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Abstract. Prescribed burning represents a serious threat tansufficiently characterized in smoke include volatile or-
personnel fighting fires due to smoke inhalation. The aim ofganic compounds (VOCs) and semi-volatile organic com-
this study was to investigate exposure by foresters to smokeounds (SVOCs). VOCs include hydrocarbons (Miranda,
from prescribed burning, focusing on exposure to volatile or-2004; Statheropoulos and Karma, 2007; Shauer et al., 2001;
ganic compounds (VOCSs). The methodology for smoke samWard, 1998) and aromatic hydrocarbons (Barboni et al.,
pling was first evaluated. Potentially dangerous compound®010; Reisen, 2006; Reisen and Brown, 2009). In addition,
were identified among the VOCs emitted by smoke fires atvOCs include oxygenated compounds such as alcohols (Bar-
four prescribed burning plots located around Corsica. Theboni et al., 2010; Statheropoulos and Karma, 2007; Shauer
measured mass concentrations for several toxic VOCs weret al., 2001), aldehydes (Barboni et al., 2010; Statheropou-
generally higher than those measured in previous studietos and Karma, 2007; Reinhardt and Ottmar, 2004; Shauer
due to the experimental framework (short sampling distanceet al., 2001), ketones (Barboni et al., 2010; Statheropoulos
between the foresters and the flame, low combustion, weand Karma, 2007), furans, carboxylic acids, esters (Barboni
vegetation). In particular, benzene, phenol and furfural ex-et al., 2010; Muraleedharan et al., 2000; Statheropoulos and
ceeded the legal short-term exposure limits published in EuKarma, 2007), and isoprenoid compounds (Barboni et al.,
rope and/or the United States. Other VOCs such as toluene€011; Evtyugina et al., 2013). Although there is a lack of data
ethybenzene or styrene remained below the exposure limiton the smoke, there have been many recent studies focused
In conclusion, clear and necessary recommendations weren particles emissions from wildfire due to their potential ef-
made for protection of personnel involved in fighting fires. fect on health (Alves et al., 2001; Vicente et al., 2012, 2013).
Smoke chemical characterization was conducted worldwide
in tropical savannahs and forests, grassland or boreal tem-
perate zones (Andreae and Merlet, 2001; Friedli et al., 2001;
1 Introduction Gouw et al., 2006; Shirai et al., 2003; Sinha et al., 2003,
2004; Yokelson et al., 2007, 2008). Only a few studies re-
The large quantities of smoke produced during forest firedate to Mediterranean vegetation fire (Barboni et al., 2010b;
can remain in the atmosphere for many days (Dokas et al.Statheropoulos and Karma, 2007).
2007). Smoke is composed primarily of carbon dioxide, wa- Among the VOCs identified in smoke from forest fires,
ter vapor, carbon monoxide, particulate matter, hydrocar-only a few of these compounds have known toxicity and
bons and other organic chemicals, nitrogen oxides, trac@ssociated short-term exposure limits (STELs) and time-
minerals, and several thousand other compounds (Barbonweighted average (TWA) values. VOCs such as formalde-
and Chiaramonti, 2010; Barboni et al., 2006, 2010b; Dost,hyde, acrolein, benzene, toluene, xylenes, and phenol have
1991; Miranda, 2004; Statheropoulos and Karma, 2007; Urbeen identified by several authors, based on available data
banski et al., 2009; Ward, 1999). Pollutants that have been
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Vos et al., 2009; Reisen and Brown, 2009; Statheropoulos
and Karma, 2007), wildfires (Evtyugina et al., 2013), smoke

chambers (De Vos et al., 2009; Yokelson et al., 2008), and
chimney combustion experiments (Ciccioli et al., 2001; Ev-

tyugina et al., 2014). Formaldehyde and acrolein have beer
identified as the main toxic VOCs emitted by bushfires (Rein-

hardt et al., 2001; Reinhardt and Ottmar, 2004); other stud-
ies have also identified these compounds, as well as ac-
etaldehyde, benzene, toluene, xylene, and phenol (Barboni
et al., 2010; De Vos et al., 2009; Reisen, 2006; Statheropou-
los and Karma, 2007). Evtyugina (2013) reported that ben-

