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Field studies were conducted at paving and roofing sites
to compare the German Institute for Occupational Safety and
Health of the German Social Accident Insurance (IFA) Fourier
transform infrared spectroscopy method 6305 with the Na-
tional Institute for Occupational Science and Health (NIOSH)
benzene soluble fraction method 5042 plus total organic mat-
ter. Sampling using both methods was performed in multiple
bitumen-related workplace environments. To provide compa-
rable data all samplings were performed in parallel, and the
analytical data were related to the same representative bitumen
condensate standard. An outline of the differences between
the sampling and analytical methods is provided along with
comparative data obtained from these site investigations. A
total of 55 bitumen paving sampler pairs were reported and
statistical comparisons made using the 35 pairs of detectable
data. First, the German inhalable aerosol data and the NIOSH
benzene soluble fraction (BSF) method showed a correlation
coefficient of R*> = 0.88 (Yasry = 0.60 X geroson))- Second, the
aerosol data compared with total particulate matter (TPM)
show a R* of 0.83 (yrpmy = 1.01 X(erosony)- Finally, total
organic matter (TOM) and “aerosol + vapor” data yielded a
R? of 0.78 ( Yromy = 0.44 X aerosol+vapor))- TWenty-nine pairs
of roofing data were also collected; 37% were below the limit
of detection. When comparing the TOM data with the aerosol
+ vapor data, using the 13 of 29 pairs where both samplers
showed detectable results, the relationship was youy = 0.74
X (aerosol+vapor) (R*> = 0.91). The slopes within these equations
provide predictive factors between these sampling and analysis
methods; intended for use with large sets of data, they are not
applicable to single point measurements.
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INTRODUCTION

B itumen (asphalt), a product made from petroleum crude
oil, contains a large and complex mixture of compounds
and is used in a variety of applications, especially road con-
struction, roofing, and other waterproofing applications. In the
United States, “asphalt” refers only to the binder material,
whereas in Europe, the binder material is called “bitumen”
and the term “asphalt” refers to the final product mix of binder
and mineral aggregates.

During placement of bitumen and its products, employees
are potentially subjected to aerosol and vapor emissions con-
sisting mainly of aliphatic hydrocarbons, cyclic alkanes, and
low levels of polycyclic aromatic compounds.) These emis-
sions can vary in composition and concentration (depending on
the source of the bitumen), the application temperature, man-
ufacturing conditions, and weather and other environmental
variables that often complicate the task of monitoring bitumen
fume exposure. Elucidation of all of the individual compounds
present with bitumen fumes is not a practical measure for
exposure monitoring. Therefore, summation measures have
been employed to estimate the exposure.

The International Agency for Research on Cancer (IARC)
conducted a comprehensive nested case control study of bi-
tumen workers in Europe that showed no evidence of an
association between bitumen emissions and lung cancer in
bitumen workers.? The Fraunhofer Institute of Toxicology
and Experimental Medicine completed a 2-year inhalation
study that showed no statistically significant increase in total
and organ-specific tumor incidence for the bitumen emission
exposed group as compared with a clean air control group.®’
Although bitumen fumes were not considered tumorigenic to
rats, this study did show signs of irritation effects in the nasal
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passages and the lungs.® This is consistent with other research
that has identified acute eye and upper and lower respiratory
irritation associated with bitumen emission exposure.*>

Internationally, there are different approaches used to col-
lect emissions from bitumen. Occupational exposure limits
(OELSs) are related to the Institut fiir Arbeitsschutz der Deut-
schen Gesetzlichen Unfallversicherung (IFA, formerly,
German Berufsgenossenschaftliches Institut fiir Arbeitssicher-
heit [BIA], and Berufsgenossenschaftliches Institut fiir
Arbeitssicherheit [BIA]) Institute for Occupational Safety and
Health of the German Social Accident Insurance method
6305© and NIOSH method 5042.7 In Germany, the OEL
covers both the aerosol and vapor components of emissions,
whereas only the aerosol fraction is taken into account for the
U.S.threshold.

Results of exposure monitoring studies are often used
within occupational and environmental epidemiologic studies
and risk assessment. For example, the International Agency
for Research on Cancer (IARC)®%9 conducted an interna-
tional epidemiologic mortality study among European bitumen
workers on almost 80,000 people with mortality follow-up dur-
ing 1953-2000. Studies of pavers and roofers have suggested
increased cancer risks in these occupations. Although these
workers may have had exposure to bitumen, many also had
confounding exposure to coal tar pitch. The IARC database
included methods of assessing worker exposure that varied,
making it difficult to directly compare exposure data. Quan-
tification and characterization of exposure to bitumen fumes
has suffered from a lack of standard sampling and analytical
procedures.! Modeling programs have been designed to
account for some of these parameters,'" but it is important
to understand the differences between analytical methods to
interpret exposures.

