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This article presents results of asbestos air sampling con-
ducted to assess the exposure to truck drivers working at the
World Trade Center site. Sampling consisted of a combination
of area and personal monitoring of 49 truck drivers and in-
cluded optical and electron microscopic analyses. Three sam-
pling periods were conducted: October 1–7, 2001, October
17–26, 2001, and April 13–23, 2002. Area sample locations
were selected to estimate airborne concentrations around the
perimeter of the site, on top of the pile, and in the pit. Air
samples were collected using a 50-mm conductive cowl and
a 25-mm mixed cellulose ester filter at flow rates ranging
from 0.5–2 L/min. Samples were analyzed using a combination
of phase contrast microscopy (PCM) NIOSH method 7400,
transmission electron microscopy (TEM) NIOSH method 7402,
and the direct method specified under the Asbestos Hazardous
Emergency Response Act. Sample times and flow rates were
adjusted to prevent overloading while maximizing sample vol-
ume. Personal sampling results suggest that asbestos fiber
exposures to truck drivers at the site were low. Exposures based
on TEM results generally ranged from less than detectable
to 0.1 structures per cubic centimeter (s/cm3). TEM-based
results further indicate that the majority of asbestos fibers
were chrysotile and less than 5 µm in length. PCM-based
estimates were generally higher than the TEM results. This is
likely due to the counting of nonasbestos fibers. This conclusion
is supported by the NIOSH 7402 TEM results, which did not
detect asbestos fibers longer than 5 µm. Area sample results
were generally less than the personal results (except for the
sample collected on top of the rubble pile) and decreased
over the course of the cleanup. Our results show low airborne
asbestos concentrations and a predominance of short fibers.
Given these low concentrations, evidence of short fibers, and
the short duration of the exposure (less than 10 months to
complete the cleanup), it is likely that truck drivers working at
the site are not at an increased risk for asbestos-related disease.
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Address correspondence to: Patrick N. Breysse, Johns Hopkins
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T
he September 11, 2001, terrorist attack on the
World Trade Center (WTC) resulted in the air-
borne release of a complex and highly variable
mixture of dusts, metals, combustion products,

gases, and vapors.(1−3) The large influx of rescue and cleanup
personnel to the WTC site generated concern about possi-
ble occupational exposures to these hazardous substances.
Specific air pollutants of concern include concrete dust, as-
bestos, lead, mercury, polychlorinated biphenyls (PCBs), com-
bustion products (dioxins, dibenzofurans), and benzene. Ex-
posure to these contaminants can result in acute and chronic
toxicity with some of them being known or probable human
carcinogens.

In response to this concern, the National Institute for Envi-
ronmental Health Sciences (NIEHS) sponsored a coordinated
effort to assist in an environmental health response to the WTC
attack. As a part of this response, an evaluation of occupational
exposures to one group of cleanup workers—truck drivers—
was undertaken. The International Brotherhood of Teamsters
provided logistical support for recruitment.

Truck drivers were chosen because they represented a large
and important group of workers at the site. Between Septem-
ber 22 and October 5, 2001, it was estimated that 1350 con-
struction workers were on site each day.(4) During the first
week of October 2001, the minimum daily average number
of truck drivers was 135. This estimate was based on sign-in
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records for the local labor union that represented drivers
who participated in this study and does not include drivers
on site represented by other local labor unions. However, this
number suggests that truck drivers accounted for a signi-
ficant portion of the construction work force at the
site.(5)

Truck drivers worked 12-hour shifts at the site (6 a.m. to
6 p.m. and/or 6 p.m. to 6 a.m.) 7 days a week. Trucks lined
up just off site waiting to collect a load. While waiting to
advance in line, truck drivers spent varying amounts of time
sitting in their trucks, walking along the street, and walk-
ing onto the site in proximity to the pile. Once they reached
the front of the line, the trucks were directed onto the site
alongside of or directly into the debris. Later in the cleanup
effort, trucks were driven into the excavation pit where they
waited for a load. If the wait was more than a few minutes,
the drivers routinely got out of the trucks and walked around
the edges of the pile or pit. Since each load was carefully
inspected for evidence and human remains prior to leaving
the site, truck drivers typically spent extended periods of time
on site waiting to receive a load. Early in the cleanup effort,
loaded trucks were driven directly to a landfill where they
were emptied of their contents. They were then driven back
to the site to be reloaded. In early October, the process was
changed. Loaded trucks were driven to a nearby pier where
their loads were emptied onto a platform. The debris was
then transferred onto a barge for transport to the landfill and
the trucks were returned to the site for another load. This
change resulted in truck drivers spending a greater amount of
time at or near the site, as opposed to driving to and from the
landfill. During October, wash systems were put in place that
vigorously sprayed all trucks with water before they left the
site. Spraying was conducted to both cool the debris, which
often was hot enough to ignite, and to limit the resuspen-
sion of debris as the trucks were driven through residential
neighborhoods.

