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INTRODUCTION

The National.Institute for Occupational Safety and Yaalth (NIOSH) has reviewed
the advance notice of proposed rulemaking (ANPR) or _he Mine Safety and Health
Administration (MSHA) entitled "Permissible exposure limit for diesgel
particulate published in the Federal Register on January 6, 1992 [57 FR 500].
NIOSH supports MSHA in its effort to establish a permissible exposure limit
(PEL) for diesel particulate to control miner's exposure to diesel exhaust in
the mining industry.

NIOSH continues to recommend that diesel exhaust be regarded as a potential
occupational carcinogen and that efforts be made to reduce exposure to the
lowest feasible concentration [NIOSH 1990a]. The NIOSH Current Intelligence
Bulletin #50 titled "Carcinogenic effects of diesel exhaust®” [NIOSH 1988] has
a detailed discussion on this subject.

NIOSH has comments on the following topics related to the ANPR: risk
assessment, sampling and monitoring methods, genotoxicity, and specific issues
raised by MSHA for public comment.

RISK ASSESSMENT

*

As noted in the ANPR, NIOSH has submitted to MSHA the risk assessment entitled
"An exploratory risk assessment of the risk of lung cancer associated with
exposure to diesel exhaust based on a study of rats." In addition, we have
attached for consideration by MSHA two recently completed risk assessments on
contaminants from diesel exhaust:

"Assessment of risk from exposure to diesel exhaust emissions,"
prepared by Crump and Lambert (Clements International Corporation)
and Chen (U.S. Envirormental Protection Agency), July 1991 (Crump et
al. 1991)

"Projection of human lung cancer risks for diesel particulates from
animal data - effects of using measures of internal dose, and
possible interactions with smoking," prepared by Hattis and Silver
(Ashford Associates), April 1, 1992 [Hattis and Silver 1992]

SAMPLING AND MONWITORING METHODS

At the request of MSHA, NIOSH is in the process of developing & sampling and
analytical method for airborne diesel exhaust particles. NIOSH will forward
the method to MSHA when it is finalized. Attachment 1 is the plan detailing
the proposed research which vas transmitted previously to MSHA on June 4,
1991,

NIOSH has proposed in Attachment 1 the use of elemental carbon as a surrogate
measure of particulate diesel exhaust. In this plan, a thermal-optical method
for determination of elemental carbon is described. Use of this method, in
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combination with a size-selective sampling approach, is proposed for
monitoring worker exposure to particulate diesel exhaust because it i3 more
accurate at low concentrations of diesel particulate than the gravimetric
method.

The evaluation of the thermal-optical method has proceeded as outlined in the
research plan. Size-selective sampling will be necessary in coal mines to
minimize interference of elemental carbon from coal., Attachment 2 ig a
discussion of the current status of this project. Investigations should be
completed by the end of the fiscal year and the research results will be
transmitted to MSHA at that time.

GENOTOXICITY

Many reports in the scientific peer-reviewed literature show that diesel soot
can express genotoxic activity to cells in vitro. This determination has been
made frequently by extracting soot samples with organic solvents such as
dichloromethane and dimethylsulfoxide, and then assaying in victro the
mutagenic or clastogenic potential of the extracts. The salmonella histidine
reversion assay [Maron and Ames 1983], a bacterial gene mutation test system,
is frequently used, followed by other tests for genotoxic potential using
mammalian cells.

*

Concern has been expressed that the procedure for extracting soot with organic
solvents is not analogous to the physiological environment of the lung, and
that active genotoxic materials associated with respired soot particles might
not be biologically available in the lung.

In addressing the mechanism of bioavailability, research by NIOSH has shown
that diesel soot expresses genotoxic activity in vitro when the soot is
dispersed in the primary component of the pulmonary surfactant which coats the
surface of the lung air spaces. Therefore, this research demonstrates the
blological availability of active genotoxic materials without organic solvent
interaction. NIOSH has reported the following research that summarizes these
results:

"Mutagenicity of dissel exhsust particles and oil shale particles
dispersed in lecithin surfactant,” by Wallace et al. (1987]

This paper reported that diesel soot particles dispersed in
dipalmitoyl phosphatidylcholine surfactant in saline were active in
the Ames assay. That is, the NIOSH study indicates that surfactant
dispersed soot particles can express mutagenic activity.



"Genotoxicity of diesel-exhaust particles dispersed in simulated
pulmonary surfactant” by Keane et al. {1991]

This paper extends the above finding to sister chromatid exchange
activity in an eucaryotic cell line which is derived from the
Chinese hamster pulmonary fibroblasts. This indicates surfactant-
dispersed diesel soot can also express clastogenic potential in
mammalian cells.

"Induction of unscheduled DNA synthesis in V79 cells by diesel
particles dispersed in simulated pulmonary surfactant" by Gu et al.
[1991]

This paper demonstrates that repair of deoxyribonucleic acid (DNA),
an indicator of DNA damage, is increased in mammalian cells
following exposure to surfactant-dispersed diesel soot.

"Micronucleus induction and phagocytosis in msmmalian cells treated
with diesel emission particles,” by Gu et al. [1992)

This paper reports the in vitro induction of micronucleus formation ’
in V79 cells by exposure to surfactant-dispersed diesel soot. NIOSH
1s currently reviewing data for the induction of chromosomal
aberration and induction of the §-thioguanine-resistant forward
mutation assay in V79 cells for solvent extracted, surfactant
extracted, and surfactant dispersed diesel soot [Gu et al.
(unpublished)]. The diesel soot used in most of these experiments
was generated by a commercial automotive engine operated on a test
stand. NIOSH is in the process of acquiring soots generated by
diesel engines used in some representative mining operations. NIOSH
is also developing protocols for testing complex exposures of diesel
exhaust in combination with respirable mineral particulate matter.
NIOSH will forward to MSHA the results of thess studies when they
are completed.

In summary, the solvent extract of diesel soot and the surfactant dispersion
of diesel soot particles were found to be active in procaryotic cell and
eucaryotic cell in vitro genotoxicity assays. These data indicate that
respired diesel soot particles on the surface of the lung alveolil and
respiratory bronchioles can be dispersed in the surfactant-rich aqueous phase
lining the surfaces, and that genotoxic material associated with such
dispersed soot particles is biologically available and genotoxically active.

SPECIFIC ISSUES

1ssye - What effect does the environmental background level of diesel
particulate have on diesel particulats sexposure?



Responge - Environmental background levels of diesel particulate will add to
the exposure attributable to in-mine diesel operations. The observed levels
are dependent upon nearby industrial activity, and the amount of ancillary
diesel activity proximate to the surface air intakes. Generally, ambient
levels of diesel particulate will be significantly lower than in-mine
concentrations. For example, at the Young Mine of ASARCO, Inec. (NIOSH 1986],
the submicrometer-sized particulate concentration that was measured outdoors
was 0.04 mg/m®. The average concentration underground at that mine was

0.70 mg/m®. On this survey submicrometer particulate was used as the
surrogate for diesel exhaust exposure. Regardless of the diesel activity at
the surface, however, the amount of diesel particulate entering the mine will
become a part of the miners’' overall diesel exposure concentration.

issye - Are there other health effects that result from exposure to diesel
particulate?

Response - A paper by Glenn et al. [1983] summarized findings from several
NIOSH studies of nonmalignant respiratory disease effects of diesel exhaust in
underground miners. Elevated prevalences of chronic symptons (cough and
phlegm) were seen among diesel exposed miners in all four studies (coal,
potash, trona, and salt). The cause of these elevated symptom rates was not
established by the studies, though the authors concluded that inhalation of ’
diesel exhaust or mineral dust may have been a factor. In terms of pulmonary
function, data from these studies provided little indication that exposure to
diesel exhaust at the observed levels leads to permanent deleterious effects
on lung function.

Issue - What methods are available to measure diesel particulate exposure in
underground mines? Are there any surrogate methods available that can be used
to monitor diesel particulate levels? What are the advantages and
disadvantages, and relative costs for these methods?

Responge - The submicrometer elemental carbon method that was previously
discussed under the Sampling and Monitoring Methods section and in

Attachment 2, was used in a NIOSH study of diesel exhaust exposures in the
trucking industry. As reported by Zaebst et al. [1991], the method is
approximately 100 times as sensitive as gravimetric determinations and is more
specific (because it effectively excludes many contaminants such as tobacco
smoke, which has a content of about 3% elemental carbon of the total carbon
present), and has a high level of precision, especially at low filter loadings
(below 100-200 ug), when compared to gravimetric determinations. 1In the
trucking industry study, only submicrometer-sized particles were collected on
the filter via a single-stage personal impactor [Zaebst et al. 1991], further
enhancing specificity of the method to diesel exhaust. The cost for the
thermal optical analysis is approximately $20 to $25 per analysis. It may be
noted that coal dust contains some elemental carbon, and may interfere in the
determination if collected on the same filter. Use of a personal impactor



sampler should greatly reduce this potential interference, or eliminate it --
depending on the content of the mining enviromment. NIOSH is conducting tests
specifically-to determine the level of the potential interference.

I1sgue - What after-treatment devices currently being developed for over-the-
road vehicles would be applicable...and vhat diesel particulate reduction can
be achieved...?

Responge - The equipping of fork-lift truck exhausts with high-efficiency
filters is described in the attached Health Hazard Evaluation Report (HETA 90-
088-2110) [NIOSH 1990b]. These filters were found to be effective in reducing
the exposure of diesel exhaust for dock workers. Dock workers' exposures to
submicrometer elemental carbon while using filtered diesel-powered forklifts
(geometric mean = 1.9 ug/m®) were significantly reduced (essentially to
background concentrations) when compared with exposures during use of
identical forklift trucks without filtered exhausts (geometric mean = 24
#g/w’). The geometric mean exposure during use of the filtered diesel
forklifts could not be distinguished from background levels of elemental
carbon (geometric mean = 1.6 ug/m’) in the same area. In addition,

frequencies of some respiratory symptoms were greatly reduced as measured by
questionnaires among dock workers. These studies were not done in the mining ,
industry; however, technology used to reduce exposure may be applicable to the
nining industry.

Subsequent to the NIOSH submittal of July 5, 1990 [NIOSH 1990a), a number of
publications have become available that pertain to this ANPR. Below is a list
and sumpary of the enclosed publications:

Blade LM and Zaebst DD [1990]. Characteriszation of exposures to fifteen
substances or classes of substances in diesel exhaust emissions. Orlando, FL:
Presented at AIHA Conferencs.

This report summarizes four health hazard evaluations that were previously
submitted to MSHA.

e RDHETA 88-104 ASARCO/Troy Unit Mine - Montana [NIOSH 1991a]
This report presents results of an environmental and medical health hazard
evaluation of a silver mine for exposures to diesel exhaust, silica, and
noise. NIOSH determined that a health hazard existed dus to worker
exposure to respirable silica, noise, and products of diesel combustion.

e RDHETA 88-108-2146 Nev Market/Young Mines - Tennessee [NIOSH 1991b]
This report presents results of an environmental and medical health hazard
evaluation of two zinc mines and mills for exposures to diesel exhaust,
silica, and asbestos. NIOSH determined that a health hazard existed due to
worker exposure to products of diesel combustion.



RDHETA 88-388-2155
RDHETA 88-389-2147
RDHETA 88-390-2148
RDHETA 88-391-2156

Morton Salt Company - Texas [NIOSH 1991¢]
International Salt Company - Louisiana [NIOSH 1991d)
American Salt Company - Kansas [NIOSH 1991e]

Morton Salt Company - Louiiiana [NIOSH 1991f)

These four reports present results of envirommental and medical health
hazard evaluations of four salt mines for exposures to diesel exhaust and
asbestos. NIOSH determined that a health hazard existed due to worker
exposure to products of diesel combustion in all four mines.

