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pirable particle exposure during
vehicle fire suppression

Douglas E. Evans*a and Kenneth W. Fentb

Vehicle fires are a common occurrence, yet few studies have reported exposures associated with burning

vehicles. This article presents an assessment of firefighters' potential for ultrafine and respirable particle

exposure during vehicle fire suppression training. Fires were initiated within the engine compartment and

passenger cabins of three salvaged vehicles, with subsequent water suppression by fire crews. Firefighter

exposures were monitored with an array of direct reading particle and air quality instruments. A flexible

metallic duct and blower drew contaminants to the instrument array, positioned at a safe distance from

the burning vehicles, with the duct inlet positioned at the nozzle operator's shoulder. The instruments

measured the particle number, active surface area, respirable particle mass, photoelectric response,

aerodynamic particle size distributions, and air quality parameters. Although vehicle fires were

suppressed quickly (<10 minutes), firefighters may be exposed to short duration, high particle

concentration episodes during fire suppression, which are orders of magnitude greater than the ambient

background concentration. A maximum transient particle concentration of 1.21 � 107 particles per cm3,

170 mg m�3 respirable particle mass, 4700 mm2 cm�3 active surface area and 1400 (arbitrary units) in

photoelectric response were attained throughout the series of six fires. Expressed as fifteen minute time-

weighted averages, engine compartment fires averaged 5.4 � 104 particles per cm3, 0.36 mg m�3

respirable particle mass, 92 mm2 cm�3 active particle surface area and 29 (arbitrary units) in photoelectric

response. Similarly, passenger cabin fires averaged 2.04 � 105 particles per cm3, 2.7 mg m�3 respirable

particle mass, 320 mm2 cm�3 active particle surface area, and 34 (arbitrary units) in photoelectric

response. Passenger cabin fires were a greater potential source of exposure than engine compartment

fires. The wind direction and the relative position of the fire crew to the stationary burning vehicle played

a primary role in fire crews' potential for exposure. We recommend that firefighters wear self-contained

breathing apparatus during all phases of the vehicle fire response to significantly reduce their potential

for particulate, vapor, and gaseous exposures.
Environmental impact

Vehicle res are typically intense, short duration res that have the potential to release a plethora of combustion and thermally degraded products into the
environment; the atmosphere being most notably and visibly affected. Vehicle re residues and contaminated water from re suppression may also enter into
aquatic and soil systems. Uncontrolled combustion and thermal degradation of plastics, composites, upholstery, alloys, paints, coatings, sealants, adhesives,
tires, belts, wires, batteries, lubricants, coolants, and fuels can result in the release of a mixture of toxic compounds. First responders to a vehicle re are
potentially exposed to these compounds. Air quality is also adversely affected, in the locale or downwind of a vehicle re.
Introduction

From 2003 to 2007, an average of 300 000 highway vehicle res
occurred annually in the United States, representing 17% of all
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re department responses.1 Of 300 000 highway vehicle res,
86% involved passenger vehicles.2 Despite their regular
frequency, relatively few studies have been conducted for
vehicle res, and those reported, have focused on emissions
and combustion processes rather than potential hazardous
exposures to reghters.3–6

Exposure to particulate matter as a component of ambient
air pollution is widely recognized as a cause for adverse
cardiovascular and respiratory health effects in the general
population.7 Fireghters are frequently exposed to particulate
matter within smoke as a consequence of their re suppression
duties. Particulate matter exposure may play a crucial role in
Environ. Sci.: Processes Impacts, 2015, 17, 1749–1759 | 1749

http://crossmark.crossref.org/dialog/?doi=10.1039/c5em00233h&domain=pdf&date_stamp=2015-10-02
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5em00233h
https://pubs.rsc.org/en/journals/journal/EM
https://pubs.rsc.org/en/journals/journal/EM?issueid=EM017010


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

ug
us

t 2
01

5.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 4

:4
1:

41
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reghters acquiring two diseases: cancer and heart disease.
Two recent studies have strengthened the association between
reghting, as an occupation, and an increase in the incidence
of certain cancers found in the respiratory, digestive, and
urinary systems when compared to the general population.8,9

The inhaled particulate matter during reghting could be a
causative factor for some of these cancers.