It is known that large amounts of asbestos-containing insu-
lation were used in the construction of the WTC complex, al-
though the exact amount of asbestos contained within the WTC
buildings is not known.(6) The massive dust cloud generated by
the collapse of the buildings potentially released asbestos into
the ambient environment. In addition, the ongoing excavation
work associated with rescue, recovery, and cleanup activities
was a possible continuing source of asbestos contamination.
The long-term consequences of exposure to asbestos generated
a great deal of concern among workers and the surrounding
community.

This article presents results of asbestos air sampling dur-
ing the WTC cleanup effort. Results of dust and vapor sam-
pling and health assessment are presented elsewhere.(5,7) As-
bestos samples were collected during three sampling periods:
October 1–7, 2001, October 17–26, 2001, and April 13–23,
2002. Personal air samples were collected on truck drivers.
Area air samples were collected at the perimeter of the site and
directly in the rubble pile or pit.

METHODS

S ampling consisted of a combination of area and personal
air monitoring. Sample analysis included both optical and

electron microscopic methods. Truck drivers were selected for
personal air monitoring based on willingness to volunteer. All
participants granted informed consent. Drivers were monitored
during their work shift with personal air samples collected from
their breathing zone. Area air samples were collected during
matched sampling periods at locations shown in Figure 1. Sam-
ple locations were selected to estimate airborne concentrations
around the perimeter of the site and in the debris pile or pit.
Area air samples were collected approximately 2 meters above
ground.

Air samples were collected using a 50-mm conductive cowl
and a 25-mm mixed cellulose ester filter connected to a battery
operated sampling pump.(8) Samples were analyzed using a
combination of phase contrast microscopy (PCM) according
to NIOSH Method 7400, transmission electron microscopy
(TEM) using NIOSH Method 7402, and the direct method
specified under the Asbestos Hazardous Emergency Response
Act (AHERA).(8−10) Samples collected during the first sam-
pling period in October, with quantifiable asbestos according
to AHERA method, were also analyzed by TEM according to
NIOSH Method 7402. Since the NIOSH Method 7402 results
from the first sampling period were all below the limit of detec-
tion, samples collected from the remaining sampling periods
were not analyzed according this method.

All air sample pumps were calibrated before and after sam-
pling using a DryCal DC-calibrator (BIOS International Corp.,
Pompton Plains, N.J.). The sampling period was designed
to coincide with the work shift. Sample flow rates ranged
from 0.5–2.0 L/min. Flow rates were adjusted to prevent dust
overloading while maximizing sample volume. Maximizing
sample volume while minimizing the opportunity for overload-
ing was difficult given the highly variable nature of the expo-
sure environment. Airborne particulate concentrations varied
tremendously depending on the extent of combustion and the
intensity and degree of debris clearing activities.(5) Approxi-
mately 10% of samples were submitted as blanks. All samples
were analyzed by a laboratory accredited by the AIHA Labo-
ratory Accreditation program.

PCM microscopy has been used for decades to quantify as-
bestos exposures in the workplace, and health-based standards
and guidelines for acceptable asbestos exposure have been
set based on PCM methods. The United States Occupational
Safety and Health Administration (OSHA) permissible expo-
sure limit (PEL)(11) standard and the American Conference of
Governmental Industrial Hygienists (ACGIH

©R ) threshold limit
value (TLV

©R )(12) guideline for asbestos are both set at 0.1 fiber
per cubic centimeter (f/cm3) using PCM. The utility of PCM
methods for quantifying asbestos exposure outside asbestos
workplaces is limited for two main reasons. First, PCM lacks
analytical capability and assumes that any piece of observed
particulate matter meeting the definition of a fiber (>5 µm
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FIGURE 1. Area monitoring locations. October sampling locations are indicated by the stars and April sampling locations are indicated by the
dots. Numbers indicate the WTC buildings.

long with an aspect ratio of 3:1 in the case of NIOSH Method
7400) is asbestos. Second, the limit of resolution of PCM
(approximately 0.2–0.4 µm) is not sufficient to view asbestos
fibers as small as 0.01 µm in diameter.(13) TEM methods of
fiber counting were developed to address these limitations
and are often used in combination with PCM in occupational
environments where the majority of fiber-shaped particles are
not asbestos. The limit of detection for NIOSH Method 7400
is based on counting at least seven fibers in 100 counting fields
giving a minimum fiber density of 9 f/mm2.