Enclosures and/or attachments that
are not included are available free of
charge from the NIOSH Docket
Office (513/533-8450).
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INTRODUCTION

Overview: Health Effects

The National Institute for Occupational Safety and Health (NIOSH) concluded in
1986 (1) that a causal association between exposure to "whole diesel exhaust"
and human lung cancer was not documented, although an association is plausible
based on results of animal studies. 1In July, 1986, the Department of
Occupational Health and Safety, United Mine Workers of America (UMwA),
requested that the Secretary of Labor form an Advisory Committee to provide
the Department guidance on this issue (2). In its final report (3) of July,
1988, the Committee concluded that "whole diesel exhaust represents a probable
risk for causing human lung cancer” (p 22, p 64) and recommended that "the
Secretary [should] set in motion a mechanism whereby a diesel particulate
standard can be set"” (p 64). The conclusion regarding the potential
carcinogenicity of diesel-engine exhaust emissions (hereafter referred to as
"diesel exhaust") was reached by a majority of Committee members and was based
on results of five independent animal studies (4-8) reported after NIOSH
reached its 1986 conclusion.

Most of the animal studies on carcinogenic and mutagenic effects of diesel-
exhaust exposure link these effects to the carbonaceous particulate fraction
of the exhaust. Although not explicitly proven, particle-borne organic
compddﬁds are thought to be responsible for, or contribute to, formation of
lung tumors in animals. Shortly after release of the Advisory Committee's
report, NIOSH published the Current Intelligence Bulletin (CIB)
50--Carcinogenic Effects of Exposure to Diesel Exhaust (9). In the CIB SO,
NIOSH recommended that "whole diesel exhaust be regarded as a potential
occupational;éiicinoggn' and that employers reduce worker exposures to the
"lowest feasiblei limit."

In response to the Advisory Committee’s recommendations, MSHA requested
research assistance from NIOSH (and the Bureau of Mines) in the "development
of a device to measure diesel particulate and a sampling strategy" (10).
Development of a sensitive, selective, sampling and analytical method for
airborne diesel exhaust has therefore become a "high-priority issue both
within and outside the Institute™ (11).



BACKGROUND

Information relevant to development of the research plan proposed herein is
discussed in the following sections. Included are a physical description of
diesel soot, a synopsis of the substantial amount of research devoted to
chemical characterization of the solvent-extractable fraction of particulate
diesel exhaust, and discussions of combustion-based, gravimetric, and other
techniques used for analysis of the particulate fraction. In addition, issues
related to selection of a surrogate measure of worker exposure to diesel

exhaust are discussed.
Diesel Soot: Origin, Morphology, and Composition

Combustion-generated, carbonaceous particles (soot) constitute the main
portion of particulate diesel-exhaust. A soluble organic fraction, which
largely consists of unburned hydrecarbons deposited through sorption and
condensation processes, is associated with diesel soot.

Soot formation occurs when fuel is combusted without an adequate oxygen
supply. The heterogeneous combustion process characteristic of the diesel
engine (12) makes soot formation an inherent aspect of its operation. Most of
the soot production occurs during the last of three combustion stages; net
soot output will depend on the amount formed and subsequently oxidized (13).
Because oxidation (by both hydroxy radicals and oxygen) is the major path of
soot mass reduction in the cylinder, elevated temperatures and long residence
times favor reduction of sooct-emission factors. These conditions also favor
lower hydrocarbon emissions, since they promote complete combustion (13).

Processes responsible for formation of soot nuclei are not completely
understood--at least eight different nucleation theories have been proposed
(12). Surface growth on nuclei results in soot "spherules."” Continued growth
on spherules, which reportedly results from gas-phase deposition of
hydrocarbon intermediates (12), increases soot mass and is responsible for
most of the final soot volume,

Based on lattice images of diesel particles, a concentric lamellate structure
similar to carbon black, which structurally resembles graphite, has been
suggested (12). Diesel particles are reportedly "mesomorphic" (i.e., neither
amorphous nor crystalline) in structure (12).



Agglomeration of spherules upon collision results in particles having a chain-
or cluster-like appearance. Agglomeration is completed (essentially) during
the expansion stroke (12). A bimodal size distribution consisting of nuclei
and accumulation modes has been reported (1l4). Load-dependent, number-mean
particle diameters of 10 and 20 nm were reported for the nuclei mode, and 100
and 150 nm for the accumulation mode, which results from spherule
agglomeration (14). The nuclei mode is believed to be composed of liquid
hydrocarbon droplets and/or individual spherules (12).

Other size distributions have been reported by different workers employing a
variety of particle-sizing instrumentation (12, 15-18). Although size
distributions have been measured under widely varying experimental conditions
(e.g., engine and fuel type, fuel additives, engine load, dilution ratio), all
studies indicate that particulate diesel exhaust Is largely sub-micron in
size. In fact, Vuk et al. (15) found that even at exhaust temperatures as low
as 150 °C, greater than 80X% by mass of the particles had aerodynamic diameters
less than 1 um. At exhaust temperatures above 300 °C, approximately 95% (by
mass) of the particles had sub-micron aerodynamic diameters. Larger particle
diameters at lower exhaust temperatures possibly result from condensation and
adsorption of gas phase hydrocarbons on the solid agglomerates and aggregates
(15). These processes occur mainly in the exhaust system and in dilution
tunnels used in laboratory experiments (12).

Solvent-extractable fractions of particulate diesel exhaust in the 10-30% (12)
and 15-30% range (14) have been reported. Extractable fractions from 10-90%
were obtained Iin a study of various diesel passenger cars (19); however, this
range is less typical. In recent work conducted by Schuetzle and Butler of
Ford Motor Co. (20), particulate diesel-exhaust samples were analyzed for
organic and "elemental” (i.e., graphite-like) carbon by an evolved-gas-
analysis technique (see pp 8-9). In these experiments, organic carbon
composed 20-40X of the total carbon measured (i.e., 60-80% was elemental). 1In
similar stuﬂie#, organic carbon composed 20-25% of the total carbon content

(21).

Some of the variability in the solvent-extractable mass percent may be a
dilution ratioieffect (22). Dilution ratios from 5-20 and exhaust residence
times from 1-5 s maximize the possibility of condensation and adsorption
processes. By comparison, ratios greater than 1,000 are normally obtained in
less than one second under roadway conditions. Although the effect of
dilution ratio on the extractable fraction remains uncertain (contradictory
results have been reported), results of studies conducted at moderate diluticon



ratios should be "interpreted with care" (22). Other explanations for highly
variable extractable fractions include sampling artifacts and impure dilution

air.

The extractable fraction of particulate diesel exhaust largely consists of
unburned hydrocarbons (12); both fuel and oil were primary contributors to
this fraction (23). Because mechanisms (e.g., hydrocarbon pyrolysis and
incomplete combustion) responsible for generation of the extractable fraction
are influenced by many factors--including engine type, speed and load, engine
maintenance, temperature, air-to-fuel ratio, fuel composition, oil
consumption, exhaust-gas treatment, meteorological conditiens, etec.--the
chemical composition of diesel-soot extracts is extremely complex and
variable. Number estimates of particle-adsorbed compounds as high as 18,000
have been reported (9).

In a comparison of HPLC/fluorescence profiles for extracts of particulate
emissions from several diesel-engine types, Schuetzle et al. noted a
compositional similarity between extracts; however, concentrations of
individual components were highly variable (24). Extracts of particulate
exhaust from two diesel engines were fractionated by HPLC into non-polar,
moderately polar, and polar fractions. These fractions accounted for 57%, 9%,
and 32% (X weight recovered), respectively, of the extractable mass.

Gas chromatography/mass spectrometry was employed for analysis of the three
fractions. A detailed list of individual compounds identified and quantified
can be found elsewhere (24). A general description of each fraction's

composition follows:

Non-polar 90X (by weight) consisted of C;,-Cys aliphatic hydrocarbons and
alkyl benzenes and naphthalenes. PAHs and alkyl PAHs (C,,-C,,) accounted
for the remaining mass. Alkyl-substituted PAHs were more abundant than

their PAH analogs.

Moderately Polar PAH ketones (3 and 4 rings), PAH carboxaldehydes (2-5
rings), hydroxy PAHs and PAH quinones (both 3 and 4 rings), PAH anhydrides
(e.g., of naphthalic and methyl naphthalic acids), nitro PAHs (including
nitropyrene and dinitropyrene). This fraction accounted for more than 50%
of the total particulate extract mutagenicity.

Polay PAH and alkyl-substituted PAH carboxylic acids and dicarboxylic
acids, N-containing heterocycles (e.g., acridine).



Methodology for: Chemical Characterization of Solvent Extracts of Particulate
Diesel Exhaust !

Because particle-borne organic compounds may be responsible for, or contribute
to, tumor formation in animals (4-8), much work has been devoted to chemical
characterization of the solvent-extractable -fraction of particulate diesel
exhaust, most of which has focused on speciation of polycyclic arematic
hydrocarbons (PAHs), nitro PAHs, and oxy PAHs. A summary of sample
collection, extraction, fractionation, and analysis techniques is provided
below. A more detailed discussion of these topics can be found in a recent
review (25).

Laberator ample Generation/Cellection

Various systems have been devised for exhaust generation and particle
sampling. A dilution tube method (26), where exhaust is diluted by filtered
air in a dilution tunnel prior to sample collection, is used most often.
Samples are collected on Teflon-coated, glass-fiber filters (27) and should be
refrigerated to minimize volatile-compound losses, which have been reported
for filter samples stored at room temperature for periods longer than two
weeks (27, 28).

Extract

Removal of PAHs from particulate diesel exhaust most often is accomplished
through Soxhlet extraction. About 8 h is required to extract 99% of the
soluble organic fraction; extraction of the remaining 1% required an
additional 16 h' (27). Other extraction methods include refluxing,
sublimation, and ultrasonic agitation. Although conflicting results exist
regarding efficiencies of extracting solvents, aromatic solvents (e.g.,
toluene) or mixtures of aromatic solvents and alcohols are reportedly
preferred forie#traction of PAHs. Absolute recoveries of 75-100% were
obtained for Benzo(a)pyrene (BaP). Recently, supercritical fluids were
employed forf§h§ntitativ¢ extraction of PAH from particulate diesel exhaust in
as little as 30 min (29).

Fractio
Because of the ¢omp1exity of diesel-soot extracts, fractionation into various
compound classes is required prior to analysis. Fractionation methods include

liquid-1iquid extraction, open column liquid chromatography, high performance
liquid chromatography (HPLC), and solid phase extraction. In spite of the
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disadvantages of low speed and poor reproducibility (27), open column liquid
chromatography is most frequently employed. HPLC fractionation is mainly
applied when oxy PAHs or nitre PAHs are being determined.
Solid-phase-extraction methods are gaining popularity due to the shorter
fractionation times afforded by this approach.

Analytical Methods

PAHs. PAHs in the soluble organic fraction of particulate diesel exhaust have
been determined by a number of techniques including thin layer chromatography
(TLC) with fluorescence detection, gas chromatography with flame ionization
detection (GC/FID), and gas chromatography with detection by mass spectromectry
(GC/MS). Although analysis of PAHs in other environmental matrices is usually
achieved by HPLC with ultraviolet or fluorescence detection (HPLC/UV or
HPLC/FL), the large number of interfering alkyl PAHs in diesel-soot extracts
(27) normally precludes use of these methods. However, with proper choice of
excitation and emission wavelengths, an HPLC/FL method for determination of
PAHs in diesel-soot extracts can be employed (30, 31). Instruments permitting
wavelength variation during chromatographic runs (31) eliminate the need for
multiple sample injections, which are otherwise required to optimize for
individual PAHs (30). Supercritical fluid chromatography (SFC) with
photodiode array detection has been employed for separation and determination
of four- and five-ring PAHs (32).

Nitro and Oxy PAHs. A variety of nitro and oxy PAHs are present in diesel-
soot extracts. Because oxy compounds commonly found in extracts show less
toxicity than PAHs or nitro PAHs, fewer studies on oxy PAHs have been
conducted, Detailed studies identifying a large number of oxy PAHs have been
published by Schulze et al. (33), Schuetzle et al. (34) and Tong et al. (35).
Some of the identified oxy-PAH compounds resulted from artifact formation

during sampling (34).