zene and toluene are major components of the identified :
VOCs and that 2-furaldehyde and hexanal were the ma- ~rdcorte
jor SVOCs. These compounds were found at concentra- 2
tions < 1 ppm, differing from levels identified during a for-

from prescribed burns (Barboni and Chiaramonti, 2010; De r\}

Ve

suttoli

est fire incident in Greece and higher than those noted in Corse, France’ X
other studies (De Vos et al., 2009; Reisen, 2006; Reisen Quenza
and Brown, 2009; Statheropoulos and Karma, 2007). There- Sainte-Lucie de Poto-Vecchio &

fore, it is important to assess exposure levels for Mediter-
ranean conditions on a local basis. It is possible to measure
total VOCs using sampling devices with appropriate detec-
tors. Miranda et al. (2010) measured total VOCs and demon-
strateq a maximum VOC (':oncentrat.lon of 58 ppmv in fire Fig. 1. Location of the study plots on Corsica (French island).
experiments. However, national and international regulatory
standards such as the Threshold Limit Value (TLV)-TWA,

(TLV)-STEL, or peak limits are established individually for Table 1. Main characteristics of the experimental plots.
specific compounds, but not collectively for total VOCs (Mi-

randa et al., 2010). Site 1 Site 2 Site3 Site4
Compounds emitted by smoke may present an important Elevation (m) 0 650 400 800
public health issue for communities directly affected and Slope (%) 0-2 0-10 0 0-20
particularly for personnel involved in firefighting operations ~ Vegetation height (cm) 80-250 80-150 1-10 10-20
(Barboni et al., 2010; Miranda et al., 1994, 2010; Reinhardt Fuelload (gm?) 1160 ~ 1200 ~ 1370 1450
etal., 2001, 2004: Ward et al., 1973). To assess the combined Yegetation cover (%) 50-60  50-60  €0-70  70-80
Burning area (ha) 0.06 2 0.4 2

effects of compounds in smoke on the respiratory system, g iative humidity RH (%) 2023  22-25 24-25 30-35
Reisen and Brown (2009) and Slaughter et al. (2004) have (min. and max.)

used an index called,,, which provides a respiratory irritant ~ Temperature3C) 30-32 22-24 22-25 14-16
exposure index. Effects on firefighters may be acute, sub- Wind velocity (kmh1) 40 20 <5 <5
chronic, or chronic and are typically associated with acute
decreases in respiratory function with increasing exposure

(Barboni et al., 2010; Miranda et al., 1994, 2010; Reinhardt s The paper is organized into three sections. Section 2
etal., 2001; Slaughter et al., 2004; Ward et al., 1973). SeVyegcrines the experimental framework. Section 3 introduces
eral studies have concluded that exposure to smoke from preg, methodology and combines the results in term of expo-

scribed burning is associated with significant degeneration iry ;.o and risk assessment. Finally, Sect. 4 presents the con-
lung function (Materna et al., 1992; Malilay, 1999; Musta- ’

jbegovic et al., 2001; Liu et al., 1992; Reinhardt et al., 2000;
Rothman et al., 1991), while others found less significant de-
generation (Betchley et al., 1997; Slaughter et al., 2004). 2 Experimental methods

The objective of this study is to identify VOCs emitted
during a vegetation fire and to determine the most toxic2.1 Experimental plots and sampling and analysis
VOCs present in the smoke to protect foresters during pre-
scribed burns. A previous work was conducted to developSampling was conducted on the island of Corsica, France in
the methodology for qualitative analysis of VOCs in smoke the western Mediterranean Sea at four different plots (Fig. 1).
(Barboni et al., 2010b). This study allowed us to identify 79 Table 1 presents the properties of the test plots and fuels.
VOCs (> C3) without assessing the toxicity of these pollu- Selection of the plots was conducted by the National Forests

clusion.
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Device 2

compertube St pling area was located in the middle of the plot at a height

DT tenax tube ranging from 20 cm to 2 m (Fig. 2, right).
A * The first device consisted of a portable pump and a Ted-
Teflon tube lar bag. The pump was used to draw the smoke emitted

from the burning vegetation through a heat-resistant Teflon
acoiration. | Device 1 tube. Sampl[ng was carried o.ut for 30min at a f|0w rate
— Spgding of 500mL min~1. A cassette filter to trap larger particles
was fitted at the entrance to the Tedlar bag. Water conden-
sation was not a concern, because most of the studied com-

