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Determination of Total Sulfur Compounds
and Benzothiazole in Asphalt Fume Samples
by Gas Chromatography with Sulfur
Chemiluminescence Detection

Larry B. Jaycox and Larry D. Olsen
Division of Applied Research and Technology, National Institute for Occupational Safety and Health,
Cincinnati, Ohio

As part of a collaborative project between the National
Institute for Occupational Safety and Health and the Federal
Highway Administration to evaluate asphalt pavers’ expo-
sures to asphalt fume and their potential health effects, a
method was developed for the determination of total sul-
fur compounds and benzothiazole in asphalt fume samples.
Asphalt fume samples were collected from asphalt mixtures
with and without the addition of ground-up rubber tires. The
asphalt fume samples were collected with sampling trains
that consisted of a Te� on membrane � lter and an XAD-2 ad-
sorbent tube. Filter and sampling tube media were extracted
with hexane and subsequently analyzed by gas chromatog-
raphy with a sulfur chemiluminescence detector. Separation
was achieved with a 100 percent dimethyl polysiloxane fused
silica column. Typical calibration curves had linear correla-
tion coef� cients of 0.99 or better with a relative standard
deviation (RSD) of 5 percent. Benzothiazole desorption ef� -
ciency (DE) determined using spiked sampling tubes ranged
from 96.5 percent at 5.0 ¹g to 89.4 percent at 40 ¹g with
RSD values from 0.9 to 4.0 percent. Benzothiazole storage
recovery determined using sampling tubes spiked at 20 ¹g
and refrigerated for 30 days at 4±C was 89.8 percent when
corrected for the DE with an RSD of 1.1 percent. The limit of
detection for the method determined using spiked sampling
tubes was 0.30 ¹g. Quantitation for total sulfur compounds
and benzothiazole was against benzothiazole standards in
hexane. Because of detector selectivity, sample preparation
consisted of a simple hexane extraction even when samples
had a high background due to hydrocarbon overload. Detec-
tor sensitivity provided quantitation in the sub-microgram

Mention of company name or product does not constitute endorse-
ment by the Centers for Disease Control and Prevention.

This article not subject to U.S. copyright laws.

region. Because of the sample preparation step and because
benzothiazole was determined during the same analysis run,
this method is straightforward and analytically ef� cient.
The method has been used to analyze asphalt fume samples
collected at several asphalt paving and roof operations.

Keywords Benzothiazole, Organic Sulfur-Containing Compounds ,
Gas Chromatography, Chemiluminescence, Asphalt
Fume, Construction, Analytical Methods Development

In 1994, the Federal Highway Administration (FHWA) and
the National Institute for Occupational Safety and Health
(NIOSH) entered into an interagency agreement to study the ex-
posure of asphalt paving workers to asphalt fume. A prelude to
this agreement was the fact that the FHWA was supporting a pro-
gram to evaluate the use of ground-up rubber tires (a.k.a. crumb
rubber) in asphalt mixes used for paving highways.(1) In 1991,
the U.S. Congress passed the Intermodal Surface Transporta-
tion Ef� ciency Act that required each state to use crumb-rubber
modi� ed (CRM) asphalt starting at 5 percent of all asphalt laid
and increasing to 20 percent by 1997. The emphasis for this is
the use of CRM asphalt has the potential of reducing the disposal
problem of used automotive rubber tires (285 million tires are
discarded in the United States each year).

The role of NIOSH in the interagency agreement was to inves-
tigate paving worker exposures to the same asphalt mixture with
and without the addition of ground-up rubber tires and compare
potential health effects from these exposures. The individual fea-
tures of this project included health hazard evaluations, health
symptom assessments, a biomarker study, anengineeringcontrol
study, and the development of sampling and analytical methods
for the materials of interest in the asphalt fume. These studies
are reported separately. This article focuses on the development
of a sampling and analytical method for the measurement of
sulfur-containing compounds in asphalt fume. The method, as
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696 L. B. JAYCOX AND L. D. OLSEN

described here, was used to provide data for the health hazard
evaluations and the health symptom assessments.

