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ABSTRACT

The U.S. Rureau of Mines and others have
conduzted a number of occupational exposure surveys
since the publication of the International Agency for
Research on Cancer report of 1989, which Iabeled diesel
cxhaust as 2 probable human carcinogen.  These surveys
have assessed diese] exhaust exposure usiog
measurcment of diese] aerosol and/or specific polycyclic
aromatic hydrocarboas as indicators of exposure. This
pape: reviews present dissel emission standards,
available diescl exhaust aerosol measurement
techniques, ad the results of the occupational expasure
surveys. In the surveys, dicse] aeroscl was emphasized
betause it is a majur component of diesel exhaust, is
suspected 1o contribute to the heaith hazard, and is
readily measureble. Three primary acrosol
measurement techniques were used: respirable
combustible dust, size-selective sampling, and
measarement of the elementm] carbon fraction.
Occupations surveysd included mine wuikers, railroad
workers, forklift operators, fire fighters und Luck
drivers. The studies found mean diesel asrosol
concentration levels in the range of 0.004 10 1.74
mg/m®, Highest aeroso] exposures were in confined
spaces such as mines where heavy diesel equipment is
used, Polveyclic aromatic hydrocarbons fypically are
foungd at very low concentration levels and are not
unique 10 diese] exhaust.

INTRODUCTION

Measuremnent of human exposure to toxic agents is
the first step in determining the exposure-dose-response
relationship. It is a fundamental step in risk assessment.
Measuring exposure ta diese] exhaust pollutants is
particularly challenging due to the complexity and
variability of exhaust components. This paper is a
condensed version of a paper prepared for the Health

. Effccts Instinats’s Special Report op Diesel Exhaust.™ It
revicws current occupational bealeh standards for diesel
cmissions, aveilable diese] exhavst aerosol measurement

. techniques, and the resuls of occuparional exposure

surveys complered after the publication of the

Interpaiional Agency for Rescarch on Cancer JARC)

repart of 1985.” Thesc surveys have assessed diece!
exhaust exposure using diese] particnlate matter (DPM)
and/or measurements of specific polycyclic aromatic
hydrocarbons (PAHS) as pdicators of exposure, DPM
is emphasized because It is 2 mujos component of dicsel
exhaust, is suspecied to contribune to the health hazard,
and is measurable. PAHs are closely associated with

DPM and are suspecied to have a role in vaucer

initintion.

Occupational Health Stangards
Occupational exposure surveys of diese] exhanst

frequently measure ragulated pollutamts, or pollutants
that are suspected carcinogens, even if no permissible

exposure limits (PELs) have been established. In the
United States, various organizations recommend a
range of allowable values for dicsel exhaust gaseous
consntuents, including varbon monoxide (CO), carbon
dioxide (CO,), sulfur dioxide (SO,), nitragen dioxide
(NO,), nime oxide (NO), uxd formaldehyde HCHO).
Table I summarizes tese recommended levels,
showing $-hour or 10-hour tme-wrighted-average
values where available; where these are not available,
15-minute short-term exposure values are iocluded.
The Mine Safery and Health Administration (MSHA)
has praposed revised air quality regulations, but tese
are not shown.®

Table I Range* of Allowable Gaseous Exposure Limits for &-br-Time:
Weighted-Average Occupational Exposures”.

Poljntant - Range. ppm
CHO 0.0162.0
co 25-50
€0, 5,000-10,000
NO 2
NO.¢ 1.6:5.0
S0, 2.0-5.0

'ACGIH. MSILA, NIOSH, OSRA

INIOSH has a 1N-hrotime-weighted average valus

“Suspect cartinogen. MSHA hss only 2 15-mib shor-term value
*NIOSH and OSHA have 15-min shon-term values

‘There is 0o specific U.S. permissibic cxposure limit
(PEL) for DPM at this time. Diesel aerosol'is of
respirable size and thus is limit=d under a varicty of
PELs for respirable dust, including MSHA's 2.0
mg/m’ respirable coal mine dust standard. MSHA has
anpounced that it will consider regulating DPM.“
Recently, the American Conterence of Governmental
Industrial Hygienists (ACGIH) aodea diesel exnaust w
the Iist of Notice of Intended Changes tor 1995-1996
with a recommended threshold limit value (TLV) of
0.13 mg/m’ and a designation of suspected human
carcinogen.®

1. Respirable Combustible Dust

Respirahle combustible dust (RCD) is used 1o
estimate DPM conceatrations in Canadian non-coal
mines. This is datermined from the amount of
combustible dust in a respirable dust sample by
determining the mass that is remnoved from the sample
by combustion at 500 °C.*™ An estimate of the DFM
concentration is made by multiplying the sespirable
combustible dust measurement hy an empirical
correetion factor of 0.67. This adjusts for the
contribution of unburnt fuel, evaporated Jube oil, and
other carbonaseous material 10 the DPM estimate.