Pump with

Spreading

Tedlar bag
P

A Pum - pounds are insoluble or poorly soluble in water, and no wa-
“e ter droplets or condensation were observed in the laboratory.
lgnition The Tedlar bags were stored in opaque bags to minimize the

effect of UV radiation during transportation to the laboratory.
The smoke was then held in 25L bags and each Tedlar bag
was used only once. Only one experiment with this device
was conducted at plot 1.
Office (ONS) of France and its operations staff for protection The second device was composed of a portable pump con-
of forests against fire. nected to Tenax TA®tubes (Fig. 2). The Tenax TA tubes al-
The first plot (1) was located in southern Corsica low proportional adsorption of VOCs under high relative hu-
(41°42 N, 0920 E). During the summer, this area is fre- midity. The volume of the sampled air did not exceed the
quently subject to wildfires because of windy conditions, breakthrough curves for the combination of adsorbed com-
high temperatures, and a high incidence of drought that injpounds. To ensure complete retention of VOCs on the adsor-
crease the risk of wildfire occurrence. The experimental plotbents, trials with different concentrations of VOCs (Restek)
was rectangular, 3@ 80 n?, with a slope of< 2°. A desert-  were carried out by direct injection into the GC. The car-
like area was established around the plot to prevent theridge loading mode was through a gas path doped with a
flame front from spreading beyond the area of the prescribedgtandard gas mixture (vaporization of standard solutions via
burn plot. The average height of the vegetation ranged froma GC injector). There was no saturation of the samples, be-
80cm to 2.5m. The vegetation consisted of several speciessause all of the calibration curves were linear (partial quan-
i.e., Quercus ilexL., Olea europaed.., Arbutus unedd.., tification).
Cistus monspeliensis., Cytisus triflorusL., andErica ar- The tubes were placed in the breast pocket of a firefighter's
borealL. The plot was equipped with two devices for pre- jacket. Smoke was drawn from mixed samples (without dis-
concentration of the smoke. For the other plots (2—4), onlytinguishing between flaming and smoldering phases) dur-
the second device was used. ing the prescribed burn. The distance between the sampling
The second plot (2) was located south of Corsica (Cuttoli,area and the fire front ranged from 1 to 10 m, depending
41°59 N, 0854 E), near the city of Ajaccio. This plot was on the position of the operations staff, four persons who
characterized by several plants, withunedd_., E. arborea  controlled the fire using flaming torches. Each person was
L., and C. monspeliensid. being the dominant species. equipped with a portable sampling pump. Sampling was car-
Prescribed burning was conducted in collaboration with theried out for 15min at a flow rate of 150 mimin—. The
ONF. The plot was 650 m a.s.l. with a slight slope of <10 %. Tenax TA®sorbent tubes used were Multi-bed glass tubes
The third plot (3) was located to the north of Corsica, (11.5cmx 6 mm 0.d.x 4 mm i.d.). The operations staff con-
(Corte, 4218 N, 0909 E, 450 m, slope: 0%, no wind). This ducted sampling with the Tenax TA®tubes three different
plot was rectangular with an area of 0.4 ha. Burning was contimes during the prescribed burn to obtain 3 measurements
ducted by the Task Lights from the University of Corsica, in per firefighter. Twelve samples were collected at each plot
agreement with the prefect of Corsica, and firefighters. Theand analyzed (3 measurementd persons). In total, 48 sam-
vegetation consisted @. ilexL. ples (12 samplesg 4 sampling plots) were collected using
The fourth plot (4) was located in southern Corsica in thedevice 2.
Quenza region (£U6 N, 0908 E) at an altitude of 800 m The sorbent tubes and Tedlar bags were transferred to the
and with a slope of 10-20%. Prescribed burning was condab and analyzed with an automatic thermal desorption—gas
ducted by ONF. The plot was covered wi@enista salz- chromatography/mass spectrometer (ATD-GC/MS).
manniL.
Sampling was carried out by foresters who conducted the2.2 ATD-GC/MS analysis
prescribed burning at the four plots. The distance between
the sampling area and the fire front varied depending on th&'he analyses were carried out one day after each experi-
natural fire spread. Sampling began at the fire ignition pointment at the laboratory using an Automatic Thermal Desorber
until the fire reached the sampling point (Fig. 2). The sam-Perkin EImer®ATD turbomatrix. For the thermal desorption