A second health outcome potentially related to particulate
exposure is cardiac events. Each year in the United States,
approximately 35 to 40 reghters succumb to sudden cardiac
death on duty, while more than 600 suffer non-fatal cardiac
events.10,11 Of the approximately 1.15 million reghters
(350 000 career and 800 000 volunteer) in the United States,
there are approximately 100 reghter fatalities in any given
year and between one third10 to one half12 are due to a sudden
cardiac event. Particulate exposure in combination with other
cardiovascular stressors is believed to play a crucial role in some
of these sudden cardiac events.13

The study described here was conducted as a NIOSH health
hazard evaluation14 concerning reghters' potential exposures
during vehicle re suppression training. Training exercises
provide a realistic and unique opportunity to observe and
monitor reghters during multiple live res. Although self-
contained breathing apparatus (SCBA) can signicantly or
completely mitigate inhalation exposure when tted and func-
tioning, they are not always worn or may be doffed prematurely.
Dermal absorption may also contribute to the systemic dose of
some toxicants.15 This paper is the second of a two part series.
This paper estimates a reghters' potential exposure to ultra-
ne and respirable particles during vehicle re suppression
using direct reading instruments. The rst paper reported
potential chemical vapor and gas exposures for the same series
of vehicle res.16

Particle monitoring described here focused on the applica-
tion of direct reading instruments, primarily because re
responses were anticipated to be of short duration and
sequential monitoring of each suppression phase was of
particular interest. Multiple particle metrics were desired in
parallel because various characteristics may contribute to
particle toxicity. For example, the particle mass alone may not
fully account for adverse health effects from ne particle
exposure.17

Methods
Population, site, vehicles and res

Nineteen reghters (mostly volunteer), including re chief and
assistant re chief from a small municipal re department in
Southwest Ohio, participated in the evaluation.14 Salvaged
vehicles were used in the training exercises, which took place on
a former industrial parking lot, surfaced with concrete. Training
consisted of three phases: (1) startup or ignition—when the re
was ignited, allowed to build in intensity, and re ghters
approached the burning vehicle, (2) knockdown—when the re
(ames) was suppressed with a single water jet, and (3) over-
haul—when the reghters searched for and suppressed are-
ups and remaining hot-spots. Engines and cabins of the
1750 | Environ. Sci.: Processes Impacts, 2015, 17, 1749–1759
vehicles were separately and sequentially ignited with signal
ares and a small volume of gasoline (petroleum) as the accel-
erant. A single re apparatus was present at the re scene. The
reghters observed the re from a safe distance for two to ve
minutes to let the res build in intensity before suppression
commenced. The duration for each suppression phase averaged
thirty seconds for approach, as the reghters positioned
themselves at the burning vehicle, two minutes for knockdown,
and two to three minutes for overhaul.

Three reghters were involved in the active suppression of
the vehicle res: a nozzle operator, a backup, and an officer. The
nozzle operator directed a single water jet, the backup assisted
with handling the hose and the officer directed and assisted
where needed. In addition, a fourth reghter assisted with the
particle sampling described here, by holding the sampling duct
inlet close to the shoulder of the nozzle operator to estimate
particle concentrations in the reghters' breathing zone. All
reghters wore full turnout gear and SCBA throughout all
three phases. Engine compartments and passenger cabins were
sequentially ignited for: a 1994 Ford Aerostar® minivan, a 1986
Toyota Corolla® sedan, and a 1986 Toyota Celica® coupe,
totaling six res. The belts, uids, batteries, cushions, and
upholstery were present in each vehicle, but fuel tanks had been
previously drained.
Particle sampling

