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Abstract

To develop a less polluting incense, this study characterized the gaseous and particulate
emission from burning four types of Chinese incenses (A, B, C, D) with different heat values
(3936-5060 Kcal/Kg), chemical compositions (carbon content 45-65% and volatile component
20-80%) at the controlled atmospheric conditions (air flow rate and oxygen content of air). The
experimental trials were conducted in a test chamber where air flow rate (1-20 L/min) as well as
oxygen content (20-45%) was regulated to keep incense smoldering up to burst of flame burning .
The direct reading instruments were employed to measure the surface temperature at tip of a
burning incense, characteristics of particulates (number concentration, volume concentration and
size distribution), and concentrations of CO,, CO and total volatile compounds (TVOCs),
respectively. The 37 mm quatz filter in a three pieces holder for sampling total particulates and
the activated charcoal tube for sampling gaseous volatile organic compounds were applied to
collect incense smoke for GC/MS analysis. The combustion rate (g/hr) and combustion efficiency
(=[CO/(CO+CO,)]) of an incense, and the emission rates (mg/hr or particle number /hr) as well
as the emission factors (mg/g incense consumed or particle number /g incense consumed) for
gaseous and particulate pollutants were calculated.

The so-called “less smoke incense” had greater amount of carbon, less volatile component and
greater heat value in comparison to the “smoke incense”. The incense with greater heat value
required less oxygen content to shift it from smoldering state to flame burning state. The
temperatures at tip of a burning incense during smoldering ranged from 400 ‘Cto 650°C. The
incense soon shifted to flame burning at temperature beyond 650°C . At atmosphere with fixed air
flow rate and oxygen content, the smoldering incense with greater heat value had relatively high
surface temperature at burning tip and the incense with greater diameter did as well. The surface
temperature also raised with the increase of oxygen content and air flow rate, respectively.
However, the cooling effect due to high flow rate beyond 15 L/min tended to keep the
temperature around 210°C. The burning rate of an incense and the emission rates as well as
emission factors for particulate, CO,, CO and TVOCs increase with the increase of the surface
temperature at burning tip. The linear regression was fitted well for the rate or the factor versus
the inversely temperature in Kelvin. In comparison with the “smoke incenses” (types A, C and E),
the “less smoke incense”(types B and D) with greater carbon content, greater heat value but less
volatile component had relatively greater emission rates and emission factors of CO,and CO ,
less emission of TVOCSs, less particulate concentration and smaller size of particulate. Within a
group of incenses prepared by the identical raw materials, burning the coarse incense yielded
greater number concentration of submicron particulates. The number concentration increased but
the size of particulates decreased as the air flow rate increased from 1L/min up to 15 L/min.

GC/MS analysis identified 25, 19 and 84 species of chemicals in the solvent extracts of
incenses A, B and C, respectively. Most chemicals such as alkanes, alkenes, alcohols, aldehydes,



ketones, esters and phenols are likely attributed to the vegetarian raw materials of an incense
while a few of chemicals like musk found in the extract of the Incense C may be from animal
source. Plasticizers such as diethyl phthalate and bis(2-ethylhexyl)phathalate were also found in
the extracts of the incenses. Particulate—bound chemicals found in incense smoke mainly were
heat decomposed organic compounds although parts of the particulate-bound chemicals with low
volatility were identical to the chemicals found in the extract of the incenses. The
particulate-bound chemical species with greater carbon number increased along with the increase
of oxygen content during smoldering of incenses but soon decreased as the incenses turned to
flame burning. On contrary, the particulate-bound chemicals with less carbon number decreased
with the increase of oxygen content in the supply air. The similar trends happened in gaseous
phase of incense smoke. We concluded that the incense with low carbon content and less volatile
component burning in atmosphere with low air flow rate yields less amount of pollutants in terms
of TVOC:s, particulates and particulate-bound chemicals.

Keywords: Incense, Smoldering combustion, Submicron particle, Particulate-bound
chemicals
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Table 1 Compositions and heating values of incensesA~B-~CandD --------------

Table 2 Identification and Quantification of the organic compounds from the
material of incense A and B------------=-=m-mmm o m e
Table 3 Identification and Quantification of the organic compounds from the
material of iINCENSE C -----mmmmmm oo
Table 4 Identification and Quantification of the organic compounds of particulate
matter using GC/MS from burning incense A -----------=-====mmmmmmmoemmmmeo-
Table 5 Identification and quantification of the organic compounds of particulate
matter using GC/MS from burning incense C-----------=-=--=-m-mmmmmemmm e -

