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Abstract: The collapse of the World Trade Center Twin Towers and World Trade Center Building 7 resulted
in a cataclysmic release of dust, now called World Trade Center (WTC) dust, in Lower Manhattan and the
surrounding communities. Approximated one million tons of dust and smoke were released. A number of
toxicants with known adverse health outcomes were found in the dust. These chemicals include polycyclic
aromatic hydrocarbons (PAHs), pesticides, and polychlorinated biphenyls (PCBs), many of which are known
carcinogens. Other organic compounds detected included phthalate esters and polychlorinated dibenzo-
p-diozins (PCDDs) and dibenzofuroans (PCDFs). Asbestos was also identified in the dust. In recent years, a
number of adverse health outcomes have been associated with exposure to the WTC dust. These adverse
health outcomes include respiratory disease, cardiovascular disease, cancer, and autoimmune disorders. This
paper offers a short review of the toxicants found in the WTC dust.
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On September 11, 2001, now commonly known as 9/11, the United States suffered a terroristic attack, which
resulted in the death of 2,996 individuals. During the terrorist attacks, four airliners were hijacked and used
as weapons. Two of the airliners, American Airlines Flight 11 and United Airlines Flight 175, crashed into the
North and South Towers of the World Trade Centers. As the Twin Towers of the World Trade Center, as well
as World Trade Center Building 7 collapsed, a cataclysmic release of dust, now called World Trade Center
dust, occurred in Lower Manhattan and the surrounding communities. The catastrophic collapse of the Twin
Towers and WTC 7 released approximately one million tons of dust and smoke (Pliel et al, 2004). WTC dust
was a complex mixture of pulverized buildings and their contents, jet fuel, asbestos, cremated human remains
and other components. In the seventeen years since the devastating events of 9/11, multiple adverse health
outcomes have been associated with exposure to the WTC dust. These adverse health outcomes include cancer,
respiratory disease, cardiovascular disease, and autoimmune disease (Gargana et al, 2008). As the mortality
and morbidity associated with exposure to WTC dust and the events of 9/11 continue to increase, a review of
the toxicants found in WTC dust and the known harmful effects of these toxicants may be helpful to review.

When the collapses of the buildings occurred, the dust blanketed Lower Manhattan. However, the other
surrounding communities were also impacted by the exposure. The dust traveled immediately in all directions.
For the next 18 hours, the plume travelled east and then southeast (Lioy et al, 2002). The collapse “occurred at
velocities over 150 miles per hour, pulverizing computers, wallboard, steel fixtures, glass, and so on, releasing a
dust mixture over 90% of which was greater than 10um; yet there were 11,000 tons of [particulate matter, ]”
(Rom etal, 2010).

In addition to the WTC dust from the collapse, fine particles were continuously released as a result of the fires
which burned until December 19, 2001. The airplanes contained approximately 91,000 liters of jet fuel. The fires
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also consumed approximately 100,000 tons of organic debris, 490,000 liters of transformer oil and 380,000 liters
of heating and diesel oil. There were also several thousand vehicles, which also contained fuel, stored in the
underground structures of the WTC. These fires would produce the classic products of incomplete combustion,
including polycyclic aromatic hydrocarbons (PAHs). Even once the fires were extinguished, particulate matter
(PM) and PAHs continued to be generated as a result of diesel exhaust from the clean-up operation which
continued until May, 2002 (Pliel et al, 2004).

The WTC dust was primarily composed of large particles of cement and gypsum and was extremely alkaline in
nature. It was very light and fluffy and ranged in color from white to pinkish-grey. The pH of the dust ranged
from 9.0-11.5 in settled samples (Lioy et al, 2002; Landrigan et al, 2004). When the dust came into contact with
water, either from rain, wash water or moisture in the eyes and upper respiratory system, the dust became
chemically reactive. The alkalinity of the dust and the large amount of pulverized concrete, gypsum and cement
is believed to be the likely cause of the acute complaints of inhalation hazards at Ground Zero, as the WTC site
became known (McGee et al, 2003).

The dust contained a significant number of chemicals of potential concern (COPC). Among these were
PAHs, pesticides, and polychlorinated biphenyls (PCBs), many of which are known carcinogens. Other
organic compounds detected included phthalate esters and polychlorinated dibenzo-p-diozins (PCDDs) and
dibenzofuroans (PCDFs). Asbestos was also identified in the dust (Lioy, 2002). Exposure to the dust has been
shown to decrease cell proliferation and increase apoptosis. According to the Lambroussis et al (2009), “the
results indicate that low doses of [WTC dust] influence cell viability and stimulate an increase in apoptosis
levels as well. This data correlates with the lung damage that is now linked to rescuers that worked at the WTC
site following the tragedy.”