Fig. 2. Experimental devices for the smoke capture.
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Device 1

of VOCs, helium (He) flow was set at 30 mL mih with a
column head pressure at 25 psi. The sorbent tube was brough
to 280°C in 10min and a carrier gas flushed the sample -
toward a cold trap at C. In a second step, the cold trap
(22cm, 0.53mm i.d.; Supel) was programmed for an
increase in temperature from°8 to 280°C at 40°Cs ™1

then held an isotherm at 28C for 3 min. The compounds
were then desorbed to the chromatograph under helium as*
carrier via a heated transfer line maintained at 280The
injector temperature was set to 280. The energy ioniza-

tion for mass detection was set to 70eV and electron ion—_, ) - .
S . ig. 3. Chromatogram profile of principal VOC in smoke from pre-
ization mass spectra were acquired over the mass range 3 scribed burnings (1: benzene, 2: toluene, 3: furfural, 4: ethylben-
350 Da. The chromatograph and the mass spectrometer aRne, 5: (m-p)-xylene, 6: styrene, 7: o-xylene, 8: propylbenzene,
Perkin Elmef Clarus 508 apparatus. The chromatograph g. a-methlstyrene, 10: phenol, 11 and 12: trimethylbenzene, 13: o-
was equipped with a non-polar column (Rtx-1, dimethyl- cresol, 14: p-cresol, 15: m-cresol, 16: 4-methoxyphenol, 17: naph-
siloxan), length: 60 m and internal diameter: 0.22 um. Thisthalene, 18: biphenyl).

column was coupled to the mass detector. Detection was

made using a quadrupole analyzer made up of an assembly

of four parallel electrodes of cylindrical section. The oven 2.4 Evaluation criteria for occupational exposure
temperature of the chromatograph was programmed from 50 assessment

to 260°C at 2C min—! and then held isothermally at 26G

for 10 min. Exposure risk assessment for humans (or firefighters) is de-
fined by the European directive EN 481, in accordance with
2.3 Identification and quantification the International Organization for Standardization (ISO) and

the ACGIH for many compounds inhaled by humans. The

The methodology carried out for identification of individual LV for a chemical compound represents the concentration in

components was based on: air that a person may breathe for a specified time without

— the comparison of their GC retention indices (RI) on &N risk to his or her health. Exposure to elevated levels of
non-polar and polar columns, with those of authen- smoke can have; shqrt—tgrm adverse health effects on humqns.

tic compounds or literature data (Konig et al., 2001: The exposure I_|m|t is given as a short-ter_m exposure limit

NIST, 2005). Rl on non-polar and polar columns was (STEL), which is d_es_lgned to protect against t_he effe_cts of

determined relative to the retention time of a series ofP€ak exposures within a 15min period, and a time weighted

n-alkanes with linear interpolation (Van Den Dool and 2verage (TWA), which is calculated over a period of 8h.
Kratz, 1963): Both limits are expressed in mass concentrations. These ex-

posure limits are established by national agencies such as the
— computer matching with commercial mass spectral American Conference of Governmental Industrial Hygien-
libraries (Adams, 2001; Konig et al., 2001; NIST, ists (ACGIH), the Occupational Safety and Health Adminis-
1999) and comparison of spectra with those of ourtration (OSHA) and the National Institute for Occupational
laboratory-made library. Safety and Health (NIOSH) in the United States and the In-