Table 6 Identification and quantification of the volatile organic compounds from
DUINING INCENSE A =-mmmm oo oo e
Table 7 Identification and Quantification of the volatile organic compounds from

burning iNCeNSe B ---------=m e oo

Table 8 Identification and Quantification of the volatile organic compounds from
bUrNing iNCENSE € ----=-mmmmmm e oo o e
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Figure 1 Schematic diagram of incense combustion system set-up in various
OXYQEN fraCtioNS —------mmmm oo e
Figure 2. Burning rate and maximum temperature of burning tip at various
air flow rates (Bar: mean + standard deviation). ---------=-==--=--=--m-moumo-
Figure 3 Comparison of burning rates of incenses A ~ B and C ------------=--=---m-o—-
Figure 4. Profiles of burning fire cones of incenses with various diameters
and compositions of volatile component -----------===smsmmmmm
Figure 5. Change of burning rate along with type of incense, its diameter
and temperature at the burning tip in smoldering condition.------------------
Figure 6. Aerosol number concentrations, emission rates and factors versus
size of particles from burning the incenses A and B at various
oxygen contents while the supplied air flow rate was kept at 5 L/min.------
Figure 7. Aerosol number concentrations, emission rates and factors versus
size of particles from the burning incense C at various oxygen
contents while the supplied air flow rate was kept at 5 L/min. ---------------
Figure 8. Submicron aerosol number and mass concentrations and their
corresponding emission rates and factors versus oxygen contents
at air flow rate of 5L/min for burning incenses A and B, respectively -----
Figure 9. Submicron aerosol number and mass concentrations and their
corresponding emission rates and factors versus oxygen contents
at air flow rate of 5L/min for burning incenses C --------=-==-====mmmmmmumev
Figurel0 Aerosol mass concentrations and emission factors from burning
incense A ~ B and C under various combustion conditions-------------------
Figure 11 Comparison of CO,and CO emission concentrations, and corresponding
emission factors from burning incenses A and B in various oxygen
FraCtiONS ~= === e
Figure 12 Comparison of VOCs emission concentrations, and corresponding
emission factors from burning incenses A and B in various oxygen
FraCtioNS ------mmmm oo
Figure 13 Comparison of combustion efficiency indices of incenses A and
B in various oxygen fractions --------==-==mmm oo
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Table 1. Compositions and heating values of incenses A ~ B ~ Cand D

Incense
Element
A B C D E
C 43.59 55.24 53.38 61.96 48.4
H 5.40 3.96 4.71 2.62 4.93
N 0.61 0.57 0.51 0.70 0.79
@) 39.61 28.82 28.75 21.62 40.42
Unit is %
" Incense
Composition
A B C D E
Water 7.39 6.16 9.56 5.86 8.94
Volatile 75.8 49.79 27.84 34.7 54.4
Ash 7.15 10.53 11.35 12.28 4.74
Fix. Carbon 9.66 33.52 51.25 47.16 31.92

Heatig value (Kcal/Kg) 3936 4619 4756 5060 4171

unitis %
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Table 2 Identification and Quantification of the organic compounds from the material of incense
Aand B

Target Compound of incense A R.R.F Target Compound of incense B R.R.F
1 2-Cyclohexen-1-one 6.44 1 2-Cyclohexen-1-one 0.06
2 Camphene 372 2 Menthone 0.01
3 Benzaldehyde 3.88 3 Dodecane 0.01
4 Camphor 2.78 4 ANETHOLE 0.02
5 Dodecane 1.29 5 Tridecane 0.03
6 berbenone 1.00 6 EUGENOL 0.52
7 Tridecane 2.80 7 anethole 1.00
8 2-Methoxy-5-vinylphenol 1.74 8  2,3-dihydro-1H-Inden-1-one 0.03
9 Tetradecane 2.58 9 Tetradecane 0.02
10 4-hydroxy-3-methoxy-Benzaldehyde 0.78 10 4-hydroxy-3-methoxy-Benzaldehyde 0.02
11 Pentadecane 1.38 11 .alpha.-CEDRENE 0.07
12 Hexadecane 127 12 WIDDRENE 0.02
13 Diethyl phthalate 9.02 13 alpha-curcumene 0.02
14 Syringaldehyde 1.42 14 Pentadecane 0.01
15 Benzyl benzoate 1.03 15 (+)-CUPARENE 0.03
16 Docosane(C22H46) 0.92 16 Hexadecane 0.01
17 Bornyl cinnamate 2 128.72 17 Diethyl phthalate 0.07
18 Tricosane(C23H48) 1.68 18 Cedrol 0.18
19 Tetracosane(C24H50) 1.95 19 Bis(2-ethyhexyl)phthalate) 0.05
20 Pentacosane(C25H52) 2.38
21 Bis(2-ethyhexyl)phthalate) 19.09
22 Hexacosane(C26H54) 2.58
23 Heptacosane(C27H56) 2.77
24 Octacosane(C28H58) 2.03
25 HINOKININ 53.56
Anthracene-d10* 1.00

* Internal standard
R.R.F is relative response factor
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Table 3 Identification and Quantification of the organic compounds from the material of incense
C

