
characterized when it was fitted with a ceramic particle trap 
of a design appropriate to meet the 1994 Federal particle 
emission standards. Emissions from the trap were also char
acterized during a separate electrically assisted regenera
tion cycle in which the trapped particles collected during 
engine operation were ignited and burned to prevent clog
ging of the trap and excessive engine back pressure. 

The engine was operated in two standard EPA modes, 
mode 11 (25% load) and mode 9 (75% load), and under 
three trap conditions: baseline (no trap), trap, and regenera
tion. The engine burned the same fuel as in the Phase I 
studies. To minimize artifactual production of nitro-PAHs, 
preset conditions for sampling the emissions were met (a 
filter temperature of 45°C ± zoe, an N02 level less than 5 
ppm, and a sampling time of 60 minutes or less). Samples 
of particle- and vapor-phase emissions were collected and 
analyzed for chemical and biological effects. Particle size 
determinations were made using an electrical aerosol ana
lyzer. The investigators also designed a dilution tunnel and 
sampling system to collect emissions from the particle trap 
during the electrically assisted regeneration cycle. 

An important feature of this study was that in most cases 
the investigators characterized both the SOF and XOC for 
mutagenic activity and chemical composition from the 
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same experimental run, although not from the same sample 
set. Because many biologically active PAHs are found in 
both the SOF and in the XOC, these measurements provide 
valuable information on the total amount of these com
pounds emitted under the various engine and trap operat
ing conditions described in this report. It is noteworthy that 
most other published studies on PAH measurements in 
diesel emissions only present data on PAH concentrations 
in the SOF. 

STATISTICAL METHODS 

Despite a number of technical comments and concerns 
made in subsequent paragraphs about uncertainties in the 
statistical analysis, the methods used by the investigators 
are reasonable and the inferences reported are appropriate 
and valid. Statistical analysis was employed for three differ
ent types of quantitative measurements. 

Particle Size Distribution 

Data on particle size distributions obtained from an elec
trical aerosol analyzer were fitted to a bimodal lognormal 
distribution. Both number and volume distributions were 
provided along with the means and standard deviations 
for each mode. The investigators used a computer program 
developed at the University of Minneapolis to estimate the 
parameters. The estimation procedure employed by that 
program is not described, but most such programs use max
imum likelihood methods. 

Mutagenic Activity in Bacteria 

Mutagenicity, measured as revertants per microgram of 
sample, was calculated as the slope of the linear portion of 
the dose-response curve. The investigators stated that, be
cause the calculated value was dependent upon the interac
tion of the slope and the y-intercept (background), standard 
statistical tests could not be applied. Although the slope 
and the intercept of the dose-response curve are calculated 
simultaneously and are both nonlinear functions of the 
data, it is common practice in complex experiments to cal
culate a summary value for each replication or subexperi
ment (for example, test day) and then use standard methods 
to analyze these summary values. The analyses of means of 
means and means of medians used elsewhere in the report 
are variants of this procedure. Thus, although any in
dividual slope may not have a normal distribution, the dis
tribution may be sufficiently well-behaved to justify a nor
mality assumption for the mean over the test days. If not, a 
nonparametric method could have been used. This also 
would have been an approximate procedure, because the 
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observations would have been identically distributed only 
if the design of the dose-response experiment were the 
same over all test days and no values were missing. Both 
parametric and nonparametric analysis of individual slopes 
are widely used by statisticians. If inferences about both 
slopes and intercepts were of interest, multivariate methods 
could have been used. 

Chemical Analysis of Emissions Components 

The chemical analyses focused on the analysis of data 
collected in an unbalanced two-factor design. The factors 
were mode (9 or 11) and condition (baseline, trap, or 
regeneration). The replicates were test dates. When multi
ple samples or runs were performed on a single test date, 
the mean of these values was computed for that test date and 
used as the observation. These daily means were analyzed 
by parametric two-way analysis of variance. When an inter
action between mode and condition was detected, the data 
were reanalyzed by a one-way analysis of variance treating 
each of the six cells as a separate "treatment:' 

The analysis of the PAH and nitro-PAR data was compli
cated by the presence of observations characterized as be
low the minimum detection limit (MDL). When this oc
curred, the investigators replaced the values below the MDL 
by one of four values (0, MD LIZ, MDL, or a random number 
between 0 and MDL), calculated the median on each test 
date, and performed the analysis of variance on the median 
rather than the mean. 