Sulfur and sulfur-containing compounds are irritants to the
respiratory tract and skin.(2 ¡ 6) Often, petroleum products and as-
phalt contain low levels of sulfur compounds, with the quantity
of these compounds being mainly dependent upon the source of
crude oil used in the petroleum or asphalt production.(7 ¡ 9) As-
phalt is a complex mixture of paraf� nic, aromatic hydrocarbons,
and heterocyclic compounds containing nitrogen, oxygen, and
sulfur.(10) The addition of 12 to 20 percent crumb rubber to the
asphalt mix only magni� es the chemical complexity of the fume
by the addition of numerous organic compounds many of which
contain sulfur. The main purpose of this project was to develop
a method that would provide a total sulfur analysis to be used in
epidemiological studies. A second objective was to investigate
a means of analytically differentiating between the unmodi� ed
asphalt and the CRM asphalt.

The vulcanization process in tire manufacturing is the ma-
jor source of sulfur compounds in CRM asphalt, but it does not
seem to generate a speci� c sulfur entity needed as a CRM asphalt
marker compound. However, benzothiazole accelerants used to
speed the curing process during manufacture appeared to pro-
duce a speci� c moiety that could serve as an analytical marker.
Two such accelerants are major curing agents used in the tire in-
dustry; these accelerants are 2,2 0 -Dithiobis[benzothiazole] and
N-t-butyl-2-benzothiazole sulfenamide.(10,11) Figure 1 depicts
the structure of both benzothiazole and these accelerants. These
accelerants decompose both chemically and thermallyduring the
curing process to produce benzothiazole. Moreover, benzothia-
zole has been found in the ambient air and in waste streams
from plants where rubber tires are produced.(12) Also, in prelim-
inary gas chromatography/mass spectrometry (GC/MS) studies
of CRM asphalt in NIOSH laboratories, benzothiazole was iden-
ti� ed as a component in the fume.(13)

Several analytical techniques can be used to determine or-
ganic sulfur compounds. Gas chromatography with a variety
of detectors: � ame ionization, � ame photometry, atomic emis-
sion, sulfur chemiluminescence (SCLD), and mass spectrom-
etry (MS) has been used, as has liquid chromatography (LC)
utilizing ultraviolet (UV) detection.(8,9,12,14 ¡ 17) Although most
of these detection techniques would have provided the neces-
sary data, the complex matrix of asphalt fume dictated the need
for a detection technique that was both selective and sensitive.
A preliminary evaluation of gas chromatography with chemi-
luminescence detection indicated that the sensitivity required
for the low sulfur levels and the selectivity needed to detect the
sulfur compounds in the organic rich matrix of the fume could
be achieved. Based on these preliminary � ndings, the method
development proceeded in this direction.

EXPERIMENTAL

Chemicals and Solutions
Benzothiazole calibration standards were prepared from a

chemical standard purchased from TCI Chemicals (Portland,

FIGURE 1
Structure of benzothiazole and accelerant sources.

OR), lot #FBRO-1, and assayed at 99+% pure by gas chro-
matography. Stock solutions, 10 mg/mL and 5 mg/mL, of ben-
zothiazole in hexane were prepared and subsequently used to
prepare calibration standards by serial dilution. Additionally,
nominal 10 mg/mL and 5 mg/mL stock solutions were used to
prepare samples for recovery and storage studies and quality
assurance. LC and/or GC grade hexane (Burdick & Jackson,
Muskegon, MI) was used in all sample preparation. Benzoth-
iophene and dibenzothiophene were obtained from the Aldrich
Chemical Company (Milwaukee, WI) and were used without
further puri� cation.

Sampling and Extraction Procedure
Field samples were collected at asphalt paving sites using a

personal sampling pump with a two-section air sampling train.
The � rst section consisted of a 37-mm Te� on membrane � lter
(Ze� uor, Pall Gelman Sciences, Ann Arbor, MI) mounted be-
tween two cellulose spacer rings in a two-piece clear polystyrene
cassette (SKC, Inc., Eighty Four, PA). The second section was
an adsorbent sampling tube containing XAD-2 porous polymer
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DETERMINATION OF TOTAL SULFUR COMPOUNDS AND BENZOTHIAZOLE 697

(ORBO-43 or ORBO-42 Large (LG), both: front = 100 mg,
back = 50 mg, Supelco, Bellefonte, PA). This sampling train
is described in NIOSH methods 5515(18) and 2550, 5506, and
5800.(19) The asphalt fume was drawn through the sampling
train at a sampling rate of 1.0 to 2.0 L/min for an eight-hour
shift giving a total volume of 480 to 960 liters.