The AHERA TEM direct transfer method was developed
to quantify airborne levels of asbestos in non-occupational
environments (schools and buildings with asbestos-containing
materials). This method quantifies the number of asbestos struc-
tures per cubic centimeter (s/cm3) and has a limit of detection
based on counting one structure. AHERA TEM samples can

also be analyzed using an indirect sample preparation method.
The indirect method can be used when samples are too over-
loaded with particulate matter to count any asbestos structures
that may be present. The indirect method of preparation was
not used in this investigation because it has been shown that
the additional steps associated with resuspending, sonicating,
and filtering the samples result in artificially high structure
counts.(13)

The AHERA TEM method, however, is of limited util-
ity for health-based decision making because there are no
health-based exposure guidelines in terms of s/cm2 and be-
cause all current risk assessments are based on the more tra-
ditional definitions of a fiber (i.e., based on fibers > 5 µm
in length). Currently, the U.S. EPA has adopted a clearance
level of 70 s/mm2 for a 1.2 m3 sample volume for a 25-mm
filter for post-remediation occupancy.(10) This number is not

402 Journal of Occupational and Environmental Hygiene August 2005

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
C
e
n
t
e
r
s
 
f
o
r
 
D
i
s
e
a
s
e
 
C
o
n
t
r
o
l
 
a
n
d
 
P
r
e
v
e
n
t
i
o
n
]
 
A
t
:
 
1
8
:
3
6
 
1
9
 
A
u
g
u
s
t
 
2
0
1
0



considered a health-based exposure guideline and is used as a
measure of acceptable contamination for occupancy purposes.
To make TEM asbestos counts more closely comparable to
existing standards and guidelines and risk assessments, con-
centrations are often reported both in terms of total structures
and structures greater than 5 µm in length. Structure counts
limited to asbestos fibers, clumps, bundles, or structures that
are greater than 5 µm in length are considered more relevant
for health-based decisions.

By taking advantage of the analytical capabilities of the
TEM, NIOSH Method 7402 is designed to provide electron
microscopic asbestos fiber counts that are equivalent to PCM
methods (i.e., NIOSH Method 7400). Analytical results are ex-
pressed in terms of the traditional exposure metric of asbestos
f/cm3. The relationship between TEM exposure estimates ex-
pressed in terms of f/cm3 and s/cm3 is not known. NIOSH
Method 7402 results are directly comparable to current health-
based exposure guidelines.

For the purpose of statistical calculations, all results less
than the limit of detection were replaced with the limit of
detection divided by the square root of 2.(14)

RESULTS

R esults of personal air sampling are presented in Tables I
and II. Thirty-four drivers were monitored during Oc-

tober. All 15 drivers remaining at the site were monitored
during April. Of the 49 truck drivers monitored during the three
sampling periods, 15 drivers were monitored more than once.
Sampling was conducted during both a.m. and p.m. work shifts.
Sample times ranged from 85–742 min. Eighty-four percent of
the samples successfully captured exposure across the entire
work shift. Seventeen samples could not be analyzed due to
overloading with particulate matter.

A total of 45 samples were analyzed using the AHERA TEM
method (Table I). Median AHERA airborne asbestos personal
air sampling results for each of the three sampling periods
were similar, ranging from 0.012 to 0.017 s/cm3. The highest
individual sample was 0.10 s/cm3collected during the week of
10/01/01. However, the collection period for this sample was
only 3.33 hours due to pump failure. Of the asbestos structures
detected, all but one were chrysotile, and very few (4%) were

TABLE I. Summary of TEM AHERA Personal Monitoring Results

Total No. Total No. Structures Number
Dates N Median (Range) Structures >5 µm in Length < LOD

10/1–10/7/01 12A 0.012 (<0.004–0.101) 30B 3 3
10/17–10/26/01 19C 0.017 (0.017–0.083) 22B 0 9
4/13–4/23/02 14 0.013 (0.006–0.04) 21D 0 5

Note: Results in s/cm3.
ASix samples were overloaded and were not analyzed.
B All structures chrysotile.
C Eleven samples were overloaded and were not analyzed.
DOne structure amosite, 20 structures chrysotile.

TABLE II. Summary of PCM Personal Monitoring
Results

Dates N Median (Range) No. < LOD

10/1–10/7/01 8A 0.01 (0.007–0.015) 2
10/17–10/26/01 25B 0.04 (0.01–0.11) 1

Note: Results in f/cm3.
AOne sample was overloaded and was not analyzed.
B Five samples were overloaded and were not analyzed.

