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a b s t r a c t

The emission concentrations of a number of aromatic volatile organic compounds (VOCs) and car-
bonyl compounds were quantified during the combustion of commonly used barbecue charcoal. The
concentrations of VOC and carbonyls were determined by gas chromatography coupled with thermal
desorption and HPLC method, respectively. The analysis of VOC emission concentrations showed that
toluene (116 ± 444 ppb) was the most abundant. On the other hand, the carbonyls were dominated by
vailable online 23 September 2009

eywords:
harcoal
arbecue
OC

formaldehyde (275 ± 477 ppb) and acetaldehyde (126 ± 229 ppb). A line of evidence indicates that the
emission patterns of these pollutants are associated with the diverse nature of raw materials and the
processes involved in their production. Although emission concentrations of target compounds were
in most cases below the permissible exposure limits (PEL), a proper regulation against the use of BBQ
charcoal is needed to reduce potential health risks associated with its use.
arbonyl
mission

. Introduction

Charcoal is widely used for barbecuing, as it is a more manage-
ble means for cooking than wood fire. It is also advantageous in
enerating more heat with less smoke than wood in the same quan-
ity [1]. Although barbecues have usually been performed outdoors,
hey have also been applied indoors. As charcoal is burnt at high
emperatures during the barbecuing process, the pollutants emit-
ed from charcoal combustion can be absorbed in food and degrade
ir quality in the surrounding environment. The people nearby are
hus exposed to pollutants with potential health risks and are apt
o inhale emission gases [2].

In some countries such as Korea, barbecued meats are very pop-
lar. Hence, there are many barbecue-style restaurants in Korea
hich use charcoal burners. Degradation of indoor air by BBQ

ctivities can be reflected in increases in respirable suspended
articulates (RSP), carbon monoxide (CO), and other airborne pollu-
ants at trace quantities (such as volatile organic compounds (VOCs)
nd carbonyl compounds) [3]. Both VOCs and carbonyls can be clas-

ified as common airborne contaminants emitted from fried food
n a hot steel pan or broiling food on steel bars above the charcoal
urner [4].

∗ Corresponding author. Tel.: +82 2 499 9151; fax: +82 2 499 2354.
E-mail addresses: khkim@sejong.ac.kr, kkim61@nate.com (K.-H. Kim).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.09.079
© 2009 Elsevier B.V. All rights reserved.

VOCs like benzene cause irritation to the eyes, nose, and throat,
headaches, loss of coordination, nausea, damage to liver, kidney and
central nervous system, etc. [5]. Common symptoms from acute
exposure to carbonyl compounds are eye and skin burns, irritation
of the respiratory system, mood swings, and nausea [6]. Because
of health hazards, some carbonyl compounds like acetaldehyde are
considered carcinogenic [7]. As such, numerous VOCs and carbonyls
simultaneously constitute an important component in the assess-
ment of health hazards and the impact of air quality degradation
[8,9].

In barbecue restaurants, the release of indoor pollutants may be
greatly stimulated, as customers cook their food over heated char-
coal placed on customers’ tables [10–12]. Nonetheless, there have
been few studies intended to characterize the airborne pollution
associated with the combustion of barbecue charcoal. The objec-
tive of this study is to determine and compare the carbonyl and
VOC emissions from charcoal combustion. Our initial study on this
subject focused on the emission of volatile mercury, and the results
were reported elsewhere [2].

2. Materials and methods
2.1. Sample collection

In this study, target analytes were selected to cover common air-
borne organic pollutants grouped as aromatic VOC and carbonyls
(Table 1). To assess the basic features of VOC and carbonyl emissions

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:khkim@sejong.ac.kr
mailto:kkim61@nate.com
dx.doi.org/10.1016/j.jhazmat.2009.09.079
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Table 1
Aromatic VOC and carbonyl compounds investigated in this study.

Order Compounds CAS number Structural formula Molecular weight (g mole−1)

Full name Acronym

1 Benzene B 71-43-2 C6H6 78.1
2 Toluene T 108-88-3 C6H5CH3 92.1
3 Ethyl benzene E 100-41-4 C6H5CH2CH3 106
4 Meta para xylene MPX 108-38-3 C6H4C2H6 106
5 Styrene STY 100-42-5 C6H5CH CH2 104

6 Total Volatile Organic Compounds TVOC NAa NA NA

7 Formaldehyde Form-A 50-00-0 CH2O 30.0
8 Acetaldehyde Acet-A 75-07-0 CH3CHO 44.1
9 Acrolein Acrolein 107-02-8 CH2 CH–CHO 56.1

10 Acetone Acetone 67-64-1 CH3COCH3 58.1
11 Propionaldehyde Propion-A 123-38-6 CH3CH2CHO 58.1
12 Crotonaldehyde Croton-A 123-73-9 CH3CH CHCHO 70.1

123-
100-
110-

d
p
C
w
o
E
i
K
(
r
s

13 Butyraldehyde Butyr-A
14 Benzaldehyde Benz-A
15 Valeraldehyde Valer-A

a NA; not applicable.

uring the combustion of barbecue charcoal, 16 charcoal samples
roduced from 4 countries (4 from Korea, 7 from Indonesia, 4 from
hina, and 1 from Malaysia) and commonly available in South Korea
ere investigated. To collect each sample, an equal amount (540 g)

f charcoal was placed in an old-style Korean combustor (Fig. 1).
mission gases released from charcoal combustion were collected

n 10-L Tedlar bags with the aid of a lung sampler (ACEN Co. Ltd.,
orea). The collection of these gas samples was made for 30 min

after passing by the early emission gases for 5 min) by slowly
eleasing vacuum created inside a lung sampler through a Teflon
ampling line connected to the smoke stake (or chimney) (Fig. 1).