Nitro PAHs show extremely high mutagenicity--especially the dinitro compounds
(36)--and are reportedly carcinogenic (37, 38). Analytical methods for these
compounds are therefore especially important. Because nitro PAHs are present
only at trace levels in diesel-soot extracts, their identification in this
matrix is difficult. Nitro PAHs have been determined by GC techniques using
various detectors (electron capture (ECD), nitrogen sensitive (NSD), and
thermionic (TID)); however, identification requires available reference
compounds, since conventicnal detectors alsc respond to nitrogen heterocycles.
A new GC detector that is especially sensitive te nitro compounds has been
described (39). Other methods include GC/ECﬁ and HPLC/FL after reduction of
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nitro PAHs to their corresponding amines, HPLC with electrochemical detection,
and a chemiluminescence method based on NO reaction with ozone. 1In addition,
SFC with thermionic detection was applied for determination of nitro PAHs of
low volatility (e.g., hydroxynitro PAHs) (40). GC/MS methods (using various
ionization modes) have been especially instrumental in the identification of
nitro PAHs. In terms of numbers of nitro PAHs detected (>200) and positively
identified (>20) (41), GC/MS is the technique of choice.

Artifact Formation

Results of investigations of artifactual formatien of nitro PAHs during
sampling are contradictory. In studies involving re-exposure of filter
samples of diesel particles to gas-phase diesel exhaust (42), or to dilutioen
air containing NO, levels near 100 ppm (43), significant elevations in
mutagenic activity (due to increased levels of nitro PAHs) were observed. In
contrast, in recent work by Levsen et al. (44), only 13% of the l-nitropyrene
content was attributed to artifact formation. One explanation for these
apparently conflicting results may involve the variable NO, concentrations in
the gases to which the filter samples were subsequently exposed. According to
recent work by Bradow (45), NO, levels above about 5 ppm are necessary to
produce an artifact effect.

Combustion-Based Methods for Particulate Diesel Exhaust

CARB Study

Various combustion-based methods have been used for analysis of carbonaceous
particies. These methods employ thermal programming for speciation of organic
and elemental carbon. Recently, the California Air Resources Board (CARB)
sponsored a nine-day fleld study for comparison of various measurement
techniques for carbonaceous aerosols. During the Third International
Conference on Carbonaceous Particles in the Atmosphere (Lawrence Berkeley
Laboratory (LBL), Berkeley, CA, October 5-8, 1987), a special session entitled
"Symposium on the Carbonaceous Species Methods Comparison Study" was held to
present results of the CARB field study. In presentations involving the
"round robin" portion of this study, analytical results of a number of
laboratories (including LBL, GM research, EPA (RTP), Sunset Laboratory (see
below)) using various combustion-based methods were compared. These
laboratories were given a set of "reference" carbonaceous aerosol samples for
analysis of their organic- and elemental-carbon content. The reference
samples were distributed by Environmental Monitoring & Services, Inc. (EMSI),
which served as the quality assurance manager for the study.
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Although the organic-to-nonvolatile carbon ratios obtained by laboratories
were internally consistent, large interlaboratory differences were noted. Of
the sample types distributed by EMSI (including ambient samples collected in
the Los Angeles Basin area, automotive exhaust samples, wood-smoke-dominated
samples, and "soot" and organic aerosol samples), the largest discrepancies in
results were obtained for the organic content of automotive exhaust and wood
smoke samples (46), which differed by the factor of 2-3. 1In general,
agreement between laboratories was within 20% for total carbon. Considering
that the analytical definitions of elemental and organic carbon are
"operational" (47) (i.e., analytes are defined by the method), interlaboratory

differences are expected.

Because Sunset Laboratory’s "thermal-optical method" was recommended to NIQSH
by a number of the study's participants (including LBL and GM} (48), this
method was used in NIOSH field studies (pp 15-16). Sunset’s instrument
incorporates desirable features not present in other instrumentation; a
description of the thermal-optical method is provided below. 1In addition, a
brief description of another combustion-based technique (not used in the CARB
study) is provided, since it is planned for use (within the next year) in
Germany (FRG) for monitoring worker exposures to particulate diesel exhaust.
Because previous research involving LBL‘s method is directly related to the
alternative analytical approach proposed in this plan, this method is
discussed in a later section (pp 22-23).

The Thermal-O a od

The instrument used by Sunset Laboratory (Forest Grove, OR), which is a
modified version of one previously described in the literature (49), employs
thermal programming and optical measurements for analysis of carbonaceous
aerosols. In Sunset’s method, speciation between organic (volatile and
nonvolatile), inorganic (carbonate), and elemental carbon is
temperature-based. Sunset’s instrument overcomes limitations associated with
many of the existing combustion-based techniques in that it allows for
correction of pyrolytically generated elemental carbon, or "char." Correction
for the char contribution to elemental carbon is accomplished in the second
stage of analysis by measuring the amount of elemental carbon oxidation
required to return the sample filter to its initial transmittance value.
Laser light (He/Ne) is passed through a quartz-fiber filter punch and filter
transmittance is continuously monitored. Sunset’s instrument also is
preferred because the combustion chamber's temperature program and gas
composition have been optimized to prevent undesired oxidation of original
elemental carbon, and to allow speciation of carbonate carbon, which can
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interfere with determination of elemental carbon by other methods. Details of
the modified instrument’s design have been described elsewhere (50).

Operationally, the thermal-optical methed involves three stages. In the first
stage, volatilization of organic and carbonate carbon from a

1.0 x 1.5-cm portion of a quartz-fiber filter occurs in a pure He atmosphere.
The temperature program begins at room temperature and proceeds through four
temperature steps (250 °C, 385 °C, 580 °C and 680 °C). Temperature steps were
chosen such that the carbonate peak appears as the fourth of four peaks
observed in the "thermogram" (plot of detector response as function of
temperature) during this stage of the analysis. Volatilized carbon is
oxidized to CO, (in a bed of granular MnO, at 950 °C) and subsequently reduccd
to CH, (in a Ni/firebrick (450 °C) methanator), which is then quantified with
a flame ionization detector. The second stage of analysis begins after
reducing the temperature of the combustion chamber to 525 °C. At this point,
oxygen (2%) is introduced and two additional temperature steps (to 600 °C and
750 °C) are made. It is during this second stage that char correction and
elemental carbon measurement are achieved. In the third (final) stage of
analysis, a known amount of methane is injected into the oven for calibration
and quality assurance purposes. Areas of individual peaks in the thermogram
correspond to the amount of each carbon type in the sample.

According to Sunset, the best range for filter-sample loadings is 5-200 ug/cm?
for organic carbon and 1-15 ug/cm* for elemental carbon. In cases where
elemental carbon is present at levels greater than about 15 ug/cm?, analysis
is complicated by low filter transmittance, which makes results difficult to
interpret. In addition, when organic-carbon levels are above 200 ug/cm?,
organic‘carbon may interfere in the determination of elemental carbon if the
amount of elemental carbon present is small.

BIA Method

The Berufsgenossenschaftliches Institut fir Arbeitssicherheit (BIA) in Sankt
Augustin, Federal Republic of Germany (FRG) plans to use a combustion-based
method for analysis of particulate diesel-exhaust samples for total carbon.
National toxicologists (FRG) advised BIA to measure "elementary carbon plus
adsorbed substances" (i.e., organic species) (51). In the BIA method for
personal sampling, respirable dust (BMRC) is collected on glass-fiber filters,
The CO, content formed during ashing of the sample in an oven is considered
"diesel soot by definition." Evolved CO, is determined coulometrically. At a
flow rate of 2 L/min for an 8-h sampling period, a "relative measuring limit"
of 66 ug/m® was reported (52).



Gravimetric and Other Techniques

BOM/MSHA

The Bureau of Mines (BOM) and the Mine Safety and Health Administration (MSHA)
are investigating size-selective sampling techniques for measurement of
particulate diesel exhaust in underground coal mines. In a BOM-sponsored
research project, the University of Minnesota developed a personal aerosol
sampler for use in a gravimetric method for analysis of particulate diesel
exhaust in underground coal-mine air. Research by NIOSH's Division of
Respiratory Disease Studies (DRDS) on development of a size-selective sampling
device also was sponsored in part by the Bureau (53). Such gravimetric
techniques are premised on the assumption that size-selective sampling effects
separation of airborne diesel particles (which are largely sub-micrometer)
from non-diesel coal-mine aeroscl (which is largely super-micrometer). The
separated particulate diesel exhaust is collected on the sampler’s final

filter and its mass determined gravimetrically.

Based on size-distribution data from studies of eight coal mines (six with
diesel-powered hauling equipment and two with only electric-powered hauling
equipment), Cantrell et al. of BOM chose a 0.8-uym diameter (mass mean
aerodynamic diameter (MMAD)) cut point for separating most of the diesel
particles from most of the coal-mine dust (54). Based on NIOSH
size-distribution data, a 1-pym (MMAD) cut point was selected (55),

Although sampler cut points were selected to achieve optimal separation of
diesel-exhaust and other coal-mine aerosols, in field studies conducted in
undergiound coal mines where po diesel-powered equipment was used,
concentrations of sub-micrometer particles reportedly ranged from 80-170
ug/m’, depending on sampling location (55). Concentrations in the
20-100-ug/m’ range also have been reported (54). Obviously, interference by
sub-micrometer coal-mine dust places serious limitations on a
gravimetric-based method for analysis of diesel-exhaust aerosol when low-level

concentrations are sought.

In this research proposal for the development of a sampling and analytical
method for airborne diesel-exhaust particles, a probable NIOSH recommended
exposure level (REL) must be addressed. In view of NIOSH's carcinogen policy,
it has been speculated that a standard in the tens of pg/m3 (or less) is
likely (56). Demand for quantification at these low levels would preclude use
of BOM's currently proposed gravimetric method, since a lower limit of
detection near 300 ug/m3 has been estimated (54).
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Other Technjques

BOM-sponsored research on a laser Raman spectroscopic method for determination
of percent compbsition of mixtures of particulate diesel exhaust and coal dust
has been conducted at Michigan Technological University, Houghton, MI. Aside
from poor performance at low filter loadings (under 100 pg/cm?), this method
suffers from the lack of reliable calibration standards. These problems are
currently being addressed by researchers at Michigan Tech.

Fourier transform infrared (FTIR) techniques have been applied for analysis of
particulate samples. Spectral complexity and lack of suitable calibration
standards hinder an FTIR approach to analysis of particulate
diesel-exhaust/coal mixtures.

A Forward Alpha Scattering Technique (FAST) for determination of total
nonvolatile carbon has been investigated. Because the sample must be analyzed
in vacuum, volatile losses occur. Instrumental complexity, restricted beam
time, and a limited number of accelerators with the required
high-energy-ion+producing capability (e.g., 30-MeV alpha particles) are
additional problems making this approach impractical. A more detailed
discussion of FAST and FTIR methods can be found elsewhere (see Aerosol Sci.
Technol. 1989, 10(2), pp 390-407).

Surrogates

Because diesel-exhaust aerosol contains thousands of compounds, development of
a sampling and analytical method for all its constituents is not feasible. A
surrogate measure of diesel-exhaust exposure is therefore necessary.

Rationale for selection of elemental carbon as a surrogate measure of exposure
to airborne #i-#cl exhaust particles is offered in the following discussions
on phase dii@gﬁﬁucion of genotoxic substances and elemental carbon’s potential
role as a promoter of lung-tumor formation. Other issues relating to
selection of th{s surrogate are addressed as well. Finally, conclusions
regarding theseitopics and previously discussed analytical options are
presented. '

P i Vergus Gas P

As pointed out by Bradow (57), the question of whether the carcinogenic/
mutagenic materials are associated with the particulate phase or gas phase of
diesel exhaust (or both) may be "immaterial"--the significant issue concerns

11



the phase distribution of these materials. As discussed earlier, adsorption
and condensation processes that occur principally in the exhaust system are
responsible for the soluble corganic fraction of diesel soot. Rapid cooling of
the exhaust mixture exiting the combustion zone results in enrichment of
species on the surface of particles through condensation (58). At ambient
temperatures, surface enrichment by this mechanism is essentially associated
with compounds of moderate-to-low volatility (59, 60), which is especially
significant because four-, five-, and six-ring PAHs are reportedly the most
carcinogenic or mutagenic substances (61, 62). Furthermore, PAHs possess a
strong binding affinity for the surface of carbonaceous particles. In fact, in
in-situ, sorption-desorption studies of various PAHs on the surfaces of
different monodisperse ultrafine particles (19-nm diameter), PAHs showed the
greatest affinicy for carbon particles (63).