German threshold limits for vapors and aerosols ofbitumen
were assigned in 1996('?) to 15 mg/m? for working outside but
were reduced to 10 mg/m3 on January 1, 2000. In 2005, the
limit value was deleted as well as all other technically based
values not medically derived.'? In the United States, the Na-
tional Institute for Occupational Science and Health (NIOSH)
has issued a recommended exposure limit of 5 mg/m? based
on the total particulate matter (TPM) as a 15-min ceiling. In
addition, the ACGIH® has a threshold limit value of 0.5 Ing/m3
for bitumen fumes measured as benzene extractable inhalable
particulate as an 8-hr time-weighted average,"' shown to be
equivalent to the benzene soluble fraction (BSF) for bitumen
fumes.#~19 This variety in international approaches presents
a problem when subsequent measurements are compiled for
epidemiologic studies, since each method may be measuring
different fractions of bitumen emissions.

An international study by Ekstrom et al.'® has already
determined relationships between side-by-side samplers using
a laboratory fume generation system; the German method
reported lower values compared with U.S. data for the aerosol
portion, but higher values for the aerosol + vapor or total
organic matter (TOM). Four out of five laboratories used gas
chromatography with flame ionization detection (GC/FID) for
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quantitation of these parameters, whereas the German lab
employed Fourier transform infrared spectroscopy (FTIR).
Every sampler was slightly different, in addition to many of the
analytical methodologies. Specifically, the German sampling
method was the only FTIR-based method and used mineral
oil as a reference standard. The aerosol fraction was lowest
compared with all other data reported from the five other
samplers as benzene solubles.

Ekstrom and colleagues speculated that the higher sampling
flow rate and the use of mineral oil as a reference standard may
have been contributing factors to these differences. Conversely,
the TOM was within the range of the other samplers. High and
low levels of fume generation were collected in triplicate runs;
both levels were higher than seen in the field, and the authors
acknowledged that field studies may show different results.

The current study was designed to evaluate and compare
methods of bitumen fume exposure monitoring using vari-
ous types of bitumen and application conditions in the field
focusing on IFA method 6305 and NIOSH method 5042. An
XAD-2 sorbent tube is frequently used in conjunction with
the NIOSH method and was included for comparison in this
study. This combination sample collection system is similar
to that described in NIOSH method 580017 and has been
used in numerous studies in combination with NIOSH method
5042 for bitumen fume studies!®2D to allow collection of
the aggregate volatiles and semivolatile compounds present in
bitumen emissions.

METHODS

orkplace samples were collected in parallel at various

bitumen operations in Europe and in the United States.
In this current study, the aerosol values reported from the IFA
method were compared with the BSF data reported from the
NIOSH method. Similarly, the aerosol + vapor data reported
from the IFA method were compared with the TOM data
reported from the Heritage method.!3:19

Field Collection and Analysis
Field Information

The paving process between the two countries is very
similar, with comparable equipment used for the application
process. Sampling was conducted on a variety of projects,
including conventional paving, paving within a tunnel, and
polymer-modified bitumen paving. Sample collection occurred
both on the workers and in work areas. Workers wore the two
sampling systems, seated right and left on the shoulders to
have nearly the same height within the breathing zone.

Specific to Germany, some samples were collected during
paving of mastic asphalt (manual application).*?) The mastic
asphalt was delivered in mobile transportation mixers (up
to where the work site is accessible) then transferred into
carts, depending on the distance to the processing site. Mastic
asphalt was spread manually to the desired thickness and then
leveled with a wooden float or screed. The average bitumen
temperature during mastic sample collection was 250°C,
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substantially higher than the typical hot-mix asphalt paving
temperature (~149-177°C"). During this process, since work-
ers were on their hands and knees to spread the mix, their
inhalation zone was closer to the hot bitumen than their normal
standing position during road paving applications.

The manufacture of bitumen rolled-roofing products is es-
sentially the same in both countries. Production takes place
in a partly enclosed, exhaust-ventilated production line. After
delivery, the bitumen or polymerized bitumen is mixed with
filler to form the desired coating material. In the coating phase,
the felt or glass fiber mat is passed through a bitumen bath
for impregnation and coating. Finally, the respective surface
protection (i.e., sand, slate, tallow, granulate) is added. The
finished membrane is cooled down and then packaged into
rolls. Measurements for this study took place at two stationary
points at the open bitumen bath.

During roofing applications, the bitumen membranes are
rolled out and torched with a propane/butane gas burner or an
electric gas heater, allowing the bitumen to liquefy to allow
adhesion to the roof deck while the membrane is unrolled
slowly. On some work sites the whole membrane was heated.
On other work sites only part of the overlapping membrane (10
cm to 20 cm) was heated. These types of application processes
are common to both countries and produce minimal exposures
compared with hot bitumen mopping applications (built-up
roofing bitumen) performed in the United States.