Target Compound of incense C  RSD Target Compound of incense C R.R.F Target Compound of incense C ~ R.R.F
1 SANTENE 0.03 31 ANETHOLE 0.01 61 gamma.-Cadinene 0.82
2 tricyclene 0.07 32 berbenone 0.02 62 .delta.-cadinene 0.26
3 thujene 728 33 Linalyl acctate 0.24 63 Phenylphenol 1.76
4 . ALPHA.-PINENE 8.01 34 E-Citral 0.24 64 .ALPHA.-CALACORENE 0.25
5 2-Cyclohexen-1-one 0.26 35 dI-Limonene 0.07 65 Hexadecane 0.03
6 Camphene 1.00 36 bornyl acetate 0.98 66 Diethyl phthalate 0.10
7 verbenene 0.03 37 ISOBORNYL ACETATE 0.90 67 (-)-Caryophyllene oxide 0.16
8 Benzaldehyde 0.01 38 Tridecane 0.05 68 Cedrol 191
9 cymene 0.08 39 EUGENOL 0.11 69 Syringaldehyde 0.02
10 beta.-PINENE 2.76 40 anethole 0.02 70 Benzyl benzoate 1.12
11 MYRCENE 0.15 41 2,3-dihydro-1H-Inden-1-one 0.01 71 2-methyl-4-butyryl-phloroglucine 0.09
12 1-Phellandrene 0.11 42 2-Methoxy-5-vinylphenol 0.02 72 Chlorothalonil 0.36
13 .DELTA.-3-CARENE 0.21 43 Alpha.-Terpinene 0.86 73 musk 0.16
14 cymene 2.74 44 2,6-dimethoxy-Phenol 0.01 74 Heneicosane(C21H44) 0.01
15 LIMONENE 2772 45 .ALPHA.-COPAENE 0.27 75 Docosane(C22H46) 0.01
16 TRANS-.BETA.-OCIMENE 0.01 46 Tetradecane 0.04 76 Tricosane(C23H48) 0.01
17 dihydromyrcenol 0.08 47 beta.-elemene 0.11 77 dehydroabietic acid 0.46
18 CIS-LINALOOL OXIDE 0.04 48 4-hydroxy-3-methoxy-Benzaldehyde 0.33 78 Tetracosane(C24H50) 0.01
19 dehydro-cymene 0.18 49 Cyperene 0.63 79 Pentacosane(C25H52) 0.01
20 LINALOOLL 385 50 alpha.-Gurjunene 0.39 80 Bis(2-ethyhexyl)phthalate) 0.04
21 methyl-Phenol 0.01 51 .alpha.-CEDRENE 4.00 81 Hexacosane(C26H54) 0.01
22 NEO-ALLO-OCIMENE 0.09 52 BETA.-CARYOPHYLLENE 0.84 82 Heptacosane(C27HS56) 0.01
23 TERPINENE 1-OL 023 53 GAMMA.-MUUROLENE 0.75 83 Octacosane(C28H58) 0.01
24 beta-terpineol 029 54 WIDDRENE 2.63 84 3-KETO-URS-12-ENE 0.66
25 Camphor 2.80 55 .ALPHA.-HUMULENE 0.43 Anthracene-d10* 1.00
26 Menthone 0.58 56 alpha-curcumene 0.11
27 MENTHONE 0.24 57 Pentadecane 0.04
28 4-terpijneol 0.58 58 ACETOVANILLONE 0.01
29 Dodecane 0.02 59 alpha.-Muurolene 0.40
30 .ALPHA-TERPINEOL 4.67 60 (H)-CUPARENE 1.13

* Internal standard
R.R.F is relative response factor

Table 4 Identification and Quantification of the organic compounds of particulate matter using
GC/MS from burning incense A

Target Compound R.T. Q-lon Q-value 20% (n=4) S.D.** 30% (n=4) S.D. 40% (n=5) S.D. 45% (n=1)
Anthracene-D10 * 20.81  188,94,160,189 94 1.00 0.00 1.00 0.00 1.00 0.00 N.D.
methyl-Phenol 11.08 108,107,79 80 N.D.***  N.D. 0.04 0.02 0.10 0.02 N.D.
methyl-Phenol 11.42 108,107,80 80 N.D. N.D. 0.24 0.09 0.52 0.14 N.D.
methoxy-Phenol 11.61 124,109,91 81 N.D. N.D. 0.11 0.05 0.17 0.10 N.D.
4-vinylphenol 13.53 120,91,39 87 0.17 0.12 2.85 1.25 3.14 0.91 N.D.
cinnamic aldehyde 13.67 131,103,78 82 0.07 0.01 0.25 0.04 0.37 0.06 N.D.
1-INDANONE 14.57 132,104,78 90 0.06 0.02 0.17 0.05 0.25 0.06 N.D.
2-Methoxy-5-vinylphenol 14.92  150,135,107,77 87 0.32 0.05 1.82 0.40 1.84 0.43 N.D.
2-Methylindanone 15.06 146, 131, 117 80 0.00 N.D. 0.06 0.02 0.09 0.02 N.D.
2,6-dimethoxy-Phenol 15.41 154,139, 111 95 1.23 0.12 3.99 0.86 3.38 0.74 N.D.
4-hydroxy-3-methoxy-Benzaldehyde 16.17 152, 151, 123 90 0.10 0.10 0.83 0.14 0.97 0.19 N.D.
EUGENOL 16.19 164, 149, 131 93 0.04 0.04 0.25 0.05 0.24 0.06 N.D.
ACETOVANILLONE 17.28 151,123 90 0.03 0.05 0.47 0.08 0.48 0.07 N.D.
2,3,5-Trimethoxytoluene 17.64 182, 167 86 0.53 0.05 0.98 0.17 0.77 0.16 N.D.
Methoxyeugenol 18.56 194,119, 91 87 0.18 0.01 0.49 0.09 0.45 0.10 N.D.
Methoxyeugenol 19.14 194, 119,91 87 0.14 0.02 0.35 0.07 0.26 0.07 N.D.
Syringaldehyde 19.32 182, 181, 167 91 0.08 0.09 0.87 0.16 0.96 0.21 N.D.
Methoxyeugenol 19.69 194,119, 91 94 0.68 0.03 1.52 0.34 1.15 0.33 N.D.
3-(3',5"-dimethoxy-4'-hydroxyphenyl)-E-2-propenal 22.71 208, 165, 137 80 N.D. N.D. N.D. N.D. 0.03 0.07 N.D.
Bornyl cinnamate 2 2491 284,131, 109 93 0.22 0.05 0.45 0.04 0.51 0.10 N.D.
Bis(2-ethylhexyl)phthalate 27.33 279, 167, 149 80 0.07 0.05 0.11 0.01 0.13 0.02 N.D.
Docosane 2455 57,43 96 N.D. N.D. N.D. N.D. N.D. N.D. 0.02
Tricosane 25.38 57,43 95 N.D. N.D. N.D. N.D. N.D. N.D. 0.07
Tetracosane 26.23 57,43 94 N.D. N.D. N.D. N.D. N.D. N.D. 0.12
Pentacosane 27.02 57,43 91 N.D. N.D. N.D. N.D. N.D. N.D. 0.18
Hexacosane 271.77 57,43 99 N.D. N.D. N.D. N.D. N.D. N.D. 0.18
Heptacosane 28.56 57,43 98 N.D. N.D. N.D. N.D. N.D. N.D. 0.17
Octocosane 29.40 57,43 97 N.D. N.D. N.D. N.D. N.D. N.D. 0.11

