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a b s t r a c t

Agricultural waste burning is performed after harvest periods in June and November in Taiwan. Typically,
farmers use open burning to dispose of excess rice straw. PM2.5 and PM2.5–10 measurements were con-
ducted at National Chung Hsing University in Taichung City using a dichotomous sampler. The sampling
times were during straw burning periods after rice harvest during 2002–2005. Ionic species including
SO4

2−, NO3
−, NH4

+, K+, Ca2+, Cl− and Na+ and carbonaceous species (EC and OC) in PM2.5 and PM2.5–10

were analyzed. The results showed that the average PM2.5 and PM2.5–10 concentrations were 123.6 and
−3 −3
eywords:
M2.5

gricultural waste burning
onic species
arbonaceous species

31.5 �g m during agricultural waste burning periods and 32.6 and 21.4 �g m during non-waste burn-
ing periods, respectively. The fine aerosol ionic species including Cl−, K+ and NO3

− increased 11.0, 6.7 and
5.5 times during agricultural burning periods compared with periods when agricultural waste burning is
not performed. K+ was found mainly in the fine mode during agricultural burning. High nitrogen oxidation
ratio was found during agricultural waste burning periods which might be caused by the conversion of
Nitrogen dioxide (NO2) to NO3

−. It is concluded that agricultural waste burning with low dispersion often
es po
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causes high PM2.5 and gas

. Introduction

Biomass burning, the burning of living and dead vegetation, has
ecome a global issue in the past decade [1,2] and is a signifi-
ant source of atmospheric particles and gaseous pollutants [3–7].
ost of these particles come from residual waste burning includ-

ng forests, grasslands and crops through natural or anthropogenic
res [8–11]. In general, numerous particulates (e.g., polycyclic aro-
atic hydrocarbons and other organics) and gaseous compounds

e.g., carbon monoxide (CO) and volatile organic compounds) that
ome from biomass burning are known to be hazardous to human
ealth [12,13]. Metzger et al. [14] reported that mass concentra-
ions of CO, Nitrogen dioxide (NO2), PM2.5 (particulate matter with
erodynamic diameters less than 2.5 �m), organic carbon (OC) and
lemental carbon (EC) in PM2.5 (fine particles) were significantly
ssociated with emergency department visits at hospitals due to
ardiovascular diseases.
Particulate matters are composed of secondary particles like
rganic carbon, nitrate and sulfate formed by homogenous or het-
rogeneous reactions with their precursor gases in the atmosphere.
iomass burning is one of the dominant sources of particulate

∗ Corresponding author. Tel.: +886 422851984; fax: +886 422862587.
E-mail address: mtcheng@dragon.nchu.edu.tw (M.-T. Cheng).
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llutant events.
© 2008 Elsevier B.V. All rights reserved.

rganic carbon [15,16]. Cao et al. [17] reported that emission rates
f OC were 1.83–3.46 g kg−1 from crop residues. Higher ionic con-
ributions during combustion were observed in aerosols produced
rom combusted plant materials and soil suspended particles [3].
he aerosol composition of K+, NO3

− and Cl− ions increased during
ereal waste burning periods and were found to be an indepen-
ent source of NO3

− not linked to SO4
2− sources [18]. Potassium

on can be a trace species during biomass burning [19]. KCl and
2SO4 are formed by homogeneous nucleation from straw combus-

ion [20]. The smoke from vegetation fires can act as condensation
uclei and indirectly change the radiation budget and albedo
21].