The investigators found that the results differed little be
tween the four methods. If only a small fraction of the 
values are below the MDL, and especially if the remaining 
values are substantially above the MDL, the results will be 
insensitive to how these values are treated. Any of the 
methods cited is reasonable and will lead to essentially the 
same findings. If a large fraction of the values are below the 
MDL, more care is required. The only information available 
from the data is that these values are below a certain value, 
the MDL. Thus, nonparametric methods, which use only 
the ordering of the observations, are valid and treat these 
values as tied. The parametric methods used by the investi
gators are, therefore, less likely to be valid in this setting. 

RESULTS AND INTERPRETATION 

Phase I 

The investigators found that the least variability for col
lected SOF-mass occurred when the dilution ratio of the en
gine exhaust was varied so as to maintain a constant temper
ature at the surface of the filter where the SOF was collected 
(see Table 7 of the Investigators' Report). The use of a muffler 
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in the exhaust system had only minimal effect on the emis
sion of mutagenic material from the engine. 

Under the described conditions, a cryogenic trap (using 
liquid nitrogen and ethanol) could not be used effectively 
to collect and quantify the most volatile hydrocarbons (e.g., 
acetaldehyde, benzene, n-hexane, n-pentane, and p-xylene) 
in the exhaust emissions because these compounds did not 
condense at the temperature of the trap and remained in the 
vapor phase. Activated charcoal, although performing bet
ter than the cryogenic trap for benzene, xylenes, n-pentane, 
and hexane, was moderately effective for acetaldehyde, but 
was ineffective for propane (Appendix Tables B.1 and B.2). 

The investigators also found that the microsuspension 
modification of the Salmonella assay allowed mutagenicity 
measurements to be made using 1/10 or less SOF and XOC 
than required for the standard mutagenicity assay. 

Phase II 

Baseline and Trap Nitrogen Oxides Emissions. During the 
Phase II experiments with the current model heavy-duty 
Cummins engine, the NO and NOx emission levels were 
dependent on the operation mode (engine load) but not on 
the presence or absence of the particle trap (Tables 22 and 
56). Analysis of N02 values identified a significant differ
ence between operation mode and the use of the trap, but 
the investigators believed that these results were an artifact 
introduced by calculating the N02 concentrations as the 
difference between the measured NOx and NO concentra
tions. 

Baseline and Trap Particle Size Distributions. The pre
dominant finding was that the particle trap, as expected, re
duced the emitted particle volume or mass by over 90% (Ta
bles 23 and 56). Most of these particles were of the larger 
(0.1- to 0.4-llm diameter) accumulation mode variety. An 
unexpected finding, however, was that the number of emit
ted particles actually increased. These smaller (approxi
mately 0.01-llm diameter) nuclei mode particles were pro
duced after the exhaust had passed through the trap. The 
investigators suggested that these nuclei mode particles 
could have been formed from the nucleation of hydrocarbon 
vapors. These particles presumably would lack the elemen
tal carbon core normally present in diesel exhaust particles. 

Baseline and Trap SOF and XOC. As an expected conse
quence of the greater than 90% reduction of the volume of 
mass of particle emissions, use of the particle trap also re
duced TPM levels by 80% to 90%, solid fraction levels by 
95% (mode 9) and 85% (mode 11), and SOF levels by 90% 
(mode 9) and 75% (mode 11) (Tables 26 through 29 and 56). 
Levels of XOC were reduced nearly 70% (mode 9), with no 
significant reduction in mode 11 (Tables 28, 29, and 56). 

Mutagenicity of Fractions Under Baseline and Trap Condi
tions. Also as a consequence of the trap reducing the mass 
of emitted particles, there was a concomitant 85% to 90% 
reduction in the mutagenicity of the SOF in the raw exhaust 
(Tables 34 and 56). 