In preparation for analysis, the membrane � lter and the sam-
pling tube were extracted as follows:The membrane � lter was re-
moved from the cassette, discarding the spacer rings, and placed
in a 16 £ 100 mm threaded test tube. The front media bed and
the front glass wool plug from the sampling tube were removed
and placed in another 16 £ 100 mm threaded test tube. The
rear media bed and the separating glass wool plug were placed
in an additional 16 £ 100 mm threaded test tube. Four mL of
hexane were added to each test tube, capped with Te� on lined
caps, and placed on a 360± rotating shaker for an overnight ex-
traction (minimum 12 hours). (Note: overnight extraction was a
matter of convenience to the sample preparation process.(20)) An
aliquot of approximately 1 mL of the hexane extract was then
removed for subsequent analysis for total sulfur compounds and
benzothiazole.

Laboratory-spiked membrane � lters and sampling tubes were
prepared for analysis in a similar manner. Spiked membrane
� lters were prepared by adding 1.2 to 7.2-l L aliquots of a
4.16 mg/mL benzothiazole standard in hexane to each � lter in
a cassette. The � lters were allowed to air dry for a minimum of
60 minutes before extraction and analysis. To prepare the sam-
pling tubes for spiking, the end of the tube was scored, broken
open, and spiked with an appropriate benzothiazole calibration
solution on the front media bed of each tube. When spiking the
sampling tube media bed with the same 4.16 mg/mL benzoth-
iazole liquid standard, care was taken to make certain that the
spiking syringe needle passed through the front glass wool plug
and into the approximate center of the media bed before the
sample was applied. After inoculation, the tube was capped and
allowed to sit at room temperature for 24 hours before extraction
and analysis.

Extraction of spiked membrane � lters was accomplished by
carefully removing the dry � lter from the sampling cassette and
placing the � lter in a 5-mL or larger screw cap vial, and 4 mL
hexane were added to each vial. The vial was capped with a
Te� on-lined screw cap and shaken. Each vial was set aside for
a minimum of 30 minutes with occasional agitation. Extrac-
tion of spiked sampling tubes was accomplished by carefully
removing the front glass wool plug from the sampling tube and
placing it in a 5-mL screw cap vial and pouring the front me-
dia bed into the same vial. Next, the middle glass wool plug
was removed from the sampling tube and placed in a second
5-mL screw cap vial and the rear media bed was poured into
the vial. The last glass wool plug was removed and also placed
in the vial. Four mL hexane were added and the vials were
capped with a Te� on-lined screw cap and agitated. Each vial
was allowed to stand for a minimum of 30 minutes with occa-
sional agitation. After the minimum stand time, an aliquot of

approximately 1 mL was removed for subsequent analysis for
benzothiazole.

Instrumental Setup
A Hewlett-Packard (Palo Alto, CA) 5890 Series II Gas Chro-

matograph, a Hewlett-Packard 7673 Auto injector, and an
Antek (Houston, TX) 704E Sulfur Chemiluminescence Detec-
tor (SCLD) were used for the analysis of total sulfur compounds
and benzothiazole. The analog signal from the SCLD was pro-
cessed by Dionex (Sunnyvale, CA) AI-450 software running on
a standard laboratory PC.

The GC analytical conditions were as follows: Several 100
percent dimethyl polysiloxane-bonded phase fused silica GC
columns were surveyed. These GC columns included a Restek
Rtx-1 (Bellefonte, PA), a Hewlett-Packard HP-1 (Palo Alto,
CA), and a Supelco SPB-1 Sulfur (Bellefonte, PA). The col-
umn parameters for these columns were all 30 meters long with
an i.d. of 0.32 mm and a � lm thickness of 1.0 l m, except the
Supelco SPB-1 Sulfur that had a � lm thickness of 4.0 l m. For
reasons to be discussed later, the Rtx-1 GC column was used for
method development and sample analyses. Column carrier gas
was helium set at a constant � ow rate of 2.4 mL/min. The injec-
tion port temperature was 250±C. Interface heater temperature
for the transfer interface between the GC and the SCLD was set at
280±C. Two GC oven temperature programs were used. The tem-
perature program used most often started with the GC at 50±C
for 1.0 minute; next, the GC was ramped at 6±C/minute to 225±C
and held at 225±C for 15 minutes; then, the GC was ramped at
15±C/minute to 320±C. The other temperature program started
with the GC at 50±C for 1.0 minute; next, the GC was ramped
at 5±C/minute to 225±C and held at 225±C for 20 minutes; then,
the GC was ramped at 10±C/minute to 320±C and held for 5 min-
utes. The total run times were 51.5 minutes and 70.5 minutes,
respectively. A sample injection volume of 1.0 l L was used and
was injected in the splitless mode of operation.