* Internal standard
** Standard deviation
*** N.D. not determined, possible at low level

20



Table 5 Identification and quantification of the organic compounds of particulate matter using
GC/MS from burning incense C

Target Compound 20% (n=3) S.D.** 22.5% (n=3) S.D. 25% (n=3) S.D. 27.5% (n=3) S.D. 30% (n=3) S.D.
Dodecane 0.075 0.000 0.066 0.009  0.028  0.003 0.027 0.005  0.027  0.001
Tridecane 0.172 0.004 0.143 0.026  0.064  0.006 0.061 0.009  0.057  0.001
2-Methoxy-5-vinylphenol 0.000 0.000 0.000 0.000  0.000  0.000 0.006 0.010  0.000  0.000
2,6-dimethoxy-Phenol 0.000 0.000 0.000 0.000  0.000  0.000 0.004 0.008  0.000  0.000
Tetradecane 0.146 0.005 0.120 0.021 0.055  0.007 0.052 0.009  0.049  0.003
Pentadecane 0.066 0.001 0.055 0.010  0.025  0.001 0.025 0.004  0.022  0.001
ACETOVANILLONE 0.000 0.000 0.000 0.000  0.000  0.000 0.005 0.009  0.000  0.000
Phenylphenol 0.009 0.013 0.057 0.018  0.082  0.002 0.141 0.029  0.080 0012
2,3,5-Trimethoxytoluene 0.000 0.000 0.019 0.001 0.022  0.001 0.038 0.006  0.018  0.003
2,3,5-TRIMETHYLNAPHTHALEN 0.000 0.000 0.000 0.000  0.000  0.000 0.011 0.009  0.000  0.000
Hexadecane 0.054 0.000 0.044 0.008  0.020  0.002 0.020 0.003  0.018  0.000
Diethyl phthalate 2.870 0.157 2.028 0366 0182  0.005 0.150 0.020  0.122  0.010
Methoxyeugenol 0.000 0.000 0.000 0.000  0.000  0.000 0.021 0.003  0.000  0.000
Syringaldehyde 0.000 0 0.022 0.003  0.031 0.001 0.058 0.004  0.060  0.010
Methoxyeugenol 0.040 0.004 0.065 0.005 0075  0.002 0.113 0.009  0.019  0.003
Benzyl benzoate 0.000 0.000 0.024 0.003  0.031 0.001 0.050 0.006  0.029  0.003
2-methyl-4-butyryl-phloroglucine 0.041 0.010 0.060 0.005 0.063 0.003 0.101 0.003 0.061 0.007
C11H1204 0.000 0.000 0.000 0.000  0.000  0.000 0.005 0.008  0.000  0.000
Tetracosane(C24H50) 0.044 0.006 0.028 0.006  0.000  0.000 0.000 0.000  0.000  0.000
Bis(2-ethyhexyl)phthalate) 0.152 0.020 0.154 0.010  0.064  0.019 0.073 0.036  0.103  0.023
Octacosane(C28H58) 0.000 0.000 0.006 0.010  0.000  0.000 0.000 0.000  0.000  0.000
3-KETO-URS-12-ENE 0.000 0.000 0.000 0.000  0.025  0.035 0.063 0.006  0.034  0.004

Internal standard is Anthracene-D10
** Standard deviation
*** (), not determined, possible at low level

Table 6 Identification and quantification of the volatile organic compounds from burning incense
A