Particles were sampled in close proximity to the reghters
suppressing res with the use of a 7.6 meter length of 15 cm
diameter exible aluminum ducting attached to a mobile
particle sampling platform previously described in detail.18 The
platform, custom congured for this application (Fig. 1),
allowed simultaneous and continuous measurement of parti-
cles generated from res in real time by multiple instruments
and metrics. A downstream blower (Ramfan UB20, Euramco
Safety, Spring Valley, California) drew combustion contami-
nants through the ducting to the instruments. A mean velocity
of 6.0 m s�1 was attained within the exible duct, resulting in a
contaminant residence time of 1.3 s from the duct inlet to
instrument sampling probes. The ow within the duct was
turbulent (Reynolds number, Re �60 000). Stainless steel
sampling probes with sharp beveled inlets and gentle radii were
sized and oriented toward the duct inlet to minimize particle
sampling artifacts. Short lengths of conductive silicone tubing
were used to connect sampling probes to instruments. The
exible sampling duct can be seen in Fig. 2, being held by one of
the re crew during knockdown for the rst vehicle engine re.

Particle concentration metrics included the number, active
surface area, respirable mass, photoelectric response, and size
distribution from 7 nm to 10 mm. The particle number was
provided by using a condensation particle counter (CPC, TSI
3007, Shoreview, Minnesota) with an inline HEPA lter capsule
based dilution device.18,19 Anticipated high particle number
concentrations during res, required CPC dilution. The endcap
of the lter capsule was predrilled, such that the major ow
through the capsule passed through the ltration media, and a
minor ow bypassed the ltration media through the drilled
This journal is © The Royal Society of Chemistry 2015

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5em00233h


Fig. 1 The particle instrument sampling platform with the sample
duct. Sample probes were positioned within the central region of the
duct facing the induced flow.

Fig. 2 Fire crew tackling an engine compartment fire (1994 Ford
Aerostar minivan) during knockdown on vehicle 1. Flexible metallic
sampling duct held by a member of the fire crew, close to the nozzle
operator's shoulder.
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endcap. This resulted in a dilution ratio of 118 to one, deter-
mined, by switching between diluted and undiluted back-
ground aerosol. Particle number concentration data were
subsequently corrected by this ratio, for the duration the inline
diluter was tted. The active particle surface area, respirable
particle mass, photoelectric response and particle size distri-
butions were provided by using a diffusion charger (DC 2000CE,
This journal is © The Royal Society of Chemistry 2015
EcoChem Analytics, Murrieta, California), a photometer (TSI
DustTrak 8520) with Dorr-Oliver cyclone inlet positioned within
the duct, a photoelectric aerosol sensor (PAS 2000CE, EcoChem
Analytics), and an Electrical Low Pressure Impactor (ELPI,
Dekati, Tampere, Finland), respectively. Air quality metrics
(temperature, relative humidity, CO, and CO2 concentrations)
were also monitored from within the duct (TSI Q-Trak Plus
8554). A one second data logging interval was selected for the
condensation particle counter, photometer, ELPI and Q-Trak.
The diffusion charger and photoelectric aerosol sensor required
a minimum ten second logging interval. Environmental vari-
ables (temperature, relative humidity, wind speed and direc-
tion) were obtained with an onsite mobile weather station
previously described.14

Results

A light wind (4.2 km h�1) was present from a predominately
southerly direction. Consequently, the reghters approached
the res from either southeasterly (engine res) or southerly
(cabin res) directions, which tended to take smoke away from
the reghters (some swirling or veering of the wind was also
observed on occasions, as later discussed). In full sun, ambient
air temperatures ranged from 24 to 26 �C, while the relative
humidity remained relatively steady (mean average of 33%). A
maximum relative humidity of �70% was measured within the
duct following knockdown of the vehicle 3 passenger cabin re.
Using IR thermometry, passenger cabin res were hotter than
engine compartment res, and some metallic vehicle parts
remained at elevated temperatures (>93 �C) aer knockdown.
All but one re exceeded 540 �C. However, no signicant
temperature elevations were observed within the particle
sampling duct.