Fig. 1. Schematic diagram of an old-style Korean combustor.
72-8 CH3CH2CH2CHO 72.1
52-7 C6H5CHO 106
62-3 CH3(CH2)3CHO 86.1

For the collection of carbonyls, these gas samples were passed
through LpDNPH cartridges (Supelco Inc., USA) at a normal set-up
value (at a fixed sampling flow rate 1 L min−1) for 5 min via a Sep-
Pak ozone scrubber (Waters, US). Each cartridge was placed in the
upstream to avoid artifact interferences caused by the degradation
of carbonyl-hydrazones [13]. The basic physicochemical properties
(e.g., structural formula, molecular weight, and CAS number) of the
target compounds are briefly summarized in Table 1.

2.2. Analysis

Because all of our sample collection was made under labora-
tory conditions, the analysis of target compounds (or any additional
handling of samples like cartridge treatment) was made within 24 h
of sample collection. The analysis of the VOCs was conducted by
combining a gas chromatography system (GC: Model 6200, Donam
Instrument, Korea) equipped with a flame ionization detector (FID)
and a thermal desorber (TD: Markes Ltd., UK). First, the gaseous
samples in a Tedlar bag were passed through the cold trap unit of
the thermal desorber (TD) at a pre-concentration of −10 ◦C. Then,
the VOCs were thermally desorbed and transferred into the GC sys-
tem and separated on a DB-VRX column (60 m length, 0.32 mm ID,
1.8 �m film thicknesses, Agilent, USA). Finally, they were detected
with an FID. To conduct VOCs analysis, the system was operated in
the following sequence: (1) the samples (up to 0.3 L) were trans-
ferred into a TD unit; (2) the analytes were caught up on a cold trap
at −10 ◦C; (3) they were thermally desorbed at 320 ◦C for 5 min;
and (4) the thermally desorbed analytes were transferred to the
FID system. The cold trap was prepared by packing Carbopack B
(60/80 mesh) and Carboxen 1000 (60/80 mesh) at a 1:1 mass ratio
basis for the adsorbents (Supelco, US).

The GC/FID system was operated at the following temperature
(T) settings: (1) T (initial) = 35 ◦C (for 2 min), (2) T (ramp-
ing) = 5 ◦C min−1 rate, and (3) T (final) = 175 ◦C (for 0 min). The VOCs
were then separated on DB-VRX chromatographic column at a col-
umn flow rate of 1.5 mL min−1 (N2 carrier gas). The entire running
cycle for each analysis was programmed to end at 30 min intervals.
The detector temperature was set as 240 ◦C, while gas flows were
maintained at H2 = 30, N2 = 30, and air = 300 mL min−1.
As part of quality assurance, standards of BTEX prepared gravi-
metrically (EPA VOC Mix 2 (Supelco, USA)) were tested against
gaseous standards diluted to the range from commercially pur-
chased ones (Rigas, Korea). The results were fairly agreeable by
differences in less than a few percent. In addition to the quantifica-
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ion of individual VOC, ‘Total Volatile Organic Compounds’ (TVOCs)
as also calculated as the sum of all hydrocarbon compounds (in
pbC) between C6 and C16 to facilitate the interpretations of VOC
ehavior [14]. Note that TVOCs are frequently listed in the Mate-
ial Safety Data Sheet (MSDS) or technical specification information
rovided by a manufacturer. The addition of a new parameter was
elpful, as it compromised with detailed descriptions of the nature
nd effects of individual constituents. The detection limits of aro-
atic VOCs, if expressed in terms of absolute mass, were commonly

chieved at the 0.1 ng level.
For the analysis of carbonyls, each cartridge was wrapped in an

luminum foil after sampling and stored at 4 ◦C before injection
nto the HPLC. The analysis was performed by HPLC (Lab Alliance
00) equipped with a UV detector and dsCHROM software for peak

ntegration. To initiate the analysis, the cartridges were eluted
lowly with acetonitrile and filtered through 0.45 �m, 13 mm, GHP
crodisc filters (PALL, NY, USA) into 5 mL capacity borosilicate glass
olumetric flask. The eluate was manually injected into the HPLC
ystem equipped with a 20 �L sample loop. Carbonyl-hydrazones
ere separated on a Hichrom 250 mm × 4.6 mm ODS (octadecyl

ilane), 5 �m reverse phase C18 column using a mobile phase of
cetonitrile + water (7:3 by volume) at a flow rate of 1.5 mL min−1

nd at a wavelength of 360 nm. Quantification of the carbonyls was
erformed against four point calibration curves drawn at 0.15, 0.3,
.6, and 1.2 ng �L−1 (at 20 �L injection volume). Liquid phase stan-
ards were prepared from the carbonyl-DNPH Mix (Supelco, USA)
t a wavelength of 360 nm.