Target Compound Q-lon R.T. 20% (n=3) 25% (n=3) 30% (n=3) 40% (n=3) 45% (n=1)
AVG SD* AVG SD AVG SD AVG SD AVG SD
ethylbenzene-d10* 100 0.00 1.00 000 1.00 000 1.00 000 100 0.00
1-Propene 41,39 45 557 097 848 065 7.07 0.43 943 213 0.05 0.05
1,2-Propadiene 4039 48 129 021 174 023 194 011 336 081 000 0.00
2-methyl-1-Propene 415655 53 225 041 298 025 286 026 404 093 0.00 0.00
1,3-Butadiene 545339 55 142 043 260 023 2.07 0.05 334 074 0.00 0.00
acetaldehyde 4429 56 217 027 296 049 4.16 043 710 216 0.00 0.00
furan 6839 81 213 033 237 021 234 019 341 075 0.00 0.00
acetone 4358 83 209 029 289 041 355 037 532 137 0.00 0.00
acetonitrile 41,40 89 070 010 094 012 0.99 010 159 041 0.00 0.00
Hexane 57,86,56 11.8 941 59.45 5227 11.30 190.78 363.08 10.90 74.43 83.09 78.68
methyl-cyclopentane 56,69,84 140 005 063 000 016 3.12 635 -024 070 051 0.72
2,2-dimethyl-hexane 57,56,99 16.6 -003 0.07 -0.05 002 037 078 -035 064 004 0.07
Benzene 78,77 170 541 246 1337 248 1328 232 2049 287 044 021
toluene 91,92 224 295 116 474 062 418 041 671 092 0.00 0.00
furaldehyde 96,9539 266 0.00 000 000 000 033 008 062 010 0.00 0.00
ethylbenzene 91,106 26.8 024 042 084 0.10 0.89 0.09 145 015 0.00 0.00
xylene 91,106 272 024 042 071 005 067 007 099 014 0.00 0.00
styrene 104,78 283 0.02 003 084 0.17 0.79 0.14 148 020 0.00 0.00
Total Target Compound 21.06 32.10 31.82 48.84 0.05

* Internal standard
** Standard deviation
0.00 Not determined, possible at low level
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Table 7 Identification and Quantification of the volatile organic compounds from burning incense
B

Target Compound Q-lon  R.T. 20% (n=3) 25% (n=3) 30% (n=3) 32.5% (n=3) 35% (n=3) 40% (n=3)

AVG SD** AVG SD AVG SD AVG SD AVG SD  AVG SD
ethylbenzene-d10* 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
1-Propene 41,39 45 279 042 323 066 407 077 079 107 0.00 000 0.00 0.00
1,2-Propadiene 40,39 48 000 000 015 025 075 015 0.00 0.0 0.00 000 0.00 0.00
2-methyl-1-Propene 415655 53 058 009 066 012 085 014 000 0.0 0.00 000 000 0.00
1,3-Butadiene 54,5339 55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
acetaldehyde 44,29 56 035 031 062 010 106 022 000 0.0 0.00 000 0.00 0.00
isoprene 536727 81 000 000 000 000 0.00 000 000 0.00 0.00 000 0.00 0.00
furan 68,39 81 064 010 069 011 083 010 000 0.0 0.00 000 000 0.00
acetone 43,58 8.3 0.38 0.35 0.68 0.08 1.00 0.13 0.15 0.30 0.00 0.00 0.00 0.00
acetonitrile 41,40 89 0.00 000 000 000 000 000 000 0.00 0.00 000 0.00 0.00
Hexane 57,86,56 11.8 -101.90 38.52 -104.83 7258 -70.41 76.31 26.15 115.96 -164.58 73.29 -65.19 246.38
methyl-cyclopentane 56,69,84 140 -183 095 -254 049 -130 123 094 175 -139 122 -064 352
2,2-dimethyl-hexane 57,56,99 166 -0.25 0.08 -0.34 005 -021 011 0.08 0.15 -0.16 0.10 -0.08 031
Benzene 7877 170 455 093 739 233 688 009 189 104 -0.63 058 -0.19 168
toluene 91,92 224 138 024 191 069 199 021 011 018 -046 009 -042 016
furaldehyde 96,9539 266 000 0.00 000 000 0.00 000 000 0.00 0.00 000 000 0.00
ethylbenzene 91,106 26.8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
xylene 91,106 27.2 0.00 000 000 000 000 0.00 0.00 0.00 0.00 000 0.00 0.00
dimethyl benzene 91,106,105 283 0.00 000 0.00 000 000 0.00 0.00 0.00 0.00 000 0.00 0.00
styrene 104,78 283 000 000 000 0.00 000 000 000 0.0 0.00 000 000 0.00
alpha-pinene 93,136,77 29.3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Camphene 93,121,136 30.2 0.00 000 0.00 000 000 0.00 0.00 0.00 0.00 000 0.00 0.00
limonene 68,93,136 331 0.00 000 000 000 000 000 000 0.00 0.00 000 000 0.00
isopropyltoluene 119,13491 332 0.00 000 0.00 000 000 0.00 0.0 0.00 0.00 000 000 0.00
isopropenyltoluene 132,117,91 35.8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
camphor 95,152,81 386 0.00 000 000 000 000 000 0.00 0.00 0.00 0.00 0.00 0.00
Total Target Compound 6.12 7.93 10.55 1.05 0.00 0.00

* Internal standard
** Standard deviation
0.00 Not determined, possible at low level

Table 8 Identification and Quantification of the volatile organic compounds from burning incense
C