Fig. 3a–c represent simultaneous time series for the
various particle metrics (on logarithmic scales) throughout
the six vehicle res. Intense, but short duration smoke
episodes can be observed, elevating particle concentrations
orders of magnitude above those of background and smoke
episodes not associated with a particular phase of re
response. Fieen-minute time weighted average (TWA)
concentrations from each of the vehicle res are presented in
Table 1. A maximum transient particle concentration of 1.21
� 107 cm�3 for particle number, 170 mg m�3 for respirable
mass, 4700 mm2 cm�3 for active surface area and 1400 (arbi-
trary units) for photoelectric response were obtained
throughout the series of six res. Fig. 4 presents particle
number concentrations (on a logarithmic scale) measured by
the ELPI and segregated into stages within the ultrane (<100
nm), ne (100 nm > 1 mm) and coarse (1 mm > 10 mm) particle
size ranges. Although particle number concentrations are
dominated by the ultrane particle size fraction, coarse and
ne particles also contribute during intense smoke episodes.
Fig. 5 presents four particle size distributions obtained with
the ELPI, averaged over at least 30 seconds duration. An
ambient background particle size distribution was obtained
before all car res took place (approx. 12 : 10 to 12 : 20).
Diesel exhaust plumes from the upwind re apparatus
Environ. Sci.: Processes Impacts, 2015, 17, 1749–1759 | 1751
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inuenced measurements on an intermittent basis and were
particularly evident between vehicle 1 and 2 res (Fig. 4) due
to the proximal position of the apparatus. One such transient
concentration increase (approx. 15 : 35) is further character-
ized in Fig. 5 and suggests a primary mode at approximately
40 nm. An engine re plume distribution was obtained during
the 2nd vehicle engine re (approx. 15 : 00), and a cabin re
plume distribution was obtained during the 3rd passenger
cabin re (approx. 16 : 32). The vehicle re plume distribu-
tions exhibit a somewhat similar size prole, but also some
signicant differences. The engine compartment re plume
manifests a primary mode in the ultrane size range (approx.
30 nm), whereas the passenger cabin re plume exhibits a
primary mode in the ne size range (approx. 250 nm), sug-
gesting a dominant accumulation mode. The passenger cabin
re plume is close to one order of magnitude greater in the
ultrane and two orders of magnitude greater in the ne and
coarse particle size ranges in number concentration than the
engine compartment re plume.
Fig. 3 (a) Time series of particle metrics for sequential engine and cabin fi

metrics for sequential engine and cabin fires for vehicle 2 (1986 Toyota C
and cabin fires for vehicle 3 (1986 Toyota Celica coupe). I – ignition/app

1752 | Environ. Sci.: Processes Impacts, 2015, 17, 1749–1759
Discussion

Vehicle res are common for the re service. On average, one in
seven re department responses are to the 300 000 annual
vehicle res.2 For those re departments with major highways
or road networks within their jurisdiction, the number of
vehicle re responses may be higher. Almost two thirds of all
highway vehicle res commence within the engine compart-
ment, the running gear, or the wheel area. Furthermore,
mechanical or electrical failures account for roughly three
quarters of all re causes.20

Although some re departments routinely employ SCBA
during vehicle re responses (similar to the re crew in this
study), this is not standard policy across all re departments.
When worn, tted and functioning correctly, SCBA has an
assigned protection factor of 1 � 104 and provides substantial
protection, if not complete attenuation of toxicant inhalation
exposures.21 Due to the anticipated short duration of the re
response, however, SCBAmay not be donned by some crews and
in volunteer re departments, not all reghters may possess
res for vehicle 1 (1994 Ford Aerostar minivan). (b) Time series of particle
orolla sedan). (c) Time series of particle metrics for sequential engine
roach, II – knockdown, and III – overhaul phases of fire response.

This journal is © The Royal Society of Chemistry 2015
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Table 1 Particulate matter and CO concentrations for each vehicle fire. Mean and maximum transient concentrations attained during each fire.
Mean concentrations are expressed as 15-minute TWAs. Background concentrations were determined prior to vehicle fires

Number
(cm�3) � 103

Respirable mass
(mg m�3)

Active surface
area (mm2 cm�3)

Photoelectric
response

CO
(ppm)