Another important consideration in selecting specific analytes as a surrogate
measure of worker exposure to airborne diesel exhaust concerns their
concentrations, In a recent NIOSH Health Hazard Evaluation (HHE) involving
exposures to diesel exhaust in the trucking industry (64), a number of gas and
particulate phase contaminants were targeted. Gas-phase species examined
included CO, CO,, SO,, NO,, H,S0,, total NO,, formaldehyde, and volatile
hydrocarbons (aliphatic and aromatic). All selected component’'s
concentrations were significantly below recognized occupational exposure
evaluation criteria, yet levels of elemental carbon (which represented about
60% of the carbonaceous particulate fraction) ranged from 33-94 ug/m*.
Furthermore, the presence of non-diesel sources of these components may result
in unreliable measures of occupational exposures to diesel exhaust. Because
solvent extracts of particulate diesel exhaust accounted for 90% of the
mutagéhic potency of diesel-exhaust aerosol in studies conducted by Schuetzle
et al. (24), a sampling and analytical method for monitoring worker exposures
to the particulate phase of airborne diesel exhaust currently seems most

appropriate.

Elemental Carbon

Becaugse of the compositional variability and chromatographic complexity of
diesel-soot extracts, uncertainty about the compounds responsible for
mutagenic and carcinogenic activity, and presence of interfering species,
selection of a soot-associated organic compound or class of compounds as a
surrogate measure of exposure to airborne diesel-exhaust particles is a
difficult task. Based on a Coordinating Research Council supported study by
Fowler et al. (65), method development solely targeting species in the soluble
organic fraction of particulate diesel exhaust may be inappropriate as well.
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Fowler et al. evaluated a number of species as indices of "overall diesel
exposure." Included in the evaluation were CO,, CO, SC,, NO, NO,,
volatilizable carbon (organic), and elemental carbon. Of these constituents,
elemental carbon was found to be the most reliable measure of exposure to
"diesel exhaust as an entity" (i.e., reflected exposures to the largest number
of exhaust components examined).

When considering exposure indices for particulate diesel exhaust, workplace
concentrations and interferences must be addressed. In the above-discussed
HHE, concentrations of individual PAHs and total PAHs in the solvent- (benzene
or acetonitrile) extractable fraction of the particulate mass also were
measured and none exceeded the evaluation criteria employed (coal-tar pitch
components in benzene- or cyclohexane-soluble fraction); however, elemental-
carbon levels ranged from 33-94 ug/m’. Furthermore, the ubiquity of PAHs in
the environment may cause inaccuracies in PAH-based exposure assessments.

Although not currently established, evaluation criteria based on elemental-
carbon exposure may be more appropriate. Elemental carbon’s suspect role in
potential health effects also makes it a logical choice of surrogate. In a
recent study by Mauderly et al. (66), laboratory rats were exposed to
diesel-exhaust or carbon-black particles. The carbon-black material contained
no mutagenic organic content, At 12 weeks, the measured lung burdens and
inflammatory responses for both materials were nearly identical, however,
DNA-adduct levels were 3-fold higher in the diesel-particle-exposed animals.
It was concluded that "repeated inhalation of carbonaceous particles causes
lung inflammation regardless of organic content, but that the level of DNA
damage is primarily related to the organic content.” According to Mauderly et
al., these results are consistent with the hypothesis that
diesel-soot-associated organic compounds and/or their metabolites are
responsible for initiating chemical carcinogenesis, and that cell
transformation and progression to lung tumors is promoted by the inflammatory
and proliferstive (epithelial proliferation) responses caused by accumulation
of soot in the lung. Lastly, it was observed that heavy exposures to
"materials® (unspecified) with little or no organic content also elicit the
above-mentioned responses. These results reportedly suggest that “large
accumulations of diesel-exhaust soot in the lung might have caused tumors
independently from chemical carcinogens" (66).

In animal (rats) studies by Sun et al. (67), the deposition, retention, and
biological fate of benzo(a)pyrene (BaP) inhaled as pure aerosol and as BaP
adsorbed onto ultrafine particles were compared. Particle adsorption
significantly increased the retention of BaP in the respiratory tract. In
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experiments by Wolff et al. (68) involving inhalation (by rats) of pure BaP
and diesel-particle-adsorbed BaP aerosols, the particle-adsorbed BaP showed an
approximately 200-fold increase in long-term lung retention (percentage
retained after 7 days) relative to pure BaP (68).

One of the possible factors responsible for prolonged retention of
particle-adsorbed PAHs may be their altered metabolic fate (e.g., after
ingestion by macrophages) relative to pure PAHs, which are more rapidly
cleared by absorption into the blood (68). Because prolonged retention and
slow release of PAHs in the lung are correlated with increased tumor incidence
(68), the role of elemental carbon should net be trivialized.

FRG’'s Selection of Surrogate

As discussed earlier, the Berufsgenossenschaftliches Institut fur
Arbeitssicherheit (BIA) in Sankt Augustin, Federal Republic of Germany (FRG)
has recently elected to use a combustion-based method for analysis of
particulate diesel-exhaust samples. National toxicologists (FRG) advised BIA
to measure "elementary carbon plus adsorbed substances" (i.e., organic
species) (51) in the respirable particulate fraction of an air sample. Total
carbon in the particulate sample is being considered “"diesel scot by
definition" (51).

Obviously, this method is less selective than the thermal-cptical method,
which is capable of distinguishing organic (volatile and nonvolatile),
carbonate-type, and elemental carbon. In addition, severe interference
problems will be encountered in some workplaces (e.g., coal mines) when a
total respirable particulate fraction is collected. The BIA method also
requires scrubbing other titratable acidic gases (e.g., NO,, SO,) from the
combustion gas stream. In addition, inorganic carbonates will likely
interfere in the analysis.

Conclusiong

A number of approaches to the analysis of particulate diesel exhaust have been
employed--including gravimetric- and combustion-based methods, and chemical
characterization of the soluble organic fraction of the particulate sample.
Although carcinogenic/mutagenic species have been found in this fraction,
methods based solely on analysis of the soluble organic phase ignore the
possible role of elemental carbon in potential health effects. In view of the
significantly increased biological retention times of particle-adsorbed PAHs,
elemental carbon may be involved in mechanisms responsible for these effects.
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Thus, methods providing information on both organic and elemental carbon are
preferred, since exposures essentially can be stated "in terms of the total
mass of diesel particulates" (56), which NIOSH has recommended. Because the
thermal-optical method corrects for pyrolytically generated elemental carbon
and speciates various carbon types (including carbonate carbon), it appears to
be the most promising technique currently available. Elemental carbon likely
will be a more reliable indicator of workplace exposures to particulate diesel
exhaust, however, since many potential sources of non-diesel organic aerosol
exist. In contrast, there are relatively few sources of environmental

elemental carbon.

In summary, elemental carbon constitutes a large fraction of diesel-exhaust
particulate mass, serves as a carrier of carcinogenic/mutagenic organic
species, 1s a suspect lung-tumor promoter, is reportedly the most suitable
index (of indices examined) of "overall diesel exposure," serves as a unique
marker for diesel exhaust in many workplaces, and can be precisely quantified
at low levels by the thermal-optical method (approximate lower limit of
detection is 2 ug/m’ for an 8-h sampling period using a 2-L/min flow rate and
37-mm filter). For these reasons, and the fact that levels of organic
compounds targeted in the above-mentioned field surveys were typically well
below established exposure criteria, elemental carbon appears to be the most
suitable exposure index for particulate diesel exhaust at present. A
discussion of some results obtained with the thermal-optical method in a
recent NIOSH (Division of Surveillance, Hazards Evaluations, and Field Studies
(DSHEFS)) industrial-hygiene study of the trucking industry is provided below.

NIOSH Field Studies: The Thermal Optical Method

Sunset Laboratory’s thermal-optical method (see pp 8-9) was employed by Dennis
Zaebst and co-workers in DSHEFS's industrial-hygiene study on worker exposures
to diesel-exhaust aerosol in the trucking industry. Selection of this method
was based onﬁﬁhb previously mentioned work of Fowler et al. (see p 16) and
reconmendatidﬁ:?by a number of participants in the CARB-sponsored, nine-day
field study for comparison of various measurement techniques for carbonaceous
aerosols (see pp 7-8). In the DSHEFS study, a dichotomous sampler with a
calculated l-pm (MMAD) cut point at a flow rate of 4 L/min was employed. The
sampler is a single-jet, single-stage impactor containing an impaction plate
constructed from a cellulose support pad; it is a modified version of a design
used by DRDS (69), which was based on earlier work by Jones et al. (70). Four
off-center holes were punched in the support pad in a symmetric fashion and
the center portion of the pad, which served as the impaction surface, was
greased to minimize particle bounce. A pre-fired, quartz-fiber after filter
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supported by a stainless steel support screen was used for collection of the
sub-micrometer particulate fraction of an air sample. Although collected
filter samples were analyzed for organic and elemental carbon, elemencal
carbon data were used as a surrogate measure of exposures to airborne

diesel-exhaust particles.

Data resulting from Sunset Laboratory’s analyses of filter samples collected
during DSHEFS's industrial-hygiene survey of the Yellow Freight truck terminal
(5t. Louis, MO, February, 1988) were obtained from Dennis Zaebst, DSHEFS, and
levels of organic and elemental carbon associated with various job categories
were calculated. Upon examination of calculated exposure levels, expected
trends were noted. For example, dock workers’ exposures to elemental carbon
were higher than road drivers', and smokers’ exposures to organic carbon were
elevated relative to nonsmokers’. Exposure levels for dock and repair shop
workers, and for mechanics ranged from 20-40 ug/m® for elemental carbon,
although levels from 30-35 ug/m® were more typical. As anticipated, city and
long-haul drivers’ exposures to elemental carbon, which ranged from about

2-4 ug/m’, were much lower than the above-mentioned job categories.

Exposures to organic carbon were highly wvariable, ranging from

40-264 ug/m®. 1In general, higher levels of organic carbon were observed for
smokers than for nonsmokers. For one smoker, exposure levels of

140 pg/m® for organic carbon and 63 ug/m® for elemental carbon were

calculated. The higher level of elemental carbon is not believed to originate
from cigarette smoke, since an elemental-carbon exposure level of only 20
pg/m’ was calculated for another smoker whose exposure to organic carbon was
almost twice as high (264 pg/m’). Moreover, results of Zaebst and co-workers
(20) indicate that only about 2X% of cigarette smoke is elemental carbon.

In addition to tobacco smoke, another interference problem regarding organic
carbon was noted. Typical background (i.e., highways and residential parks)
levels of organic and elemental carbon found during this survey were less than
20 and 4 ug/m®, respectively; however, an organic carbon concentration of

478 ug/m® was calculated for one background sample collected in a residential
park. Most likely, terpenes were collected in this case, since the sampler
reportedly was hung in a pine tree.

Adsorption of organic carbon on quartz-fiber filters (Pallflex QAO) has been
observed by other workers (71, 72). Negative sampling artifacts (e.g.,
volatile-compound losses) also have been reported (73), however, positive
artifacts are predominant. These results further illustrate problems
associated with meaningful interpretation of organic carbon data (74, 75).
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RESEARCH PLAN
Geoal

Development/evaluation of potential sampling and analytical methodology for
monitoring worker exposure to airborne diesel exhaust particles is the
intended goal of this research. An existing thermal desorption/pyrolysis/
combustion technique, the "thermal-optical method," will be evaluated. This
method employs thermal programming and optical measurements for analysis of
carbonaceous samples. In the analysis, temperature-based speciation between
organic (volatile and nonvolatile), inorganic (carbonate-type), and elemental
carbon is achieved. Because elemental carbon is the most reliable marker for
particulate diesel exhaust and plays a suspect role in potential human health
effects, its use as an exposure index is being recommended. Effects of
various sampling strategies on analytical results will be investigated,
Should the thermal-optical method prove unsatisfactory for the intended
application, investigation of an alternative analytical approach employing
instrumentation with multielemental detection capability will be considered.
This alternmative approach (see pp 23-25) should afford greater selectivity and
sensitivity, which may be required in some workplaces.