Target Compound Q-lon RT. 20% (n=3) 22.5% (n=3) 25% (n=3) 27.5% (n=3) 30% (n=3)
AVG SD** AVG SD AVG SD AVG SD AVG SD

ethylbenzene-d10* 100 0.00 1.00 0.00 100 000 100 000 100 0.0
1-Propene 41,39 45 185 009 210 0.06 347 028 305 041 229 041
1,2-Propadiene 40,39 48 0.00 000 019 0.16 057 003 054 007 051 0.08
2-methyl-1-Propene 415655 53 074 002 084 0.02 134 010 118 014 091 015
1,3-Butadiene 545339 55 000 0.00 0.10 0.17 071 006 061 008 031 028
acetaldehyde 44,29 56 057 003 058 0.01 1.06 007 093 011 099 0.09
isoprene 536727 81 000 0.00 0.19 0.16 0.67 0.04 055 006 025 023
furan 68,39 81 090 005 095 0.05 161 012 138 016 066 059
acetone 43,58 83 093 002 1.01 0.05 151 013 138 013 136 013
acetonitrile 41,40 89 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hexane 57,8656 11.8 -444.29 275 -448.62 1235 -44728 554 -45488 9.64 -43850 4.44

methyl-cyclopentane 56,69,84 14.0 -11.09 0.03 -11.13 0.10 -11.15 0.05 -11.16 0.07 -11.05 0.06
2,2-dimethyl-hexane 57,5699 166 -159 000 -159 000 -159 0.0 -159 0.00 -159 0.00

Benzene 7877 170 -1.66 031 -122 070 013 057 046 058 -0.02 0.37
toluene 9192 224 082 012 142 023 248 041 289 025 162 048
furaldehyde 96,9539 266 000 000 000 000 000 0.00 0.00 000 000 0.00
ethylbenzene 91,106 26.8 000 0.00 000 000 048 056 034 003 011 0.19
xylene 91,106 272 052 0.07 069 0.2 103 013 112 002 066 013
dimethyl benzene 91,106,105 28.3 0.00 0.00 0.00 000 000 000 019 016 0.00 0.00
styrene 104,78 283 000 000 000 000 000 000 008 015 0.00 0.00
alpha-pinene 93,136,77 293 072 002 075 007 092 010 09 002 063 0.8
Camphene 93,121,136 30.2 010 017 019 017 039 003 039 001 0.00 0.0
limonene 68,93,136 331 067 005 077 0.05 103 006 106 004 061 011
isopropyltoluene 119,13491 332 217 011 244 007 324 028 324 008 198 033
isopropenyltoluene 132,117,991 358 000 000 010 017 048 005 050 004 000 0.0
camphor 95,152,81 386 000 000 000 000 034 003 028 024 000 0.0
Total Target Compound 9.99 12.34 21.32 20.67 12.90

* Internal standard
** Standard deviation
0.00 Not determined, possible at low level
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Figure 1 Schematic diagram of incense combustion system set-up in various oxygen fractions
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Figure 2. Burning rate and maximum temperature of burning tip at various air flow rates (Bar:
mean * standard deviation).
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Figure 3 Comparison of burning rates of incenses A ~ B and C
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Figure 4. Profiles of burning fire cones of incenses with various diameters and compositions of
volatile component
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Figure 5. Change of burning rate along with type of incense, its diameter and temperature at the
burning tip in smoldering condition.
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Figure 7. Aerosol number concentrations, emission rates and factors versus size of particles from

the burning incense C at various oxygen contents while the supplied air flow rate was kept at 5
L/min.
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Burning incense sticks as a religious ritual is common in Chinese society. It is part
of the daily routine of about 50% of families in Taiwan. Epidemiological studies
indicated that exposure to incense smoke might be related to the occurrence of lung
cancer (MacLennan et al, 1977), childhood leukemia (Lowergard et al, 1987) and
brain tumor (Preston-Martin et al, 1982). Ames test identified the mutagenic effect
of the incense smoke (Sato et al, 1980; Rasmussen et al, 1987; Chang et al, 1997).

The smoldering of incense is regarded as an incomplete combustion of biomasses,
and takes a relatively long time. It results in the production of gaseous carbon
monoxide, carbon dioxide, nitrogen oxides, polycyclic aromatic hydrocarbons
(PAHs), formaldehyde, volatile organic compounds (VOCs) and chemical-bearing
particles (Schoental et al., 1967; Lin and Wang, 1994; Lin and Tang, 1994; Lin and
Lee, 1998). The diameter of the submicrometer particles produced by incense
smoke was less than 1 pm. Therefore, the submicrometer particles produced by the
smoldering of incense do not only have a higher chance of penetrating the alveolar
region of human lungs. Yet, their number concentration and surface area were
higher, enabling them better to carry pollutant matter. The constituents of the
incense stick and the conditions of incense combustion (airflow, temperature,
humidity and oxygen content) both affect in determining the characteristics of
incense smoke. This work tried to simulate the combustion of incense at home or in
the temple, to elucidate the characteristics of submicrometer particles and gas
pollutant produced by incense smoke in controlled air flow in an attempt to correct
the indoor contamination caused by incense burning.

MATERIALS AND METHODS

The joss sticks used in this study consisted of incense powder and a bamboo stick.
The incense powder was a mixture of three varieties of dried vegetation, Santalum
album L., Machilus nanmu Hemsl and Pine oleoresin. The carbon, hydrogen and
nitrogen contents in the joss stick were measured using an elemental analyzer
(2400 CHN Elemental Analyzer, Perkin-Elmer, U.S.A.). The heat value was
measured using an oxygen bomb calorimeter (1271 Oxygen Bomb Calorimeter,
Parr Instrument Company, U.S.A.).