For direct comparison of the different measurement tech-
niques, harmonization of sampling times, and placement of
samplers and reference substances occurred during this study.
In the United States, the sampling period included the entire
work shift. In Germany, the sampling time was consistent
with the exposition period. In this study all sampling at the
construction sites in both Europe and the United States were
done in parallel and simultaneously (average paving time 5.6
£ 1.79 hr; roofing 4.31 £ 1.62 hr). For worker sampling,
the parallel position of the NIOSH and IFA samplers was
randomly distributed on the left and the right side of the worker
to minimize possible influence of the sampler position (e.g.,
right-hander—left-hander, wind speed and direction, position
to the source of emission). In the same way, stationary paral-
lel measurements were performed at places with the highest
potential of bitumen emissions.

IFA Method

Using the German sampler (PGP-System GGP;?® GSA
Messgeriatebau GmbH, Neuss, Germany), aerosols of bitumen
were sampled on a glass fiber depth filter (1 «m liquid nominal
pore size) and the vapors on 3 g of XAD-2 resin (0.5-0.9
mm size) according to IFA method 6305.© This closed-face
sampler was used for measuring substances occurring in both
particle and vapor phases where the inlet air passes through
an inlet cone. After the collected aerosols and vapors were
extracted with tetrachloroethylene, the extracts were analyzed
using FTIR. Bitumen is a residue of crude oil distillation
processes and emissions upon heating contain mainly straight-
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chain aliphatic hydrocarbons. Therefore, the characteristic C-
H-stretch absorption region between 2800-3000 cm™' was
used for FTIR quantification.

Mineral oil (CAS 8042-47-5) was used for calibration of
the FTIR. However, since the composition of this standard
differs significantly from that of the bitumen fume condensate,
a correction factor was calculated during this study and applied
to the IFA measurement.®* Worldwide, no certified reference
material for bitumen emissions is available. In this study, a
paving and roofing fume condensate that had been validated to
field exposures>> was compared with the mineral oil response.
The infrared response of the bitumen condensates was less
than the mineral oil calibration standard. As a result, the
calibration for this study was related to a paving bitumen
condensate (factor 1.425) and a roofing bitumen condensate
(factor 1.292). All three calibrations (mineral oil, bitumen
paving, and roofing fumes) showed a linear response > 0.9985
for five concentrations between the limit of quantification
(LOQ) and the upper working range.

NIOSH Method 5042

Using NIOSH method 5042, the aerosols of bitumen
plus particulate dust were sampled on a SKC 2.0-pum, 37-
mm PTFE filter (225-27-07, and opaque cassettes 225-4; SKC
Inc., Eighty Four, Pa.) and analyzed gravimetrically for TPM
and BSF. After equilibration of the filter to minimize effects
of moisture, the filter was weighed to determine TPM. Next,
the filter was extracted with 3 mL benzene (cat. no. 270709;
Sigma-Aldrich; St. Louis, Mo.) then filtered (Whatman 6-mL
filter tube, 1.0 um pore size made of PTFE; cat. no. 09-
930-30c; Fisher Scientific; Pittsburgh, Pa.). One and one-half
mL of the filtered extract were transferred to a pre-weighed
weighing boat and gently evaporated to dryness to provide a
gravimetric measure of the benzene soluble fraction of that par-
ticulate, reported as the BSF. Sampling pumps were operated at
2 L/min, and five cassette blanks were analyzed with each set
of samples.

Ad(dition for TOM sampling (Heritage Method)

In addition to collecting the BSF, Heritage and others have
included an XAD-2 (SKC Inc. 226-30-04) tube after the PTFE
filter to capture the volatile components of the fume.(!872D
The combination of the BSF and the more volatile compounds
from the XAD-2 is defined here as TOM, referred to as the
Heritage method. To accommodate the addition of a sorbent
tube, NIOSH method 5506 prescribes a cellulose support
spacer ring (SKC, cat no. 225-23) in place of the solid pad to
allow easy flow of the volatile exposures into the connecting
sorbent tube.