For acrosol samples collected in 2 coal mine or other
environments where nondiese! carbopaceous asrosnl s
present, respirable combustible dust analysis is not
appopliare to estimare DPM levels.



MAY-38-2081 16:209

Based on RCD measurements, British Columbia has
established a respirable combustible dust standard of
1.5-mg/m’ for upderground pon-coal mines.® The
Canada Centre for Mineral and Energy Technology
recommends that this standard be reduced eventually to
0.75 me/m*.®

In the Federal Republic of Germany, DPM is
defined by the coulometric determination of total carbon
content in fine dust particulate.”? Based on this
analyrical procedure, the following technical exposure
limits were extablished: 0.6 mg/m’ for DPM in
underground non-coal mines and construction sites; and
0.2 mg/m® for other nccuparional environments. Coal
mines ars not regulated. The technical exposure limit of
3 hazardous materia! is the minimum concentration
possible with current technology and serves as a
guidance mochanism for implementing necessary
proteciive measures and mopitoring policies in the
workplace.“” As with RCD, this method of
measurement is also not appropriate for coal mines or
other areas where substantial amounts of earbonaceous
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phenanthrene, acridine, chrysene, and pyrene. No
FELs are established for other gas-phase or particle-
boupd PAHs. The ACGTH designates diesel exhaust
components benz[a)anthracene, benzo[alpyrene,
benzofb]flucranthepe, apd chrysene as "suspected
buman carcinogens”; but recommends no TLVs. The
bewzenc-catraciable portion of coal tar pitch volatiles
15 designated as a "confirmed human carcinogen” hy
the ACGIH, with a TLV of 0.2 mg/m*."*

Diesel Exhaust Acrosol Measurcment

DPM, depicred in Figure 1, is small in size and is
composed of organic and elemental carbon, adsorbed
and condensed hydrocarbons, and sulfarc, The
proportion of organic 1o inorganic carbuy varies
depending upon a pumber of factors, which include
fue}, engine type, duty cycle, engine mainenance,
operator habits, use of emission control devices, and
lube oil consumption. In general, nonextractable
elemental carbon accounts for & greater fraction of
DPM mass than extractable organics.'*
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Figure 1. Trimodal acresol size distriburion arising from differemt mechanisms of aeroso) generation.

Of the diesel associated PAHs, only chrysene
(0.2 mg/wr’) and those connected with con! tar pitch
volatiles, 0.2 g/’ as benzepe solubles, bave
Occupational Safety zud Health Administrarion (OSHA)
PELs.®® The OSHA PEL for coal tar pitch volatiles
specifically includes anthracene, benzo[a]pyrene,

In addition 1o RCD measurements, rwo other
techniques have heen used in the subject surveys 10
measure expnsure o diese] aeroso] in the workplace.
These are size-sejective sampling with gravimetric
analysis and elemental carbon analysis.
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2. Size-selective Sampling

Figure 2 depicts the rrimodal size distribution that
arises from different mechanisms of aerosol
generation.?” Primary combustion aerosols, including
diesel exhaust aerosol, are formed as very small
particles ip the 0.001 to 0.08 um range, but physical
mechanisms such as copdensation and coagulation
quickly transfer the aerosol mass from the nuclei mode
1o the accumulation mode. These processes result in an
approximately 0.2 pm mass median diameter for diesel
aerosol, with 90% of the particles Jess than 1.0 pm in
size. Mechanically gencrated aerosols, on the
other hand, typically coptain particles greater than a
micron in diameter, with only a small portion of the
mass under a micron in size.
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contains most of the DPM present in the mine air plus
a small amount of mineral dust contamination, usually

Jess than 10%.

This technique, coupled with gravimetric analysis,
has limitations. In enviromments where
submicrometer acrosol sources are well-defined and
bave relatively high concentration, this method is
effective. If a sample flow rate of 2 L/min is used and
gravimetric analysis is to within 0.1 mg, the aerosol
concentration for the fraction of aerosol less than 0.8
um should bave a theoretical limit of detection of 0.3
mg/m® + 50% with 2 confidence leve] of 95%."
This Jower limit of detsction is 2 worst-case estimate
based on MSHA 's current gravimetric analysis
practice, mine aerosol interferences, and tolerances in

Soiid Carbon Spherss

(0.01 - 0.08 um diamater)
{orm to make Solid Particle
Agglomerates (0.05- 1.0 ym
diameler) with Adsorbed
Hydrocarbons

Adsorbed
Hydrocarbons

Liquid Condensed
Hydrocarbon Particles

©  Suifate with Hydralion

Figure 2. Schematic drawing of diesel exhaust aerosol and associated gas- and condensed-phase compounds.
(Adapred with permission from SAE Paper No. 940233, 1994 , Society of Automotive Engineers, Inc.)