Coal Mines: Potential Problems and Solutions
Coal-Sou ementa arbon: Discussion and Preliminary Results

The assumption that diesel-powered equipment is the only significant source of
elemental carbon in the sub-micrometer particulate fraction of air samples may
be invalid in a coal-mine environment. As mentioned previously (p 13), in
NIOSH field studies conducted in coal mines where no diesel-powered equipment
was used, sub-micrometer particle concentrations reportedly ranged from 80-170
pg/m® (55). Concentrations from 20-100 pg/m3 also have been observed (54).

If most of thﬁrnon-diesel sub-micrometer particulate material found in coal
mines is coal.dust, the high-temperature carbon residue contributed by coal
could pose an interference problem in the determination of diesel-source
elemental carbon by thermal-optical analysis. The extent to which coal-source
elemental carbon will interfere in the analysis of a sample’s diesel component
will not only depend on the amount and rank of coal present in the sample, but
also on the temperature windows over which the two materials are combusted.
Because the ccal component will be generated under different conditions and
have significant organic nitrogen and sulfur content relative to diesel
elemental carbon, it may be less graphitic and more easily oxidized (i.e.,
combusted at a lower temperature); however, peak positions likely will be

17



matrix- and particle-size dependent and deconvolution of the two signals may
not always be possible. In this situation, an alternative analytical approach
would be required. Alternative analytical methodology is discussed in a

following section.

Preliminary results of thermal-optical analysis of particulate samples
collected in various locations in non-diesel-equipped coal mines indicate that
sub-micrometer levels of elemental carbon are low. In these surveys, as well
as in surveys conducted in diesel-equipped mines, Sierra 298 cascade impactors
containing quartz-fiber final filters were used to collect various size
fractions of coal-mine dust. Lower stages were removed from the impactors for
collection of these fractions. Samples were collected using paired impactors
containing 8, 7, and 6 stages, which provided 0.52-, 0.93-, and 1.55-um cut
points, respectively, at a flow rate of 2 L/min.

Although an average respirable dust concentration (BMRC) of 2.27 mg/m® (%RSD=
2.08, n=2) was calculated using data from impactors placed at a face locatien
of an underground coal mine employing longwall equipment, elemental carbon
concentrations less than 6 ,ug/m3 were calculated using results of thermal-
optical analysis of filters from six-stage impactors. In this particular
survey, paired four-stage impactors having a 6-um cut also were used. Even
when collecting this relatively large size fraction, an average elemental
carbon concentration less than 30 pg/m3 was calculated. These results can be
explained by examining the means by which the thermal-optical method speciates
carbon types. In the method, correction for pyrolytically generated carbon is
achieved by monitoring filter transmittance, which decreases as filter-borne
carbonaceous matter is pyrolyzed during the first stage of analysis. During
the second stage of the analysis, where oxygen is introduced, the "split”
between organic and elemental carbon is defined as the point at which the
filter transmittance reaches its initial value. Because extensive pyrolysis
occurred during thermal-optical analysis of coal-dust samples collected during
this survey (high-volatile bituminous, 50% fixed carbon), significant
attenuation of filter transmittance was observed. Consequently, most of the
sample (>95X of the total carbon) was not reported as elemental carbon since
the designated split occurred after the majority of the high-temperature
carbon component was combusted. It also was of interest to note that the peak
position of this component occurred at a temperature that was about 100 °C
lower than that typically observed for diesel-source elemental carbon.
Possible reasons for this behavior were discussed above.

To provide a better indication of the potential interference posed by coal
dust in environments where high-rank, low-volatile coals are mined, a second
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survey of a non-diesel-equipped underground c:al mine was conducted. The coal
rank in this study was a low-volatile bitumi:iusus with 75% fixed carbon.
Cascade impactors located at a beltline entry were again employed in the
manner discussed above. As anticipated, higher levels of elemental carbon
were observed in this survey. Results from the six-stage (1.55 ium cut)
impactors indicate elemental carbon concenfrations from 17-20 ug/m3; a
concentration of about 8 ug/m® was calculated from the seven-stage (0.93 um
cut) impactor results. Because total respirable dust levels found in this
particular mine were fairly low (about 0.7 mg/m®, (BMRC)), higher
concentrations of elemental carbon are expected in similar mining workplaces
when higher respirable dust levels are present. For this reason, preselection
of a sub-micrometer size fraction may be necessary in this type mining
environment (i.e., mines containing low-volatile, high fixed carbon coals).

Coal Mine Sampling Requirements

As stated earlier, Cantrell et al. (BOM) found that a 0.8-um cut point was
optimal for separation of most of the diesel particles from most of the
coal-mine dust (54). Based on NIOSH (DRDS) size-distribution data, a l-um cut
point was selected (35). For more effective exclusion of coal-mine dust, a
0.8-um cut (or smaller) is preferred to a l-um cut provided that diesel
exhaust is not excluded as well, which should be the case when water scrubbers
are implemented (i.e., in underground coal mines). If analytical selectivity
can be achieved, establishing an optimal sampler cut point for separation of
diesel and non-diesel aerosols will not be necessary.

The contribution of coal-source elemental carbon will depend on the coal's
rank and size discribution, as well as sampler cut point. Size fractions of
coal dust of known rank will be collected on preweighed quartz-fiber filters,
Sample mass will be determined by reweighing filters after sample collection.
Eight different types of minus 20-mesh coal samples obtained from the
Department of Energy’'s Sample Bank at Penn State University will be examined.
Coal types were selected to be representative (albeit not exhaustively) of
those mined in the U.S. and range from lignite to anthracite. Collected
fractions will be analyzed by the thermal-optical method. This work will
provide an indication of the magnitude of elemental-carbon interference
expected from a given mass of coal dust of specific rank and particle size.
Sub-micrometer particulate samples having low (e.g., 20-100 ug) mass loadings
will be included to determine whether their thermograms show any unique
features (e.g., pyrolysis) that could "flag" the presence of small amounts of
coal dust.
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In cooperation with Dr. Bruce Cantrell of BOM, size distribution data and
various size fractions of particulate diesel exhaust will be collected using a
diesel test cell and dust chamber located at the Twin Cities Research Center
(BOM), Minneapolis, MN. According to Dr. Cantrell, the necessary facilities
should be ready for use by 4Q91. The engine will be operated using one or
more representative duty cycles, and with and without a water scrubber.
Samples collected on quartz-fiber filters will be analyzed by the thermal
optical method. Various samplers will be employed and their performance
evaluated. Coal and coal/diesel aerosols also will be collected and analyzed

by the thermal-optical method,.

Thermal-Optical Method Evaluation

Standards Preparation/Method Evaluation

Techniques for standards preparation will be established and analytical range,
precision, accuracy, and selectivity of the thermal-optical mechod will be
determined. To date, preparation of organic-carbon standards has been
partially successful (76). Initial results of analysis of potassium hydrogen
phthalate (KHP) standards prepared in-house (by Dr. Eller, DPSE) show a 12-14%
RSD (between-filter precision, n=3). Filter-deposit inhomogeneity and
possible sample contamination likely were responsible for imprecision in
results. Initial attempts to prepare elemental-carbon standards using
graphite were unsuccessful (76). Because graphite exhibits distinectly
different thermal behavior than diesel-source elemental carbon, its use as a
standard for diesel-source elemental carbon does not seem appropriate.

Currenély, Sunset laboratory uses both a sucrose solution and methane (in a
gas sample loop) as calibration standards. Sunset’'s results for analysis of
these materials show better than 2% RSD. When analyzing the carbon content of
other materials, it is assumed that all carbon-containing species in the
samples are oxidized and reduced with the same efficiency as Sunset'’'s
calibration standards. The validity of this assumption will be investigated
by analyzing a variety of materials (including PAHs and ccmmercially available
polymeric carbons (e.g., NIST SRM 1650 (diesel soot)) to ensure that total-
carbon results are in agreement with those expected. Elemental analysis of
selected polymeric carbon materials will be performed by an independent

laboratory.

Provided that thermal-optical measurements of total carbon show good agreement
with expected results, an operational definition of diesel-source elemental
carbon will be established. Particulate emissions from commonly used diesel
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equipment will be examined in order to bracket the temperature window over
which diesel-source elemental carbon is combusted so that materials eveolved
outside of the established window will not be recognized as diesel-source
elemental carbon. This approach is considered "operational" in that diesel
elemental carbon is being defiped as material evolved over a given temperature
window in an oxidizing atmosphere after desbrpcion of organic material in a
high-temperature inert atmosphere.

Potential interferences by carbon-containing inorganic materials also should
be addressed. In some work environments, carbonate-containing materials
(e.g., limestone) will be encountered. Although carbonate-type carbon
reportedly does not interfere with the determination of elemental carbon (50),
a 60% lower result for elemental carbon was reported (by Sunset Laboratory)
for an untreated, carbonate-containing, filter-punch sample relative to an

acid-treated (to remove carbonate) punch from the same filter. Because
results of analysis of punches from the same filter are normally very
reproducible (XRSD < 2, n=2) when filter deposits appear homogeneous, which
reportedly was the case, filter-sample inhomogeneity is not believed to be
responsible for this result. The effect of carbonate carbon's presence on
analytical results will be examined.

The presence of materials that form black oxides during the combustion stage
of analysis pose potential interference problems as well. These materials may
be encountered in ore-producing industries. In general, however, neither
colored inorganic compounds (e.g., iron oxide) nor colored organic materials
usually present interference problems (50). Because non-diesel sources of
elemental carbon likely will be negligible in these industries, the diesel-
source elemental carbon should be obvious in the thermograms. Thus, if oxide
formation results in an inaccurate split time, the appropriate split time
could be entered (post-analysis) and raw date reintegrated. Because oxide
formation is not expected to pose an interference problem, potential
1ncer£arenc.4ﬁm~oxide forming materials will not be examined unless a reason
for doing so‘bocomas apparent,

Pyrolytic Carbon Correction

The instrument’s pyrolysis correction feature will be examined by analyzing
samples containing organic materials susceptible to charring (e.g., sugars).
Char resulting from pyrolysis of organic materials during sample analysis
should not be recognized as elemental carbon. Pyrolytic correction may be
necessary for determination of diesel-source elemental carbon in ambient
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aerosol samples, which often contain significant amounts of pyrolyzable

organic materials (e.g., cigarette smoke).

The extent of charring in the analysis of uncontaminated particulate diesel
exhaust will be examined further. Preliminary results indicate that compounds
responsible for extensive charring may largely arise from non-diesel sources.
If so, high pyrolytically generated carbon values could be used to flag the

presence of non-diesel sources of organic aerosol.

The need for accurate pyrolytic correction for coal-source elemental carbon
will depend on the sampling strategy adopted. If coal dust can be excluded by
size-selective sampling without compromising collection of diesel aerosol,
interference by coal-source elemental carbon should be negligible. Otherwise,
the accuracy of the pyrolysis correction feature must be determined using
diesel, coal, and diesel/coal samples of known composition (mass and coal
rank).

Field Surveys

In workplaces where the only significant source of elemental carbon is the
diesel engine, selection of a l-um cut point should not be necessary. Even in
workplaces containing other airborne dusts (e.g., construction sites,
railroads), full-shift sampling of the total respirable fraction should be
possible. If so, commercially available sampling equipment (e.g., cyclone
plus quartz-fiber filter) could be employed and method users would not be
forced to fabricate samplers in-house.

A largé amount of thermal-optical data was collected during previous NIOSH
field surveys of the trucking industry. These results (i.e., data and
corresponding thermograms) will be closely examined before deciding whether
additional surveys outside the coal-mining industry are warrented.

Because interference in the analysis of diesel-source elemental carbon is
expected to occur in underground coal mines, field work will be conducted in
this environment. If possible, non-diesel-equipped coal mines known to have
relatively high concentrations of sub-micrometer aerosol will be surveyed.
Various aerosol size fractions will be collected in diesel-equipped mines as
well. Sierra 298 personal cascade impactors and Andersen series 220 cascade
impactors containing quartz-fiber after filters will be used to collect
different aerosol size fractions. In addition, samplers developed at the
University of Minnesota will be employed by BOM researchers, who will be
conducting the field trips that are currently scheduled (tentatively).

22



Filters will be analyzed by the thermal-optical method to examine the effect
of sampler cut point on measured levels of elemental carbon.