In the absence of the trap, the direct-acting mutagenicity 
associated with the XOC samples on a weight basis (rever
tants per microgram) was about 25% of the SOF mutagenic
ity. However, because there was about three times as much 
XOC emitted as SOF with trap operation, the raw exhaust 
mutagenicity levels for XOC were only about 10% smaller 
than those for SOF. It is noteworthy that the XOC samples 
obtained with the operational particle trap were no longer 
mutagenic, a finding that would indicate substantial reduc
tions in the amounts of nitro-PAHs and other possible 
direct-acting mutagens. This result is somewhat inexplica
ble, however, because the concentrations of the highly 
mutagenic 1-nitropyrene and other nitro-PAHs were notre
dnced to the extent expected based on this lack of mntage
nicity. 

In early experiments, the investigators employed the flow
through bioassay sampler to measure mutagenicity of the 
low-molecular-weight volatile substances that were not ab
sorbed by the XAD-2 resin samplers. No significant muta
genic activity was detected in samples obtained under 
different engine operating conditions and the use of this 
sampler was discontinued when chemical contamination 
problems from the aldehyde sampler occurred (see next 
section). 

Chemical Composition of Fractions Under Baseline and 
Trap Conditions. The investigators attempted to measure 
the concentrations of acetone, acetaldehyde, formaldehyde, 
and other low-molecular-weight carbonyl compounds in 
the volatile emissions that were not absorbed by the XAD-2 
resin. For this analysis they used a chemical derivatization 
process on the emissions trapped in an aldehyde sampling 
apparatus. This effort was abandoned because pressure 
problems in the sampling train prohibited the drawing of 
emissions through the aldehyde sampler. Consequently, 
this led to contamination of the flow-through bioassay sam
pler by the chemicals used in the aldehyde sampler. 

There was no overall dramatic effect of the particle trap 
on gaseous hydrocarbon emissions (Tables 22 and 56). Al
though the hydrocarbon concentration with the trap was re
duced by over 40% under mode 9 conditions, there was no 
effect under mode 11 conditions. 

Quantitative measurements of seven PAH and five nitro
PAR compounds were made in both the SOF and XOC un
der different conditions of engine operation. Except for 
fluoranthene, pyrene, and chrysene, these analyses were 
complicated by high percentages of values below the MDL. 
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The use of the particle trap, with its resultant decrease in 
particle emissions, was also related to a general decrease in 
the concentrations of PAHs and nitro-PAHs in the SOF (Ta
bles 39 through 41). The greatest decreases were noted at 
mode 11. 

Because the PAHs and nitro-PAHs were measured in both 
the SOF and XOC, it became apparent that the XOC was an 
important contributor to the total emission of these com
pounds. Although the concentrations of the PAHs and 
nitro-PAHs in the XOC generally were not affected by trap 
use, some increase in the concentration of some chemicals 
into the XOC appeared to take place. This change was most 
obvious at mode 11 for fluoranthene and pyrene, the major 
PAHs present in the emissions (Table 39). 

An unexplained result was the large difference in certain 
PAH ratios compared to those reported in the literature. 
This appeared to originate with reduced concentrations of 
pyrene and benzo[a]pyrene relative to the other PAHs mea
sured. Specifically, the ratio of fluoranthene to pyrene is 
typically reported to be about 1.0 in the SOF of emissions 
from light- and heavy-duty diesel engines (Tong and Kara
sek 1984; Schuetzle and Frazier 1986; Volkswagen AG Re
search and Development 1989; Savard et al. 1992). Analysis 
of the data in this report indicates that the fluoranthene to 
pyrene ratio in the SOF and in the SOF plus XOC samples 
varied from 2 to 3 for mode 11 trap condition to 9.1 to 43.3 
for the mode 9 baseline condition (Table 39). Likewise, pub
lished values for the ratio of benz[ a ]anthracene to benzo[a ]
pyrene in the SOF range from 0.7 to 5.4 (Tong and Karasek 
1984; Volkswagen AG Research and Development 1989; 
Savard et al. 1992). The benz[a]anthracene to benzo[a]py
rene ratio in this report varied from 18 to 224, depending 
upon engine operating condition (Table 40). 