Operational parameters for the SCLD were set to Antek’s rec-
ommended initial settings for the detector. Combustion furnace
temperature was set to 1000±C. Rotameter settings for the three
gases were: O2 = 3.0, O3 = 2.5, and H2 = 4.0. Detector sensitiv-
ity was maximized by adjusting the oxygen and hydrogen � ow
to the combustion furnace, and the oxygen � ow to the ozone
generator as a benzothiazole standard solution of 1.0 l g/mL
was repeatedly injected. Because � ow characteristics are de-
pendent on the furnace ceramic combustion tube dynamics, the
oxygen and hydrogen � ows must be maximized with each new
set of ceramic combustion tubes. (Note: experience has shown
that the ceramic combustion tubes will give roughly 9 to 12
months of continuous service before they need to be replaced
because of coking.)Optimized rotameter settings for the gases to
the original set of combustion tubes were: O2 = 2.5, O3 = 5.0,
and H2 = 4.0. These settings correspond to approximate � ow
rates of 6 mL/min, 75 mL/min, and 300 mL/min respectively.
The furnace temperature also was lowered to 900±C for optimal
performance.
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698 L. B. JAYCOX AND L. D. OLSEN

RESULTS AND DISCUSSION
Initial GC/MS investigative work(13) on the asphalt fume

indicated that the CRM asphalt fume had a higher level of
sulfur-containing compounds when compared to the unmodi� ed
asphalt fume. This same investigative work showed that benzoth-
iazole was the most predominant component in the CRM asphalt
fume extract and should serve well as a marker compound for
the CRM asphalt. Although there were a signi� cant number of
other sulfur-containing compounds in the asphalt fume samples
and their summed mass was often greater than the benzothia-
zole, none occurred with a predominance that even approached
benzothiazole. Consequently, benzothiazole was chosen as the
marker compound for CRM asphalt. Additionally, benzothia-
zole became the surrogate compound for quantitating the other
sulfur-containing compounds in the asphalt fume and was used
in the recovery and storage studies without regard for any of the
other sulfur-containing compounds.

Several drawbacks result from the use of benzothiazole as
a surrogate quantitation standard. Compounds containing more
than one sulfur atom will be overestimated. Overestimation of
the “total” sulfur compounds provides a conservative approach
when looking for correlations between these results and the
health symptoms assessment. Also, benzothiazole is not ex-
pected to correlate with the total sulfur compounds in the sample
because there is more than one source for benzothiazole and the
other sulfur compounds. Additionally, any synergistic effects of
these other sulfur-containing compounds on the desorption of
benzothiazole would not be known. Consequently, quantitative
recovery of benzothiazole from the solid sorbent became the
major analytical issue.

Benzothiazole volatility is suf� ciently high to keep it in the
vapor phase; therefore, it is not retained on the membrane � lter
but passes through and is adsorbed on the media of the sampling
tube. During the initial development work, however, both the
� lters and sampling tubes were extracted separately and the so-
lutions analyzed to ascertain the ef� ciency of the sampling train.
Although benzothiazole was not expected to be found on the � l-
ter, during � eld testing of the method some benzothiazole was
found on some of the � lters. Typically, only trace levels were
found but several � lters from CRM asphalt sampling sites were
as high as 37 micrograms. The presence of benzothiazole on
the � lters is thought to be the result of adsorption to particulate
matter on the � lter although no de� nitive work was performed
to determine this supposition. Furthermore, the � eld samples
taken for the development work showed only trace levels or no
benzothiazole on the backup section of the sampling tube and
therefore, a breakthrough study was not performed.

