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ABSTRACT

In this study, measurements of size-segregated par-
ticulate matter (PM) emitted from the combustion of 
rice straw, pine needles, and sesame stem were 
conducted in a laboratory chamber. The collected 
samples were used to analyze amounts of organic 
and elemental carbon (OC and EC), water-soluble 
organic carbon (WSOC), humic-like substances 

(HULIS), and ionic species. The light absorption 
properties of size-resolved water extracts were 
measured using ultraviolet-visible spectroscopy. A 
solid-phase extraction method was first used to sep-
arate the size-resolved HULIS fraction, which was 
then quantified by a total organic carbon analyzer. 
The results show that regardless of particle cut 
sizes, the contributions of size-resolved HULIS 

(=1.94 ×HULIS-C) to PM size fractions (PM0.32, 
PM0.55, PM1.0, and PM1.8) were similar, accounting for 
25.2-27.6, 15.2-22.4 and 28.2-28.7% for rice 
straw, pine needle, and sesame stem smoke sam-
ples, respectively. The PM1.8 fraction revealed 
WSOC/OC and HULIS-C/WSOC ratios of 0.51 and 
0.60, 0.44 and 0.40, and 0.50 and 0.60 for the rice 
straw, pine needle, and sesame stem burning emis-
sions, respectively. Strong absorption with decreas-
ing wavelength was found by the water extracts 
from size-resolved biomass burning aerosols. The 
absorption Ångström exponent values of the size-
resolved water extracts fitted between 300 and 400 

nm wavelengths for particle sizes of 0.32-1.0 μm 
were 6.6-7.7 for the rice straw burning samples, 
and 7.5-8.0 for the sesame stem burning samples. 
The average mass absorption efficiencies of size-
resolved WSOC and HULIS-C at 365 nm were 1.09 

(range: 0.89-1.61) and 1.82 (range: 1.33-2.06) m2/
g·C for rice straw smoke aerosols, and 1.13 (range: 
0.85-1.52) and 1.83 (range: 1.44-2.05) m2/g·C for 
sesame stem smoke aerosols, respectively. The light 

absorption of size-resolved water extracts measured 
at 365 nm showed strong correlations with WSOC 
and HULIS-C concentrations (R2=0.89-0.93), indi-
cating significant contribution of HULIS component 
from biomass burning emissions to the light absorp-
tion of ambient aerosols.

Key words: Size-segregated biomass burning aero-
sols, WSOC, HULIS, Absorption Ångström exponent, 
Mass absorption efficiency

1. INTRODUCTION
Biomass burning (BB) plumes, including aerosols 

from forest fires and agricultural residuals burning, 
have drawn great attention, due to their impact on air 
quality, visibility, human health, and global radiative 
forcing (Park and Son, 2017; Laskin et al., 2015 and 
references therein; Andreae and Gelencsér, 2006). BB 
emits huge amounts of particulate organic carbon (OC) 
to the atmosphere. In general, OC aerosols have been 
identified as a scatter of solar radiation, but some com-
ponents of OC also show significant light absorption 
in the near UV (300-400 nm) and visible wavelength 
regions (Laskin et al., 2015; Andreae and Gelencsér, 
2006). This type of OC, termed brown carbon, mainly 
originates from BB emissions or secondary formation 
in the air (Park and Yu, 2016; Liu et al., 2013; Chen 
and Bond, 2010; Hecobian et al., 2010; Andreae and 
Gelencsér, 2006), and is an important contributor of 
aerosol light absorption, resulting in warming effects.

Water-soluble OC (WSOC), which constitutes a sig-
nificant amount of atmospheric OC, is formed as by-
products of atmospheric oxidation reactions of organic 
compounds, as well as the primary BB emissions, with 
a small contribution from the fossil fuel combustion 

(Park and Yu, 2016; Yu et al., 2014; Weber et al., 
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2007). Furthermore, the WSOC is often considered an 
indicator of secondary organic aerosol formation 

(Kuang et al., 2015; Yu et al., 2014; Weber et al., 
2007). Based on the carbon chain length and number 
of functional group per molecule, the WSOC can 
broadly be classified into hydrophilic and hydrophobic 
fractions (Park et al., 2015, 2013a, 2012; Park and 
Kim, 2014; Duarte and Duarte, 2005). Humic-like 
Substances (HULIS) may influence the indirect cli-
mate forcing of the atmospheric aerosols by modifying 
the microphysical properties of cloud droplets (Dinar 
et al., 2006; Fuzzi et al., 2006) and also contributes to 
positive climate radiative forcing, by absorbing the 
solar radiation in the near ultraviolet and visible rang-
es (Laskin et al., 2015; Kirillova et al., 2014; Chen and 
Bond, 2010; Hoffer et al., 2006). Previous studies 
have indicated that atmospheric HULIS are emitted 
from BB (Fan et al., 2016a; Park and Son, 2016; Park 
and Yu, 2016; Lin et al., 2010a; Salma et al., 2010), or 
are formed by secondary processes (Park and Son, 
2016; Kuang et al., 2015; Son et al., 2015; Lin et al., 
2010a; Altieri et al., 2009). It has been reported that 
the HULIS in the air contribute significantly to the 
WSOC with a greater contribution in BB-influenced 
ambient aerosol samples (Fan et al., 2016b; Son et al., 
2015; Lin et al., 2010a, b; Mayol-Bracero et al., 
2002), and are higher in winter than in summer (Fan et 
al., 2016b; Son et al., 2015; Baduel et al., 2010; 
Krivácsy et al., 2008). In fresh BB emissions, the 
HULIS-C fraction (based on a carbon mass) in PM2.5 
contributed 15-33% (Lin et al., 2010a; Mayol-Bracero 
et al., 2002) and 63-76% of WSOC (Salma et al., 
2010). However, our previous study (Park and Yu, 
2016), which was conducted in a laboratory chamber 
environment, indicated that the HULIS-C constituted 
36-63% of WSOC in PM2.5, which varied with the bio-
mass materials burned. The significant difference in 
contribution of HULIS to WSOC from BB emissions 
is likely ascribed to the biomass materials burned, 
burning condition (smoldering vs. flaming), burning 
temperature, and methods for isolation and quantifica-
tion of HULIS (Park and Yu, 2016; Zheng et al., 2013; 
Chen and Bond, 2010; Lin et al., 2010a, b; Lukács et 
al., 2007; Hoffer et al., 2006; Duarte et al., 2005).