To analyze the TOM, an XAD-2 sorbent tube was attached
in series with the NIOSH filter to capture the more volatile
components that get stripped from the filter during a typical
workday sampling event. These tubes (SKC, 226-30-04) con-
tain a total of 150 mg of XAD-2 (100 mg front section/50
mg back section). The sorbent tube was extracted with 10 mL
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dichloromethane (HPLC Grade OmniSolv High Purity; cat.
no. DX0831-1; EMD; Gibbstown, N.J.), and 5 mL of the
extract was combined with the BSF residue and used for
TOM analysis by GC/FID. This followed the SW 846-8015
protocol,?” modified to accommodate bitumen fume quan-
tification. A Varian model 3400 GC with a 1077 split/splitless
injector (set at 250°C) and a flame ionization detector (set at
310°C) were used, along with a 5% phenyl /95% methylpolysi-
loxane column (30 m x 0.33 mm ID, 0.25 um film thickness,
RTX-5; Restek US, Bellefonte, Pa.); helium was the carrier
gas set at 2 mL/min. The injection volume was 2.0 nL, and the
oven temperature started at 40°C held for 3 min, increased
to 120°C at 9°C/min and held for 0.5 min, ramped up to
305°C at 11°C/min, held for 10.89 min. Flame ionization
detectors are advantageous in that they exhibit a uniform re-
sponse to hydrocarbons. Calibration occurred using a kerosene
standard (FU-005N Neat; AccuStandard, Inc., New Haven,
Conn.) to determine the concentrations of the TOM samples.
Kerosene is compositionally similar to bitumen fumes. Both
contain primarily aliphatic hydrocarbons, with lesser amounts
of branched chain hydrocarbons and even lower levels of
polycyclic aromatic compounds (alkylated > parent).

Table I provides a detailed outline of the differences be-
tween the NIOSH (plus TOM) and IFA sampling and analytical
protocols, including the range, precision, LOD, and LOQ.

Statistical Analysis

Statistical analysis and graphs were obtained using Sigma
Plot software (Version 12; Systat Software, Inc., San Jose,
Calif.) and “analyse-it” (Version 2.20, Analyse-it Software,
Ltd., Leeds, UK). The regression was forced through the
origin to allow calculation of a factor between the two sam-
pling systems. Both models with and without intercept were
calculated. All models were significant. Because of plausible
considerations, only models without intercept are presented.
The underlying assumption is that without exposure, any mea-
surements result has to be zero. The intercept is significant
only for TOM vs. aerosol + vapor for paving results.

Calculations for the paving data were made only on the
pairs of data that had detectable results for all parameters,
allowing comparison of 35 of 55 pairs. Since the roofing data
had only three detectable pairs of data for all parameters; data
that were detectable for the TOM and aerosol + vapor were
used for the analysis (13 of 29 pairs).

RESULTS AND DISCUSSION

II results are shown for both samplers. However, only

those pairs where both samplers show results above the
respective method detection limits are used in the correlation
and data analysis.

Paving Samples

Sites were sampled over a 2-year period from June 2006
until May 2008 for a total of 55 pairs of data from paving-
related job functions. Figure 1 shows GC/FID chromatograms
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from two of the exposures collected using the TOM fraction. In
addition to providing quantitative data, these chromatograms
show qualitative differences. The bottom chromatogram la-
beled “machine” is typical of unconfounded bitumen paving
fumes showing a normal Gaussian-shaped petroleum distillate
pattern. The top chromatogram, labeled “bystander” is similar
but contains additional peaks in the 8—11 min region, likely
from a nonpetroleum based source. Table II provides the
paving data from all sites. Statistical analysis of the paving
data is provided in Table III for the 35 detectable pairs. Overall,
only 17 of 55 filters for BSF had reasonable loading defined as
<0.2 mg/filter (below 0.2 yields poorer precision”’). Table II
shows a GSD of 3.95 for the BSF; slightly higher than the
variation seen by Deygout et al.?® at 2.77.

As shown in Figure 2A, TPM was generally similar to
the aerosol portion with the relation described by the function
yrpmy = 1.01 X (aerosol) (R? =0.83). BSF, the organic portion of
the TPM, showed a slightly stronger correlation (R?> = 0.88)
with the aerosol data, which also represents organic matter
(Figure 2B), described by the function ygsr)y = 0.60X (acrosol)-
TOM, the organic portion of the bitumen fume as determined
by GC/FID, shows a reasonable correlation (R? = 0.78) to the
aerosol + vapor data analyzed by IR (Figure 2C), described
by the function yrom) = 0.44 X (aerosol+-vapor)-

Examination of the percentage of volatiles (compounds
captured on the XAD-2) of the total fume showed an average
value of 84.8% and 84.4% for the German and U.S. sam-
plers, respectively. The IFA method measures this parameter
separately, whereas the “volatiles” for the U.S. sampler is a
calculated value (TOM-BSF). This is based on the 35 pairs of
data in Table II that show detectable results for both parameters
shown to be statistically similar. Because the sampling times
were the same for each sampler type, this close relationship is
not surprising.

Roofing Samples

All roofing industry sampling occurred in Europe from
November of 2005 until May of 2008 on sites in the Nether-
lands, Italy, Sweden, and Germany during torch-applied or
blower-applied application of rolls of bitumen. A total of
29 pairs of data from roofing applications were sampled and
compared.