Alternative Approach

Should elemental-carbon interference from coal preclude use of the
thermal-optical method for analysis of samples from some mining environments,
an alternative approach would be required. Although elemental-carbon
interference by coal dust will not likely occur in many situations if small-
sized dust fractions (e.g., < 1 um) are collected, interference by coal dust
may preclude use of the thermal-optical approach for determination of diesel-
source elemental carbon when larger size fractionms (e.g., total respirable)
are collected, For this reason, collection of a sub-micrometer size fraction

is recommended.

In order to distinguish coal char from diesel soot in the event that
significant interference by the former occurs, a specific and quantitative
marker for coal char is necessary. In view of the biological origin of coal
(carbonized vegetation), nitrogen will likely be the most suitable elemental
marker. In the ultimate analysis of seven bituminous coals ranging in
volatile matter from low to high, an average nitrogen content (by weight) of
1.31% (SD= 0.24%) was reported (77), Additionally, an average value of 1,31X
(SD=0,17%) was reported (78) in recent work invoelving the analysis of three
standard reference coals obtained from widely varying origins (NIST, South
African Bureau of Standards, and the Commission of the European Communities,
Community Bureau of Reference). Considering that the presence of mineral
matter not native to the original plant material influences the reported
niCrog;n content of bulk samples, variation in these results is surprisingly
low; an even smaller variation is predicted when percent nitrogen in coal ghar
is determined. Results of analyses of coal samples by a combustion-based
evolved gas nnnlysis (EGA) technique developed by T. Novakov's Atmospheric
Aerosol GrouHeq Lawrence Berkeley Laboratory (LBL, University of California,
Berkeley) sn!pdrt this prediction,

In LBL's EGA technique, the sample (a punch from a quartz-fiber filter) is
heated at a pre-determined rate in an oxidizing or neutral carrier gas.
Evolved C-, N-, and H-containing gases (resulting from volatilization,
pyrolysis, decomposition, and combustion) are converted to CO,, NO,, and H,0
by an oxidizing catalyst and these species are then determined by CO,, NO,,
and H,0 detectors, respectively. The integrated area under each thermogram
trace corresponds to total C, N, and H content of the sample.
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In CO, thermograms of coal-dust samples analyzed by EGA, two main components
are observed. Novakov designates the low-temperature component "aliphatic"
carbon and the high-temperature component "aromatic" carbon. In nitrogen
thermograms of coal-dust samples, a distinct high-temperature peak appears at
the same temperature as the aromatic peak in the CO, thermogram. Novakov
claims (79) that the ratio of the nitrogen and aromatic carbon responses was
essentially constant for all coal-dust samples examined. Furthermore, because
nitrogen species in diesel particulate samples (e.g., nitrate) will be evolved
at much lower temperatures (< 300 °C), a diesel-source nitrogen interference
is not expected. For these reasons, it should be possible to use the

high- temperature nitrogen peak as a specific and quantitative marker for coal-

source elemental carbon.

A Hewlett-Packard (HP) Atomic Emission Detector (AED) with multielement
detection capability is available within NIOSH (MRB/DPSE) for investigation of
the above-described analytical approach. For these investigations, a thermal
desorption/pyrolysis/combustion unit interfaced to the AED (HP 5921) would be
required. Elemental fingerprints (C, N, and S) will be obtained for diesel
soot and coals of ranging rank in an attempt to distinguish these two
materials. Relative to the thermal-optical mechod, this approach should
provide improved sensitivity (specified elemental detection limits are
typically below 50 pg/sec) and selectivity. The AED also should afford
greater selectivity and sensitivity in the analysis of a sample’s organic
fraction; however, it may not be possible to select components in the organic
fraction for accurate assessment of occupational exposures to particulate
diesel exhaust as many of the compounds present can originate from numerous

non-diesel sources.

Instrumentally, the AED has other desirable features as well. Because atomic
emission is monitored, a CO,-to-CH, conversion step (required in the thermal-
optical method) is not required. In addition, the AED’'s multielemental
detection capability enables investigation of a subtractive approach (using
nitrogen as a marker for coal-source elemental carbon) without the need for
multiple detectors. Furthermore, elemental detection is simultaneous, which
is not the case in a multiple-detector instrument such as that used by LBL,
Should the thermal-optical method prove unsatisfactory for the intended
application, investigation of the above-described approach will be considered.

Emission-Source Variations in Exhaust Composition

Elemental carbon (C,) composed 60-80% of the total carbon (C,) found in
particulate diesel-exhaust samples collected in a dilution tube (20).
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Similarly, more than 60X of the total carbon found in sub-micrometer
particulate samples collected during surveys of diesel-equipped mines (coal
and metal/nonmetal) was elemental carbon. In eight NIOSH surveys of the
trucking industry (includes road drivers and dock workers), particulate
samples contained an average of 41% elemental carbon. Sampling artifacts
(e.g., adsorption of organic compounds), in combination with relatively low
filter loadings, may be responsible for the apparently lower proportion of
elemental carbon in these particulate samples. Lower C,/C, vitios also may
reflect actual source-to-source variations in exhaust composition.

Aside from inter-source variability in the elemental-carbon content of
diesel-exhaust particulate emissions, variation in emission factors for a
given engine exists. For "mode sensitive" engines (i.e., exhaust composition
changes significantly with, e.g., rpm and load), the composition of the
particulate sample collected will depend on (among other factors) the
proportion of time spent in different operational modes. Because emission
factors for heavy-duty engines are reportedly more dependent on driving cycle
and engine load and rpm than light-duty engines (80), heavy-duty engine
exhaust composition may show greater variability than that of light-duty
engines.

When using elemental carbon as an exposure index for particulate diesel
exhaust, widely varying elemental-carbon content may result in an inaccurate
estimation of actual differences between worker exposures. For example, if
the elemental-carbon fraction of a given diesel particulate mass ranged from
24-64%, an apparent exposure difference up to 2.7-fold could be indicated if
elemental carbon were used to estimate total particulate mass. However, if
less variation in the mass fraction of elemental carbon is obtained when full-
shift samples are collected, and if true exposure differences are large
relative to errors caused by this variation, elemental carbon should be a
fairly accuratea reflection of differences in particulate diesel exhaust
exposures. -

Highly variable inter- and intra-source exhaust compositions do not
necessarily render a problem intractable from a relative-exposure standpoint,
It may be possible to gharacterjze emission sources by collecting particulate
samples at area locations near/at the emission source(s). C,/C. ratios for
"exhaust-source" samples can then be compared with those for personal
samples. If the C,/C, ratio obtained for a personal sample is systematically
lower than that for the emission source (or average of contributing sources),
sampling interferences are likely responsible (e.g., adsorption of organic
species or collection of non-diesel organic aerosol), since in the absence of
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such interferences C,/C, ratios for samples collected near the emission source
are expected to be less than or equal to those for samples collected at
locations remote from the source (8l). In fact, in a study involving
atmospheric carbon particles, C,/C, ratios obtained at sampling sites were
used to indicate che extent of atmospheric formation of secondary organic
aerosol (i.e., condensation aerosol formed in the atmosphere by gas phase
reaction of hydrocarbon vapors) that had cccurred since movement of the air
mass from the emission sources (82). In making the above-stated conclusion
regarding expected C,/C, ratios, it is assumed that condensation and
adsorption processes responsible for the diesel-source organic fraction of the
particulate material are essentially complete at the selected area location,
and that relatively low interference levels exist at this location.

Because many organic-carbon interferences could be present, measurement of a
particulate sample’s total carbon for compliance purposes is a flawed
approach; however, measurement of total carbon (as organic and elemental)
should provide useful data for future epidemiological studies. Rationale for
selecting elemental carbon as a surrogate measure of exposure to particulate
diesel exhaust is provided at length in this protocol. Based on a
conservative estimate of the elemental-carbon mass fraction of particulate
diesel exhaust, an elemental-carbon standard could be recommended at the
desired margin of safety. Although C,/C., ratios reportedly depend on many
factors, including engine type, speed, and load, ratios obtained in my work
generally ranged from 0.70-0.80 for sub-micrometer particulate from
underground dieselized ccal mines. In DSHEFS’'s studies of the trucking
industry, ratios ranged from 0.33-0.47. 1In this case, actual ratios may be
higher than measured, since sample loadings were light and interfering
organics could have resulted in apparently lower ratios. Because no source
sampling was conducted in these studies, actual ratios are uncertain.

In the event that NIOSH recommends exposures be expressed in terms of the
total diesel particulate mass, which for all practical purposes can be
represented by total carbon, an estimate of diesel particulace exposure could
be calculated from the elemental carbon result (personal sample) and the C,/C,
ratio (presuming that source sampling is a valid means of establishing
workplace C,/C, ratios). Because the accuracy of calculated results would be
questionable, this approach is not recommended for regulatory use. Instead,
establishing an elemental-carbon standard based on a conservative estimate of
its fraction of the total particulate mass (see above discussion) is
recommended, since low levels of elemental carbon can be precisely determined
and the diesel engine is its only significant source in many workplaces.
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Statistical Design

Before a study design for evaluation of the overall (i.e., sampling and
analytical) performance of the method is prepared, two preliminary
investigations will be conducted. These investigations will address the
thermal-optical method’'s performance in the determination of total carbon (see
pp 20-21), and the potential interference by coal dust.

The thermal-optical method is being used by NIOSH researchers for analysis of
particulate diesel exhaust, but has not yet been evaluated using carbon
standards. This work is necessary to ensure that measurement of total carbon
is accurate and precise. If so, an operational definition (see p 21) of
diesel-source elemental carbon will be established as part of the analytical
method.

To provide an indication of the interference expected from coal dust in the
determination of diesel-source elemental carbon, size fractions of a variety
of coals obtained from the DOE Sample Bank will be collected and analyzed by
the thermal-optical method. This work will assist in selection of factors
(e.g., coal type) to be implemented in the study design.

After completion of the above-described preliminary work, a study design will
be prepared in cooperation with DPSE statisticians and submitted to the NIOSH
Statistical Peer Review Group (SPRG). Elements of the design will include
number and types of sampling devices, aerosol composition (e.g., coal type and
size distribution), and levels examined. A diesel test cell and dust chamber
being assembled by BOM researchers will be used for collection of coal,
diesel," and coal/diesel aerosols (p 20). Because candidate sampling devices
are currently being developed, the number and types of sampling devices to be
evaluated cannot be specified at this time. It is anticipated that BOM
facilities for this work will be functional by 4Q9l. Overall success of the
method will be evaluated using the NIOSH "Standards Completion Program (SCP)
Statistical !t?tocol" when applicable. Strict adherence to the SCP protocol
is not possible, since no OSHA standard exists for diesel-source elemental
carbon and it is being defined operationally,

Safety
Guidelines regarding laboratory and field health and safety will be observed

in accord with those outlined in the NIOSH/DPSE safety manual. No experiments
with human or animal subjects are involved in the conduct of this research.
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NIOSH personnel conducting field surveys of mines are certified (by MSHA) to
do so. DRDS personnel have extensive field experience, both in mining and
other workplaces.
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PROJECT PERIOD

3Q90:
Complete preliminary studies and project peer review.

1Q91:

Revise peer-reviewed project protocol and submit to Director,
DPSE and Assistant Director of Science, OD, NIOSH.

Prepare sampling media for field surveys (if scheduled) of coal and/or
metal/nonmetal mines. Analyze samples by thermal-optical method (TOM) and
enter results into Lotus worksheets.

2091:
Establish techniques for preparation of carbon standards and analyze

standards. Examine different diesel soots to determine temperature window for
elemental-carbon response. Examine potential non-coal interferences.

Analyze various coal ranks and size fractions of DOE coal samples by thermal-
optical method.

3Q91:

Prepare study design on instrument performance in determination of total
carbon and comparison of various samplers.

Determine TOM sensitivity, selectivity, precision, analytical range, and
accuracy in determination of total carbon.

If TOM not satisfactory and alternative apprecach pursued, select commercially
available thermal desorption/pyrolysis/combustion unit or decide on in-house
furnace design. If TOM acceptable, arrange/plan for laboratory collection of
diesel, coal, and diesel/coal particulate samples at BOM (or elsewhere).

4Q91:

Collect diesel, coal, and diesel/coal particulate samples at BOM and analyze
by TOM (note: presumes method results found acceptable). Different sampling
devices will be examined.