Taiwan is in a subtropical region with rice as one of the main
arm products. There are two rice crops in June and November.
he amount of rice straw produced every year is about 2.6 mil-
ion tons [22]. Rice straw contains mainly total organic material
78.1–85.0%), K2O (0.91–2.1%) and nitrogen (0.6–1.3%) [23]. Farmers
se open agricultural burning to infuse the ground with nutrients
or the next growing season. Agricultural waste burning emits lots
f aerosols into the atmosphere and these emissions may have a

ignificant impact on air quality. The objective of this research was
o study the effect of agricultural waste burning on the particulate

atter and water-soluble inorganic ions in the atmosphere by col-
ecting samples of atmospheric particulate matter during the waste
urning and non-burning periods.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mtcheng@dragon.nchu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.09.101
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whereas the corresponding concentrations for PM2.5–10 were 31.5
and 21.4 �g m−3 (Table 1). On average, PM2.5 concentration was
3.8 times higher during agricultural waste burning compared with
non-waste burning periods. Overall, PM2.5 concentrations during
88 M.-T. Cheng et al. / Journal of Haz

. Materials and methods

.1. Sampling of PM2.5 and PM2.5–10

The ambient particulate matter during agricultural waste burn-
ng period was characterized at an urban site in Central Taiwan.

easurements were conducted on the roof of a seven-story build-
ng. The sampling site is located at National Chung Hsing University
NCHU) in Taichung City. There were two roads and no industrial
missions near the site. There were three sampling campaigns dur-
ng agricultural waste burning periods (27 November 2002, 29 June
004, and 25–27 November 2005) and non-waste burning periods
30–31 October 2002, 24 June 2004, 26–27 June 2004, and 24–27
ctober 2005), respectively. The collection time lasted 12 h, from
:00 a.m. to 8:00 p.m. or from 8:00 p.m. to 8:00 a.m. The details
or the sampling location are shown in Fig. 1. Twenty-six samples
ere collected from three agricultural waste burning and non-

gricultural waste burning periods during 2002–2005. The season
as autumn during periods I and III and summer during period II.

Two dichotomous samplers (Sierra & Andersen, model 241)
sing both Teflon membrane filters (R2PL037, PALL Life Sciences)
nd quartz fiber filters (2500QAT-UP, PALL Life Sciences) were used
o collect fine (PM2.5) and coarse aerosols (PM2.5–10). The sampler
quipped with Teflon membranes was used to analyze ions in the
ne and coarse modes and the other one equipped with quartz
ber filters was used for the OC and EC. The total flow rate of the
ichotomous sampler was 16.7 lpm. The unit was equipped with
n inlet designed for 10 �m cut-point. The sampler contained a vir-
ual impactor with a 2.5 �m cut-point used to separate entering
articles into fine and coarse sizing ranges. NO2, nitrogen monox-

de (NO), CO, sulfur dioxide (SO2), ozone (O3), temperature, wind
peed and wind direction data were collected from the air quality
onitoring station located near NCHU.

.2. Water-soluble ion species and carbonaceous analysis

After each sampling, both PM2.5 and PM2.5–10 were analyzed for
ater-soluble ions and carbonaceous species content. The Teflon
lter was placed in a vial with 10 ml of ultra-pure water and soni-
ated for 90 min. The extracted solution was then filtered through a
.22 �m cellulose esters filter and stored at 4 ◦C until further analy-
is. All SO4

2−, NO3
−, Cl−, NH4

+, Na+, Ca2+ and K+ ionic extracts were
etermined using Dionex ion chromatography (Dionex, DX 100).

Before the carbon samples were collected, the quartz filters
ere pre-fired to 900 ◦C for 2 h before usage in order to remove
he impurities. After the samples were collected, the filters were
tored with refrigerator before analyzing the carbon contents in
rder to minimize the possible desorption of volatile organics from
he particulates [24]. OC and EC were determined using IMPROVE

Fig. 1. Location of the sampling site at NCHU in central Taiwan.
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hermo-Optical Refection (TOR) as previously described by Chow
t al. [25,26].

A Quality Assurance and Quality Control program for method
etection limit (MDL), precision and accuracy were conducted
uring the experiments. The MDLs, calculated as three times the
tandard deviation of blanks, were 0.02, 0.02, 0.02, 0.02, 0.01, 0.01,
.03, 0.01 and 0.02 �g m−3 for SO4

2−, NO3
−, Cl−, NH4

+, Na+, K+, Ca2+,
C and EC. Precision of the chemical analysis was determined to be

ess than 10%. The average recoveries for all species appeared in the
ange of 100 ± 5%.