Vehicle 1 Engine Mean 56 0.53 100 30 1.3
Max. 2360 76 880 580 7.2

Cabin Mean 89 0.13 110 10 0.6
Max. 1440 12 560 60 1.7

Vehicle 2 Engine Mean 54 0.22 97 50 0.4
Max. 2950 37 940 1000 1.5

Cabin Mean 198 2.0 350 72 1.8
Max. 6950 170 2600 1400 8.8

Vehicle 3 Engine Mean 53 0.33 80 8 0.4
Max. 1380 51 680 97 1.6

Cabin Mean 324 5.9 490 21 7.0
Max. 12 100 170 4700 340 62

Background Mean 11 0.007 6 2 0.1
Max. 15 0.011 9 5 0.2
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SCBA. In a study of reghters in Montreal QC, SCBA was used
in only 6% of the time at all res (including vehicle res).22 More
recently, and from a smaller study cohort, only approximately
one third of reghters from Chicago, IL reported SCBA use
during vehicle re knockdown.15 Restricted peripheral vision,
fogging of the mask, hampered physical movement, weight of
the SCBA ensemble, potential for heat stress and saving the
compressed air tanks for longer duration structure res are all
factors that may inuence the decision not to wear or earlier
than optimal doffing of SCBA. Oentimes, even if SCBA is
initially donned for approach and knockdown, it may then be
doffed for overhaul, leaving reghters unprotected. It should
also be noted that the SCBA can protect more than just the
respiratory system. The face piece (mask) can also protect the
eyes and face from radiant heat and airborne debris. During
cabin res in this study, windows shattered and tires exploded.
Furthermore, if present within vehicles, air bags and other
safety-related devices can deploy with the potential of inging
Fig. 4 Size fractionated particle number as a time series for all fires, usi

This journal is © The Royal Society of Chemistry 2015
hot, sharp and/or toxic airborne debris out of the vehicle,
potentially injuring unprotected re crew members.

In this study, it was observed that the potential for particle
exposure was primarily inuenced by the position of the re
ghters relative to the burning vehicle and the light, southerly
wind. Fireghters generally attacked the re from an upwind or
smoke clear position, as per standard re department policies.
However, this may not always be practical when access is
restricted. During this study, the visible smoke plume would
occasionally veer and engulf the re crew. These veering plumes
contributed to the highest concentration exposure events
observed during the ignition/approach and knockdown phases,
(Fig. 3a through c). The peak particle concentrations observed
during the passenger cabin re for vehicle 3 (Fig. 3c and Table
1) illustrate that exposures could persist into the overhaul
phase, when a reghter might remove SCBA. This particular
plume event, which commenced during knockdown, lingered
as the crew transitioned into overhaul. This plume was also
ng the Electrical Low Pressure Impactor (ELPI).

Environ. Sci.: Processes Impacts, 2015, 17, 1749–1759 | 1753
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Fig. 5 Particle size distributions acquired with the ELPI for background, diesel exhaust plume, engine compartment fire plume and passenger
cabin fire plume.
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largely responsible for driving the highest mean 15minute TWA
concentrations observed for the particle number, respirable
particle mass and active surface area in this study (Table 1).

In addition, the re crew would occasionally position
themselves downwind of the water dowsed vehicle to enable
better access to residual burning and smoldering components
during overhaul. This was particularly evident following the
knockdown of the passenger cabin res, at which point the re
crew would be in the direct path of particulate concentrations
that were falling but nevertheless elevated above those of the
background (see Fig. 3a through c). The potential for elevated
particle exposure was therefore observed during all phases of
re suppression, as evidenced by the increased particle number,
respirable mass, and other metrics.

Although this article focuses on the particle exposure
component, other exposures are likely, including exposures to
volatile compounds. Fent and Evans,16 from the same series of
vehicle res as reported here, measured air concentrations of
formaldehyde, acrolein, total reactive isocyanate groups, and
CO near or above applicable ceiling limits or short-term expo-
sure limits. According to exposure modelling for the most
exposed reghters, personal exposures to these volatile
compounds were estimated to be nearly 10 times the acceptable
levels on an additive effects basis.16 Bolstad-Johnson et al.23

examined reghter exposures during overhaul activities in a
series of residential structure res in Phoenix, AZ. Several
chemical exposure limits were exceeded, including ceiling
limits for acrolein, CO, formaldehyde, and glutaraldehyde, and
1754 | Environ. Sci.: Processes Impacts, 2015, 17, 1749–1759
short term exposure limits for benzene, NO2, and SO2. In
addition, PAH concentrations also exceeded exposure limits on
an additive effects basis. Adverse respiratory effects have also
been reported following structure re overhaul.24