The difference in the aerodynamic diameter particle
size between combustion and methanically
generated aerosols can be used 1o separate diesel aerosol
from noncombustion aerosols in the collecting
process. This is done using inertial impaction, which
removes large pondiesel] particles and = small percentage
of large diesel particles. The submicrometer aerosol,
predominantly diese! in origin, is collected on a filter
downstream of the impaction substrate. Gravimetric
analysis is used to determine the mass concentration in
each of these size fractions. The respirable dust mass
concentration can be calculated from the concentrations
of the two measured fracrions,

Size-selective sampling has been used extensively in
mining to evaluate the performance of emission contro}
devices and 10 determine the concentrations of respirable
dust and DPM in the mine atmosphere.“®?" One such
sampler, a personal diese] exhaust aerosol sampler
(PDEAS), pictured in Figure 3, is based upon the
principles of size-selective sampling and has been used
extensively by the Burean.® The sampler operates at a
flow rate of 2 L/min, which is compatible with
commercial personal sampler pumps. The fina] sample

sampler manufacture. With gravimetric analysis 10
within 0.005 mg, the lower limit of detection would
be 0.2 mg/m®. Measurements have shown thar the
PDEAS is capable of a precision of 0.015 mg/m’.
When other forms of submicrometer aerosol are
present or concentrations are Jow, other analysis
methods with greater specificity and sensitivity are
required to quantify the diesel aerosol fraction.
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Figure 3. Size-selective exhaust aerosol sampler
developed by the U.S. Bureau of Mines

3. Elemental Carbon Analysis

Size-selective sampling can collect a sample of
submicron particulate matter that can be analyzed
gravimerrically and by other analyrical methods. These
methods are frequently more specific and sensitive than
the gravimetric method. Recent research has focused on
analyzing the submicron or respirable fraction for
elemental carbon. Elemental carbon accounts for a
significant fraction of DPM emissions, acts as a carrier
of suspected mutagens and carcinogens, and is readily
detectable by thermal-optical analysis. The association
between particle exposure and health effects, discussed
clsewhere, further strengthens the use of elemental
carbon as a surrogate for DPM exposure. Elemental
carbon has an analytical definition which is
operationally defined by the method of analysis.™

It has been claimed that elemental carbon is the most
reliable overall measure of exposure to diesel exhaust
because selecting an extractable organic compound or
class of compounds as a reliable surrogate of exposure
is difficult.?” The soluble organic fraction (SOF)
associated with diese] exhaust aerosol is highly variable
in composition, is chemically complex, and uncerrainty
exists about the compounds responsible for mutagenic
and carcinogenic activity. Also, Jow concentrations and
the presence of interfering chemical compounds make
analysis difficult. These factors makes SOF an
unreliable measure of diesel exposure.

The use of a temperarure-based thermal -optical
method for speciation of organic (volatile and
nonvolatile) and inorganic (carbonate) compounds, and
clemental carbon is being investigated.® Aerasol
samples are collected by inertial impaction o classify
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particles by size. As noted previously, particles less
than 1.0 pm in size are predominately from
combustion sources. Thermal-optical analysis is used
to detect and quantify different types of carbon.
Volatilized carbon is oxidized to CO, and
subsequently reduced to methane, which is quanrified
by flame-ionization detection. The second stage of
analysis begins by reducing the combustion chamber
temperature, introducing oxygen, and rehearing o 750
°C. During this stage, elemental carbon and char
content are determined. The estimated limit of
detection in the Jsboratory is 2 pg of either elemental
or organic carbon per filter, which wanslates to a
concentration of about 1 gg/m’, assuming 2 m® of
sample air volume. ®®

An experiment to investigate possible
environmental tobacco smoke interference with
elemental carbon measurements was conducted.
Tobacco aergsol was generated in a controlled
environment by thres men smoking a total of eight
cigarertes per hour. Respirable particulate was on the
order of 1,100 pg/m’. The rotal carbon from tobacco
smoke was found to average 1.8% elementa! carbon
and 98.2% organic carbon.

As part of the same study, an experiment was
conducted to investigate the precision and
reproducibility of the thermal-optical method to
determine elemental carbon in diese) exhaust. Diesel
acroso! was generated under four load-and-speed
conditions and diluted in a dilution wbe at Ford Motor
Company's Research and Engineering Facility in
Dearborn, Michigap. Flememal carbon constituted an
average of 62% of the total particulate mass on the
filters and 64 % of the total carbon Joading. Total
carbon constinuted 91 % of the total mass on the filters.
The mean coefficient of variarion of the method for
elemental carbon determination was 7.3%.