. Results and discussion

.1. Concentrations of PM2.5, PM2.5–10 and gaseous pollutants

Fig. 2(a) shows daytime and nighttime concentration of PM2.5,
M2.5–10 as well as PM2.5/PM2.5–10 ratio during the three peri-
ds. The mean PM2.5 concentrations during agricultural waste
urning periods and periods when agricultural waste burning peri-
ds is not performed were 123.6 and 32.6 �g m−3, respectively,
ig. 2. (a) Daily concentrations of PM2.5 and PM2.5–10 and ratio of PM2.5/PM10 and
b) daily concentrations of potassium in fine mode (FK) and coarse mode (CK) and
atio of FK/CK during the three periods of agricultural waste burning (AWB, Black
quare) and non-agricultural waste burning (NAWB, White square).
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Table 1
Concentrations of PM2.5, PM2.5–10, OC, EC, SO4

2− , NO3
− , NH4

+, K+, Ca2+, Na+, and Cl− measured during the three agricultural and non-agricultural waste burning periods.

Sampling date PM2.5 OC EC SO4
2− NO3

− NH4
+ K+ Ca2+ Na+ Cl−

AWB periods
2002/11/27 (I) (N = 2) 234.1 82.3 18.9 12.2 19.1 8.7 5.6 0.4 0.4 9.9
2004/6/29 (II) (N = 2) 118.3 31.8 4.6 21.5 5.4 7.6 2.5 0.4 0.3 1.1
2005/11/25-11/27 (III) (N = 6) 88.6 20.5 7.0 17.0 8.2 8.4 1.9 0.3 0.4 1.6
Average 123.6 35.1 8.9 16.9 9.8 8.3 2.8 0.3 0.4 3.1
S.D. 61.4 26.0 5.7 5.8 6.0 2.2 1.6 0.2 0.1 3.8

NAWB periods
2002/10/30-10/31 (I) (N = 4) 29.8 8.7 3.3 5.7 1.3 2.6 0.5 ND ND 0.3
2004/6/24, 6/26-6/27 (II)(N = 6) 33.3 13.4 2.5 4.3 1.0 1.3 0.5 0.3 0.5 0.2
2005/10/24-10/27 (III) (N = 8) 33.4 7.4 3.6 6.9 2.6 2.7 0.4 0.1 0.2 0.4
Average 32.6 9.7 3.1 5.7 1.8 2.2 0.4 0.2 0.3 0.3
S.D. 9.9 4.0 1.1 2.0 1.8 1.3 0.2 0.1 0.2 0.3
Ratio of burning/non-burning 3.8 3.6 2.8 2.9 5.5 3.8 6.7 1.9 1.3 11.0
P value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.31 0.01

Sampling date PM2.5–10 OC EC SO4
2− NO3

− NH4
+ K+ Ca2+ Na+ Cl−

AWB periods
2002/11/27 (I) (N = 2) 43.0 8.4 1.5 1.1 2.4 1.6 0.4 1.1 0.3 0.9
2004/6/29 (II) (N = 2) 20.6 0.7 ND 1.3 2.0 1.2 0.7 0.3 2.3 0.4
2005/11/25-11/27 (III) (N = 6) 31.3 3.1 0.5 1.3 3.3 0.5 0.2 0.8 0.9 0.8
Average 31.5 4.0 0.7 1.3 2.9 0.8 0.3 0.8 1.1 0.7
S.D. 9.6 2.7 0.6 0.5 1.4 0.7 0.2 0.4 0.8 0.4

NAWB periods
2002/10/30-10/31 (I)(N = 4) 23.9 2.3 0.2 0.7 2.7 0.6 0.2 ND 1.6 1.6
2004/6/24, 6/26-6/27 (II)(N = 6) 20.0 2.9 0.5 0.6 0.2 0.3 0.1 0.4 0.4 0.1
2005/10/24-10/27 (III) (N = 8) 21.2 2.1 0.3 0.8 2.3 0.3 0.1 0.5 0.9 0.8
Average 21.4 2.2 0.3 0.7 1.7 0.4 0.1 0.4 0.8 0.7