PoLycycLic AROMATIC HYDROCARBONS

Polycyclic Aromatic Hydrocarbons (PAHs) comprise over 100 various chemicals formed by the incomplete
combustion of organic matter. PAHs can attach to particulate matter and be inhaled. Their association with skin
cancer, lung cancer, and bladder cancer has been well-documented (Boffetta et al, 1997). According to Kriek et
al (1998), PAHs may lead to DNA-adduct formation. These PAH-DNA adducts indicate possible cancer risk; their
formation is a necessary step in carcinogenesis and both epidemiological and experimental research has shown
increased cancer risk associated with their formation (Perera et al, 2005a). Other research has shown that PAH
exposure may result in p53 mutations (Alexandrov et al, 2002).

Offenbergetal (2002) estimated thaton September11,2001,100-1000 tons of PAHs wereimmediately dispersed
over an unknown area. According to Pliel et al (2004), on September 14, 2001, the predicted concentrations of
PAHs in the air at Ground Zero ranged between 1.3 to 5 ng/m?. According to the dust samples collectedin the
days immediately following 9/11, approximately 0.4% of the dust consisted of 37 different PAHs (Lioy et al,
2002). The PAHs in the first 100 days resulted from the fires; after that, the diesel exhaust from the equipment
used in the clean-up effort was the main source of the PAHs (Pliel et al, 2004; Olson & Norris, 2008).

Pliel et al (2006), however, did note that random samples taken 3.5 years after 9/11 of mostly residential
spaces located near the WTC site did not contain PAH levels that were statistically higher than that of urban
background contamination.

Benzo[a]pyrene (BaP) was one PAH found at Ground Zero. BaP is one of the PAHs which are carcinogenic,
mutagenic and a developmental toxicant. BaP is the most extensively studied carcinogen in cigarette smoke
and has been long known to be involved in the causation of lung cancer” (Alexandrov et al, 2002). Perera et
al (2005b) examined the levels of BaP-DNA adducts in four populations of women and their newborns. These
populations consisted of residents of Northern Manhattan, participants in a study on the health effects of the WTC
disaster; residents of Krakow, Poland and residents of Tongliang, China. The residents of Northern Manhattan
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had significantly lower levels of BaP-DNA adducts than did the WTC study participants (36.8% of women in
Northern Manhattan compared to 57.5% from the WTC study). However, women from the other populations
still had higher levels. 72.9% of women from Krakow had detectable levels and 73.4% of women from Tongliang
had detectable levels. The following levels of detectable adducts were discovered in the newborns: Northern
Manhattan 42.4%; WTC study 60.6%; Krakow 71.7%; and Tongliang 79.5%. Perera et al (2007) also concluded
that higher levels of BaP-DNA adducts may lead to a modest reduction in cognitive development by the age of
three in children exposed in utero.

VOLATILE ORGANIC COMPOUNDS

According to the Agency for Toxic Substances and Disease Registry (ATSDR, 2008), volatile organic compounds
(VOCs) are those compounds that contain carbon and evaporate easily. Benzene is a VOC and a known human
carcinogen. The International Agency for Research on Cancer (IARC, 2012) classifies benzene as a Group 1
Carcinogen, indicating such. The National Toxicology Program (NTP) lists benzene as a Group A Carcinogen,
also recognizing that it is a human carcinogen. The primary mechanism for exposure to benzene and VOCs is
inhalation (NTP, 2011). While dioxin can be absorbed on PM, benzene cannot. The primary source of benzene at
Ground Zero was the jet fuel from the planes. The levels of benzene reached up to 180,000ppb within the actual
work area of Ground Zero. Outside the perimeter, the levels dropped to 20ppb. On October 3, 2001, the levels at
WTC North Tower, the levels ranged from 28,000-39,000ppb. The WTC South Tower levels were 4,300ppb. At
Liberty and Greenwich Streets, the levels dropped to less than 20ppb (US EPA, 2003a).

One study examined the levels of benzene at four sites near Ground Zero. Of the four sites monitored, Site N
(intersection of West Broadway and Park Place) had the highest concentration of benzene with a range of 0.9 to
83.0 and a mean of 9.9 (SD 16.2)mcg/m?. Site NE (US EPA Region Building 2 at 290 Broadway) had the lowest
concentration (0.7-23.1, mean 5.1, SD 6.4 mcg/m?) (Olson et al, 2003).