One indirect means to evaluate the possible adsorption of
benzothiazole on particulate matter and to demonstrate benzoth-
iazole volatility was to perform a recovery study of liquid ben-
zothiazole solutions from membrane � lters. Filters were spiked
with benzothiazole in hexane solution at levels equivalent to 5.0
to 40 l g and allowed to dry at room conditions overnight. When
these � lters were extracted and analyzed, no peaks were seen at
the retention time for benzothiazole nor at other times in the

chromatographic run. These results indicate that under normal
air sampling conditions without a high particulate background,
membrane � lters will not retain benzothiazole.

Several capillary GC columns were surveyed for this method
development which included a Hewlett-Packard HP-1, a Supelco
SPB-1 Sulfur, and a Restek Rtx-1. Any one of the columns evalu-
ated could have been used for this work because the selectivity,
sensitivity, and retention times were nearly the same for each
of the columns. Benzothiazole standards run on each column
showed only minor variations in retention time and resolution.
However, the Restek Rtx-1 column was selected because it pro-
duced a less noisy baseline and the retention times for most
compounds were shorter without any loss of resolution under
the same oven temperature conditions.

A typical calibration curve for benzothiazole covered a work-
ing range of 4.0 to 80.0 l g/sample. Linear regression analysis
of peak areas for each injected standard versus the standard
concentration showed linearity for the concentration range and
was demonstrated by a coef� cient of determination (R2) value
equal to 0.99 or greater. Based on the regression results for
the low-level liquid standards, the limit of detection (LOD)
[3sy/slope] and the limit of quantitation (LOQ) [10sy/slope]
of the method were determined to be 0.3 and 1.0 l g/sample,
respectively,(21,22) where, by de� nition, low-level liquid stan-
dards have concentrations ranging from the estimated LOD to
10 times the estimated LOD and the sy = standard error of Y
(approximates the standard error of regression), and the slope =
slope of regression analysis. Linearity of the analyte response is
very good as the calibration curve has been extended to 800 l g/
sample without any loss of linearity or change of slope. Applica-
tion of this method to the analysis of � eld samples from industrial
hygiene studies typically used a calibration curve made from a
low range (4.0 to 80.0 l g/sample) of standards to � t the analyte
range of the samples.

Calibration and analysis for total sulfur compounds were
performed using the benzothiazole standards and calibration
data. No effort was made speci� cally to identify any of the
other sulfur-containing compounds, although retention times
provided some clues to their identities. Because the SCLD to-
tally combusts the organic matrix and releases the sulfur and
is responsive almost exclusively to the sulfur moiety, responses
for all sulfur compounds should be the same. As a result, the
remaining peak areas for all compounds except benzothia-
zole were totaled and reported as one total sulfur compound
value.

For the � rst three asphalt paving sites, media standards, and
spiked sampling tubes, the ORBO-43 sampling tubes were used.
However, many battery-operated sampling pumps were failing
at the � eld sites presumably because of a large pressure drop
across the sampling train. The pump failure problem was either
minimized or eliminated altogether when the sampling train was
modi� ed to include the ORBO-42 LG sampling tube presum-
ably because the ORBO-42 LG sampling tube has a larger di-
ameter (10 mm) than the ORBO-43 sampling tube (8 mm). Both
sampling tubes contain 100 mg XAD-2 in the front media bed
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DETERMINATION OF TOTAL SULFUR COMPOUNDS AND BENZOTHIAZOLE 699

TABLE I
Desorption ef� ciency and storage studies

Amount spiked % Recovered % RSD

5.0 l g 96.5 3.7
10.0 l g 90.1 4.0
20.0 l g 90.5 0.9
40.0 l g 89.4 3.0

30-Day storage on ORBO-43 sampling tubes
containing XAD-2 Resin (n = 6)

20 l g 81.3A (16.3 l g) 1.1

ACorrection of the storage recovery for 90.5 percent DE at 20 l g
gives a result of 89.8 percent recovery for the 30-day samples.

and 50 mg XAD-2 in the back media bed.(23) Manufacturer’s
literature(23) indicates that the difference between the two sam-
pling tube media is in the type of cleanup given the XAD-2
resin. No effort was undertaken to determine if recovery would
be affected by the two different media cleanup steps.

Recovery of benzothiazole from spiked ORBO-43 sampling
tubes was determined at four levels of 5.0, 10, 20, and 40 l g/
sample. Six tubes were prepared at each forti� cation level for
analysis. Results of this studyare tabulated in Table I. In addition,
six tubes were spiked at the 20 l g level for use in a 30-day storage
stability study. After spiking, the tubes were capped and stored
in a refrigerator at 4±C. Results of the 30-day storage study are
also summarized in Table I.