0.3
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S.D. 5.0 0.5 0.1
Ratio of burning/non-burning 1.5 2.3 2.5
P value <0.01 <0.01 0.02

: Number of samples. Unit: �g m−3. P value: ANOVA test.

gricultural waste burning periods exceeded U.S. Environmental
rotection Agency (EPA) standards, and the highest PM2.5 concen-
ration reached 234.1 �g m−3 which was found in period I. The
ighest PM2.5 concentration on 27 November might be due to
gricultural waste burning with calm or no wind (average wind
peed = 0.5 m s−1, Table 2) meteorological condition. The average of
M2.5/PM2.5–10 ratios during waste burning and non-waste burning
eriods were 3.8 and 1.5, respectively. This value during the waste
urning period was higher compared to Tsai and Cheng [27] and
his high fine fraction ratio might be caused by agricultural waste
urning.

The concentrations of atmospheric CO, SO2, NO, NO2, O3max
ases, temperature, relative humidity and prevailing wind direction
uring waste burning and non-waste burning days are shown in
able 2. The average concentrations of CO, SO2, NO, NO2 and O3max
ere 1.7 ppm, 7.4, 22.3, 49.3 and 55.5 ppb during waste burning and
.7 ppm, 2.8, 6.5, 24.2 and 39.3 ppb when no waste was burned.
he prevailing wind direction was mainly from the northwest dur-
ng periods I and III. The wind was from southwestward direction
uring period II. The ratios of CO, SO2, NOx, temperature and wind
peed during waste burning days compared to non-waste burning
ays were 2.4, 2.6, 2.3, 0.9 and 0.6, respectively. For O3max there was
o significant difference between the agricultural waste burning
nd no waste burning periods. O3 is formed by a chemical reaction
etween NOx (NO + NO2) and volatile organic compounds (VOC), in
he presence of strong ultraviolet radiation [28]. Hence, the lower
oncentration of O3max on 27 November might be due to a cloudy
ay and the lack of ultraviolet radiation. The highest concentrations

f CO, SO2, NO and NO2 and the lowest values of temperature and
ind speed were found during waste burning period I. Obviously, in

his period a lot of gaseous pollutants were from agricultural waste
urning. Crutzen and Andreae [8] reported that the CO, SO2 and
Ox emission ratios were 10%, 0.3% and 12% from biomass burn-

K
a
0
O
r

1.4 0.4 0.1 0.4 0.7 1.0
1.7 2.3 2.5 1.8 1.4 1.1
0.04 0.03 <0.01 0.04 0.46 0.86

ng. The wind speed during agricultural waste burning was slower
ompared to that during non-agricultural waste burning. Thus, the
ncrease in CO, SO2, NO and NO2 might be due to agricultural waste
urning combined with poor dispersion.

.2. Species of PM2.5 and PM2.5–10

The concentrations of fine and coarse OC, EC, SO4
2−, NO3

−,
H4

+, K+, Ca2+, Na+ and Cl− aerosol during waste burning and non-
urning periods are shown in Table 1. The average concentrations
f fine OC, EC, SO4

2−, NO3
−, NH4

+, K+, Ca2+, Na+ and Cl− were 35.1,
.9, 16.9, 9.8, 8.3, 2.8, 0.3, 0.4 and 3.1 �g m−3 during waste burn-

ng and 9.7, 3.1, 5.7, 1.8, 2.2, 0.4, 0.2, 0.3 and 0.3 �g m−3 during
on-waste burning periods, respectively. Organic carbon and sul-

ate were the major components of PM2.5, representing on average
8% and 14% of PM2.5 during waste burning and 30% and 17% of
M2.5 during non-waste burning periods, respectively. The organic
arbon contained only the mass of carbon in the organic aerosol
aterial which also contained other species besides carbon. The
ass of particulate organics matter was estimated by particulate

rganics matter = OC ÷ 0.6386 [29]. The percentage of the organics
atter contributed more than 50% of mass in PM2.5. The ratio of

M2.5 species during waste burning and non-waste burning peri-
ds showed that Cl− (11.0), K+ (6.7) and NO3

− (5.5) were the three
ominant species during waste burning periods. Similarly, Ryu et
l. [30] reported that during biomass burning Cl−, NO3

−, SO4
2−,

H4
+ and K+ were the dominant species.