Using the same analytical techniques employed in this 
study, the investigators obtained values for selected PAHs in 
a National Institute of Standards and Technology Standard 
Reference Material of heavy-duty diesel engine particulate 
emissions that were in good agreement (66% to 187%) with 
those certified by the National Institute of Standards and 
Technology (see Table F.1). There is little comprehensive, 
peer-reviewed information on the PAH composition of die
sel engine exhaust, and the data that are available (includ
ing those presented in this report) suggest that PAH values 
differ significantly as a function of engine operating condi
tions, fuel composition, and other variables. Many of the 
PAHs present in diesel engine exhaust originate from the 
PAHs already present in the diesel fuel and from the ac
cumulation of PAHs in the lubricating oil during engine 
operation (Williams et al. 1986, 1987; Abbass et al. 1989). It 
is therefore possible that differences in the PAH ratios in the 
Investigators' Report reflect the PAH concentrations in the 
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fuel and the possible cleaner condition of the lubricating 
oil used in this study. 

Trap Regeneration Tests and Emissions. With the trap sys
tem investigated in this study, under typical operating con
ditions diesel engines would be equipped with two particle 
traps. During the period when one of the traps is undergo
ing regeneration to burn the trapped particles, the engine 
exhaust would continue to be treated by diverting it through 
the alternate trap. In these experiments, however, only one 
trap was used with a separate regeneration sampling system 
to measure only the regeneration emissions. 

The amount of pollutants released by the regenerating 
trap was measured and compared with the emission rates 
of pollutants for both baseline and trap conditions. The 
TPM and SOF emission rates during the trap regeneration 
process were one to two orders of magnitude lower than 
those produced under trap conditions (Table 49). The regen
eration cycle was characterized by a high-burn efficiency in 
which less than 0.1% of the trapped particle mass was emit
ted in the exhaust. 

The investigators acknowledge that they had difficulty 
determining when regeneration was completed, and sam
pling was often discontinued prematurely. As a result, the 
amounts of TPM, SOF, and XOC were quite variable from 
sample to sample, with this variation primarily dependent 
upon sampling time. 

The mutagenicity of the TPM and SOF emissions from 
the trap during regeneration based on volume of exhaust 
was about 50% higher than during the trap condition. 
Again, this was due primarily to diversion of the baseline 
engine exhaust into the sampling system during trap 
regeneration. Actual emission rates of mutagenicity from 
the regenerating trap were less than 3% of those emitted 
during the trap condition. Because of limitations in sample 
size, mutagenicity testing was carried out only with the 
TA98 Salmonella tester strain. 

The investigators provided only preliminary information 
on PAH and nitro-PAH concentrations in the regenerating 
trap emissions because of highly variable results due to ana
lytical problems associated with small sample size and 
sample loss. 

·-·------------·----

REMAINING UNCERTAINTIES AND 
IMPLICATIONS FOR FUTURE RESEARCH 

A major and necessary uncertainty in this kind of study, 
because of limitations in time and resources, is the applica
bility of the emissions data from a single engine and parti
cle trap to other engines and traps. It is clear from this re-
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port that even under reasonably controlled conditions there 
is substantial variability in many of the emissions param
eters measured over the course of this study. It can be ex
pected that additional sources of variation can be intro
duced by using different types of engines, operating under 
different conditions, and by using different combinations 
of fuels and lubricating oils. One concern is how engine 
wear and engine maintenance (or the lack thereof) will alter 
emissions from engines equipped with a particle trap. 

In this report, the investigators presented a list of recom
mended future studies. These were based primarily upon 
(1) suggested improvements in sampling and analytical 
techniques, (2) modifications in the particle trap design 
and changes in the trap loading and regeneration protocols, 
and (3) extension of the current studies to obtain informa
tion with different engine designs, emission control devices, 
and engine operating conditions. Whereas all of these sug
gestions are valid and laudatory, the most immediate need 
is to obtain emissions data from diesel engines operating in 
the idle mode. This mode is expected to produce increased 
levels of PAHs and is likely to be the most important operat
ing condition in terms of human exposure in relatively en
closed areas such as loading docks. 