Once the conditions for analysis had been established, the
technique was applied to asphalt fume samples collected by

FIGURE 2
Chromatogram of an asphalt fume sample with high hydrocarbon content.

NIOSH industrial hygienists. These samples included both area
and personal breathing zone (PBZ) samples from several paving
sites in different parts of the continental United States. Samples
from these sites were analyzed by this method to verify the origi-
nal goals of the method development program—to provide data
for an epidemiological irritancy study and to differentiate un-
modi� ed (non-rubber-containing ) asphalt from crumb-rubber-
modi� ed (CRM) asphalt.

Extracted asphalt fume samples are complex in nature be-
cause they have a broad spectrum of aliphatic, aromatic, and het-
eroatom compounds. Fractionation of the extract by liquid/liquid
extraction or solid-phase extraction could have been performed,
but at the possible expense of a loss of a portion of the sulfur
containing compounds. Because one objective of this work was
to obtain a quantitative value of the total sulfur compounds in the
asphalt fume to correlate with the health symptom assessments,
sample handling was kept to a minimum. The consequence of
this was that the full hydrocarbon load of the asphalt fume extract
was injected into the GC for analysis of the sulfur-containing
compounds. The Antek SCLD has a sulfur-to-hydrocarbon re-
sponse factor of 107 and under normal circumstances this is
suf� cient to eliminate nearly all hydrocarbon interference, in-
cluding the solvent response, and still give baseline resolution
for all the sulfur peaks. However, some of the asphalt fume
extracts overloaded the hydrocarbon response of the SCLD be-
cause of the amount of hydrocarbons in the sample. The effect
was a chromatogram that had a large “hump” in the baseline
from about 20 minutes up to about 45 minutes of the chromato-
graphic run. This effect is demonstrated by the chromatogram
shown in Figure 2.
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700 L. B. JAYCOX AND L. D. OLSEN

FIGURE 3
Chromatograms of a worker personal breathing-zone sample taken during the application of

(A) unmodi� ed asphalt and (B) CRM asphalt.

FIGURE 4
Chromatograms of a highway background sample taken during the application of

(A) unmodi� ed asphalt and (B) CRM asphalt.
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DETERMINATION OF TOTAL SULFUR COMPOUNDS AND BENZOTHIAZOLE 701

Two of the ways to correct for the large hydrocarbon con-
tent of the asphalt fume samples are: one, dilute the sample with
additional hexane and rerun the sample and, two, change the tem-
perature program of the oven to stretch out the chromatographic
run. Both sample dilution and extended chromatographic run
cause the instantaneous hydrocarbon mass � ow through the de-
tector to be lowered, resulting in an elimination of the “hump.”
Diluting the sample causes the hydrocarbon load to be reduced
at constant injection volumes and, therefore, the elimination of
hydrocarbon response is more effective. However, because of
sample handling considerations, the second mode was selected
as the most feasible way to achieve a lower baseline with im-
proved resolution. An effective GC oven temperature program
to reduce the “hump” was previously outlined. Extending the
overall run time resulted in nearly reducing the large “hump” to
the normal baseline.

Shown in Figure 3 are chromatograms of the sulfur-containing
compounds from an asphalt fume sample of a unmodi� ed (A)
and CRM (B) asphalt mix. These samples were taken in the PBZ
of a road-paving equipment operator whose station is at the rear
of the paver that lays the asphalt on the road surface. The re-
sponse factor for both A and B chromatograms is the same.
Note that the number of sulfur-containing compounds is signif-
icantly increased in the CRM asphalt fume sample and peaks
at the same retention time in both chromatograms are larger
in the CRM asphalt fume sample. The peak with the greatest
height in Figure 3, at approximately 17.5 minutes, is benzothia-
zole as con� rmed by calibration standards and GC/MS. Paving
site area (background) samples, taken over an eight-hour work
shift, also show the same correspondence between a unmodi-
� ed asphalt and a CRM asphalt sample. This is illustrated by
the chromatograms A and B shown in Figure 4, which can be
compared to the PBZ chromatograms A and B in Figure 3. Peak
response factors for all these chromatograms are the same.