The average concentrations of coarse OC, EC, SO4
2−, NO3

−, NH4
+,
+, Ca2+, Na+ and Cl− aerosol were 4.0, 0.7, 1.3, 2.9, 0.8, 0.3, 0.8, 1.1
nd 0.7 �g m−3 during waste burning and 2.2, 0.3, 0.7, 1.7, 0.4, 0.1,
.4, 0.8 and 0.7 �g m−3 during non-waste burning, respectively.
rganic carbon and nitrate were the most abundant components,

epresenting 13% and 9% of PM2.5–10 during waste burning and
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Table 2
Gaseous CO, SO2, NOx , NO, NO2 and O3max and meteorological temperature, RH, WS and PWD during the three agricultural and non-agricultural waste burning periods.

Sampling date CO (ppm) SO2 (ppb) NOx (ppb) NO (ppb) NO2 (ppb) O3max Temperature (◦C) RH (%) WS (m s−1) PWD (◦)

AWB periods
2002/11/27 (I) 3.0 9.7 141.2 51.9 89.3 27.8 19.7 68.2 0.5 NW
2004/6/29 (II) 0.9 7.6 26.7 1.5 25.2 86.3 29.3 69.0 1.3 SW
2005/11/25-11/27 (III) 1.1 4.9 46.9 13.4 33.5 52.3 23.0 67.4 1.3 NW

Average 1.7 7.4 71.6 22.3 49.3 55.5 24.0 68.2 1.0
S.D. 1.2 2.4 61.1 26.3 34.9 29.4 4.9 0.8 0.5

NAWB periods
2002/10/30-10/31 (I) 0.9 2.2 35.8 8.5 27.3 44.2 25.9 76.7 1.9 NW
2004/6/24.6/26-6/27 (II) 0.4 2.7 18.3 2.7 16.5 31.9 28.2 68.3 1.7 SW
2005/10/24-10/27 (III) 0.7 3.6 37.2 8.4 28.8 41.7 26.6 71.4 1.7 WNW
Average 0.7 2.8 30.7 6.5 24.2 39.3 26.9 72.1 1.8
S.D. 0.3 0.7 10.0 3.3 6.7 6.5 1.2 4.2 0.1
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Ratio of burning/non-burning 2.4 2.6 2.3 3.4
P value <0.00 <0.00 <0.00 0.02

: Number of samples. P value: ANOVA test.

0% and 8% during non-waste burning periods, respectively. Thus,
rganic carbon is the most abundant component of PM2.5 and
M2.5–10 in Central Taiwan during both agricultural waste burning
nd non-agricultural waste burning periods. Organic carbon is
enerated by the condensation of low vapor pressure products
uring hydrocarbons photo-oxidation [31]. The ratio of PM2.5–10
pecies during waste burning and non-waste burning periods
howed that EC (2.5), K+ (2.5), OC (2.3) and NH4

+ (2.3) were the
our dominant species in PM2.5–10. A previous study showed that
+ and Cl− were the dominant species during biomass burning

21]. The K+ species was present mainly in the fine mode. Based n
he amount of K+ and Na+ in PM2.5, the portion of Cl− were 80% of
l− in KCl and 20% in NaCl during waste burning period. However,
he contents of Cl− in PM2.5–10 was not enough to be distributed in
aCl and KCl. Since only large amount of Cl− and K+ were found in
M2.5 during waste burning.