As a consequence of these results, a proposal for
the use of elementa! carbon as a surrogate measure of
diesel exhaust exposure determined with the thermal-
optical method of analysis has been advanced.” The
arguments for this are: (1) most diese] exhaust
aerosol mutagenicity appears associated with the
particulate phase, and lung tumor induction in
laboratory rats is primarily associated with the
particulate phase; (2) clearance in animals is adversely
affected by particulate deposition, and "inert”
substances deposited in the lung may also induce lung
cancer; (3) submicrometer elemental carbon detection
by thermal-optical analysis has sensitivity 100-fold
greater than the gravimetric method, and the diesel
particulate fraction is mostly carbon; and (4) nearly all
the elementa) carbon from vehicular mraffic is
artributable to diesel exhaust.

As pointed out earlier, the percentage of elemental
carbon in total DPM flucmates. Major factors which
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contribute to this fluctuation include engine type, duty
cycle, fuel, Jube oil consumption, state of engine
maintenance, and the presence or absence of an
emission control device. The fluctuation in the ratio of
elemental to organic carbon can cause an inaccurate
estimate of the total DPM present. The estimate will
improve if both organic and elemeptal carbon are
measyred and an adjustment is made for the presence of
nondiesel carbon sources.

More detailed information on the analyses of
carbonaceous compounds resulted from the
Carbonaceous Species Methods Comparison Study,
which was conducted at Cirrus College in Glendora,
California, between August 1] and 21, 1986.%%.

The aeroso] sampling techniques described above,
and used in the occupational exposure surveys described
below, collect all particulate matter meeting specific
aerosol sampling penetration criteria. These are not
predictive of deposited dose.” Dose is a function of
the fraction of particulate matter that is deposited in the
Jung or other area and not necessarily a function of the
particulate matter that penetrates the airways. Reliance
on measurements of total DPM as the indicator of
exposire may overestimate the acmal deposited dose of
DPM in lung tissue, because the mass median diameter
of diese] aerosol is 0.2 um, which is near the point of

minimum deposition for the alveolar portion of the lung.

Health effects assessments based solely upon
measurements of total DPM exposure may lead
inaccurate conclusions. If detailed size distribution data
are available, then a correction can be applied to total
DPM measurements to estimate the daposited dose.
Unfortunately, industrial hygiene surveys rarely collect
these data because most often the objecrive is to
determine compliance with an existing PEL or to
determine the efficiency of a control strategy. Further
details on size-selective sampling criteria for thoracic
apd respirable mass fractions are given by Rabbe.®

Diesel Pollutant Exposure in the Workplace

IARC reviewed occupational and environmental
exposures 10 pollutants in diese] exhaust.” In general,
the personal exposure pollutant copeentrations that the
IARC report summarized were well below currem
occupational health standards. Since the publication of
the 1ARC report, several stdies bave been published on
diesel exhaust exposures of coal and nop-coal miners,
railroad workers, forklift operators, fire fighters, and
truck drivers. These studies are of interest because they
report pollutant levels, anempt to account for
background contaminants, and use new sampling and
analytica! techniques thart are more specific for assessing
exposure 10 diesel pollutants, especially DPM exposure.
None of the stdies provide information on the dose of
DPM deposited in the Jung. All the studies antempt to
quantify either tota] DPM or total elemental carbon and

nthor nalhirante

Occupational Exposures
1. Miners

Concentrations of RCD have been reported for 21
Canadian non-coa] mines.™ . A total of 223 personal
and area samples were collected at these mines. Mean
RCD concentrations ranged from 0.17 to 1.30 mg/m’
with maximum concenfrations ranging from 1.02 o
3.10 mg/m’. Estimates of DPM concentration were
obtained by multiplying these values by 0.67, the
correction factor used in Canada. The range of mean
DPM exposure was 0.1 10 0.9 mg/ww’, and the range
of maximum concentrations was 0.7 1o 2.] mg/m’.
These measurements suggest that average exposure 1o
DPM in Canadjan non-coal mines is less than the 1.5
mg/m’® recommended level.

In the U.S., coal mine air quality data have been
reported by the Bureau for five underground coal
mines with diesel-powered hanlage equipment. "
Diesel coal haulage vehicles typically use Caterpillar
or Motorenwerke Mannheim indirect injection engines
in the 56- 10 112-kW range (6- to 11-L
displacements). The vehicles are equipped with water
scrubbers to remove flarnes and sparks and to cool the
exhaust.

In each mine, daily area samples were collected on
a continuous miner section in the clean air intake, in
the haulageway where diesel activity was taking place,
on shurtle cars, and in the return airway where
contaminated air exits the section. Both full- and
partial-shift samples were collected using the PDEAS
and the micro-orifice uniform-~deposit impactor
(MOUDI). Two of the mines were also monitored for
the major gaseous pollutants found in diese] exhaust:
CO0. CO,, NO, NO,, and SO,, either by collecring bag
samples for subsequent gas analysis or by using
Palmes dosimeters.