Respirable particles potentially serve as a vehicle to deposit
adsorbed toxicants into the unciliated, gas exchange regions of
the lung, where a large lung surface exists and clearance
mechanisms are least effective. Respirable mass estimates from
our study (Table 1), derived from direct-reading photometer
measurements, averaged 0.36 mgm�3 for three engine res and
2.7 mg m�3 for three cabin res over 15 minute intervals. The
background respirable mass concentration averaged 0.007
mg m�3. Higher particle mass concentrations obtained for
passenger cabin res can be explained by greater fuel loads,
more extensive res, and a longer suppression when compared
to engine compartment res. In comparison, Bolstad-Johnson
et al.23 reported a mean average respirable dust concentration of
8.01 mg m�3 during the overhaul phase of residential structure
res. Fent et al.14 reported estimated PM10 (particulate with an
aerodynamic diameter of less than 10 mm) mass concentration
measurements averaging 340, 626, and 9.0 mg m�3 during
active res, knockdown, and overhaul, respectively, within
burning structures. Our mean average results for the entire
vehicle re response are at signicantly lower concentrations
than those reported by either Bolstad-Johnson et al.23 during
structural overhaul or those reported by Fent et al.15 during the
sequential phases of the structural re response. Combustion
products conned within structures will generally enhance the
This journal is © The Royal Society of Chemistry 2015
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magnitude of reghters' exposure to toxicants. Particulate,
gas, and vapor concentrations during res have an inverse
relationship with ventilation.25 In the open atmosphere, as is
typical for the majority of vehicle res, contaminants may be
more quickly diluted, dispersed and/or moved away from the
re crew.

On a particle number concentration basis (Table 1), engine
res averaged 5.4 � 104 particles per cm3 and cabin res aver-
aged 2.04 � 105 particles per cm3. Background concentrations
averaged 1.1 � 104 particles per cm3. Expressed as TWAs,
passenger cabin re particle number concentrations were
always greater than engine compartment re concentrations in
our study. A greater fuel load consequently leads to a more
extensive re and a longer suppression, resulting in enhanced
potential for particle number concentration exposure. Our 15
minute TWA results reported here are greater than the 1.96 �
104 particles per cm3 average reported by Baxter et al.6 during
overhaul for a single vehicle cabin re.

On a particle active surface area concentration basis, our
results averaged 92 mm2 cm�3 overall for the engine res and
320 mm2 cm�3 overall for the cabin res. Similar to respirable
particle mass and particle number, cabin res were greater in
the active particle surface area than engine res. The active
particle surface area generally follows the particle number more
closely than the respirable particle mass18,26 and our results
appear to be in keeping with these earlier observations. When
displayed as time series (Fig. 3a through c), the active surface
area generally follows particle number concentration despite
differences in logging intervals for the diffusion charger and
condensation particle counter, respectively. During carbon
nanober manufacturing operations,18 active surface area
concentrations averaged 640 mm2 cm�3; greater than the TWAs
observed for engine or passenger cabin re suppression in this
study (Table 1). However, the maximum concentration of 4700
mm2 cm�3 attained during the vehicle 3 passenger cabin re
(Table 1) exceeded the maximum of 1440 mm2 cm�3 during
carbon nanober manufacturing operations,18 exceeded 1330
mm2 cm�3 during direct gas-red heater operation,26 and
exceeded 2000 mm2 cm�3 observed during iron foundry
pouring.26

Photoelectric response averaged 29 for engine res overall
and 34 for cabin res overall (arbitrary units). The response
provided by the photoelectric aerosol sensor is sensitive to
particle adsorbed PAH and would suggest that the overall
particle bound PAH concentrations during cabin res exceeded
those from engine res. However, by normalizing the photo-
electric response to the active surface area concentration,27 we
obtained ratios of 0.31 for engine res and 0.11 for cabin res,
suggesting, qualitatively at least, that engine res were more
enriched with particle bound PAH than cabin res. As the
photoelectric response is not calibrated to vehicle combustion
aerosol, it is difficult to provide a more quantitative analysis in
this instance. The photoelectric response during carbon nano-
ber manufacturing operations18 averaged 70, greater than all
TWAs obtained during engine or passenger cabin re suppres-
sion (Table 1). However, the maximum photoelectric response
of 1400 during the vehicle 2 passenger cabin re (Table 1)
This journal is © The Royal Society of Chemistry 2015
exceeded the maximum of 415 observed during carbon nano-
ber manufacturing operations.18