>5 µm in length. The number of samples below the limit of
detection for each sampling period ranged from 10% to 47%.
The distributions of airborne personal exposure concentrations
during the three sample periods are similar and generally range
from below the limit of detection to 0.1 s/cm3.

Personal airborne fiber exposures assessed using PCM were
measured during the two October sampling periods (Table
II). A total of 33 samples were analyzed using PCM. Median
airborne fiber concentrations ranged from 0.01 to 0.04 f/cm3.
Only one sample exceeded the OSHA asbestos PEL of 0.1 f/
cm3. The sample concentration equaled 0.11 f/cm3 and was col-
lected over 580 min. It is difficult to interpret PCM results due
to the wide variety of other nonasbestos fibrous materials that
may be present. Other studies have documented large amounts
of synthetic vitreous fibers released during the collapse of the
WTC.(15) PCM fiber concentrations were slightly higher than
the asbestos fiber concentrations based on AHERA TEM. This
is likely due to the PCM counting of nonasbestos particulate
matter that meets the size definitions of asbestos fibers.

A summary of AHERA TEM area air samples results is
presented in Table III. A total of 50 samples were collected
and 5 were too overloaded with particulate matter to be an-
alyzed. The airborne concentrations were highest in the last
sampling period of October 2001, (median area concentration
of 0.03 s/cm3), followed by the first week in October 2001, (me-
dian area concentration of 0.005 s/cm3). The majority (79%)
of area air samples collected in April were below the limit
of detection. All structures observed during area air sampling
were chrysotile. The highest area air samples were collected
from the middle of the rubble pile. Five samples were collected
from the middle of the debris field, one sample from the pile
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TABLE III. Summary of TEM AHERA Area Monitoring Results

Total No. Total No. Structures Number
Dates N Median (Range) Structures >5 µm in Length < LOD

10/1–10/7/01 5 0.005 (<0.005–0.037) 6B 0 2
10/17–10/26/01 7A 0.03 (0.015–0.123) 10B 0 3
4/13–4/23/02 33 (<0.006–0.089)C 25B 0 26

Note: Results in s/cm3.
AFive samples were overloaded and were not analyzed.
B All structures chrysotile.
C Median not presented due to large proportion of samples < LOD.

during the last sampling period of October, and four samples
from the pit during April. The five samples ranged from below
the limit of detection to 0.123 s/cm3. The highest area air
sample collected (0.123 s/cm3) was based on counting six
chrysotile structures in a 551-L sample from the middle of
the pile. Overall, the area air samples indicate a great deal
of spatial heterogeneity with no single sampling site having
consistently higher airborne asbestos concentrations.

CONCLUSIONS

P ersonal air sampling results suggest that asbestos fiber
exposures to truck drivers at the site were below occu-

pational exposure limits. This conclusion can be drawn from
both PCM and TEM sampling results. Median personal air
asbestos exposure based on AHERA TEM results ranged from
0.012 to 0.017 s/cm3. In addition, TEM-based sampling results
indicate that the vast majority of asbestos fibers were chrysotile
and less than 5 µm in length. It is interesting to note that the
NIOSH 7402 analyses did not detect any OSHA countable
fibers (i.e., optically visible asbestos fibers longer that 5 µm).
Many reviews have concluded that fiber length is an important
predictor of toxicity, with short fibers being less toxic.(16,17)

The short fiber morphology seen in this study is consistent
with expectations, given the tremendous pulverizing forces
produced by the collapse of the towers. Given the low airborne
concentrations, the predominance of short fibers, and the short
duration of the exposure (less than 10 months to complete the
cleanup), it is not expected that truck drivers working at the
site will be at a significant increased risk for asbestos-related
disease.

Area air sampling results indicate that asbestos concentra-
tions were detectable around the site with the highest con-
centrations, as expected, occurring on top of the rubble pile.
As with the personal air samples, the structures were chrysotile
and less than 5 µm in length. Of the 40 nonpile area air samples
collected around the perimeter of the site, 78% (31/40) were
below the limit of detection, indicating that asbestos released
from the site during cleanup was sporadic and at low levels.
These results are likely due to the dust suppression activities
undertaken during the cleanup.

ACKNOWLEDGMENTS

W e wish to thank the truck drivers who participated in this
project, International Brotherhood of Teamsters Local

282, the Baltimore Gas and Electric Company, and the Environ-
mental and Occupational Health Science Institute, Piscataway,
N.J., for the loan of sampling pumps.

This work was supported by the National Institute of Envi-
ronmental Health Sciences with supplemental funding
through the Johns Hopkins Center for Urban Environmental
Health NIEHS Environmental Health Center grant no.
P30 ES0 3819.