Toluene also was found in the highest concentrations at Site N. The range was 1.2 to 59.4 was a mean of 13.9
(SD 12.8) mcg/m?3. Site NE had the lowest levels with a range of 0.8 to 13.9 and a mean of 5.9 (SD 4.4) mcg/m?
(Olson et al, 2003). Toluene is not considered carcinogenic; however, research has indicated that it may have
synergistic properties with benzene. Toluene is a neurotoxicant; however, unlike benzene, it has not previously
been shown to have negative effects on the airway. A study by Pariselli et al (2009) examined the effects of
toluene and benzene exposure to human epithelial lung cells as both individual compounds and as a mixture.
DNA damage as a result of toluene exposure began to repair itself within 24 hours. However, exposure to a
mixture of the chemicals resulted in a cytotoxic effect and DNA damage. The authors concluded that the repair
of the DNA damage caused by toluene was suppressed in the presence of benzene.

PARTICULATE MATTER

Particulate matter (PM) refers to solid particles and liquid droplets in the air that can be inhaled. Fine particulate
matter refers to PM with a mass medial aerodynamic diameter (MMAD) < 2.5 micrometers (PM, ). Coarse PM
is >2.5 and <10 micrometers (PM, ., ) and larger PM is greater than 10 micrometers in size. PM, ., has been
shown to have adverse health outcomes since it can be inhaled due to its small size. On average, the smaller
the size of the particle, the deeper it enters the airway (McGhee et al, 2003) PM exposure is associated with

premature mortality, likely from its effects on the cardiovascular and respiratory systems (Pelucchi, 2009).

According to McGhee et al (2003), the majority of PM, .was associated with pulverized building material, rather
than products of incomplete combustion. The pH of the PM, . ranged from 8.88 to 10.00, consistent with the
alkaline nature of the building materials. The authors concluded that the inhalation hazard of PM, . from the
WTC was due to the presence of gypsum, calcite, cemete and concrete. Olson & Norris (2008) further elucidated
that the sources of PM, , included open burning, smoldering, mixed recovery sources, a sulfate/debris mix and
motor exhaust.
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According to weight of the settled dust, 96% of it was >10micrometers MMAD. PM, , was <1.0% by weight and
fine PM was 0.5%-0.4% by weight. “However, settled dust may not accurately represent the relative proportions
ofairborne respirable particles following the collapse of the towers. Small particles may coalesce or agglomerate
to form larger particles, altering the relative proportions of fine and coarse particles” (Szeinuk et al, 2008)

A specific type of PM is residual oil fly ash (ROFA). ROFA consists of a significant quantity of transition metals,
such as vanadium (V), nickel (Ni) and iron (Fe). The bioavailability of these metals is associated with both lung
and cardiovascular injury. These metals are a significant aspect of the toxicity of ROFA. A study conducted by the
Gavett et al (2003) on airway inflammation in mice used ROFA as a toxic control because of its ability to cause
significant airway inflammation. WTC PM, . led to a much greater degree of airway hyperresponsiveness in the
mice than ROFA. The dose required was a relatively high dose; however, many individuals present in the early
hours following the collapse did possibly receive a high dose of WTC PM, .. A healthy person would require
425 mcg/m-3 for eight hours to equal this dose. In the hours following the collapse, this level was present in
the air for the rescue workers. The authors commented that obviously the initial injury appeared to impact the
recovery aspect; the firefighters present for the collapse sustained a significant initial injury.

DIOXINS AND FURANS

While there are 29 congeners that are considered dioxin-like, measurements near the WTC site included
only the 17 polychlorinated dioxin and furan congeners. Dioxin is a persistent toxin in the environment and
causes significant adverse effects in both wildlife and humans. The adverse effects are widespread and include
cardiovascular disease, metabolic derangements, endometriosis, cancer, integumentary disease, immunological
issues and endocrine disruption (White & Birnbaum, 2009). Specifically, “dioxin exposure is associated with
increased cancer mortality, and increased rates of soft tissue sarcoma, lymphoma and respiratory tract cancers
have been been seen in individuals with significant dioxin exposure” (Moline et al, 2006).