Correspondence to: ]. M. Lin
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A joss stick was ignited and inserted into an incense holder at the bottom of the
smoldering chamber where the purified compressor air was supplied and regulated
by mass flow controllers (Fig. 1). The surface temperature of the burning tip of an
incense stick was monitored using a K-type thermocouple made of 79 um
nickel-aluminum and nickel-chrome wires. The incense smoke was led into a 7.3 L
test chamber in which a probe (1/4-inch in diameter) for sampling particles was
located 40 cm away from the bottom of the test chamber and 3.5 cm away from the
wall. Before and after burning, an individual joss stick was weighed to determine
the net loss of mass, enabling the incense-burning rate to be calculated.

Particles were counted and sized using a Scanning Mobility Particle Sizer (SMPS,
Model 3934, TSI Inc., USA), which combined a differential mobility analyzer
(DMA, Model 3071, TSI Inc.) with a condensation particle counter (CPC, Model
3022, TSI Inc.). The total particles were sampled with a quartz filter (37 mm,
Pallgelman, U.S.A.) in a two-piece cassette at flow rate of 0.9~2 L/min for ten
minutes to determine mass concentration of particles. A 1.4 L dilution chamber was
annexed to the test chamber to determine the concentration of carbon monoxide,
and carbon dioxide (Fig. 1). The incense smoke was diluted with pure nitrogen
(99.99%, Shen Yi Gas Co., Taiwan) prior to it entered the dilution chamber. This
step reduced the concentration of pollutants into the specified detectable ranges of
0-5000 ppm for CO, and 0-500 ppm for CO, of the real-time monitoring
instruments. The Q-Trak™ Indoor Air Quality Monitor (Model 8550/8551, TSI Inc.,
U.S.A.) measured the CO, and CO concentrations with accuracy 13 %. The
MiniRAE 2000 Portable VOC Monitor (RAE SYSTEMS Inc., USA) with specified
range of 0-10000 ppm and accuracy +10 % measured the response of total VOCs
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with UV at 10 ev. Both zero calibration and span calibration were conducted for
each instrument by following the manufacturers’ instructions. For the responsive
span calibration of the Q-Trak™, the reference CO (99.9%, Sanfu Gas Co., Taiwan)
and CO; (99.99%, Sanfu Gas Co., Taiwan) were diluted, using high pure nitrogen
(99.9995%, Sanfu Gas Co., Taiwan) to 395 ppm and 4050 ppm, respectively. And
the standard isobutylene (100 ppm, RAE SYSTEMS Inc., USA) was used to
calibrate the VOC Monitor.

The emission rates and emission factors of particles or gas were calculated using
the conservation of mass, as follows.

Vx%szEf—QxCi (1)

where V (m’) is the volume of the test chamber; C, (mg/m” or particles/cm’) is the
concentration of gas or particles at a given time; R (g/hr) is the incense-burning rate;
Ey (mg/g or particles/g) is the emission factor of each pollutant, and Q (5 L/min) is
the air flow rate. In Eq. 1, dCi/dt=0 when each pollutant in the dilution chamber is
in dynamic equilibrium, so the equation can be rewritten as follows;

QxC
E, R )

In Eq. 2, the emission rate was obtained by multiplying the flow rate by the
concentration of pollutant and the emission factor, Eg, was the specific emission
rate that was normalized to incense buming rate. The expression for the
concentratlons of gaseous pollutants was converted from ppm (v/v at 25°C, 1 atm.)
to mg/m’ based on the ideal gas law. In calculating the emission rate of total VOCs,
the molecular weight of total VOCs was assumed to be 100 g.

RESULTS AND DISCUSSION

The incense used in this study consisted of carbon, hydrogen, nitrogen, ash and
water, with weight percentages of 43.59, 5.4, 0.61, 7.72 and 7.39%, respectively.
The heating value of the incense was 3934 Kcal/Kg. The incense underwent
smoldering combustion. The maximum temperature of the burning tip, in which the
pooled coefficient of variation (CVpgoled) Was 0.04 (n o =3%6), varied with the
flow rate (Fig. 2). When the air flow rate was 1~5 L/min, the maximum
temperature ranged from 328.2°C (n=3, CV=0.03) to 452.9°C (n=3, CV=0.02).
When the air flow rate was 10~20 L/min, the maximum temperature reduced
slowly from 253.0C (n=3, CV=0.04) to 160.3°C (n=3, CV=0.06). The burning
rate increased with the air flow rate up to 15 L/min at a temperature of 210.1°C
(n=3, CV=0.01), after which the burning rate decreased slowly. This result differed
a little from that of the relationship between the burning rate and the inner
temperature of foam obtained by Wang et al. (2003), who found that the burning
rate was maximum at the maximum temperature. However, the results herein
showed that the burning rate was maximum at a flow rate of 15 L/min, but not at
maximum temperature, perhaps because the K-type thermocouple at high air flow
rate, causing errors of measurement.
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increased (Fig. 3). Additionally, th and
emission factor for particle with size less than 250 nm showed that these
parameters all increased with the air flow rate increasing, for the following two
reasons. Firstly, the retention time and the coagulation of the highly number
concentration of particle from the buming incense decreased slowly in the test
chamber as the air flow rate increased. Secondly, the organic compounds on the
surface of the particle were likely vaporized.