Concentrations of bitumen fumes collected during these
roofing processes are listed in Table IV; results are generally
low and often below the LOQ (59%). Since the purpose of this
study was to examine the differences between results using
two different samplers, 25 nondetectable samples (determined
using the FTIR method) taken were not sent to the United
States for analysis. In Table IV there are six instances where
BSF is detectable but TOM is not. This is a function of
the difference in detection limits between the gravimetric vs.
GC/FID methods (~10-fold higher).

Table V outlines the statistical data for the roofing samplers
where comparative data were obtained. For aerosol and BSF,
only three pairs of data were detectable for both samplers; only
two of 29 filters for BSF had reasonable loading. Table IV
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FIGURE 1. GC/FID example chromatograms of paving site emissions. The bottom chromatogram is typical of unconfounded bitumen paving
fumes, whereas the top chromatogram contains additional peaks in the 8- to 11-min region.

Journal of Occupational and Environmental Hygiene December 2010 717



Journal of Occupational and Environmental Hygiene] At: 20:08 2 December 2010

[UOEH -

Downloaded By:

TABLE Il. Paving Site Comparison Data (n=>55 pairs)

Aerosol +
Sampling Flow TPM BSF TOM  Aerosol Vapor
Time  Rate (NIOSH) (NIOSH) (Heritage) (IFA) (IFA)

Site Location/Date Description (hr)  (L/min) mg/m® mg/m® mgm’® mgm® mgmd
Gelsenkirchen, Mastic asphalt 3.37 2.00 2.31 1.61 7.01 3.12 4.26
Germany, April 11,
2006
Dresden, Germany, Indoor flooring 3.37 2.00 4.30 3.52 6.67 4.83 6.39

June 27, 2006
5.00 2.00 4.55 0.82 0.93 2.10 3.80

5.17 2.00 2.15 0.17 1.91 0.98 2.40
Bottrop, Germany, July Conventional bitumen paving  5.17 2.00 3.40 1.01 2.28 2.10 3.60
3, 2006
2.50 2.00 0.14 003 <0.84 1.10 3.20
2.50 2.00 0.25 004 <084 0.80 3.10
Dillenburg Tunnel, Paving machine 2.50 2.00 0.24 0.08 < 0.84 0.56 1.80
Germany, November
22,2006
8.00 3.50 0.29 0.09 0.39 0.29 2.35
2.00 3.50 0.41 0.16 4.81 1.03 4.55
4.00 3.50 0.25 0.11 1.01 0.44 2.79
Bystander left 4.00 3.50 0.23 0.13 0.58 0.44 3.08
Bystander right 2.00 3.50 0.20 0.06 236 <074 7.05
Indianapolis, Indiana Screed area 2.00 3.50 0.31 0.23 098 < 0.74 6.90
May 4, 2006
6.00 1.99 1.61 1.19 6.98 0.88 10.07
6.00 1.99 1.46 1.02 5.44 1.61 17.81
Operator area 6.00 2.01 1.19 0.88 7.56 1.31 19.86
6.00 2.02 0.31 0.14 1.51 0.58 3.07
6.00 2.00 0.37 0.11 1.66 0.29 2.92
Indianapolis, Indiana Screed area 6.00 2.00 0.33 0.09 1.44 0.29 2.77
May 5, 2006
542 2.03 0.65 0.50 6.75 0.58 5.99
542 2.00 1.03 0.88 7.78 1.61 13.9
Operator area 5.42 2.01 1.00 0.85 7.41 1.17 16.9
542 1.95 0.14 0.05 1.15 0.28 2.19
542 2.01 0.20 0.08 1.20 0.29 2.34
Indianapolis, Indiana Screed area 5.42 2.02 0.13 0.04 1.43 0.28 1.90
May 8, 2006
6.00 2.01 0.13 < 0.04 0.70 <0.24 1.31
6.00 2.00 0.31 0.07 0.95 <0.24 1.17
Operator area 6.00 2.02 040 <0.04 0.67 <024 1.46
6.00 2.02 0.10 006 <050 <024 0.58
6.00 2.01 0.10 006 <050 <024 0.73
Indianapolis, Indiana Screed area 6.00 2.00 007 <004 <050 <024 1.17
May 9, 2006

6.00 1.97 0.24 0.06 215 <024 3.21
6.00 2.00 020 <0.04 2.05 0.29 3.21
Operator area 6.00 2.01 022 <0.04 1.84 0.29 3.36
6.00 2.01 050 <0.04 1.01 <0.24 1.61
6.00 2.02 065 <0.04 094 <0.24 1.46

(Continued on next page)
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TABLE Il. Paving Site Comparison Data (n=55 pairs) (Continued)

Sampling

Time

Site Location/Date Description (hr)

Aerosol +
Flow TPM BSF TOM  Aerosol Vapor
Rate (NIOSH) (NIOSH) (Heritage) (IFA) (IFA)
(L/min) mg/m* mg/m*® mg/m® mgm® mgm?