The DL values (in absolute mass) for the carbonyl species were

stimated by multiplying the standard deviation (SD) values of the
east detectable quantities (seven replicate analyses) by a factor of
.14. The DL values, if expressed in terms of mixing ratio (assuming
total sampling volume of 15 L), fell in the range of 0.92 (acrolein)

o 1.16 ppb (valeraldehyde).

ig. 2. Comparison of mean emission concentrations of VOC and carbonyl com-
ounds for charcoal products investigated in this study. Ta
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. Results and discussion

.1. The general features of VOC emissions during combustion

In Table 2, all the measurement data collected in this study are
resented as raw data to allow a direct comparison of emission
atterns between different charcoal products. The emission char-
cteristics of VOCs varied significantly with sample type, although
he smoke from each sample generally contained large quanti-
ies of aromatic compounds. The mean emission concentrations
f the VOCs (ppb) decreased on the order: toluene (116), benzene
98.7), ethyl benzene (22.7), m,p-xylene (20.7), and styrene (6.70)
Fig. 2a). From one sample (i.e., K4), the toluene value was excep-
ionally high (i.e., 1780 ppb) relative to other samples, although the
econd highest value was only 14.1 ppb. In light of the variability
or toluene data, we simultaneously considered its median values
long with the mean. Compared simultaneously by both criteria,
he emissions of benzene are more prominent than toluene. The
mportance of benzene and toluene as major ingredients of char-
oal exhaust gases can be stressed further by their presence in all
6 samples, while other VOCs were not observed as frequently as
hese two.

The emission concentrations of each charcoal sample were com-
ared among countries in Table 3. Here, TVOC values for the Korean
roducts tended to be higher than those from other countries. The
VOC results for the Korean samples recorded the highest value
7160 ppbC), while those of from Indonesia, China, and Malaysia
ere much smaller at 3270, 510 and 315 ppbC, respectively. This

ndicates that the VOC levels of Korean products can be clearly dis-
inguished from those of the other three countries. Considerably
arge metal levels were also seen from Korean charcoal products
nvestigated recently by our study group, although those samples

ere not identical to the ones used in this study [15]. In contrast, the
mission concentrations from the Chinese and Malaysian samples
ere similar and showed reduced values (Fig. 3a). This suggests

hat they may have been produced using the materials of similar
uality and manufacturing technique.

Because of lack of database on the emissions of VOC from bar-
ecue charcoal combustion, our charcoal emission data cannot be
eaningfully compared with other comparable charcoal data sets.
owever, as shown in Table 4a, our results can be compared with
ther major outdoor sources of VOCs such as fossil fuel combus-
ion (i.e., gasoline and diesel engines), gasoline evaporation, solvent
sage, industrial production, and bio-decomposition of wastes.
he comparison of VOC emission concentrations among different
ource types indicates that the emission concentrations of charcoal
amples were high relative to the numerous industrial source pro-
esses but far lower than vehicular activity or plywood combustion.
nterestingly, the relative dominance of toluene over benzene was
ot prominent in charcoal data unlike most other source types or
mbient air samples [16,17].

.2. Carbonyl emission pattern

The concentrations of all the carbonyls measured from charcoal
ombustion in this study are summarized in Table 2. Three car-
onyls (including formaldehyde, acetaldehyde, and acetone) were
ound consistently above DL in every sample. Although nine other
arbonyl compounds were quantified at or above DL, they were
ound rather inconsistently compared to the three aforementioned
ompounds (Table 2). As shown in Fig. 2b, formaldehyde (275 ppb)

as the most abundant carbonyl compound followed by acetalde-
yde (126 ppb). The concentration levels of carbonyl compounds
ere notably high in two (I6 and C3) relative to all other samples

Table 2). As such, the relative dominance pattern of the carbonyl
ompounds was considerably different from those of VOC data sets.
aterials 174 (2010) 492–499 495

In Table 3, the mean concentrations of carbonyls are compared
between products from different countries. According to this anal-
ysis, the mean and median emission concentrations of Chinese
charcoal were generally higher than other countries. As shown
in Fig. 3b, the results of Korean and Malaysian samples showed
their emission concentrations in the similar magnitude but were
notably lower than others. Although a number of samples taken in
this study were not sufficiently large enough to derive statistically
meaningful interpretations, the results can help derive a general
picture of volatile pollutant emissions associated with charcoal
combustion. For instance, our observation suggests that the source
properties of the two chemical groups (VOCs and carbonyls) con-
tained in charcoal samples can be distinguished from each other.

Carbonyl compounds are of environmental concern because
of their environmental prevalence and their potential to cause
adverse health effects [13,18]. Ambient carbonyls are directly dis-
charged from primary sources such as exhaust from motor vehicles
and incomplete combustion of hydrocarbon fuels [19]. They can
also be formed from secondary source processes such as pho-
tochemical oxidation of atmospheric hydrocarbons [20]. Typical
indoor carbonyl sources include (1) off gassing from building and
furnishing materials and (2) emissions from certain consumer
products. Combustion processes (such as tobacco smoking, cook-
ing, and heating) are also sources of carbonyls [21].