Figure 4 reveals that when the air flow rate was in the range 1~20 L/min, the total
number concentration, emission rate and emission factor increased linearly with the
air flow rate. The number emission rate and emission factor ranged from 7.25%x10"'
to 2.34x10" #/hr and from 5.98x10" to 1.53x10" #/g, respectively. The mass
concentration declined with the air flow rate increasin g. However, the emission rate
and emission factor after increasing, remains constant as the air flow rates
increased. The mass emission rate with CVpooled =0.15 (n=3x6) and emission factor
with CVpogleq =0.13 (n=3x6) ranged from 10.6 mg/hr (n=3, CV=0.23) to 72.1 mg/hr
(n=3, CV=0.19) and from 8.3 mg/g (n=3, CV=0.19) to 43.2 mg/g (n=3, CV=0.22),
respectively. The volume concentration, emission rate and emission factor followed
the same trend as the mass concentration against air flow rate. The volume
emission rate and emission factors ranged from 2.06x10'° to 5.32x10"® nm>/hr and
from 1.7x10" to 3.47x10" nm’/g, respectively. Lee et al. (2004) constructed a
large environmental chamber to characterize the emissions of air pollutants from
traditional incense. The emission rates for PM2.5 and PM10 were 28.4~372.6 and
31.9~389.4 mg/hr, respectively; the emission factor was 9.6~104 and 10.8~108.7
mg/g, respectively. Furthermore, Jetter et al. (2002) made a small chamber to
improve the characterization of the emission of particulate matter from burning
incense. The emission rates for PM2.5 and PM10 were 7.0~108 and 7.4~100
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Figure 3. Aerosol number concentrations, emission rates

and factors versus size of particles from burning incense

at various air flow rates.

mg/hr; the emission factor was 5.0~55.7 and 5.4~59.4 mg/g, respectively. The
emission rate and factor in this work differed a little from those of Lee and Jetter et
al., perhaps because of differences of chemical composition, heating values of the
incense and combustion conditions. Therefore, according to the aforementioned
analysis, an air flow rate of 1 L/min air flow rate minimized PM emission, to the
benefit of the health of people who burn incense.

The temperature of the burning tip varied with the air flow rate as follows; 328.2°C
(1 L/min), 452.9°C (3 L/min), 431.7°C (5 L/min), 253.0°C (10 L/min), 210.1°C
(15 L/min) and 160.3°C (20 L/min) (Fig. 2). The concentrations of CO,, CO and
TVOC, the emission rate and the emission factor increased with temperature from
328.2°C to 452.9°C. The temperature and the concentrations of CO,, CO and
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Figure 4. Aerosol number (volume and mass) emission
concentrations, emission rates and factors from burning incense
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TVOC declined when the air flow rate was higher than 15 L/min in Fig 5. However,
the emission rates of CO,, CO and TVOC steadily increased to stable levels, of
between 1360 and 1379, 415, and between 77 and 78.9 mg/hr, respectively with the
air flow rate increasing. The emission factors of CO,, CO and TVOC also steadily
increased to stable level between 866 and 900, between 264 and 271, and between
49 and 51.4 mg/g, respectively. The results showed that when the air flow rate was
1~20 L/min, the CO emission rate with CVpeeq =0.03 (n=2x6) and the CO
emission factor with CVeea =0.03 (n=2x6) ranged from 48.7 mg/hr (n=2,
CV=0.06) to 415.4 mg/hr (n=2, CV=0.03) and from 40.2 mg/g (n=2, CV=0.06) to
271.1 mg/g (n=2, CV=0.03); that of CO, with CVgoies =0.05 (n=2x6) ranged from
210.3 mg/hr (n=2, CV=0.09) to 1379.8 mg/hr (n=2, CV=0.02) and from 173.5
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mg/g (n=2, CV=0.09) to 900.3 mg/g (n=2, CV=0.03), and that of the TVOC with
CVpooled =0.08 (n=4x6) was ranged from 8.2 mg/hr (n=4, CV=0.12) to 78.9 mg/hr
(n=4, CV=0.08) and from 6.8 mg/g (n=4, CV=0.12) to 51.5 mg/g (n=4, CV=0.08).
Jetter et al. (1991) indicated that the emission rates of CO ranged from 159 to 227
mg/hr and Léfroth et al. (1991) found that the emission factors of CO ranged from
180 to 220 mg/g. Therefore, the range of emission rates obtained by Jetter et al.
(1991) and the range of the emission factors obtained by Léfroth et al. (1991)
include the range of emission rates and the emission factors of CO obtained herein.
When the air flow rate was controlled at 1~20 L/min, the combustion efficiency
with CVpooiea =0.01 (n=2x6) declined drastically from 0.73 (n =2, CV=0.008) to
0.67 (n =2, CV=0.004) as the air flow rate increased, indicating that combustion
was not complete at a high flow rate, although the mass transfer of oxygen
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molecules to the incense burning tip had increased because increasing the air flow
rate may also increase the heat loss rate. The combustion was incomplete at a high
air flow rate, so the emission rate and emission factor of the gas pollutant were
high increased with air flow rate increasing. In conclusion, an air flow rate of under
1 L/min minimized the emission rate and emission factors of gas pollutants from
burning incense, and ensure more complete combustion, according to the
characterization of gas emission.
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