.3. Agricultural waste burning aerosols
Correlation matrix statistical analysis was used to identify the
elationship between mass and species in PM2.5. A correlation
atrix between PM2.5, OC, EC and water-soluble ionic species is

hown in Table 3. PM2.5 was highly correlated (r = 0.8–1.0) and well

i

a
e
i
b

able 3
orrelation matrix for PM2.5, OC, EC and water-soluble ionic species during agricultural w

PM2.5 OC EC SO4
2− NO3

WB
PM2.5 1.00
OC 0.98 1.00
EC 0.91 0.87 1.00
SO4

2− −0.40 −0.50 −0.36 1.00
NO3

− 0.84 0.78 0.91 −0.46 1.0
NH4

+ 0.09 −0.07 0.33 0.65 0.2
K+ 0.95 0.97 0.86 −0.50 0.7
Ca2+ 0.53 0.43 0.31 −0.10 0.4
Cl− 0.89 0.90 0.92 −0.41 0.7
Na+ 0.18 0.18 0.29 −0.46 0.3

AWB
PM2.5 1.00
OC 0.63 1.00
EC 0.75 0.15 1.00
SO4

2− 0.40 −0.18 0.59 1.00
NO3

− 0.80 0.18 0.86 0.49 1.0
NH4

+ 0.60 −0.11 0.82 0.89 0.8
K+ 0.74 0.80 0.38 −0.05 0.4
Ca2+ 0.04 0.56 −0.55 −0.48 −0.2
Cl− 0.53 0.25 0.57 0.31 0.6
Na+ 0.21 0.68 −0.21 −0.22 −0.1
2.0 1.4 0.9 0.9 0.6
0.01 0.52 0.02 0.40 0.05

orrelated (r = 0.6–0.8) with OC, EC, NO3
−, and K+ during waste

urning and non-waste burning periods, respectively. Duan et al.
32] reported that the correlation coefficient between increment
C and K+ was higher at a residential site compared to a background

ite. Thus, the higher correlation found in our study might be due to
gricultural waste burning. K+ was highly correlated with PM2.5, OC,
C, and Cl− during waste burning periods. This result indicates that
+, Cl−, OC and EC were generated after agricultural waste burning.

Table 4 shows comparisons of PM2.5 and OC, EC, NO3
−, SO4

2−,
H4

+, K+ and Cl− in PM2.5 in various areas. The EC, NO3
−, SO4

2−,
H4

+, K+ and Cl− data were in PM1 measured in Helsinki [2]. The
M2.5, EC, SO4

2−, NH4
+, K+ and Cl− concentrations were higher

n this area compared to other areas during the three agricul-
ural waste burning periods [2,18,30,33]. This might be due to high
mission of agricultural waste burning with poor ventilation dur-
ng period I–III. Higher PM2.5/PM2.5–10 ratio was observed during
eriod I and II. A high correlation was found between nitrogen
xidation ratios (NOR) with PM2.5/PM10 (Fig. 3), where the NOR

s defined as NNO−

3
/(NNO−

3
+ NNO2 ) [27,34–36]. The unit of NNO−

3

nd NNO2 was �g N m−3. The nitrogen oxidation ratio was used to
valuate the conversion from NO2 to NO3

−. Therefore, the result
ndicated that the increase in PM2.5/PM10 ratios might be affected
y nitrogen oxidation.

aste (AWB) and non-agricultural (NAWB) waste burning periods.

− NH4
+ K+ Ca2+ Cl− Na+

0
9 1.00
2 −0.07 1.00
0 0.05 0.41 1.00
4 0.13 0.93 0.19 1.00
4 −0.06 0.24 0.28 0.16 1.00

0
2 1.00
1 0.10 1.00
7 −0.53 0.30 1.00
7 0.57 0.40 −0.16 1.00
3 −0.28 0.32 0.53 0.04 1.00
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Table 4
Comparison between mean concentrations (�g m−3) of PM2.5, OC, EC, NO3

− , SO4
2− , NH4

+, K+, Cl− and PM2.5/PM2.5–10 in this study with some other published measurements.