Although carbonyl compounds are ubiquitous in the ambient
atmosphere and indoors, relatively little is known about their emis-
sions from barbecue charcoal combustion. As a means to evaluate
their emission concentrations from our experimental data, the
charcoal results in this study were compared with other source
types reported previously (Table 4b). The carbonyl concentrations
were high in these source processes as (1) industrial and (2) traf-
fic related activities (the bus station and restaurant). The road
sources may have been due to the diesel exhaust emissions and
incomplete combustion of hydrocarbon fuels. In Table 4b, three car-
bonyls (formaldehyde, acetaldehyde, and acetone) from each type
of sources accounted for 80–85% of total carbonyl emissions. This is
also comparable to the data sets derived from charcoal combustion
in this study. Although the estimates of emission factors from char-
coal combustion were comparably low with respect to other source
types, the results of our study suggest that charcoal combustion can
be fairly strong, depending on the charcoal product.

3.3. Factors controlling VOC and carbonyl levels from charcoal

The results of correlation analysis between all target pollutants
in this study are presented in Table 5. Because the number of quan-
tified data differs greatly among different compounds, this analysis
was confined to the pollutants measured 10 times or above (n ≥ 10).
According to this analysis, the significantly correlated cases were
seen occasionally across all matching pairs (4 out of 21 cases). How-
ever, carbonyl compounds (form-A, acet-A, and acetone) are tightly
correlated to each other in all matching pairs, while this was not the
case for the VOCs. Hence, the results of correlation analysis suggest
that the relative behavior of different pollutants emanating from
barbecue charcoal combustion can be distinguished between two
chemical groups of VOCs and carbonyl compounds.

Charcoal is a complex organic substance containing moisture,
wood ash, carbon, hydrogen, oxygen, and a variety of volatiles [1].
The raw material, particle size, and the process involved in char-
coal production may play an important role in the quality of the
charcoal. As a result, the nature of wood can seriously affect the

concentration levels of pollutants (e.g., polycyclic aromatic hydro-
carbon) released in the form of the generated smoke [22–24].
Charcoal for barbecue use typically contains 20–30% of volatiles,
whereas metallurgical charcoals often contain 10–15% or even less
volatile matter [25]. Comparative analysis of our data suggests that
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Table 3
Comparison of emission concentration levels (ppb) of VOC and carbonyls in different countriesa.

Country source VOC Carbonyl compounds

B T E MPX STY TVOCb Form-A Acet-A Acrolein Acetone Propion-A Croton-A Butyr-A Benz-A Valer-A

Korea Mean 98.6 448 111 26.5 16.2 7160 144 58.3 – 18.1 – 21.1 – – –
SD 58.9 888 – 17.6 – 12450 107 30.1 – 5.10 – – – – –
Median 111 5.55 – 30.4 – 1127 100 64.4 – 16.9 – – – – –
Min 18.9 2.87 – 1.9 – 560 72.6 19.9 – 13.7 – – – – –
Max 148 1780 – 43.1 – 25820 301 84.9 – 24.8 – – – – –
n 4 4 1 4 1 4 4 4 – 4 – – – – –

Mean 152 5.54 0.31 17.3 2.52 3270 199 137 65.0 28.1 113 13.9 123 19.9 76.9
SD 271 3.87 0.38 9.64 – 3724 160 270 – 29.5 128 3.32 152 – –

Indonesia Median 19.6 3.91 0.09 13.5 – 1869 184 25.5 – 15.7 113 13.9 123 – –
Min 4.19 3.23 0.09 10.2 – 587 45.9 9.12 – 8.78 22.3 11.5 15.4 – –
Max 752 14.1 0.74 28.3 – 11230 507 747 – 93.3 203 16.2 230 – –
n 7 7 3 3 1 7 7 7 1 7 2 2 2 1 1

Mean 25 6.34 1.52 13.1 1.39 510 581 190 – 65.1 – 121 62.5 14.1 24.8
SD 22.3 3.83 – 10.2 – 471 951 320 – 87.2 – – 49.0 – –

China Median 17 4.85 – 13.6 – 25820 132 40.2 – 25.7 – – 62.5 – –
Min 8.41 3.65 – 2.4 – 203 54.3 10.6 – 14.1 – – 27.8 – –
Max 56.7 12 – 22.8 – 1211 2008 670 – 195 – – 97.1 – –
n 4 4 – 4 1 4 4 4 – 4 – 1 2 1 1

Malaysia Value 23.7 2.71 – 37.8 – 315 110 61.4 – 15 18 – – – –
n 1 1 – 1 – 1 1 1 – 1 1 – – – –

All Mean 98.7 116 22.7 20.7 6.70 3367 275 126 65.0 34.0 81.0 42.5 92.6 17.0 50.9
SD 183 444 49.4 13.9 8024 6573 477 229 0 47.3 106 52.5 98.4 4.10 36.8
Median 23.6 4.16 0.74 21.8 2.52 1218 119 48.6 65.0 15.6 22.3 18.7 62.5 17.0 50.9
Min 4.19 2.71 0.09 1.90 1.39 203 45.9 9.12 65.0 8.78 18.0 11.5 15.4 14.1 24.8
Max 752 1780 111 43.1 16.2 25820 2008 747 65.0 195 203 121 230 19.9 76.9
n 16 16 5 12 3 16 16 16 1 16 3 4 4 2 2

a BDL values shown in Table 2 are excluded for the derivation of each statistical parameter for this comparison.
b TVOC in ppbC.
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Fig. 3. Comparison of mean emission concentrations of airborne pollutants released from charcoal products of four countries: (a) VOC and (b) carbonyl compounds.