Results from the analysis of asphalt fume samples from four
asphalt paving sites are compiled, tabulated and shown in
Table II. These data demonstrate one of the initial premises that
benzothiazole can be used to differentiate between unmodi� ed
asphalt mixes and CRM asphalt mixes. There is, however, a
caveat to this statement in that a single sample taken at the as-
phalt paving work site will not necessarily be able to differentiate
between the two types of asphalt. As seen in Table II, both as-
phalt mixes had benzothiazole and total sulfur compound data
that were below the LOD; nearly all these results were from sam-
ples taken as background samples, such as in a highway median
or in a construction trailer at the asphalt paving site. Some un-
modi� ed asphalt mixes have been shown to contain very small
quantities of benzothiazole or a compound that elutes at the
benzothiazole retention time. However, it is typically seen at or
below the calculated LOD of the method. On the other hand,
all the CRM asphalt fume mix samples which were taken at
the same asphalt paving site location as the previous unmodi-
� ed asphalt fume samples showed a range of results where the
upper values were all well above the LOD of the method. The

TABLE II
Paving site results

Concentration range

Benzothiazole Total sulfurA

( l g/m3) (l g/m3)

Site #1
Area samples

Unmodi� ed asphalt < 0.5–· 1.6B < 0.5–5.6
CRMC asphalt < 0.5–59 < 0.5–37

PBZD samples
Unmodi� ed asphalt < 0.5–· 1.6B < 0.5–11
CRM asphalt < 0.5–13 < 0.5–12

Site #2
Area samples

Unmodi� ed asphalt < 0.5–24 < 0.5–750
CRM asphalt < 0.5–120 < 0.5–186

PBZ samples
Unmodi� ed asphalt < 0.5–· 1.6B < 0.5–· 1.6B

CRM asphalt < 0.5–68 < 0.5–14
Site #3

Area samples
Unmodi� ed asphalt < 0.5–· 1.6B < 0.5–31
CRM asphalt < 0.5–20 < 0.5–270

PBZ samples
Unmodi� ed asphalt < 0.5–· 1.6B < 0.5–12
CRM asphalt < 0.5–17 < 0.5–85

Site #4
Area samples

Unmodi� ed asphalt < 0.5–· 1.6B < 0.5–105
CRM asphalt < 0.5–127 < 0.5–790

PBZ samples
Unmodi� ed asphalt < 0.5–· 1.6B < 0.5–· 1.6B

CRM asphalt < 0.5–58 < 0.5–135

ATotal sulfur value = Total sulfur found minus the benzothiazole
amount found.

B <0.5 = < limit of detection (LOD), · 1.6 = equal to or below
limit of quantitation (LOQ).

CCRM = crumb-rubber-modi� ed.
DPBZ = personal breathing-zone.

one exception was asphalt paving site #2 where benzothiazole
was found at a level well above the LOD for unmodi� ed asphalt
fume. No apparent reason for this anomaly was determined. To-
tal sulfur compound data reported in Table II were calculated by
subtracting the peak areas for benzothiazole from the summed
peak areas in the chromatogram report.

A further breakdown of PBZ samples for one of the asphalt
paving sites is shown in Table III. This table shows the results
for several workstation operators during both unmodi� ed and
CRM asphalt paving operations. As demonstrated by this data,
benzothiazole and sulfur-containing compounds were not found
in the unmodi� ed asphalt PBZ samples. However, all the CRM
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TABLE III
Personal breathing-zone analyte concentrations

Concentration range

Benzothiazole Total sulfurA

( l g/m3) ( l g/m3)

Unmodi� ed asphalt
Paver operator < 0.5–< 1.6B < 0.5– < 1.6B

Screed operator < 0.5–< 1.6B < 0.5– < 1.6B

Screed operator < 0.5–< 1.6B < 0.5– < 1.6B

Roller operator (front) < 0.5–< 1.6B < 0.5– < 1.6B

Roller operator (middle) < 0.5–< 1.6B < 0.5– < 1.6B

Roller operator (rear) < 0.5–< 1.6B < 0.5– < 1.6B

Laborer < 0.5–< 1.6B < 0.5– < 1.6B

State inspector < 0.5–< 1.6B < 0.5– < 1.6B

Crumb-rubber-modi � ed asphalt
Paver operator 33–58 8.9–16
Screed operator 33–41 1.0– 6.1
Screed operator 30–34 < 0.5– < 1.6B

Roller operator (front) 5.1 < 0.5– < 1.6B

Roller operator (rear) 2.0–7.8 < 0.5– < 1.6B

Laborer 19 < 0.5–135
Laborer 38 < 0.5– < 1.6B

State inspector 15–18 < 0.5– < 1.6B

ATotal sulfur value = Total sulfur found minus the benzothiazole
amount found.