External calibration using standard compounds was conStitute for Research and Security (INRS) in France. Limit
ducted using commercial compounds (Re&tekenzene, values may differ from one agency to the other (see Table
toluene, ethylbenzene, xylenes, styrene, propylbenzene,

methylstyrene, trimethylbenzene, diphenyl, phenol, o-cresol,

4—mgthoxyph_eno_|, furfural and naphthalene). The methodg Results and discussion

consists of injecting the compounds at known concentrations

into the injection chamber of the GC at 24D. The GCis 3.1 Methodologies for pre-concentration of the VOCs in
equipped with a short non-filled column heated to 280 smoke

with a Tenax tube at the end of the column. Doping of the

tube is through the gas path. Triplicate injections of stan-Initially, it was necessary to establish a methodology for an-
dards were conducted at each of five points to obtain curveslyzing the VOCs present in the smoke. Both devices 1 and
for the external calibration standards. The correlation coeffi-2 were able to capture these compounds in the smoke. The
cients R?) for the linear regression of the curves for the ex- main advantage of device 1 is that it allows a greater amount
ternal calibration standards were 0.987—-0.999, ensuring goodf sample to be captured and subsequently analyzed and
correlation between the detector’s response and the concetihe device is not selective; it pumps in the entire air-smoke
trations of the injected compounds. mixture. Device 2 is selective and traps only the VOCs,

Nat. Hazards Earth Syst. Sci., 14, 1049057, 2014 www.nat-hazards-earth-syst-sci.net/14/1049/2014/
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increasing the concentrations of the compounds without al- The concentrations summarized in Table 3 are the maxi-
tering their relative concentrations. Thus, it allows measure-mum and minimum values obtained for a 15 min period from
ment of compounds in trace amounts that would not be meathe 48 samples. Benzene, toluene, ethylbenzene, xylenes,
surable with device 1. The adsorption of compounds is selecand phenols were the primary toxic VOCs. The concentra-
tive; it can adsorb certain classes of VOCs according to theitions of the toxic VOCs in the present study were higher
nature (polarity, size, volatility, etc.). Device 2 allowed iden- than those measured in previous studies (Barboni and Chiara-
tification of a larger number of compounds (Fig. 3), i.e., 71 monti, 2010; Miranda et al., 2005; Reisen, 2006; Reisen
compounds using the pre-concentration tubes (device 2) verand Brown, 2009; Statheropoulos and Karma, 2007). These
sus 21 compounds using the Tedlar bags (device 1). This ikigher values may be due to the sampling distance; dur-
because the Tedlar bags are nonselective samplers in whidhg prescribed burns, the foresters are close to the flame
the VOCs are mixed with a large amount of air and ambi- (< 10 m). This short distance influences the VOC concen-
ent gases (N Oz, COp, CO, etc.) and thus, the VOCs may tration. For example, Statheropoulos and Karma (2007) re-
be present in trace amounts. Using device 1, the VOCs wereorted that the benzene concentration was 0.696 myah
diluted by the air and were frequently below the limit of de- 70m and 0.085mgmn? at 150 m. Foresters are generally
tection (LOD) for the analytical instrument. Therefore, the closer to the fire where the smoke is dense, and therefore
number of VOCs identified was low. In contrast, the selec-knowing the VOC concentrations in this region is important.
tive sampling device (device 2) allowed for adsorption of In addition, the specific conditions of the prescribed burn
the desired molecules without air. When injected into themay have affected the concentrations. These burns involved
chromatograph, these molecules were sent to the column ifires set during non-drought periods when the vegetation was
higher concentrations. Upon receiving these results for plotwet. In addition, the fire was controlled and less intense than
1, device 2 was selected for use at the other three plots (2—4a forest fire. Furthermore, during prescribed burning, the fires
Moreover, device 2 was simpler to use and more suited forare of low intensity, ranging from 27 to 57 kW rh (Byram’s
determination of the actual quantities inhaled by the personintensity; Cannac et al., 2009). These conditions result in
nel, because the device was placed near their breathing zonksw combustion efficiency, and therefore the concentration of
evolved gases is higher. Moreover, the foresters used flaming
torches that also emit benzene and hydrocarbons, contribut-
ing to the measured concentrations due to the proximity be-
tween the sampling system (on the foresters’ clothing) and
ATD-GC-MS analysis of the samples from the four plots dur- the flaming torches. Moreover, the foresters constantly fed
ing the prescribed burns identified 79 compounds. The VOCghe fire with their flaming torches (Reisen and Brown, 2009).
detected included benzene and phenol derivatives, organiSome compounds present in diesel/gasoline such as alkane
acids, terpenic compounds, aliphatic hydrocarbons, aldehyhydrocarbons (Barboni et al., 2010b) accumulate in the emit-
des, and hazardous air pollutants. These results are consiged smoke and are inhaled by foresters. Reinhardt and Ottmar
tent with the literature (Akagi et al., 2011; Statheropoulos (2004) reported that evolved benzene originates in part from
and Karma, 2007; Evtyugina et al., 2013, 2014; Yokelson etthe engines and torches burning petroleum-based fuel. Thus,
al., 2008). It has been observed that, among the VOCs idendifferences in fuel characteristics such as fuel type, fuel load,
tified, benzene and related compounds are the most abundaahd fuel moisture can influence the combustion efficiency
group, followed by oxygenated compounds and aliphatic hy-and the resulting concentrations of compounds in the smoke
drocarbons (Evtyugina et al., 2014). (Santoni et al., 2011).