Dusseldorf, Germany
August 14, 2007

Conventional asphalt Paving ~ 6.00

8.00
Ueberherrn, Germany  Conventional asphalt paving ~ 8.00
August 21, 2007
8.00
8.00
Mainz, Germany, May Tunnel 8.00
6 2008
8.30
8.27
7.98
Feldmoching, Germany Polymer modified asphalt 7.70
May 7-8 2008
3.50
4.55
2.97
Gross-Gerau, Germany Open air 5.00
May 13-16 2008
7.62
7.55
7.45
Dresden, Germany, Indoor flooring 7.45
June 27, 2006
3.37

2.02 071 < 0.04 1.00 <0.24 1.31
2.00 0.04 0.01 2.73 0.07 3.60
2.00 0.20 0.02 2.66 0.07 5.80
2.00 0.21 0.09 1.89 0.70 4.00
2.00 1.58 1.56 5.23 2.20 13.1
2.00 1.34 1.02 3.88 0.50 2.90
1.95 1.12 0.29 5.88 1.10 20.0
1.95 1.34 0.47 3.12 1.60 14.8
1.95 056 < 0.04 1.25 0.20 5.00
1.95 1.15 0.42 2.80 0.20 6.50
2.07 0.08 <0.10 1.64 0.50 2.70
2.05 0.07 <0.08 1.37 0.30 1.80
2.07 0.15 0.11 3.04 0.60 4.90
2.05 0.51 0.45 2.24 0.60 4.40
1.95 1.75 0.96 4.62 1.30 5.80
1.95 0.53 0.15 0.46 0.70 4.10
1.95 0.58 0.19 5.94 0.70 6.30
1.95 0.17 0.06 3.02 0.20 0.80
2.00 2.31 1.61 7.01 3.12 4.26

shows a GSD of 3.64 for the BSF, similar to the paving GSD
of 3.95. Thirteen pairs are above the detection limit for both
aerosol + vapor and TOM. These 13 pairs show an R? of 0.91
(Y(aerosol+vapory = 0.74x(tom)) (Figure 3). Evaluation of the
percentage of volatiles in the total fume yielded similar results
to that of the paving data set (79.7% German, 83.5% U.S.).

TABLE Ill. Statistical Data-Paving Sites (h=35
pairs)
IFA/(BGIA/2)
NIOSH

_ HRG Aerosol +
mg/m> TPM BSF TOM Aerosol  Vapor
Average 1.06 0.55 3.53 1.00 6.57
Std. dev. 1.13  0.69 2.39 0.97 5.51
Geometric mean 0.61 0.26 2.65 0.66 491
Geo std. dev. 3.11 395 232 2.65 2.14
Minimum 0.04 0.01 0.39 0.07 0.80
Maximum 455 352 778 4.83 20.0

Journal of Occupational and Environmental Hygiene

It was observed that when examining the GC/FID chro-
matograms from samples collected during production of roof-
ing bitumen-membrane (Figure 4), two samples contained
detectable levels of TOM, whereas the torch-applied roofing
sites produced TOM values < 1 mg/m3, and the chromato-
graphic patterns were unremarkable. Two distinctly differ-
ent patterns are seen in Figure 4, yet both samples were
collected during production of roofing bitumen membrane.
Neither pattern reveals a typical distillate pattern as normally
seen for bitumen fumes (Figure 1, bottom chromatogram).
As it is hypothesized that these compounds may be from
materials other than bitumen in the roofing sheets released
during production, future research is planned to investigate
the composition.

IFA aerosol concentrations are consistently larger than BSF
for the paving samples, both related to the organic fraction
of the aerosol. BSF determinations involve evaporation of
solvent, whereas no evaporation occurs during the IFA method,
possibly contributing to some loss. Despite these differences,
the percentage of volatile organics of the TOM was similar
between samplers averaging 85%, consistent with previous
studies.®”
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Both for paving and roofing samples, linear regressions
were calculated to prove an association between the IFA and
U.S. measurements (Table VI). It is shown that there are con-
version factors for the different measurements (Figures 2A-D).
To demonstrate the quality of the conversion factors, Bland-
Altman plots were also calculated (Figures 3A-D) and include
the bias and 95% limits of agreement.

Log-normal distribution was tested for TOM, BSF, TPM,
aerosol, and aerosol + vapor. In all cases, results differ signif-
icantly from a normal distribution but not from a log-normal
distribution. Therefore it was assumed that the values are
distributed log-normally.