Results of one study measuring plasma levels possibly indicate that WTC responders were exposed to PCDFs
after the collapse of the buildings (Horii et al, 2010). Another preliminary health risk assessment conducted six
weeks following 9/11 used the window films on building exteriors near the WTC site to determine concentration
of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs). The window film samples were compared
to background levels in Manhattan and Brooklyn. The results indicated levels up to 2.6 times greater than the
background levels (Rayne, 2005).

Butt et al (2004) also measured window films six weeks after the attacks. The total sum of PBDE, PCB, PCN
and PAH window film concentrations were highest approximately one kilometer from the WTC site; however,
by 3.5 kilometers from the site, the levels had rapidly decreased to almost background levels. Rayne et al
(2005) also wrote that within a one kilometer area the total PCDD/F mass concentration had a toxic equivalent
concentration (TEQ) of 4700 TEQ/m?. Approximately 3.5 kilometers away from the WTC site, the concentration
dropped to 130pgTEQ/m?.

Before 9/11, Fire Department of New York City (FDNY) members had a significant exposure to PCBs and PCDFs
at a Staten Island Transformer Fire on September 7, 1998. A HazMat scene was not declared. Significant levels
of PCBs and PCDFs were detected on the firefighters’ gloves and gear; however serum PCBs averaged 2.92 +/-
1.96 ppb (range 1.9-11.0 ppb). This indicated that firefighter gear offered protection from PCBs and PCDFs;
however the gear included self-contained breathing apparatus (SCBA) (Kelly et al, 2002). Firefighters did not
consistently use SCBA at Ground Zero. Respiratory protection was not immediately available or consistently
used for most of the responders at the site (Feldman et al, 2004).

ASBESTOS

Asbestos refers to silicate minerals found in fiber forms. They have been mined and commercially used
primarily in the forms of serpentine chrysotile asbestos and the amphibole crocidolite, anthophyllite, amosite,
actinolite, and tremolite. Fiber length determines the hazards of the asbestos. Asbestosis may result from fibers
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2 micrometers in length. Fibers 5 micrometers in length are related to the development of mesothelioma. Lung
cancer develops from fibers longer than 10 micrometers in length. (Witschi et al, 2008). The fibers found at the
WTC site were mostly short in length (Landrigan et al, 2004).

Fiber diameter is also crucial to the pathophysiology of asbestos-related disease. A fiber diameter that is greater
than 3 micrometers cannot easily penetrate the peripheral lung. For the development of mesothelioma, a fiber
diameter must be less than 0.5 micrometers; this is required in order for the fibers to be translocated to other
sites by the lymphatic system (Witschi et al, 2008). A fiber recovered by bronchoaveolar lavage (BAL) from
an FDNY firefighter was 70micrometers long and less than 0.2 micrometers in diameter (Rom et al, 2002).
Asbestos is also associated with pulmonary fibrosis and reduced lung function due to asbestos fibers becoming
trapped in the lungs, pleural plaques, thickening of the pleura, pleural calcification and pleural effusions. The
synergistic effects of asbestos and PAHs in carcinogenesis have been well documented. (Fournier &Pezerat,
1986; Moline et al, 2006). Studies have also shown that exposure to asbestos may lead to autoimmune disease
(Pfau et al, 2005; Marchanda et al, 2012).

In a 1991 study by Markowitz et al regarding asbestos exposure in FDNY firefighters, the authors discussed
possible exposure routes. The authors cautioned “of greatest concern is the possible exposure to asbestos at
the site of a fire, since the demolition of buildings during fires may lead to uncontrolled and possibly heavy
exposure to asbestos.” Asbestos was used in the construction of the WTC towers as a spray-on fire retardant.
An estimated 5,000 tons of chrysotile asbestos was used on the lower 40 floors of the towers (Landrigan et al,
2004). Due to the use of asbestos, it was a significant health concern after 9/11. The EPA tested over 10,000
air samples for asbestos (US. EPA, 2003a). Of these samples, 22 contained asbestos levels above the clearance
standards of 70 fibers/mm? This standard was established in 1986 in the Asbestos Hazard Emergency Response
Act (Landrigan et al, 2004).