Among the detected compounds, 14 of the VOCs have Table 3 shows the concentrations of the 14 toxic VOCs in
existing toxicity data (STELs and TWAs) from INRS and the smoke arising from prescribed burning compared to the
ACGIH. These 14 VOCs were selected for quantitative anal-occupational exposure limits. Benzene, phenol and furfural
ysis. Table 2 lists the VOCs identified in the smoke from the exceeded the STEL values for 15 min sampling duration. The
prescribed burns that are likely to cause adverse health ebenzene concentration was 27-54 mgfowhile the recom-
fects. The United States Department of Agriculture (USDA) mendation states that it should not exceed 0.32—16 mgm
classifies the effects of smoke into three categories: short{STEL). Exposure to 160 mgni benzene for 60 min can
term effects including irritation, headache, and reduced caproduce nausea, whereas exposure to 16-50 nigpenzene
pacity to work; intermediate effects such as temporary reducfor 5 h results in headache, lassitude, and weakness (NIOSH,
tion in lung function, chronic bronchitis, etc.; and long-term 2006). The phenol concentration was 12—29 mg nyener-
effects comparable to those caused by inhalation of cigarettally exceeding the STEL level from INRS (15.6 mg#,
smoke. This suggests the possibility of developing cancebut not the limit value from NIOSH (60 mgn3). The con-

(for example, from benzene) or heart failure. Unfortunately, centration of furfural was 3.2—19 mgT, partially exceed-
the long-term effects are not well studied, presenting chaling the STEL values given by INRS (8 mgT¥). Widespread
lenges in assessing health risks due to exposure to toxic conirritation in the eye and respiratory tract has been noted
pounds in the smoke from prescribed burning. in workers exposed to concentrations of 10-32mgm

3.2 Analytical results and risk assessment

www.nat-hazards-earth-syst-sci.net/14/1049/2014/ Nat. Hazards Earth Syst. Sci., 14, 104¥%7, 2014
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Table 2. Toxicity of 14 VOCs emitted by vegetation during the prescribed burnings (INERS and ACGIH).

Compound Toxicity

Benzene Irritation eyes, skin, nose, respiratory system; dizziness; headache, nausea, staggered gait; anorexia, lassitude
(weakness, exhaustion); dermatitis; bone marrow depression; (potential occupational carcinogen)

Toluene Irritation eyes, nose; lassitude (weakness, exhaustion), confusion, euphoria, dizziness, headache; dilated pupils,
lacrimation (discharge of tears); anxiety, muscle fatigue, insomnia; paresthesia; dermatitis; liver, kidney damage

Ethylbenzene Irritation eyes, skin, mucous membrane; headache; dermatitis; narcosis, coma

Xylenes Irritation eyes, skin, nose, throat; dizziness, excitement, drowsiness, incoordination, staggering gait; corneal
vacuolization; anorexia, nausea, vomiting, abdominal pain; dermatitis