Table 4
Comparison of VOC and carbonyl emissions from different sourcesa.

Order VOC source Concentration (ppb) Data source

B T E MPX STY TVOC
(a) VOC
1 Food and beverage industry 1.21 35.8 2.08 2.55 1.44 1,273 [37]
2 Textiles industry 1.53 45.7 11.6 26.5 14.5 8,120 [37]
3 Leather industry 1.3 97.5 21.3 11.3 6.87 9,412 [37]
4 Pulp, paper industry 4.32 2,466 12 14.3 10.4 21,807 [37]
5 Compound and chemical product industry 21.1 277 201 112 61.2 11,275 [37]
6 Sewage, waste treatment, and cleaning industry 34.8 367 32.5 26.4 16 9,448 [37]
7 Petrol pump 471 – – – – – [38]
8 Motor vehicle 26,870 103,890 – – – – [39]

(At chassis dynamometer) 78,270 92,920 – 50,750 – – [40]
9 Motor cycle 34,340 – – – – [41]
10 Plywood 7,000 3,000 – – – – [42]
11 Charcoal 98.7 116 22.7 20.7 6.70 3,367 This study

Order Carbonyl source Concentration (ppb) Data source

Form-A Acet-A Acrolein Acetone Propion-A Croton-A Butyr-A Benz-A Isovaler-A Valer-A

(b) Carbonyls
1 Industrial area 323 299 1.69 297 34.4 8.66 186 24.5 11.9 3.31 [19]
2 Bus station 54.6 12.8 0.645 6.57 1.7 0.443 1.14 0.399 0.173 0.394 [43]
3 Highway tunnel 24.9 5.1 0.218 1.5 0.357 1.25 – 0.437 0.426 0.142 [44]
4 Restaurant 54.5 47.2 – 22.1 5.02 1.1 4.11 0.438 0.320 4.98 [43]
5 Charcoal combustion 275 126 13.7 34 35.3 11.3 49.7 4.76 1.18 50.7 This study

a 1–6 industrial sector, 7–9 vehicular activity, 10–11 combustion.

Table 5
Results of correlation analysis between VOC and carbonyl components.

B T MPX TVOC Form-A Acet-A Acetone

B 1
T 0.057 1
MPX 0.176 0.506 1
TVOC 0.114 0.913** 0.409 1
Form-A −0.056 −0.112 0.001 −0.087 1
Acet-A −0.128 −0.049 −0.080 0.196 0.796** 1
Acetone −0.151 −0.081 −0.091 0.010 0.963** 0.887** 1

The value of E, STY, acrolein, propion-A, croton-A, butyr-A, benz-A, and valer-A are not considered for the correlation analysis as most of the values are below detection limit.
** Correlation is significant at the 0.01 level (2-tailed).
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Table 6
Permissible exposure limits (PEL) of short term exposure levels (STEL) for carbonyl compoundsa.

Substance STEL (ppm) Mean values (ppm) Maximum emission from the sample (ppm) Sample code

Form-A 2 0.275 2.008 C3
Acet-A 150 0.126 0.747 I6
Acrolein 0.3 0.065 0.065 I6
Acetone 1000 0.034 0.195 C3
Propion-A NAb 0.081 0.203 I6
Croton-A 2 0.043 0.121 C3
Butyr-A 2 0.093 0.230 I6
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Benz-A NA 0.017
Valer-A NA 0.051

a Source: [31,32].
b Not available.

he emission patterns of VOCs from barbecue charcoal combustion
ere affected by their manufacturing process and the raw mate-

ials used in production. Manufacturers use hardwoods such as
eech, birch, hard maple, hickory, and oak as well as softwoods

ncluding long leaf and slash pine, nutshells, and fruit pits. They
lso use vegetable wastes, paper mill residues, sawdust and wood
craps from lumber mills, and old household furniture combined
ith binding agents for holding their shapes [26]. However, many

ommercially available brands are also known to contain poten-
ially harmful ingredients, including coal dust (as a heat source),
odium nitrate (to aid ignition), and VOC-forming lighter fluid for
uick-light brands [6]. Although we were not able to analyze the
ajor elemental composition of our charcoal samples, the chemi-

al properties of typical barbecue charcoal were typically fixed with
arbon 50%, volatile 30%, ammonia 20%, moisture 5% and sulfur 0.8%
26].

During the production of charcoal, volatile matter (other than
ater) in charcoal comprised liquid and tarry residues not fully
riven from the process of carbonization [25]. If carbonization is
rolonged at high temperature, the content of the volatiles is low.

f the carbonization temperature is low and time in the kiln is
hort, then the volatile matter content increases. At low temper-
tures (e.g., 300 ◦C), a charcoal yield of nearly 50% is possible. As
olatiles are lower at carbonization temperatures of 500–600 ◦C,
etort yields of 30% are typical [25]. At very high temperatures
around 1000 ◦C), the volatile content is almost zero. Hence, yields
an fall nearly 25% [27]. Charcoal can reabsorb tars and pyrolig-
eous acids from rain wash in pit burning and similar processes.
hus, the charcoal may maintain high volatile matter contents
ecause of this factor. Highly volatile charcoal is easy to ignite but
ccompanies a smoke flame. In contrast, low volatile charcoal tends
o burn cleanly despite ignition difficulty [27].