Complete data reduction work and evaluation of TOM.

If alternative analytical approach pursued, procure necessary components for
investigation.

1092:

Submit report on TOM to NIOSH peer review. Pursue alternative approach,
depending om results obtained during FY91. Effort on alternative approach
during FY91 will be conducted on a time-available basis, with priority being
given to milestones for TOM work; however, project emphasis may change as
dictated by experimental results.

2092:

Disseminate information to DSDTT. Submit paper (TOM work) to an appropriate
technical journal. If appropriate, submit method description to NICSH Methods
Manual.

29



10,

11.

12.

13.

14.

15.

16.

REFERENCES

NIOSH (1986) "Evaluation of the Potential Health Effects of Occupational
Exposure to Diesel Exhaust in Underground Cocal Mines." U.S. Dept. of
Health and Human Services, Public Health Service. Centers for Disease
Control, NIOSH, Cincinnati, OH. -

Weeks, J. L. Testimony before the Subcommittee on Health and Safety,
Committee on Education and Labor, U.S. House of Representatives,
Washington, D.C., July 12, 1989.

Report of the Mine Safety and Health Administration Advisory Committee on
Standards and Regulations for Diesel-Powered Equipment in Underground Coal
Mines, transmitted to The Secretary of Labor in July, 1988.

Brightwell, J.; Fouillet, X.; Cassano-Zoppi, A. L.; Gate, R.; Duchosal, F.
In Carcinogenic and Mutagenic Effects of Diesel Engine Exhaust; Ishinishi,
N.; Koizumi, A.; McClellan, R. O., Stéber, W., Eds.; Developments in
Toxicology and Environmental Science; Elsevier Science: Amsterdam, 1986;
Vol. 13, 471-485.

Ishinishi, N.; Kuwabara, N.; Nagase, S.; Suzuki, T.; Ishiwata, S.; Kohno,
T., ibid., 329-3438.

Iwai, K.; Udagawa, T.;, Yamagishi, M.; Yamada, H, ibid, 349-360,

Mauderly J, L.; Jones R. K.; McClellan, R. 0.; Henderson, R. F.; Griffith,
W. C., ibid, 397-409.

Heinrich, U.; Muhle, H.; Takenaka, S.; Ernst, H.; Fuhst, R,; Mohr, U.;
Pott, F.; Stéber, W. J. Appl. Toxicol. 1986, 6, 383-395.

NIOSH Current Intelligence Bulletin 50: Carcinogenic Effects of Exposure
to Diesel Exhaust, DHHS (NIOSH) Publication 88-116, August 1988.

O0'Neal, D, C,, Deputy Assistant Secretary for Mine Safety and Health,
MSHA, written correspondence with J. D. Millar, Director, NIOSH, September

23, 1989.

Millar, J. D. in memo to P. J. Bierbaum on subject of "Project Planning
Guidance FY 1990," NIOSH, June 6, 1989.

Amann, C. A.; Siegla, D. C. "Diesel Particles-What are They and Why,"
Sci. Technol. 1982, 1, 73-101.

Weaver, C.S. "Particulate Control Technology and Particulate Standards for
Heavy-Duty Diesel Engines,” report under EPA contract 68-01-6543; Energy
and Resource Consultants, Inc., Boulder, CO, 1984.

Dolan, D. F.; Kittelson, D. B.; Whitby, K. T. "Measurement of Diesel
Exhaust Particle Size Distributions," ASME Paper No. 75-WA/APC-5, 1975.

Vuk, C.T.; Jones, M.A.; Johnson, J. H. "The Measurement and Analysis of
the Physical Character of Diesel Particulate Emissions," Society of
Automotive Engineers, Technical Paper No. 760131, 1976.

Kittelson, D. B.; Kadue , P. A.; Scherrer, H. C.; Lovrien, R. E.
"Characterization of Diesel Particles in the Atmosphere,"” CRC Report, AP-1
Project Group, 1988.

30



17.

18.

19.

20,

21.

22.

23.

24
25.
26,
27.
28.
29,
30,
31,
32.

33.

34,

Groblicki, ‘W. H.; Begeman, C. A. "Particle Size Variation in Diesel Car
Exhaust," Society for Automotive Engineers, Technical Paper No. 790421,
1979.

Lipkea, W. H.; Johnson, J. H.; Vuk, C. T. "The Physical and Chemical
Character df Diesel Particulate Emissions--Measurement Techniques and
Fundamental Considerations," Society of Automotive Engineers, Technical
Paper No. 780108, 1979. .

Williams, R. L.; Chock, D. P. "Characterization of Diesel Parcticulate
Exposure," International Symposium on Health Effects of Diesel Engine
Emissions, Cincinnati, Ohio, 1979,

Zaebst, D. D.; Blade, L. M.; Morris, J. A.; Schuetzle, D.; Butler, J.
presented at the American Industrial Hygiene Conference, San Francisco,
CA, May 1988, paper 346.

Muhlbaier, J. L.; Williams, R. L. "Fireplaces, Furnaces and Vehicles as
Emission Sources of Particulate Carbon," In Particulate Carbon:
Atmospheric Life Cycle; Wolff, G. T.; Klimisch, R. L., Eds.; Plenum, 1982.

Kittelson,%D. B.; Dolan, D. F. In Genexration of Aerosols; Willeke, K.,
Ed.; Ann Arbor Science, Ann Arbor, MI, 1980; Chapter 16.

Black, F.; High, L. "Methodology for Determination of Diesel Hydrocarbon

Emissions-Particulate and Gas Phase," Society of Automotive Engineers,
Technical Paper No. 7950422, 1979.

Schuetzle, D. "Sampling of Vehicle Emissions for Chemical Analysis and

Biological Testing," Environ. Health Perspect. 1983, 47, 65-80.

Levsen, K. "The Analysis of Diesel Particulate; Fresenius Z Anal. Chem.
1988, 331, 467-478.

Hare C. T.; Bradow, R. L. Society of Automotive Engineers, Technical
Paper No. 790490, 1979,

Lee, F. S. C.; Schuetzle, D. In Polvcyclic Aromatic Hydrocarbons; Dekker:
New York, 1983; 27-94.

Swarin, S. J.; Williams, R. L. In Polynuclear Aromatic Hydrocarbong;
Bjorseth, S.; Dennis, A. J., Eds.; Battelle: Columbus, 1980: 771-790.

Hawthorne, S. B., Miller, D. J. J. Chromatogr. Sci. 1986, 24, 258-264.

Gibson, T. L.; Ricei, A. I.; Williams, R. L. In Polynuclear Aromatic
g; Cooke M.; Dennis A. J., Eds.; Battelle: Columbus, 1981,

707-717. ;

Levsen, K. unpublished results.

Jinno, K.; Hoshino, T.; Hondo, T.; Saito, M.; Senda, M. Anal. Chem. 1986,
58, 2696-26P9.

zghuigg,lJéﬁ Hartung, A.; KieB, H.; Lies K.H. Staub Reinhalt Luft 1987,
, -140.

Schuetzle, D.; Lee, F. S, C.; Prater, T. J.; Tejada, S. B. Int. J.
Environ. Anal. Chem., 9, 93-144.

i1



35.

36.

37.
38.
39.

40,

41.

42,

43,
44,

45.

46.

47.

48,
49,

50.

51.

Tong H. Y.; Sweetman, J. A.; Karasek, F. W.; Jellum, E.; Thorsrud, A. K.
J. Chromategr.; 312, 183-202.

Xu X. B.; Nachtman, J. P.; Jin, Z. L.; Wei, E. T.; Rappaport, S. M.: Anal.
Chim. Acta. 1982, 136, 163-174.

Rosenkranz, H. S.; Mermelstein, R. Mutation Research 1983, 114, 217-267.
Rosenkranz, H. S. Mutation Research 1984, 140, 1-6,

Liberti, A.,; Ciceiali, P.; Cecinato, A.; Brancaleoni, E.:; Di Palo, C. J.
High Res. Chromatogr. Chromatogr. Comm. 1984, 7, 389-397,

West, W. F.; Lee, M. L. J.High Res. Chromatogr. Chromatogr. Comm. 1986, 9,
161-167.

Schuetzle, D.; Paputa, M.; Hamptom, C. M.; Marano, R.; Riley, T. Prater,
T. J.; Skewes, L.; Salmeen, I. In Mobile Source Emissions Including
Polyecyclic Organic Species; D. Reidel:Dordrecht, 1983; 299-312.

Gibson, T. L.; Ricei, A. I.; Williams, R. L. "Measurement of Polynuclear
Aromatic Hydrocarbons, Their Derivatives and Their Reactivity in Diesel
Automotive Exhaust," General Motors Report GMR-3478, Dearborn, MI, 1980.

Bradow, R. L. Bull. NY Acad. of Med. 1980, 56, 797-811,

Levsen, K.; Puttins, U.; Schilhabel, J.; PrieB, B. "Artifacts During the
Sampling of Nitro PAHs of Diesel Exhaust," Fresenius Z. Anal. Chem. 1988,
330, 527-528.

Bradow, R. L. In Toxicological Effects of Emissions from Diesel Engines;
Lewtas, J., Ed.; Elsevier, 1982; pp 44-45.

Countess, R. J. presented at the Third International Conference on
Carbonacecus Particles in the Atmosphere, Berkeley, CA, October 1987,

paper Dl.

Cadle, S. H.; Groblicki, J. "An Evaluation of Methods for Determination of
Organic and Elemental Carbon in Particulate Samples," presented at the
Symposium on Particulate Carbon: Atmospheric Life Cycle, Warren, MI,
October 1980, General Motoxrs Report GMR-3452, ENV # 86, 1980,

Zaebst, D., NIOSH, Cincinnati, COH, personal communication, June 1989,

Johnson, R. L.; Shaw, J. J.; R. A. Cary; Huntzicker, J. J. "An Automated
Thermal-Optical Method for the Analysis of Carbonaceous Aerosol,"
Atmospheric Aerosol: Source/Air Quality Relationships; Macias, E. §;
Hopke, P.K., Eds.; ACS Symposium Series, No. 167; American Chemical
Society: Washington, DC, 1981; pp 223-233.

Cary, R. A. presented at the Third International Conference on
Carbonaceous Particles in the Atmosphere, Berkeley, CA, October 1987,
paper I3. Information also provided in Sunset Laboratory'’'s method
description, Sunset Laboratory, Forest Grove, CR.

Blome, H., Berufsgenossenschaftliches Institut fUr Arbeitssicherheit,
Sankt Augustin, FRG, written correspondence with J. V. Crable, June 2,

1989.

32



54.

55.

56.

57.

58.
59.

60.

6l.
62.

63.
64.

65.

66.

67.

68.

69.

. Stated in German-to-English translation of preliminary draft of metheod

ZH 1/120 to be published in FRG's national collection of methods within
the next year.

. See reference 69 below; work was partially funded under BOM Memorandum of

Agreement No. JO 145006.

Cantrell, B. K.:; Lantto, 0. L.; Olson, K. S.; Rubow, K. L. Marple, V. A.;
Rahn, K. A. in draft BOM report on "Performance Criteria for a Diesel
Exhaust Aerosol Sampler," 1988.

Burkhart, J. E.; McCawley, M. A.; Wheeler, R. W. "Particle Size
Distribution in Underground Coal Mines," Am. Ind. Hyg. Assgc. J., 1987,
48(2), 122-126

Lemen, R. A., NIOSH memorandum to P. Bierbaum and E. Baker on "Sampling
and Analysis for Diesel Exhaust," July 14, 1988.

Lewtas, J., Ed.; Elsevier, 1982; p 44,

Natusch, D. Epviron. Health Perspect. 1987, 22, 79-90.

Thrane, K. E.; Mikalsen, A.; Stroy, H. Int. J. Environ. Anal. Chem., 1985,
16, 183-194,

Yamasaki, H.; Kuwata, K.; Miyamoto, H. Environ. Sci. Technol., 1982, 16,
183-194,

Pott, F. Staub-Reinhalt. Luft 1985, 45, 369-379.

Grimmer, G. H.; Brune, H.; Deutsch-Wentzel, R.; Naujack, K. W.; Misfeld,

14

J.; Timm J. Canceyx Lett. 1983, 21, 105-113.
Niessner, R.; Wilbring, P. Anal. Chem. 1989, 61, 708-714.