The PDEAS-determined mine-average DPM
concentrations for all five mines are summarized in
Table II, Section intake air concentrations were below
0.2 mg/m’. The mean concentration in the haulage
way was 0.89 mg/m’®, with a standard deviation of
0.44 mg/m’. DPM contributed 52 % of the respirable
aerosol at this location. These results were very close
to the mean DPM concentrations calculated from size
distribution measurerents obrzined using the MOUDI;
0.95 mg/m*; with a standard deviation of 0.5 mg/m’.
The relatively high standard deviations reflect the
differences in aeroso] concentrations berween mines |
and, 10 a Jesser extent, the day-to-day differences
within the same mine. Concentrations of CO, CO,,
NO, NO,, and SO, were all well below regulated
levels,
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Table I: Mean Concentrations of Diesel Exhaust Aerosol in Mines as Measured in PDEAS

Samples.®
Location N Concentration, mg/m’
Mean SD Median
Haulage 42 0.89 0.44 0.75
Shumie car 51 0.67 0.23 0.65
Return 100 1.43 0.97 1.06

N = Number of samples
SD = Standard deviation

Orther investigators have used size-selective sampling
methods to quantify submicrometer asrosol concen-
trations in diesel-equipped coal mines, Concentrations
of aerosol of size less than 1 pm aerodypamic diameter
were measured in two underground coal mines using
diese] shurtle cars; samples were collected using the
Anderson Mode! 298 cascade impactor."® Mean
submicrometer aeroso} concentrations for the two mines
ranged from 0.1 mg/m® at the section intake to0 0.8
mg/m’ at the continuous mining machine operator's
position. Mean NO and NO, concentrations were also
reported for the two mines, and the concentrations were
well below regulated levels.

A single-jet impactor was tested by MSHA at five
underground coal mines using diesel equipment.®¥
Mine worker exposure 1o DPM ranged from 0.18 to
1.00 mg/m’, and area samples collected in haulage ways
agreed within 0,12 mg/m’ of section worker exposure.
At three mines, the single-jet impactor and PDEAS
were used together at a sampling location. More than
60 paired data points were obtained. Respirable aerosol
measurements agreed within 25 %, and DPM
measurements agreed within 0.06 mg/mm’.

During the Burean's in-mine studies, samples
collected in four of the mines were also analyzed for
PAHs apd muragenic activity.®**” High-volume
samplers squipped with inertial impactors to collect
size-differentiated particles were operated at a flow
rate of 1,13 m*/min, with mean sample times ranging
from 19 to 42 mimates. The diesel fraction was less
than ] um in size. Samples were collected only
during periods of mining activity and are not
necessarily representative of personal exposure. Filter
samples were kept cold until Soxhler extracted with
dichloromethane. The SOF was tested for Ames
activity and the concentrations of fluoranthene,
pyrene, and benzofa]pyrene were determined using
high performance liquid chromatography. Detailed
chemical and mutagenic results for diesel-aerosol
associated parameters are summarized in Table IIL.
Because they are not shift averages, these values
represent the highest potential DPM-related pollutant
levels. Additiona] detailed data on PAH and
mutagenicity Jevels in coal and non-coal mines is also
available from evaluations of various types of
emission conmro) systems used in underground
mmes_auo)

Table IIl: Mean In-Mine Extractable Organics, Mutageniciry, and PAH Levels

Associated With Diesel Exhaust Aeroso] #%7

Parameter Mine
I K L 0

SOF mg/m’ 0.40 (33 0.17 (12) 0.08 (24) 0.18 (20)
SOF pet 24 (31) 19 (5.2) 5.7 (13) 13 (22)
Activiry® Revim® 570 (60) 440 (24) NT 690 (44)
Fluoranthene ng/m? 390 (38) 140 (16) 48 (30) 160 (16)
Pyrene ng/m’ 270 (34) 70 (14) 32 (55) 180 (20)
Benzo[a]lpyrene ng/m’ 61 (39) 16 (6.7) <0.046° 18 (22)

‘Mean concentration (coefficient of vanation, percent)
bAmes activity reported without S9 activation using strain TASS, Rev = reveriants