.4. Potential health risk of charcoal combustion

The presence of VOCs in ambient and indoor air is widely rec-
gnized as serious human health risks. VOCs include a variety of
hemicals, of which some may have short and long-term effects. As
arbecue charcoal is burnt indoors in some parts of the world (e.g.,

n many restaurants in Korea), their indoor concentrations can be
ignificantly higher under certain circumstances.

The potential health effects of organic chemicals are influenced
y many factors including level of exposure and length of duration
7]. Eye and respiratory tract irritation, headaches, dizziness, visual
isorders, and memory impairment are among the immediate
ymptoms that some people can experience following exposure [7].

t present, not much is known about the health effects associated
ith barbecue charcoal combustion. Several organic compounds

eleased during combustion can cause cancer in animals. Some have
een demonstrated, while others are suspected to be carcinogenic
6]. There is an indication that producers may use improper raw
0.019 I6
0.077 I6

materials for the production of charcoal such as hardwood lumber
from furniture or flooring materials containing various pollutants.
As used furniture or flooring is coated with paint, they can also act
as a source of VOCs, when combusted.

As air is the most effective route of VOC transmission relative
to others (food, beverages, or drinking water), an intake of higher
levels of VOCs generally occurs through air [28]. Benzene is readily
absorbed into the body, when breathed into the lungs; about half of
benzene is retained [29]. As benzene is more soluble in fat than in
water, it tends to be distributed in the body in fatty tissues including
the brain and the bone marrow where cells are made [29]. Accu-
rate information on benzene in air is highly valuable. According
to the Agency for Toxic Substances and Disease Registry (ATSDR)
and Occupational Safety and Health Administration (OSHA) in the
USA, the permissible exposure level (PEL) of benzene and toluene
is 1000 and 200,000 parts per billion (ppb), respectively [30–32].
In this study, the emission concentrations for benzene and toluene
fell below the PEL.

Table 6 lists permissible exposure limits (PELs) of carbonyls
set by the OSHA such as short term exposure level (STEL) (i.e.,
maximum exposure allowed during a 15 min period) [31,32].
For formaldehyde measured in one sample (i.e., C3), the value
slightly exceeded the PEL. Except this, emission concentrations
of all other carbonyls were below the PEL. Airborne concentra-
tions of formaldehyde above 100 ppb cause irritation of the eyes,
nose, and throat [33]. The severity of this irritation increases with
concentration increase. The upper respiratory tract irritation can
potentially exacerbate asthma symptoms and other respiratory ill-
nesses [33–35]. Dermal contact with skin can also cause various
reactions including sensitization [33]. However, acute and chronic
health effects of formaldehyde vary in individuals. The typical
threshold for the development of acute symptoms from inhaled
formaldehyde is 800 ppb [33]. However, sensitive individuals have
reported symptoms at formaldehyde levels around 100 ppb [33,36].
The emission concentration of formaldehyde above 100 ppb was
recognized in 11 out of 16 samples.

Acetaldehyde is a substance which may reasonably be con-
sidered carcinogenic, according to the seventh annual report on
carcinogens, National Toxicology Program, U.S. Department of
Health and Human Services (1994). It is also classified in the EPA’s
toxic release inventory (TRI) as a known or suspected carcinogen
[7]. Acetaldehyde, when ingested or inhaled can irritate the eyes,
nose, and throat. It can also cause conjunctivitis, coughing, cen-
tral nervous system depression, eye and skin burns, dermatitis,
and delayed pulmonary edema. Human exposure to other carbonyl
compounds can also cause irritation of the eyes and respiratory
system, mood swings, nausea, and drowsiness [28].
4. Conclusion

In this work, the concentrations of VOC and carbonyl com-
pounds emitted during the combustion of barbecue charcoals were
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nvestigated. The total emission concentrations of individual VOCs
nd carbonyls were the highest in Korean and Chinese prod-
cts, respectively. Benzene and toluene were the most abundant
OCs emitted from the samples. In the case of carbonyl com-
ounds, formaldehyde was the most abundant carbonyl along with
cetaldehyde. The emission concentrations levels of the VOCs and
arbonyl compounds were below the PEL set by OSHA with a sin-
le exception. To date, charcoal is not listed as a hazardous product
or control except in a few countries (e.g., Canada). However, some
autions are necessary, as the emission concentrations of certain
ollutants were significantly high in certain samples. Concerned
uthorities must create a database to place effective control on
he quality of charcoal production and use. They must also encour-
ge people to practice green barbecuing procedures to help sustain
orests. In view of extensive charcoal consumption worldwide, it is
mportant to accurately characterize its potential role in environ-

ent pollution and its impact on human health.

cknowledgements

The author acknowledges the partial support from the Korea
esearch Foundation (KRF-2006-341-C00026) funded by the
orean government (MOEHRD).

eferences

[1] P.J.F. Harris, On charcoal, Interdiscip. Sci. Rev. 24 (1999) 301–304.
[2] S.K. Pandey, K.-H. Kim, C.H. Kang, M.C. Jung, H. Yoon, BBQ charcoal as an impor-

tant source of mercury emission, J. Hazard. Mater. 162 (2009) 536–538.
[3] B. Sung-OK, Y.S. Kim, R. Perry, Indoor air quality in homes, offices and restau-

rants in Korean urban areas—indoor/outdoor relationships, Atmos. Environ. 31
(1997) 529–544.