Blade, L.M., Savery, H. NIOSH Health Hazard Evaluation Report No. HETA 87-
077-1969 (1989), HHE for Consolidated Freightways, Peru, IL, March 1988

Fowler, D. P. "Industrial Hygiene/Environmental Sampling Program to
Develop Qualitative and Quantitative Data on Diesel Exhaust Emission
Exposure,” Final report on CRC-APRAC Project No. CAPM-24-78, 1985,

Mauderly, J. L.; Wolff, R. K.; Bond, J. A.; Harkema, J. R.; Henderson, R.
F.; McClellan, R. 0. "Mechanisms gf the Carcinogenicity of Diesel

Exhaust, " American Review of Respiratory Diseases 1988, 137 (4), p 404,

Sgn, J.; Wolff, R.; Kanapilly, G. Toxjcol. App. Pharmacol. 1982, 65,
2 1'241 .

Wolff, R.; Henderson, R.; Snipes, M.; Sun, J.; Bond, J.; Mitchell, C.;
Effects of

Mauderly, J.; McClellan, R. In Carcinogenic and ﬂgggfgnig E
Diesel Enging Exhaust: Ishinishi, N. et al., Eds.; Elsevier
Science:Amsterdam, 1986, pp 199-211.

McCawley, M.; Cocalis, J. "Diesel Particulate Measurement Techniques with

Ventilation Control Strategies in Underground Mines," Ann. Am. Conf., Gov.
Ind. Hyg. 1986, 14, pp 271-281.

33



70.

71.

72.

73.

74.
75.

76.
77.

78.

79.

80.

81.

82.

Jones, W.; Jankovic, J.; Baron, P. "Design, Construction and Evaluation of
A Multi-Stage "Cassette" Impactor," Am. Ind. Hyg. Asso. J. 1983, 44, pp
409-414,

Fitz, D. presented at the Third International Conference on Carbonaceous
Particles in the Atmosphere, Berkeley, CA, October, 1987, paper DS5.

Cadle, §. H.; Mulawa, P. A. presented at the American Industrial Hygiene
Conference, San Francisco, CA, May. 1988, paper D3.

Appel, B. R.; Tokiwa, Y.; Kothny, E. L, "Sampling of Carbonaceous
Particles in the Atmosphere," Atmos. Environ. 1983, 17, 1787-1796.

Herring, S. V. Aerosol Sci. Technol., in press.

McDow, S. R.; Huntzicker, J. J. presented at the American Industrial
Hygiene Conference, San Francisco, CA, May, 1988, paper J2.

Eller, P., NIOSH, Cincinnati, OH, personal communication, September, 1989.

Perry's Chemical Engineer’s Handbook, 4h ed.; McGraw-Hill Book Company:
New York, NY, 1963; Section 9, p3.

Conrad, V. B. presented at the 40™ Annual Pittsburgh Conference on
Analytical and Applied Spectroscopy, Atlanta, GA, March 9, 1989,

Novakov, T., University of California, Berkeley, written correspondence K.
Mulligan, NIOSH/DPSE/MRB, Dec. 20, 1988.

Dietzmann, H. E.; Parness, M. A.; Bradow, R. L. "Emissions from Gasoline
and Diesel Delivery Trucks by Chassis Transient Cycle," American Society
of Mechanical Engineers, Houston, TX, paper No, 81-DGP-6, 1981.

Larson, S.; Glen, R. C.; Gray, A. H., "Atmospheric Carbon Particles and
the Los Angeles Visibility Problem," Aerosol Sci. Technol. 1989, 10(1l),
118-130.

Gray, H. A.; Cass, G. R., Huntzicker, J. J.; Heyerdahl, E. K.; Ran, J. A.
Environ. Sci. Technol. 1989, 20, 580-589.

34






Attachment 2

. SUMMARY AND STATUS REPORT ON PROJECT TO DEVELOP A
SAMPLING AND ANALYTICAL METHOD FOR AIRBORNE DIESEL EXHAUST PARTICLES

Background

In its Current Intelligence Bulletin 50, "Carcinogenic Effects of Exposure to
Diesel Exhaust," the National Institute for Occupational Safety and Health
(NIOSH) recommended that "whole diesel exhaust be regarded as a potential
occupational carcinogen.” In response to this recommendation, researchers at
NIOSH have been exploring various approaches for monitoring worker exposure to
diesel engine exhaust. Because diesel exhaust contains thousands of
compounds, a surrogate measure of its exposure must be selected. Gravimetric
methods targeting the mass of the particulate fraction have been developed.
To reduce interference on non-diesel aerosol, size-selective sampling devices
have been employed. Because particulate diesel exhaust is largely
submicrometer in size, its separation from larger-sized aerosols is possible.
Size-selective samplers for use in underground coasl mines have been developed
by NIOSH researchers, the Bureau of Mines (BOM), the Mine Safety and Health
Administration (MSHA), and the University of Minnesota [Cantrell and Rubow
1991; McCawley et al. 1986].

Although size-selective sampling can improve the selectivity of a gravimetric
analysis, significant amounts of submicrometer aerosol may arise from non-
diesel sources. Thus, even if very low masses could be determined precisely,
the presence of submicrometer background aerosol could make the accuracy of
such measurements highly questionable. In field studies conducted in
underground coal mines where no diesel-powered equipment was used,
concentrations of submicrometer whole dust were reported to range from 20-100
pg/m® [Cantrell and Rubow 1991]. In workplaces where smoking is permitted,
cigarette smoke could pose a major interference to a gravimetric method.

NIOSH researchers have selected the use of elemental carbon as a surrogate
measure of exposure to particulate diesel exhaust because it is more sensitive
than the gravimetric approach. An evolved gas analysis technique, called the
"thermal-optical method," is being investigated for its determination. This
work is being conducted in cooperation with a contract laboratory. The
instrument being evaluated is similar to a design previously described in the
literature [Johnson et al. 1981]. This method vas used by NIOSH researchers
in an industrial hygiens study of the trucking industry [Zaebst et al. 1991].
Selection of elemental carbon as a marker for diesel exhaust exposure was
based on the work of Fowler [1985], who evaluated a number of species as
indices of "overall diesel exposure." Included in the evaluation were CO,,

€O, SO;, NO, NO;, total and fine particulate material (determined
gravimetrically), volatilizable carbon (organic), and elemental carbon. Of
these constituents, elemental carbon was the most reliable measure of "diesel
exhaust as an entity" (i.e., it reflected exposures to the largest number of
exhaust components examined) [Fowler et al. 1985]. Elemental carbomn
constitutes a large fraction of the diesel particulate mass, serves as a
carrier of polycyclic aromatic compounds, can be quantified at low levels, and
its only significant source in many workplaces is the diesel engine. Sources
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of elemental carbon that may interfere are 1) commercial polymeric carbons,
such as lamp black or carbon black; 2) anthracite and low-volatile bituminous
coal with a high percent of fixed carbon. However, a size-selective sampling
approach should minimize this interference. Other interferences include
pyrolyzable materials and combustion aerosols such as cigarette smoke which
contributes high-temperature carbon. However, only 2% to 3% of total carbon
in cigarette smoke is defined as elevated. Inorganic carbon (carbonate) is
not an interference because it is evoked during the first stage of analysis.
For these reasons, its use as a surrogate measure of particulate diesel-
exhaust exposure is proposed.

Analysis Method

In the thermal-optical method, speciation of organic, carbonate, and elemental
carbon is accomplished through temperature/atmosphere control and optical
measurements. Quartz-fiber filters are used for sample collection and punches
are taken from the filters for analysis. An optical feature corrects for
pyrolytically generated elemental carbon, or “char," formed during the
analysis of some materials. Operationally, the thermal-optical method
involves three stages. In the first, organic and carbonate carbon are
volatilized from the quartz filter punch in a helium atmosphere as the sample
oven's temperature is stepped to 680°C. Evolved carbon is catalytically
oxidized to CO; and subsequently reduced to methane, which is then quantified
by a flame ionization detector (FID). Temperature steps wers chosen such that
carbonate carbon appears as the fourth of four peaks typically observed in the
"thermogram® (plot of detector response vs. temperature). The second stage of
the analysis begins after reducing the oven temperature to 525°C. At this
point, an oxygen/helium mix is introduced and the oven temperature is raised
to 750°C. It is during this stage that pyrolysis correction and elemental
carbon measurement are made. In the final stage of the analysis, calibration
is achieved through injection of a known amount of methane into the oven.

[

Method Evaluation

Standard solutions containing polynuclear aromatic hydrocarbons (PAHs), and
solutions of various water-soluble organic compounds were analyzed. Different
analytes vers examined to investigate whether the efficiency of the method’s
catalytic oxidation/reduction process is compound-dependent. An aliquot of
solution was applied to a 1.5 cm?® filter (quartz) punch. Prior to application
of the standard solution, the punch was "analyzed to remove possible carbon
contamination. Two of the PAHs (naphthalene and acenaphthylene) were
partially lost from the filter punch and could not be reliably analyzed.
Response of the other PAHs examined was linear (r?z 0.996 for individual
compounds) and did not appear to be compound-dependent (r? = 0.994 for four
compounds). Better agreement between actual and reported values was ssen with
the aqueous samples, where interference of residual organic solvent was not a
problem. Response of individual compounds was linear (x2 2 0.999) and no
compound-dependence was noted for the five compounds examined (r? = 0.998).



The analytical range and limit of detection (LOD) of the thermal-optical
method were determined. Detector (flame ionization detection - FID) response
was offscale when organic carbon was present at about 50 ug/cm®. The 200-
pg/cu? upper value quoted by the contract laborator’ assumes that the organic
carbon in the sample will be evolved in stages as the temperature is stepped,
which is normally the case when real-world samples are analyzed. The maximum
loading was lower when individual compounds were analyzed because each was
volatilized as a single peak. When a peak in the thermogram represents more
than about 50 ug carbon/cm?, the sensitivity of the FID response must be
decreased. To determine the LOD of the thermal-optical method, a set of low-
level calibration standards was analyzed. Using the results of linear
regression of the mass of carbon reported vs. the amount present, an LOD of
about 0.4 ug/cm® was calculated.

Although the thermal-optical method {s intended for use in a variety of
workplaces, the greatest interference in the determination of diesel-source
elemental carbon is expected when analyzing samples from underground coal
mines. To determine whether the thermal-optical method was suitable for
application in this environment, a preliminary field evaluation was conducted
in an electric-powered underground coal mine as part of the NIOSH method
development. In order to exclude most of the coal dust, size-selective
samplers were employed. Only low levels (0.6 - 7.5 pg/m®) of elemental carbon
were found in sub-micrometer dust samples collected in two electric-powered
underground coal mines.

To further investigate the potential interference of coal dust, different
ranks of submicrometer coal dust were collected on quartz-fiber filters and
analyzed by the thermal-optical method. Coarsely ground (-20 mesh) coal
samples obtained from the Department of Energy Sample Bank at the Pennsylvania
State University were sieved to < 53 um and placed in a fluidized bed. Dust
from the fluidized bed was directed through a MOUDI impactor. The last three
stages and the after filter of the impactor were removed in order to collect
the sub-micrometer size fraction. A 37-mm cassette containing a quartz-fiber
filter was located downstream of the impactor for sample collection. As
anticipated, the extent of interference was rank-dependent. The greatest
interference occurred with anthracite, whers about 80% of the total carbon
found was elemental. In contrast, only about 14% of the carbon found in two
sub-bituminous coals, and a high volstile bituminous cocal was elemental. In
practice, the degree of interference will depend on the coal type, respirable
dust (coal) concentration and size distribution, and the aerosol size fraction
sampled. Before recommendations regarding a sampling device can be made, a
sampler comparison study must be completed to evaluate the performance of
various samplers. Currently, NIOSH researchers plan to conduct this study
jointly with the Bureau of Mines (BOM), which has been assenbling the required
aerosol generation system. According to BOM staff, the system should be
operational in early August. Should its completion be delayed beyond this
date, other arrangements will be made. Additional investigations by NIOSH
researchers will be completed by the end of this fiscal year. When complete,
research results will be transmitted to MSHA and published in the NIOSH Manual
of Analytical Methods.