Lönnermark and Blomqvist,4 through similar ELPI
measurements to those here, reported a particle size distribu-
tion from a vehicle re with a mode just below 100 nm at
maximum number concentration emission. At maximum
particle mass emission, the mass size distribution had a sub-
micrometer mode, suggesting predominately respirable parti-
cles. Our results in Fig. 4 from all six res show a similar
distribution. On a particle number basis, the sub-100 nm or
ultrane particle fraction made up the majority of measured
particles throughout all engine compartment and passenger
cabin res, although the ne (100 nm to 1 mm) and coarse
fractions (1 mm to 10 mm) also contributed (Fig. 4).

Measured CO concentrations averaged 0.7 ppm and 3.1 ppm
from 15 minute TWAs for engine and cabin res, respectively.
Cabin res were a greater potential source for CO exposure than
engine res with an overall mean of 1.9 ppm obtained for all
res combined. Fent and Evans16 reported a geometric mean of
3.3 ppm CO from the 12 personal breathing zone samples for
the re crews obtained during the same series of vehicle res,
with a maximum transient concentration of 200 ppm. Despite
signicant differences in the respective sampling approaches,
the COmeasurements fromwithin the duct and fromwithin the
personal breathing zones appear to be similar. However, the
maximum transient concentration of COmeasured from within
the duct (during vehicle 3 cabin re) was only 62 ppm, below the
NIOSH ceiling limit of 200 ppm.28 Exposure to CO reduces
systemic transportation and intracellular use of oxygen.29

A majority of on-duty cardiovascular fatalities for reghters
occur during the aernoon or evening hours,30,31 in stark
contrast to coronary heart disease deaths in the general pop-
ulation, which tend to peak in the morning hours.32 Kales et al.11

reported a relative risk increase of 60 to 100 times for sudden
cardiac fatalities at the re ground, or shortly following the re
suppression, when compared to non-emergency duties, and the
fatality risk increased approximately threefold over physical
training alone. Emergency re response is therefore considered
a risk factor for fatality from coronary heart disease.11,33

Short term particle exposures34–36 and potential additive
effects with exposure to CO37,38 and short duration, high
intensity noise39 may be the environmental factors contributing
to adverse cardiovascular events.13 Together with personal risk
factors,13 physical exertion40,41 and heat stress,42,43 these
combined stressors may be sufficient to trigger adverse cardiac
events and warrant further investigation.

In the general population, exposure to ambient ne particles
for periods over a few hours to weeks can trigger cardiovascular
related mortality and non-fatal events.7 It should be noted that
ambient concentrations, even during what are considered high
concentration air pollution episodes, are signicantly lower
than those potentially encountered by reghters during a re
response. Chronic exposure (e.g. over years) is known to
increase the risk for cardiovascular mortality to an even greater
extent than exposures over a few days and reduces life expec-
tancy within more highly exposed segments of the population
by several months to a few years.7 In addition to cardiovascular-
Environ. Sci.: Processes Impacts, 2015, 17, 1749–1759 | 1755
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related deaths, chronic exposures to particulate are associated
with excess mortality from cancer and respiratory causes.44–46

Furthermore, ultrane particle deposition within the human
respiratory system is increased by almost ve fold during exer-
cise.47 On a particle number basis, vehicle re smoke is
substantially ultrane in nature (Fig. 4 and 5) and physical
exertion is an essential component of re response.48 No short
term particle exposure limits are applicable for comparison,
but, for example, 15 minute TWAs as we have reported in Table
1 might be useful when examining the relationship with particle
exposure and acute adverse cardiac events.