Although no difference in solubility was observed for bitu-
men emissions in the different solvents within a spiking study,
solubility of bitumen particulates may be slightly different for
benzene than for tetrachloroethylene, which may contribute to
differences in results. European countries do not use benzene
in their methods due to its carcinogenicity; it is also not
suitable for IR use. Bitumen does not elute during the GC/FID
TOM program due to its high molecular weight. Bitumen is,
however, detected by IR.

720 Journal of Occupational and Environmental Hygiene

Based on triplicate injections of a kerosene standard, a
paving fume condensate® and a roofing fume condensate,®>
the GC/FID response (area/concentration) was 11790.97, 12262.
26, and 8732.08, respectively. The fume condensate materials
are not commercially available. However, the bitumen paving
fume response was within 3.9% relative standard deviation
(RSD) of the kerosene standard, whereas the roofing fume
response was only 74.1% of the kerosene response (an RSD
of =29.8%).

Based on this data, the kerosene standard was used as
reference standard for quantification of the bitumen fumes
for this study (all patterns were within the boiling point range
of the kerosene). Patterns from the roofing bitumen samples
were unlike those of the roofing fume condensate standard
based on built-up roofing asphalt (BURA) processes in the
United States. Since European roofing does not generally use
BURA, this difference was not surprising. It is hypothesized
that the few peaks detected in the bitumen roofing samples
may be from other additives and not from bitumen.

Although not a part of the NIOSH method, advantages of
adding the GC/FID approach include its ability to provide
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TABLE IV. Roofing Site Comparison Data (n=29 pairs)

Sampling Flow

TPM

BSF

TOM  Aerosol

Aerosol +

Time Rate (NIOSH) (NIOSH) (Heritage) (IFA) Vapor (IFA)

Site Location/Date Description (hr)  (L/min) mg/m® mgm® mgm® mgm® mgmd

Burbach, Germany Production of 4.00 2.00 1.56 0.14 0.52 0.27 1.00
11/18/2005 bitumen-membrane

Ijlst, Netherlands Production of 6.00 2.00 0.72 <0.04 2.48 0.35 241
2/28/2006 bitumen-membrane

Groningen, Netherlands Production of 6.00 2.00 1.46 <0.04 1.40 0.26 1.94
3/1/2006 bitumen-membrane

Verona, Italy 9/29/2006 6.00 2.00 0.44 <0.04 <0.69 0.52 0.77

Helsingborg, Sweden  Production of 3.92 2.00 1.36 <0.04 1.70 0.61 2.89
10/18/2006 bitumen-membrane

Bremen, Germany Roofer 5.33 2.00 0.98 <0.04 1.38 0.52 1.81
3/31/2008

Altenstadt, Germany Roofer 5.25 2.00 0.92 <0.04 0.94 0.39 1.55
47472008

Augsburg, Germany Roofer 1.50 2.00 2.78 <0.04 <277 2.58 3.61
4/11/2008

Pfullingen, Germany Roofer 2.50 2.00 0.54 0.13 0.25 <0.52 0.52
4/17/2008

Diisseldorf, Germany  Roofer 4.00 2.00 0.82 0.05 0.32 <0.32 0.77
4/23/2008

Neuss, Germany Roofer 2.00 2.00 0.18 0.13 <2.75 <043 <0.43
4/30/2008

Leipzig, Germany Roofer 2.00 2.00 0.12 <0.33 <2.75 <0.43 <0.43
4/28/2008

Braunschweig, Roofer 5.80 2.00 0.10 <0.05 <0.44 0.26 0.52
Germany, 5/6/2008

Gersthofen, Germany  Roofer 6.40 2.00 0.12 <0.05 <0.44 0.26 0.43
5/9/08

Neumiinster, Germany Roofer 6.00 2.00 0.69 0.17 <0.68 0.26 0.35
5/5/08

Gehrden, Germany Roofer 2.58 2.00 0.27 0.07 <1.10 0.69 1.12
5/13/08

Strasbourg, France Production of 3.92 1.95 0.19 <0.09 <0.72 <0.22 <0.22
5/27/08 bitumen-membrane

Strasbourg, France Roofer 3.80 1.95 0.18 <0.09 <0.74 <0.22 <0.22
5/28/08

Strasbourg, France Roofer 3.92 2.00 0.13 <0.09 <0.70 <0.22 <0.22

5/29/08

a chromatogram showing the boiling point characteristics of
the exposures, possibly distinguishing between bitumen fumes
and other confounders. Neither the IFA method
6305-2 (aerosol only) nor the NIOSH method 5042 (TPM/BSF)
is selective for bitumen fumes. When the FTIR data are nonde-
tected, that absence of fume is generally substantiated with the
NIOSH and TOM data. To avoid false positives, confirming
the presence of bitumen fumes using the GC/FID method may
be helpful.