B <0.5 = < limit of detection (LOD), < 1.6 = below limit of quanti-
tation (LOQ).

FIGURE 5
Overlay of chromatograms of heterogeneous sulfur compound standards,

unmodi� ed asphalt, and CRM asphalt.

asphalt samples showed benzothiazole present in the correspond-
ing PBZ sample with varying levels of other sulfur-containing
compounds.

Although the work described here concentrated on the iden-
ti� cation and analysis of benzothiazole, additional work was
performed in an effort to identify other compounds which ap-
peared in the asphalt fume sulfur chromatograms. Only ben-
zothiazole has been con� rmed in the asphalt fume samples by
GC/MS analysis from actual paving sites where CRM asphalt
was being used.(13) As seen in Figures 3 and 4, most of the
sulfur-containing compounds elute from the column between
approximately 15 and 35 minutes. Figure 5 presents several
chromatograms in which only the time span between 14 and
32 minutes is shown. Chromatograms A, B, and C are refer-
ence compounds—benzothiazole, benzothiophene, and diben-
zothiophene, respectively—used as retention time markers for
the other two chromatograms. Chromatograms D and E are of a
unmodi� ed asphalt fume and a CRM asphalt fume, respectively.
Response factors for the � ve chromatograms are not all the same.
As indicated by these chromatograms, it would appear that most
of the sulfur compounds lie between benzothiazole and diben-
zothiophene in terms of boiling point and/or molecular weight.

Two possible scenarios could account for the several peak
groupings in the CRM fume sample based on the closeness of the
peaks in each grouping. The � rst scenario is a homologous series
of compounds with increasing single side chain length attached
to the aromatic moiety. The second is geometric isomers of a
compound with a side chain of constant length attached to the
base aromatic moiety. The most likely base compound would
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be benzothiazole or a benzothiophene in these cases. None of
these compounds or possible structures have been con� rmed at
this time by GC/MS with the exception of benzothiazole.

CONCLUSIONS
The purpose of the work described in this article was to de-

velop a sampling and analytical method for total sulfur-
containing organic compounds and benzothiazole in asphalt
fume. These methods would provide support to an evaluation
of the health effects of the asphalt fume on asphalt paving work-
ers. There were two main objectives to this research effort. First,
provide an analytical method of quantitation of total sulfur com-
pounds and benzothiazole; and second, to develop a method to
differentiate between asphalt fume generated by unmodi� ed as-
phalt and those generated by crumb-rubber-modi � ed asphalt.
Analytical results shown in this research indicate that both ob-
jectives have been achieved.

The analytical technique described here has a linear response
to benzothiazole over several orders of magnitude in concentra-
tion. Additionally, the same chromatographic analysis provides
a total sulfur compound value for use in epidemiological stud-
ies on asphalt paving worker health. Data from the analysis of
samples taken at four of the selected paving sites support the
hypothesis that the method can be used to differentiate between
unmodi� ed asphalt and CRM asphalt mixtures. For the unmod-
i� ed asphalts, levels of benzothiazole found were from none
detected to levels below the limit of quantitation. For CRM
asphalts, the levels found were from none detected to several
hundred micrograms per cubic meter of the sampled air. All the
none detected results were limited to the background samples.
Total sulfur compound data were reported for all the asphalt
fume samples and ranged from none detected to amounts well
above the limit of quantitation. These data, as reported to the
epidemiologists, are still being evaluated as to their correlation
with any possible health effects related to the asphalt paving
workers.

Future research related to this project would entail the iden-
ti� cation and quantitation of the other sulfur compounds seen in
the asphalt fume chromatograms. While retention time compar-
isons using a two-column con� rmation technique will provide
potential identi� cation, mass spectral analysis would give posi-
tive identi� cation. Additionally, mass spectral identi� cation is a
more reasonable approach to the identi� cation of the many pos-
sible alkylated thiophenes suspected as the major contributors
to the total sulfur compound spectrum.
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