REFERENCES

1. Lioy, P.J., C.P. Weisel, J.R. Millette, et al.: Characterization of the
dust/smoke aerosol that settled east of the World Trade Center (WTC)
in lower Manhattan after the collapse of the WTC 11 September 2001.
Environ. Health Perspect. 110:703–714 (2002).

2. McGee, J.K., L.C. Chen, M.D. Cohen, et al.: Chemical analysis of
World Trade Center fine particulate matter for use in toxicologic assess-
ment. Environ. Health Perspect. 111:972–980 (2003).

3. Offenberg, J.H., S. J. Eisenreich, L.C. Chen, et al.: Persistent Organic
Pollutants in the dust that settled across lower Manhattan after September
11, 2001. Environ. Sci. Technol. 37:502–508 (2003).

4. Elisburg, D., and J. Moran: National Institute of Environmental Health
Sciences (NIEHS) Worker Education and Training Program (WETP) Re-
sponse to the World Trade Center (WTC) Disaster: Initial WETP Grantee
Response and Preliminary Assessment of Training Needs. Washington,
D.C.: National Clearinghouse for Worker Safety and Health Training,
2001.

5. Geyh, A.S., S.N. Chillrud, D.L. Williams, et al.: Personal and area
monitoring for particulate matter and volatile organic compounds at the
world trade center disaster site during October 2001 and April 2002. J.
Occup. Environ. Health 2:179–193 (2005).

6. Reitze, W.B., W.J. Nicholson, H.A. Ducan, and I.J. Selifkoff.: Applica-
tion of sprayed inorganic fiber containing asbestos: Occupational health
hazards. Am. Ind. Hyg. Assoc. J. 33:178–191 (1972).

7. Herbstman, J.B., R. Frank, M. Schwab, et al.: Respiratory effects
of inhalation exposure among workers during the clean up effort at
the world trade center disaster site. Environ. Res. Available online at
doi:10.1016/j.envres.2004.08.010. [In Press]

8. National Institute for Occupational Safety and Health (NIOSH):
Method 7400 Asbestos and Other Fibers by PCM. In NIOSH
Manual of Analytical Methods, Issue 2. Cincinnati, Ohio: NIOSH,
1994.

404 Journal of Occupational and Environmental Hygiene August 2005

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
C
e
n
t
e
r
s
 
f
o
r
 
D
i
s
e
a
s
e
 
C
o
n
t
r
o
l
 
a
n
d
 
P
r
e
v
e
n
t
i
o
n
]
 
A
t
:
 
1
8
:
3
6
 
1
9
 
A
u
g
u
s
t
 
2
0
1
0



9. National Institute for Occupational Safety and Health (NIOSH):
Method 7402 Asbestos by TEM. In NIOSH Manual of Analytical Methods,
Issue 2. Cincinnati, Ohio: NIOSH, 1994.

10. “Asbestos Hazard Emergency Response Act (AHERA),” Code of Federal
Regulations Title 40, Part 763. 1987. Appendix A to Subpart E.

11. “Asbestos,” Code of Federal Regulations Title 29, Part 1910.1001.
1994.

12. American Conference of Governmental Industrial Hygienists

(ACGIH
©R

):ThresholdLimitValuesforChemicalSubstancesandPhysical
Agents and Biological Exposure Indices. Cincinnati, Ohio: ACGIH, 2004.

13. Breyss, P.N.: Electron microscopic analysis of airborne asbestos fibers.
Crit. Rev. Anal. Chem. 22:201–227 (1991).

14. Hornung, R.W., and L.D. Reed.: Estimation of average concentration in
the presence of nondetectable values. Appl. Occup. Environ. Hyg. 5:46–51
(1990).

15. Landrigan, P.J., P.J. Lioy, G. Thurston, et al.: NIEHS World Trade
Center Working Group. Health and environmental consequences of
the world trade center disaster. Environ. Health Perspect. 112:731–739
(2004).

16. Agency for Toxic Substances Disease Registry (ATSDR): Toxicological
Profile for Asbestos. Washington, D.C.: U.S. Department of Health and
Human Services, 2001.

17. International Agency for Research on Cancer (IARC): Asbestos. IARC
Monograph 14. Geneva: World Health Organization, 1998.

Journal of Occupational and Environmental Hygiene August 2005 405

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
C
e
n
t
e
r
s
 
f
o
r
 
D
i
s
e
a
s
e
 
C
o
n
t
r
o
l
 
a
n
d
 
P
r
e
v
e
n
t
i
o
n
]
 
A
t
:
 
1
8
:
3
6
 
1
9
 
A
u
g
u
s
t
 
2
0
1
0