Because the aim of the survey was to compare samplers,
many area samples were taken but with no intention for the

Journal of Occupational and Environmental Hygiene

data to draw conclusions about typical full-shift exposures to
workers.

In addition to the complicated nature of bitumen fumes
and work environments, variation in field measurements from
one sampler to another make comparison using the same
methodologies difficult. The situation represents a worst-case
scenario for comparing analytical results given that (1) there
are various combinations of three different analytical instru-
ments/methods (FTIR, gravimetric, GC/FID); (2) there are
three different solvents used across the methods to desorb or
dissolve the samples at some stage of analysis (tetrachloroethy-
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lene, benzene, dichloromethane); (3) there is uncertainty
regarding the equivalence of different calibration standards
(mineral oil, bitumen condensate, or other hydrocarbon stan-
dards); and (4) a significant number of the samples were below
detection limits of one or more methods.

TABLE V. Statistical Data-Roofing Sites (n = 13
pairs)

The presence or absence of solid bitumen particulates on the
filters and the chemical composition of the fumes also affected
the quantification of exposure. Bitumen fumes involve suffi-
ciently small particle size (<1 pum) such that either sampler
should provide capture of this exposure.'*3? The German
sampler may allow entry of more nonfume particles in air,

TABLE VI. Correlation Coefficients and Slopes Be-
tween the NIOSH Methods, IFA Method, and Heritage
(TOM) Method for Paving and Roofing

IFA/(BGIA/2)
NIOSH HRG Aerosol +

mg/m’ TPM BSF TOM Aerosol Vapor
Average 0.85 0.16 0.97 0.25 1.23
Std. dev. 041 020 0.67 0.18 0.88
Geometric mean 0.76 0.08 0.74 0.20 0.91
Geo std. dev. 1.66 3.64 2.23 2.10 242
Minimum 032 0.02 0.17 0.08 0.17
Maximum 1.56 0.71 2.48 0.61 2.89

722
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Type of
Bitumen Parameters Formula R?
Paving IFA aerosol vs. TPM y=1.01 x 0.83
IFA aerosol vs. BSF y=0.60 x 0.88
IFA aerosol + vapor vs. TOM y=0.44 x 0.78
Roofing  IFA aerosol + vapor vs. TOM y=0.74 x 0.91

Note: For data sets generated prior to 2008, slopes must be multiplied by

1.4689 to normalize to bitumen fume condensate.
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whereas the NIOSH sampler may have a negative bias for
large particles, appropriate for bitumen fumes with an average
size of 0.89 pms, but not for particulates larger than 1 xm.(¥
Kriech et al.!'¥ showed that the BSF for the NIOSH sampler
(4-mm orifice) was 0.05 mg/m? on average compared with the
IOM sampler (15-mm orifice) at 1.37 mg/m? for a milling site
where bitumen particulates were the primary exposures (no
fumes present). By extrapolation, the German sampler would
have detected 0.50 mg/m?® based on its 7.7-mm orifice, all
of which was due to bitumen particulates from the milling
process.

Historically, data collected using the IFA sampler are re-
lated to an occupational exposure limit value that includes
both aerosols and vapors, whereas the data collected with the
NIOSH sampler are related to limit values that refer only
to aerosols. Therefore, a comparison between the different
systems is reduced to a comparison of the aerosol vs. TPM
and BSF data.

CONCLUSIONS

D espite significant method differences there appears to be
a relationship between samplers. Within the paving data,
there is a high correlation coefficient (R > = 0.88) between
the aerosol and BSF data with a calculated correlation of
y@sF) = 0.60X (aerosol)- A similar correlation coefficient existed
between the aerosol data and the TPM data (R> = 0.83) with
a comparison of yrpmy = 1.01X(aeros0n. Finally, a slightly
weaker correlation coefficient existed between the aerosol +
vapor data and the TOM data derived with the Heritage method
(R2 =0.78: Yom) = 0'44X(aerosol+vapor))~

For the roofing data, results were too low in concentration
for the samples to statistically assess aerosol vs. BSF fractions.
However, for the aerosol plus vapor (TOM) fraction, a strong
positive correlation is shown between the samplers (R? =.91:
Yaom) = 0-74X(aerosol+vapor))~

To correlate the data determined by the NIOSH method with
the data determined by the old IFA method 6305, the factor
1.4689 has to be considered (IFA 6305/23V). This accounts
for the response differences between mineral oil and bitumen
fume condensate.

Although the factors generated within this study will be
useful as predictors of results among the three sampling and
analysis methods for large data sets, they should not be applied
to single-point measurements because of the variability.
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