There are still some unresolved issues regarding the 
mutagenicity of the XOC. Under baseline operating condi
tions, semi-volatile compounds in the XOC accounted for 
approximately 50% of the total exhaust mutagenicity. Fur
ther work should be undertaken to determine the specific 
chemical species responsible for this activity. 

A second issue is the possible health effects of inhaling 
the increased number of very small particles (less than 0.01 
Jlm in diameter) of unknown composition emitted from this 
diesel engine with an operating particle trap. These parti
cles are much smaller than the 0.1- to 0.5-Jlm diameter parti
cles in the exhaust of diesel engines without particle traps 
(Lipkea et al. 1978). Although there is little information on 
the deposition of fine particles specifically in the alveolar 
region of human lungs, some data indicate that deposition 
in the total human respiratory tract increases with de
creased diameter of particles in the 0.01- to 0.1-Jlm size 
range (Schlesinger 1988). 

The fact that these fine particles may have important 
physical and chemical differences from the carbonaceous 
particles normally associated with uncontrolled diesel 
emissions raises additional concerns about their potential 
impact on human health. Even if it were demonstrated that 
extracts of these particles were not mutagenic, exposure 
could still be hazardous because of other possible toxico
logical properties of these particles. Further studies are 
needed to characterize these particles and to understand the 

mechanism of their formation as a prelude to additional bi
ological studies. 

Finally, the rather sharp differences in the ratios of cer
tain PAHs reported in this study and those in the published 
literature suggest additional experiments are needed to 
confirm the analytical data and to establish the origin of 
this disparity. Because of the known contribution to engine 
emissions of PAHs already present in fuel and lubricating 
oil, one possibility is to analyze PAH and nitro-PAH con
centrations in the diesel fuel as well as in the lubricating 
oil over the time course of engine operation between sched
uled oil changes. 

CONCLUSIONS 

This well-conceived and detailed study resulted in a 
number of significant findings and insights that have sub
stantial value with respect to how diesel engine emissions 
ought to be collected and characterized. In particular, a ma
jor contribution was the measurement of chemical compo
sition and mutagenicity in both the SOF and XOC from the 
same experiment. This is in contrast with most published 
data on diesel engine emissions in which only measure
ments of the SOF usually were made. The use of the more 
sensitive microsuspension modification of the Salmonella 
mutagenicity assay also was an important experimental in
novation that permitted measurements of mutagenicity in 
the small samples collected. 

The primary conclusion of this study is that particle traps 
promise to be effective in substantially reducing the emis
sion of particles and mutagenic compounds from late
model heavy-duty diesel engine exhaust. Despite the nearly 
complete elimination of particle mass emissions during 
trap operation, the finding that there was a large increase 
in the number of small nuclei mode particles emitted raises 
concerns about a possible human health risk. Specific con
clusions include: 

1. The particle trap had little or no effect on NOx or 
hydrocarbon emissions. 

2. The particle trap reduced the mass emission of particles 
by over 90%. The trap, therefore, also reduced the 
particle-associated PAHs and nitro-PAHs that were spe
cifically measured in this study by over 90%. The 
mutagenicity of the extract of the particle phase (SOF) 
was also reduced by the same extent. 

3. The trap had little or no effect on the concentration of 
selected PAHs and nitro-PAHs in the vapor phase (XOC). 
However, when the trap was in use, the XOC became the 
major contributor to the total emission of these com-
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pounds because the substantial proportion of the PAHs 
and nitro-PAHs in the SOF had already been removed by 
the trap (see number 2 above). 

4. An unexpected, and unexplained, finding was that the 
mutagenicity of the XOC was eliminated by the particle 
trap, despite the continued presence of 1-nitropyrene 
and other mutagenic nitro-PAHs. 

5. During the regeneration cycle, emissions of SOF and 
XOC materials produced by the trap were greater than 
the emissions produced during normal trap operation. 
However, these emissions were still a small fraction of 
the baseline emissions produced when the trap was not 
in operation. 
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