Samet el al (2007) suggested that these levels of asbestos would be insufficient to cause asbestosis or an
increase in lung cancer risk. The excess risk of mesothelioma development would not appear for decades. A
risk assessment of asbestos-related cancer from the WTC disaster indicated that the increased risk for lower
Manhattan residents from the asbestos exposures actually is negligible (Hitt, 2001; Ilgren, 2001). A study on
induced sputum assessment on FDNY firefighters collected ten months after the collapse of the towers did not
show any asbestos fibers (Fireman et al, 2004). However, bronchoaveolar lavage (BAL) conducted on an FDNY
firefighter did produce asbestos fibers. One firefighter developed acute eosinophilic pneumonia after heavy
exposure to WTC dust for 16-hour days from September 11, 2001 to September 24, 2001. The BAL revealed
fly ash, degraded glass, and both chrysotile and amosite asbestos fibers.. BAL revealed 70% eosinophils; his
peripheral blood level for eosinophils was 1%. The BAL also revealed 305 asbestos fibers/10¢ macrophages
(Rom etal, 2002).

SILICA

Crystalline silica (silicone dioxide) is a commonly used construction material. Silica is a well-known respiratory
toxin, which may lead to the development of silicosis. Pathological changes due to silica exposure may lead to
the development of chronic obstructive pulmonary disease (COPD) (Hnizdo&Vallyathan, 2003). Silica has been
noted to have possible effects on the immune system in both animal and human studies. While dose-dependent,
silica may either destroy macrophages or stimulate the immune system. Silica-exposed workers also have an
increased risk of scleroderma, believed to be caused via the adjuvant mechanism (Kaminski et al, 2008).

The silica samples collected never exceeded the NIOSH Recommended Exposure Limit (REL) of 0.05mg /
m3. This limit is a time-weighted 10-hour average concentration. Of the nearly 1,800 samples, approximately
one percent tested positive for silica. The highest level was 0.03 mg/m3. There were 159 samples from the
Ground Zero site and none of these tested positive. These levels are not likely to cause adverse health outcomes.
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However, Lorber et al (2007) discussed that the samples for silica were taken between September 27,2001 and
June 20, 2002. It is possible that on September 11 and the days immediately following, there were significant
exposures to respirable silica.

METALS

There were a number of metals identified in the WTC dust and air samples. These include calcium, iron, zinc,
chromium, nickel aluminum, antimony, lead, titanium, and magnesium. The lead (Pb) levels on September 11
were likely elevated, creating a short-term exposure. During late September, there were several days when the
lead level at Ground Zero exceeded the EPA’s National Ambient Air Quality (NAAQ) Standard. By mid-October,
the levels outside Ground Zero reached background levels (Lorber et al, 2007). However, from October through
November, 2001, there were still occasional small spikes in the Pb levels at Ground Zero. In dry weight, Pb levels
ranged from 142,00 ng/g to 483,500ng/g (Lioy et al, 2002). Calcium (Ca) levels reached the highest levels in
October and November. At this time, the total dust levels at Ground Zero were approximately five times greater
than the dust levels at the perimeter (Landrigan et al, 2004).

Chromium (Cr) and nickel (Ni) levels never exceeded NIOSH RELs. Nickel levels did exceed the ATSDR
recommended levels of 0.2mcg/m? once at .49mcg/m? However, it is believed that early exposures when the
levels were not documented in the first days may have contributed to the respiratory effects noted from the WTC
disaster (Lorber et al, 2007). Nickel is a Category 1 agent in the IARC, documented for lung and nasal cancer.
Cr(VI) is also a Category 1 agent in the IARC, also for lung and nasal cancer. Cr(VI) may also have synergistic
effects with PAHs. “Cr(VI) exposure may enhance chromatin structure-dependent carcinogen + DNA binding.
This effect may contribute to the synergism of Cr(VI) and BPDE on mutagenesis and cell transformation, and
may also contribute to the higher incidence of lung cancer in Cr(VI)-exposed populations” (Feng et al, 2003).
For the EPA WTC Benchmarks for COPC, Cr and its compounds are not differentiated, nor did any of the samples
separate the compounds in testing (US EPA 2003). Cr dry weight ranged 142,600 ng/g to 182,000 ng/g (Lioy
etal, 2002).

CONCLUSION

While this review is by no means an exhaustive review of the toxicants found in World Trade Center dust
and their known adverse health effects, it may help increase interest in the toxicants to which survivors and
responders of 9/11 were exposed. In recent years, multiple articles, both peer-reviewed and in the popular
press, have focused on the loss of life and livelihood that has accompanied exposure to this toxic mix. Continued
research on the known toxicants found in the World Trade Center dust is required to understand its effects
on the body. Furthermore, increased knowledge of the adverse health outcomes associated with exposure to
toxicants may help to clarify non-WTC exposures to air pollution and the adverse outcomes. We recommend
this research continue.
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