*All values < minimpum detectable levels

NT = Not tested due 10 insufficient extractable mass

SOF = Solubje organic fraction
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PAH levels in Canadiav salt and nicke] mines were Two surveys were conducted to evaluate the_
compared to levels found in the city of Sudbury. ¥ effectiveness of high-temperature exhaust filtration
Area samples were collectsd using high-volume units, propane fueled epgines, and cfnlmg exhaust fans
samplers operated from 10 minutes to 24 hours. The to reduce diese] pollutant concentrations. Only.data
samplers were not equipped with inertial impactors (o from full-shift personal samples, collected op diesel
selectively collect the submicron fraction. Filter forklift operators, are reported l?cre. Datg from Dock
depasits were extracted with benzene and methanol 1 represent forklifts equipped with an.d wn}.xout filters,
using a combination of sonication and Soxhler and data from Dock 2 represent forklifts without
extraction. The extract was purified and separated into filters.
individual PAHs vsing thin-layer chromatography;
PAHs were then quantified using spectro-fluorometric
analysis. The results reported in Table IV are not
pecessarily representative of exposure, nor are they
specific for diesel exhaust. The results show that the
total underground concentration of PAHs is higher than
the comparable concentration in the city of Sudbury by 2
facor of five.

During each survey, NIOSH collected personal
and area samples for submicrometer organic and
elemental carbon, NO,, CO, benzene solubles, 17
specific PAHs, Ames activity, and other poljutants.
Of the pollutants measured during the surveys, only
elemental carbon provided a clear basis for
differentiation between the diesel- and propane-fueled

Table IV: PAH Concentrations Found in Canadian Diesel equipped Underground
Mines and in the City of Sudbury.“!

PAH Minge mean, ng/m’ City mean, ng/m’
Nigkel Salt
Pyrene 80.2 256.0 14.6
Flouranthene 5.6 19.7 1.1
Benzo[a]anthracene 8.9 18.5 1.6
Benzo[elpyrene 18.2 62.2 5.3
Perylene 0.5 0.3 0.1
Benzo[k)fluoranthene 2.6 54 0.6
Benzo[a]pyrene 19 1.2 0.3
Benzo(ghilperylene 6.9 9.3 0.9
Dibenzo[def,mnojchrysene 0.5 0.6 0.1
Dibenzo[ah]anthracene 1.9 35 0.3
Naphtho[1234 deflchrysene 4.6 8.4 1.1
Benzplrstlpentaphene 0.9 19 0.1
Towl PAHs 1327 287.0 26.1

PAH = Polynuclear aromatic hydrocarbon
Concentrations rounded to 0.1 ng/m’

2. Forklift, Truck, and Fire Engine Operators
engines. The filters reduced elemental carbon by 92

The National Institute for Occupational Safety and
Health (NIOSH) evaluated the effectiveness of severa!
technigues for controlling exposure of dock workers to
forklift diesel emissions,“? During the course of the
investigation, NIOSH collected personal and area
samples for diesel pollutants, including submicromerer
elememtal carbon, NIOSH used thermal-optical analysis
to determine the elernental and organic carbon fractions

of samples collected using inertial impaction as
wravieiclu discssed. .

%, at Dock 1 but had litle effect on organic carbon, as
shown in Table V. Use of the filters resulted in
geometric mean concentrations not significantly
different from background elemental carbon
concentrarions (1.6 ug/m’) measured one mile from
the dock.
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Table V: Personal Elemental and Orgamc Carbon Concentrations from 2 NIOSH Survey of

Dockworkers Using Diese] Forklift Trucks.“?

Form of Geometic 95 pct Confidence
Dock Carbon Mean Interval
Unfiltered exhaust, zg/m*
1 elemental 232 18.6 - 29.1
-1 organic 49.4 379-64.3
2 elemental 54.6 46.1 - 64.7
2 organic 138 95.6 - 200
Filtered exhaust, pg/m’
1 elemental 1.9 1.5-2.3
1 organic 47.9 : 36.8 - 62.3

392 percent reduction
GM = Geometric mean topceniration
Cl = Confidence interval

NIOSH concluded that the presence of
environmenta) tobacco smoke substandally influenced
the organic carbon concentration. Measurements for
other pollutants were frequently below the level of
detection and did not provide any evidence to
differentiate berween the propane- or diese]-fueled
engines, or 1o conciude that any one motor type was
more or less hazardous in terms of health effects.

NIOSH conducted a health hazard evaluation of
diese] exhaust exposure inside three fire stations.™!
Diesel exhaust emissions contaminated fire station crew
living quarters when equipment was operated inside the
fire stations, Personal and area samples were collected
only while the fire fighters were within the fire stations.
Personal and area samples were collected 1o determine
elemental carbon concentrations and general area
samples were collected for other diese! pollutapts
including CO and benzene solubles.