[4] P. Benfenati, P. Pierucci, D. Niego, A case study of indoor pollution by Chinese
cooking, Toxic Environ. Chem. 65 (1998) 217–224.

[5] A. Katsoyiannis, P. Leva, D. Kotzias, Determination of volatile organic com-
pounds emitted from household products, Fresenius Environ. Bull. 15 (8b)
(2006) 943–949.

[6] United States Environmental Protection Agency (US EPA), An Introduction to
Indoor Air Quality: Organic Gases (Volatile Organic Compounds—VOCs 1991).
Available at: http://www.epa.gov/iaq/voc.html.

[7] CAMEO. U.S. Environmental Protection Agency, National Oceanic and Atmo-
spheric Administration. Available at: http://www.epa.gov/ceppo.

[8] O. Wilke, O. Jann, D. Broedner, VOC and SVOC-emissions from adhesives,
floor coverings and complete floor structures, Indoor Air 14 (8) (2004) 98–
107.

[9] S.S. Cox, J.C. Little, A.T. Hodgson, Predicting the emission rate of volatile organic
compounds from vinyl flooring, Environ. Sci. Technol. 36 (2002) 769–771.

10] S.H. Raiyani, N.M. Shan, K. Desai, J.S. Venkaiah, D.J. Patel, S.K. Kashyap, Charac-
terization and problems of indoor pollution due to cooking stove smoke, Atmos.
Environ. 27 (1993) 1643–1655.

11] K. Li, Relationship of indoor/outdoor inhalable and respirable particles in
domestic environments, Sci. Total Environ. 151 (1994) 205–211.

12] L. Rey-Salgueiro, M.S. García-Falcón, E. Martínez-Carballo, J. Simal-Gándara,
Effects of toasting procedures on the levels of polycyclic aromatic hydrocarbons
in toasted bread, Food Chem. 108 (2) (2008) 607–615.

13] E.B. Bakeas, D.I. Argyris, P.A. Siskos, Carbonyl compounds in the urban environ-
ment of Athens, Greece, Chemosphere 52 (2003) 805–813.

14] S. Kim, J.A. Kim, H.J. Kim, S.D. Kim, Determination of formaldehyde and TVOC
emission factor from wood-based composites by small chamber method,
Polym. Testing 25 (5) (2006) 605–614.
15] J. Susayaa, K.H. Kim, J.W. Ahna, M.C. Junga, C.H. Kangb, BBQ charcoal combus-
tion as a potential source of trace metal exposure to humans, J. Hazard. Mater.
(submitted for publication).

16] K.-H. Kim, Z.H. Shon, M.Y. Kim, Y. Sunwoo, E.C. Jeon, J.H. Hong, Major aromatic
VOC in the ambient air in the proximity of an urban landfill facility, J. Hazard.
Mater. 150 (3) (2008) 754–764.

[

[

aterials 174 (2010) 492–499 499

17] K. Na, Y.P. Kim, I. Moon, K.C. Moon, Chemical composition of VOC major emis-
sion sources in the Seoul atmosphere, Chemosphere 55 (2004) 585–594.

18] B.P. Andreini, R. Baroni, E. Galimberti, G. Sesana, Aldehydes in the atmospheric
environment: evaluation of human exposure in the north-west area of Milan,
Microchem. J. 67 (2000) 11–19.

19] K.-H. Kim, Y.J. Hong, R. Pal, E.C. Jeon, Y.S. Koo, Y. Sunwoo, Investigation of car-
bonyl compounds in air from various industrial emission sources, Chemosphere
70 (5) (2008) 807–820.

20] D. Grosjean, E. Grosjean, F.R. Moreira, Speciated ambient carbonyls in Rio de
Janeiro, Brazil, Environ. Sci. Technol. 36 (2002) 1389–1395.

21] J. Zhang, K.R. Smith, Emissions of carbonyl compounds from various cook stoves
in China, Environ. Sci. Technol. 33 (1999) 2311–2320.

22] M.S. García-Falcón, B. Soto-González, J. Simal-Gándara, Evolution of the concen-
trations of polycyclic aromatic hydrocarbons in burnt woodland soils, Environ.
Sci. Technol. 40 (2006) 759–763.

23] L. Rey-Salgueiro, M.S. Garcia-Falcon, B. Soto-Gonzalez, J. Simal-Gandara, Proce-
dure to measure the level of polycyclic aromatic hydrocarbons in wood ashes
used as fertilizer in agroforestry soils and their transfer from ashes to water,
Agric. Food Chem. 52 (2004) 3900–3904.