Styrene Irritation eyes, nose, respiratory system; headache, lassitude (weakness, exhaustion), dizziness, confusion,

malaise (vague feeling of discomfort), drowsiness, unsteady gait; narcosis; defatting dermatitis; possible liver
injury; reproductive effects

Propylbenzene

Irritation eyes, skin, mucous membrane; dermatitis; headache, narcosis, coma

a-methylstyrene

Irritation eyes, skin, nose, throat; drowsiness; dermatitis

Trimethylbenzene

Irritation eyes, skin, nose, throat, respiratory system; bronchitis; hypochromic anemia; headache, drowsiness,
lassitude (weakness, exhaustion), dizziness, hausea, incoordination; vomiting, confusion; chemical pneumonitis
(aspiration liquid)

Biphenyl Irritation eyes, throat; headache, nausea, lassitude (weakness, exhaustion), numb limbs; liver damage

Phenol Irritation eyes, nose, throat; anorexia, weight loss; lassitude (weakness, exhaustion), muscle ache, pain; dark
urine; cyanosis; liver, kidney damage; skin burns; dermatitis; ochronosis; tremor, convulsions, twitching

Cresols Irritation eyes, skin, mucous membrane; central nervous system effects: confusion, depression, resp failure;

dyspnea (breathing difficulty), irreg rapid resp, weak pulse; eye, skin burns; dermatitis; lung, liver, kidney,
pancreas damage

4-methoxyphenol

Irritation eyes, skin, nose, throat, upper respiratory system; eye, skin burns; central nervous system depression

Furfural

Irritation eyes, skin, upper respiratory system; headache; dermatitis

Naphtalene

Irritation eyes; headache, confusion, excitement, malaise (vague feeling of discomfort); nausea, vomiting, ab-
dominal pain; irritation bladder; profuse sweating; jaundice; hematuria (blood in the urine), renal shutdown;
dermatitis, optical neuritis, corneal damage

Headache, throat irritation, and red and watery eyes havenuch greater than 1. These five compounds were present at

been observed at concentrations of 3.8—28 mg.m

high concentrations with a risk for substantial irritation to the

To evaluate exposure to a mixture of smoke pollutants, aorester. When this coefficient was calculated excluding ben-
mathematical formula can be used to sum the individual conzene, which individually exceeded its STEE,, was 0.28.
tributions to the LV. The respiratory irritant exposure index TEXSs have relatively low toxicity, as their STEL values are
E,, was calculated as below, whegg is the concentration high.

of componeni (mg-m~2 in air) (Reisen and Brown, 2009;
Slaughter et al., 2004):

n

m

-V
— STEL; —
i=1

For phenol and phenol derivatives, the Em coefficient was
calculated by extrapolating the TWAs provided by ACGIH.
The exposure indexX,, for phenol and phenol derivatives
was 3, also greater than 1. Therefore, these compounds are
also strong potential irritants and warrant consideration in
reducing health risks for foresters. Thg, for the phe-

STEL values are not available for all of the VOCs included po| derivatives (without phenol) was 1.5. Thus, the amount

in Table 3. Benzene, toluene, ethylbenzene, xylenes, andf these compounds, all with similar toxic potential, influ-
styrene (BTEXS) cause irritation of the respiratory tract ences the quality of air inhaled by the foresters during pre-

and mucous membranes. Thg, for the BTEXS pollutants

scribed burning, although during prescribed burning, fire-

based on the STEL values (using the minimum values giveffighters are not daily exposed to 8 of smoke and neither

by INRS, ACGIH, NIOSH, or OSHA) for the maximum o they work throughout the year under such conditions. In
concentration of the BTEXS pollutants (Table 3) was 169,

Nat. Hazards Earth Syst. Sci., 14, 1049057, 2014
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Table 3.Concentrations of major toxic VOCs emitted by vegetation References
during the prescribed burnings.
Adams, R. P.: Identification of Essential Oils by Capillary Gas

Compounds Concentration STEL TWA Chromatography/Mass Spectroscopy, Allured, Carol Stream, IL,
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