The arithmetic mean elemental carbon conceptration
for 18 personal exposure samples collected inside the
three fire stations was 30 ug/m’. This mean was
correcied for the average ambient elemental carbon
concentration of 10 ug/m® measured outside the fire
stations. The corrected range of elememal carbon
concentrations was 6 10 70 pg/m*. In general, area
samples evidenced higher concenrations. These ranged
from Jess than background levels to over 680 ug/m® in
the apparatts bays. Area samples for CO found
concentrations less than applicable standards. The
benzene soluble data are difficult 1o interpret becanse of
the possible presence of pon-diesel sources of organic
carbonaceous aerosols, such as cigarere smoke.

3. Truck Drivers

An industrial hygiene survey of the gucking
industry found that gas-phase surrogates of diesel
exhaust ¢xposure; such as CO, CO,, SO;, NO,,
sulfuric acid (H,80,), NO,, HCHO, and volatile
hydrocarbons; were all below established occupational
exposure criteria."® Levels of elemental carbon were
found to constitute approximately 60 % of the
carbonaceous particulate fraction with concentrations
ranging berween 33 and 94 pg/m’.

As part of a case-control mortality study of
trucking industry workers, exposures to DPM were
measured among four exposed job groups: highway
drivers, local drivers, mechanics, and dock workers
using forklift rucks.*” The main purpose of the
study was to estimate occupational exposures using
submicrometer elemental carbon zs a surrogate
measure of DPM. During the course of the field
study, backzround aerosol samples were also collected
in a residential area and near the highway and
analyzed for submicrometer elemental carhon.
Background levels ranged from 1 to 3 pg/m® and
included elemental carbon emitted from all sources.

Results of the field smudy are summarized in Tabie
VI. Highest exposures were for dock workers and
drivers who were operating diese! vehicles, and the
mechanics who were exposed to diesel exbaust in the
maintenance area. It is interesting to note that drivers
of diesel trucks are exposed 10 levels of elemental
carbon that are similar to background levels,
suggesting that drivers' exposure comes from the
highway environrnent rather than from their vehicles'
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Tabi= VI: BlmnnlCarbonComomfmma&m’:ynme:km“”
Elemenml miiim
Job GM 95 pet C1
Dockworker 27.2 238.-310
. Mrshanic 12 10.0-14.7
Local Driver 4.0 32-50
Road Drivers 3.8 31-49
Highway-R 235 17-36
Resigential-B 1.1 0.7-1.5
B = Bagkground

GM = Geometric mean

€1 = Confidznce intarval
exbaust, This finding hos imeresting implicatinns,
should the epidemiological study show higher relative
risks for exposed leamsters compared With nopexpased
teamsters. The authors also provided add data on
exposure broken down by cold and hot weather.

4, Railroad Workers

As part of a series of epidemiological smdies,
railroad workers' exposuse to diesel exbaust was
examined - “? Respirable particulate mauer, adjusted
10 remove the contribution of cigarene smoke, was uscd
as 4 surrogale measure of DPM. Respirable dust
samples were collected at the facihities of four small
raifroads in the northern United States, Fillers were
presxtracted with dichloromethane and preweighed.
After sampling, filters were reweighed, pocled, and
extracted 10 measure the coptribution of cigaretic smoke
as determined by nicotine content. Based on these
findings, an adjusted respirable partculate exposure was
determined and used as 2 measure of DPM. Table VII
summarizes the personal exposure results. Although the
adjusted respirable particulate concentrations in Table 7

adjust for the presence of tobacco smoke, they 80 not
wke into account the possible presence of other
respirable dusts such as sand, dirt, and fibers.
Another part of this snudy vsed high volume
samplers at fixed locations within four locomotive
tepair shops to detsrmine the concentrations of toal
dust, respirable dust, soluble orgamcs and vapor
phase components.“® The geomemc mean respirable
dust concentration was 96 ug/m’ with a geometric
standard deviation of 2.14 pg/m’ for 23 samples. The
gcomeu'ic mean total dust eoncentration was 164
pg/m® with 3 geomerric standard deviation of 1.86
ug/a’® for 26 samples. The geometric mean for vapor
phase components was 432 ug/m® for mine samples.
Approximately 30 1o 40 pet of the pasticle mass was
extractable in dichloromethane and the extracts were
muragenic, mostly in the polar fraction. The
mutagenic activity was about one order of magnirude
greater than the mutegenic activity in urban air. None
of the vapor phase marerial contained mutagenic
activity. This study further characterized the air
qualiry in railroad shops, but provides no direct
information on DPM exposure. Other sources of

Tablc VII: Persoul Expomeres of Railmad Empioyess 1o Respiradle Particulare Maner

Other Than Cigarens Samoke.
Job group Respirable particles, pe/m? Exposure
Gormervic Meay__ GeometricSD PO
Clerks 17 7.2 i
Sigm! mainuuoers L} 1.9 L
Engincer/firer
Frejght 7 2.2 M
"Yard 49 24 M
Passenger 39 2.2 M
Braker/conaucior
Freipht conductor LY 2.2 M
Freight braker 88 18 M
Passenger 8§ 21 M
Yard 92 2.0 M
Hosler 191 1.9 M
Elacrrician 134 2.2 H
Malsinist 114 23 R
Supervisor, omer ] 1.9 H

*A priori cxpomure Category, U:m:xposnd M = medim, H = high

GM = Gromemy: reean
GSD = Grometric standard deviation
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pollution may have contributed 1o the measured values.
Like the previous studies, this study did not determine
the concentration of elemental carbon, the submicron
portion of the respireble particulate maner, or the
respirable combustible dust fraction, which are more
direct measures of DPM exposure.