24] M.S. Garcia-Falcon, J. Simal-Gandara, Polycyclic aromatic hydrocarbons in
smoke from different woods and their transfer during traditional smoking into
chorizo sausages with collagen and tripe casings, Food Addit. Contam. 22 (1)
(2005) 1–8.

25] M.J. Antal, M. Grønli, The art, science, and technology of charcoal production,
Ind. Eng. Chem. 42 (2003) 1619–1640.

26] Charcoal Briquettes. 2003. Available at: http://www.ecvv.com/product/
vp979256/Charcoal-Briquets.html.

27] M.J. Antal, W.S.L. Mok, G. Varhegyi, T. Szekely, Review of methods for improving
the yield of charcoal from biomass, energy & fuels, Am. Chem. Sci. J. 4 (1990)
221–225.

28] C.P. Weisel, J. Zhang, B.J. Turpin, M.T. Morandi, S. Colome, T.H. Stock, Relation-
ships of indoor, outdoor, and personal air (RIOPA). Part I. Collection methods
and descriptive analyses, Res. Rep. Health Eff. Inst. 130 (Pt 1:1-107) (2005)
109–127.

29] R.A. Rinsky, A.B. Smith, R. Hornung, T.G. Filloon, R.J. Young, A.H. Okun, P.J. Lan-
drigan, Benzene and leukemia: an epidemiologic risk assessment, N. Eng. J.
Med. 316 (1987) 1044–1050.

30] L.A. Wallace, Major sources of benzene exposure, Environ. Health Perspect. 82
(1989) 165–169.

31] OSHA PEL: Z-1 Table (997). Available at: http://www.osha-slc.gov/OshStd data/
1910 1000 TABLE Z-1.html.

32] OSHA PEL: Z-2 Table (1997). Available at: http://www.osha-slc.gov/
OshStd data/1910 1000 TABLE Z-2.html.

33] D.M. Main, T.J. Hogan, Health effects of low-level exposure to formaldehyde, J.
Occup. Med. 25 (12) (1983) 896–900.

34] M.J. Bracken, D.J. Leasa, W.K. Morgan, Exposure to formaldehyde: relation-
ship to respiratory symptoms and function, Can. J. Public Health 76 (5) (1985)
312–316.

35] K.H. Kilburn, R. Warshaw, C.T. Boylen, S.J. Johnson, B. Seidman, R. Sinclair, Pul-
monary and neurobehavioral effects of formaldehyde exposure, Arch. Environ.
Health 40 (5) (1985) 254–260.

36] J.R. Bender, L.S. Mullin, G.J. Graepel, W.E. Wilson, Eye irritation response of
humans to formaldehyde, Am. Ind. Hyg. Assoc. J. 44 (6) (1983) 463–465.

37] M.S. Im, K.H. Kim, Y.J. Choi, E.C. Jeon, Emission characteristics of VOC due to
major industrial activities in the Ban Wall industrial area, J. KOSAE 22 (3) (2006)
325–336.

38] P.K. Srivastava, G.G. Pandit, S. Sharma, A.M. Mohanrao, Proceedings of the
National Symposium on Environment, 2000, pp. 7–10.

39] S. Muttamara, S.T. Leong, I. Lertvisansak, Assessment of benzene and toluene
emissions from automobile exhaust in Bangkok, Environ. Res. 81 (1999) 23–31.

40] E. Häsänen, V. Karlsson, E. Leppämaki, M. Juhala, Benzene, toluene and xylene
concentrations in car exhausts and in city air, Atmos. Environ. 15 (9) (1967)
1755–1757.

41] S.T. Leong, S. Muttamara, P. Laortanakul, Influence of benzene emission from
motorcycles on Bangkok air quality, Atmos. Environ. 36 (2002) 651–661.

42] J.M. Hoerning, A. Michelle, D. Evans, J. Aerts, K.W. Ragland, Organic emissions
from combustion of pine, plywood, and particleboard, Energy Fuels 10 (2)
(1996) 299–304.
43] Y. Feng, S. Wen, Y. Chen, X. Wang, H. Lü, X. Bi, G. Sheng, J. Fu, Ambient levels of
carbonyl compounds and their sources in Guangzhou, China, Atmos. Environ.
39 (10) (2005) 1789–1800.

44] K.F. Ho, S.S.H. Ho, Y. Cheng, S.C. Lee, J.Z. Yu, Real-world emission factors of
fifteen carbonyl compounds measured in a Hong Kong tunnel, Atmos. Environ.
41 (8) (2007) 1747–1758.

http://www.epa.gov/iaq/voc.html
http://www.epa.gov/ceppo
http://www.ecvv.com/product/vp979256/Charcoal-Briquets.html
http://www.osha-slc.gov/OshStd_data/1910_1000_TABLE_Z-1.html
http://www.osha-slc.gov/OshStd_data/1910_1000_TABLE_Z-2.html

	Barbecue charcoal combustion as a potential source of aromatic volatile organic compounds and carbonyls
	Introduction
	Materials and methods
	Sample collection
	Analysis

	Results and discussion
	The general features of VOC emissions during combustion
	Carbonyl emission pattern
	Factors controlling VOC and carbonyl levels from charcoal
	Potential health risk of charcoal combustion

	Conclusion
	Acknowledgements
	References