Site Period PM2.5 OC EC NO3
− SO4

2− NH4
+ K+ Cl− PM2.5/PM2.5–10 Reference

Helsinki, Finland a 24–29 April 2006 36.0 11.0 2.4 NAb 2.4 NA 0.3 NA 1.2 Saarikoski et al. [2]
Helsinki, Finland 15 May 2006 43.0 9.7 2.5 NA 4.9 NA 0.3 NA 1.1 Saarikoski et al. [2]
Gwangju, Korea June 2003 67.9 20.9 3.4 6.6 10.8 4.6 1.7 1.0 3.6 Ryu et al. [28]
Southeastern Brazil April 1999–February2001 NA NA NA 0.5 1.9 0.3 0.4 0.2 NA Allen et al. [31]
Victoria, northern Spain 10 September–15 October 1991 NA NA NA 1.0 3.2 0.8 1.3 0.8 NA Ezcurra et al. [18]
Taichung, Taiwan 27 November 2002 (I) 234.1 82.3 18.9 19.1 12.2 8.7 5.6 9.9 5.5 This study
Taichung, Taiwan 29 June 2004 (II) 118.3 31.8 4.6 5.4 21.5 7.6 2.5 1.1 5.7 This study
Taichung, Taiwan 25–27 November 2005 (III) 88.6 20.5 7.0

a The species of OC, EC, NO3
− , SO4

2− , NH4
+, K+ and Cl− were from PM1.

b NA represents not available.
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Fig. 3. Relation of NOR versus PM2.5/PM2.5–10 during the three periods.

The daily daytime and nighttime concentrations of potassium
n the fine mode (FK) and in the coarse mode (CK) during the
hree periods of agricultural waste burning and non-burning peri-
ds are shown in Fig. 2(b). Agricultural waste burning aerosols can
e related with enrichment of FK and can also be identified by
he FK/CK ratio. The average FK/CK was 10.7 during agricultural
aste burning and 3.9 during non-agricultural waste burning peri-
ds, respectively. Ryu et al. [30] reported that FK/CK above 9.2 can
e a criterion for a biomass event. Hence, the FK/CK ratio used in
his study might be a way to confirm agricultural waste burning.

During biomass burning periods the aerosol content of OC and
+ displayed high portion both >10% and 1–10%, respectively [32].
e found that the mean portions of OC and K+ accounted for

8% and 2% of PM2.5 measured during agricultural waste burning,
espectively. This result was similar to the value reported by Duan
t al. [32]. Moreover, K+/OC ranged from 0.08 to 0.10 which is close
o the range between 0.04 and 0.13 used as an indicator to iden-
ify biomass burning reported by Echalar [37], Maenhaut et al. [38]
nd Andreae and Merlet [39]. Similarly, in this study the K+/OC was
.06–0.11 during agricultural waste burning and 0.02–0.05 for non-
gricultural waste burning. These results indicate that species of K+

nd OC played an important role during agricultural waste burning
eriods.
. Conclusions

This study was designed to investigate the PM2.5 and PM2.5–10
erosol species in Taichung City during agricultural waste burning
8.2 17.0 8.4 1.9 1.6 2.9 This study

eriods. The results showed that gaseous CO, SO2 and NOx increased
.4, 2.6 and 2.3 times during agricultural waste burning periods
ompared to non-waste burning periods. Moreover, the average
M2.5 and PM2.5–10 concentrations were 123.6 and 31.5 �g m−3

uring agricultural waste burning periods and two times higher
han U.S. Environmental Standards (EPA). The highest concentra-
ion of PM2.5 occurred in period I and the concentration reached
34.1 �g m−3. The fine aerosol ionic species included Cl−, K+ and
O3

− increased 11.0, 6.7 and 5.5 times during agricultural waste
urning periods compared with non-waste burning periods. The K+

as found mainly in the fine mode. High nitrogen oxidation ratio
as found due to the faster conversion of NO2 to NO3

−. The data
f this study showed that agricultural burning of rice straw can be
serious source of air pollutants which may influence ambient air
uality. Thus, to manage the abundance of rice straw waste in Tai-
an, other alternatives such as appropriate off-site use of straw by
aper manufacturers, mushroom growers, and rope makers should
e implemented in practice instead of burning in the open field.
vidently, more effort is needed to abate the air pollution caused
y agricultural waste burning.
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