SUMMARY

Diesel exhaust is chemically complex, containing
literally hundreds of different substances. This
complexity makes it impossible to monitor all exhaust
pollutants to determine exposure. Exposure assessments
generally monitor regulated pollutamts or select a
surrogate measure(s) of exposure. The surrogate
measure should be representative of diese] exhaust as a
whole, have some relationship to adverse health effects,
and, if possible, be unigue to diese] exhaust.
Unformnately, many of the compounds found in diesel
exhaust are also emitted from other combustion sources
and are thus not upique to diesel exhaust.

A limited number of exhaust constiments have
PELs. These include the gases CO, CO,, NO, NO.,
50,, HCHO, and some PAHs. Canada has
recommended a limit for respirable combustible dust of
1.5 mg/m’ in nop-~coal mines. Germany has established
technical exposure limits of 0.6 mg/m’ for the total
carbon contemt in fine dust particulate in underground
non-coal mines and construction sites; and a 0.2 mg/m’
limit for other accupational environments. The U.S.
has no PEL for DPM at this time.

DPM is formed during combustion and as a result
the aerosol is small in size with a mass median
aerodynamic diameter of 0.2 pm. DPM is composed of
organic and elemental carbon, adsorbed and condensed
hydrocarbons, and sulfate. The proportion of organic to
inorganic carbon varies, depending upon a number of
factors: fuel, engine type, duty cycle, engine
maintenance, operator habits, use of emission control
devices, and Jube oil consumption. In general,
nonexmactable elemental carbop accounts for a greater
fraction of DPM mass than extractable organics.

The acrodynamic diameter particle size difference
berween combustion and mechanically generated
aerosols is used 1o separate diese] aerosol from non-
combustion aerosols by ipertial impaction.
Submicrometer DPM is collected on a filier downstream
of the impaction substrate. Gravimetric analysis
determines the mass fraction in each size range. Also,
the filter containing the submicrometer material can be
analyzed by other methods 1o increase the sepsitivity
and specificity for DPM. This is an advantage over
other aerosol measurement techniques, which either do
not collect 2 sample or destroy the sample during
analyses, However, size-selective sampling collects all
DPM meeting specific aerosol sampling criteria bur may
not be representative of the amount of DPM deposited
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in human lung airways. Hence, reliance on
measurements of total DPM as the indicator of
exposure may oversstimate the actual deposited dose
of DPM in lung tissue and lead 1o inaccurate health
effects assessments.

Recent occupational exposure studies have
measured DPM concentrations in the workplace.
Methods most frequently used to assess DPM
exposure include respirable dust sampling followed by
gravimetric analysis of the combustible and
noncombustible fractions, size selective sampling for
particulate mauer less than 0.8 ym in size followed by
gravimetric apalysis, and size-selective sampling
followed by elemental carbon analysis. These studies
have found mean DPM concentration levels to range
from 0.004 10 1.74 mg/m’. Occuparional exposures
are bighest in confined spaces such as mines where
heavy diesel equipment is used and fresh air is
supplied by forced ventilation. In geperal, workplace
exposure to DPM is several orders of magnimde
higher than the outdoor ambient exposures reported in
other sections of this report,

At the presemt time, the best surrogate measure of
DPM in the occupational environment appears 10 be
elemental carbon. Elemental carbon generally
accounts for about 40 10 60 % of DPM mass, and is
detectable at relatively low levels using size-selective
sampling and thermal-optical analysis. Elemental
carbon is detectable apart from the organic carbon
found in cigarette smoke and diesel exhaust.
Additionally, data summarized in other sections of this
report suggest that carbon particles can cause cancer
in Jaboratory rats. As pointed out earlier, the
percentage of elemental carbon in tota] DPM
fluctnates. The fluctuation in the ratio of elemental 10
organic carbon can cause an inaccurate estimate of the
total DPM present. The estimate will improve if both
organic and elemental carbon are measured and an
adjusmment is made for the presence of nondiese)
carbon sources. Consideration should also be given o
the measurement of a few specific PAHs which are
known carcinogens. Unfortunately, these compounds
are typically found at very low levels and are not
unique 1o diese] exhaust.
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