Chemical speciation or compositional analysis of particulate
matter contaminants was not conducted during this small
study, but specic analytes were monitored in the vapor and gas
form.13,14 Previous studies with vehicle re emissions have
reported PAHs, metals, carbonaceous materials, and adsorbed
volatiles present in airborne particulate within the smoke from
vehicle res.3,4,25 Some listed contaminants are known or
probable carcinogens. Fireghters are at an increased risk of
developing certain cancers within the respiratory, digestive, and
urinary systems when compared to the general population.8

Combustion aerosols, such as from vehicle res reported here
(Fig. 4 and 5) and elsewhere4 are predominantly respirable in
size and are capable of penetrating to the unciliated, gas
exchange regions of the lungs, but are deposited throughout the
entire respiratory system.49 Particles deposited within the cili-
ated airways are cleared over time; many of these particles will
migrate (be swallowed) into the digestive tract, where constit-
uents may be further metabolized. One study suggests that
short-term high intensity particle exposures may be linked to an
enhanced cancer risk when compared to lower but longer term
particle exposures.50 Thus inhaled particles could conceivably
play a role in the increased incidence of certain cancers in
reghters.

Limitations

The exible metallic duct used in this study enabled direct
reading monitoring from a safe distance, but also provided
some sampling limitations. Particle losses within the duct were
minimized by the high ow rate employed, and consequently, a
short contaminant residence time. Nevertheless, for the
turbulent ow within the duct (Re �60 000) combined gravita-
tional (�3%) and inertial deposition losses (�2%) were esti-
mated at �5% for a worst case at 10 mm.51,52 Diffusional particle
losses at �1.5% were estimated for a worst case at 10 nm.51,52

However, thermophoretic and electrostatic losses were assumed
to be negligible with contaminants likely entering the duct at
close to ambient temperatures (no signicant temperature
elevations were observed within the duct) and the duct walls
were conductive (aluminum). Therefore, little changes in the
overall particle size distributions were anticipated.

Whilst the re crew mostly suppressed res from either a
southeasterly (engine compartment res) or southerly
(passenger cabin res) position to the burning vehicle, two of
the re crew (nozzle operator and backup) would temporarily
transition to the north side of the vehicle during overhaul for
1756 | Environ. Sci.: Processes Impacts, 2015, 17, 1749–1759
the passenger cabin res. The duct was not sufficiently long to
follow in this scenario, and so the inlet remained close to the
southerly side of the vehicle with the additional member of the
re crew. Although held by one of the re crew, the duct inlet
was typically positioned just behind the nozzle operator's
shoulder. These positioning limitations would have likely
resulted in some degree of particle concentration underesti-
mation, and consequently, concentrations reported here are
perhaps conservative estimates of the re crews' potential for
exposure during vehicle re suppression.
Conclusion

Although relatively short in duration, particle concentrations
from vehicle res may exceed background concentrations by
orders of magnitude for a variety of particle metrics (number,
respirable mass, active surface area, and photoelectric
response). On average, reghters were potentially exposed to
a greater extent during passenger cabin re suppression than
engine compartment re suppression, by all considered
metrics. This nding may be explained by the greater avail-
able fuel load and a longer suppression. The wind direction
and the relative position of the reghters to the burning
vehicles played a signicant role in the reghters' potential
for exposure. Although re crews generally suppressed vehicle
res from an upwind or smoke clear position, the wind would
occasionally veer engulng re crews in the smoke plume and
resulting in maximum transient exposure events. The nd-
ings from this and our earlier article16 suggest that although
vehicle res may be rapidly suppressed, intermittent high
intensity exposures to gases, vapors and particles from vehicle
res could potentially contribute to reghters' risk of certain
cancers and adverse cardiovascular events, particularly if
SCBA is not worn.

Additional studies evaluating reghter exposures during
re suppression are warranted. Based on the ndings from this
and from our earlier companion article,16 we recommend that
SCBA be worn throughout all phases of the vehicle re response
to reduce the potential of reghter exposures to hazardous
components within re smoke.
Human subjects

This evaluation was in response to a formal NIOSH health
hazard evaluation request and involved standard industrial
hygiene approaches. Therefore human subjects/institutional
review board approval was not required (42 CFR 85).53
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