Size-resolved chemical composition of both parti-
cles from emission sources and ambient air particles is 
essential to understand their origin and formation, and 
the extent of aging of the atmospheric particles (Sein-
feld and Pandis, 2006). However, to the best of our 
knowledge, studies on the size distribution of HULIS 
are extremely limited. For example, Lin et al. (2010a) 
has shown that the size distribution of ambient HULIS 
at a rural site in China, had a dominant droplet mode 
that peaked at 0.63-0.87 μm, which was attributed to 

the growth of fresh condensation mode BB particles 
through in-cloud processing and to the secondary for-
mation processes. Further, a recent study that was con-
ducted during winter at an urban site in Korea (Park 
and Son, 2016), indicated that the HULIS exhibited a 
unimodal size distribution that peaked in the size 
range of 0.55-1.0 μm during the non-Asian dust peri-
od, and a bimodal distribution that peaked in the size 
ranges of at 0.32-0.55 μm and 1.8-3.1 μm during the 
Asian dust period.

Studies associated with the light absorption of bulk 
aerosol particles in biomass burning emissions and 
ambient air have extensively been conducted in East 
Asia (Cheng et al., 2016; Kim et al., 2016; Li et al., 
2016; Park and Yu, 2016; Du et al., 2014; Kirillova et 
al., 2014). For example, our group most recently 
investigated the light absorption properties of water-
soluble extracts of fine particulate matter emitted from 
BB in a laboratory chamber environment (Park and Yu, 
2016). However, information on the size distribution 
of HULIS and light absorption properties of size-
resolved WSOC from BB emissions has not yet been 
reported. Understanding of the chemical and light 
absorption characteristics of size-segregated biomass 
burning aerosols is very important for improving air 
quality, and evaluating the warming effect on the 
Earth. Knowledge of the light absorption by brown 
carbon aerosols from BB emissions is particularly 
important. Therefore, this study was initiated to inves-
tigate the chemical and optical characteristics of 
water-soluble HULIS in size-resolved particles emit-
ted from the combustion of three biomass materials 

(rice straw, pine needle, and sesame stem) in a labora-
tory test chamber. Results from this study can help 
improve our understanding of the sources and forma-
tion processes, and light absorption properties of size-
segregated HULIS in ambient environments.

2. METERIALS AND METHODS

2. 1    Collection of Size-segregated Samples 
from Biomass Burning Emissions

A Micro-Orifice Uniform Deposit Impactor (MOUDI, 
MSP 110; MSP Corp., MN) was utilized to collect 
size-segregated particulate matter emitted from the 
combustion of biomass materials in a laboratory hood 
chamber. Three types of biomass materials (rice straw, 
pine needles, and sesame stems) were used in this 
study. The rice straw and sesame stem materials were 
collected at rural farmlands, and the pine needles were 
collected from a small park near a two-lane road. The 
emission rates of smoke particles from BB emissions 
were not measured.
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Fig. 1 shows a schematic of the sampling system, 
which includes a combustion pan, dilution tunnel, 
clean background air injection port, exhaust fan hood, 
and MOUDI. Details of the sampling system are pro-
vided in our previous publication (Park and Yu, 2016). 
The sampling flow rate of the MOUDI was 30 L/min. 
The 10-stage MOUDI has cut-off diameters of 0.055, 
0.095, 0.17, 0.32, 0.55, 1.00, 1.8, 3.1, 6.2, 9.9, and 
18.0 μm. MOUDI samples from the combustion of 
biomass materials were collected onto prebaked and 
pre-weighed 47-mm quartz-fiber filters (Pall Gelman, 
Ann Arbor, MI). Combustion tests were conducted 
three times for each of the biomass materials, and 
three sets of MOUDI samples were collected for each 
biomass material. Size-segregated measurements of 
PM smoke samples from BB emissions were made 
without the carbon denuder that is typically used to 
minimize the over-determination of organic aerosol 
concentrations. Measurements of MOUDI samples 
were performed for approximately 5 minutes at a 
mixed condition of smoldering and flaming burning. 
The mass, organic carbon and elemental carbon (OC 
and EC), total WSOC, HULIS, and ionic species con-
centrations were determined from the size-segregated 
PM samples. Blank values of filters were also ana-
lyzed, and used to correct the measured concentrations 
of BB samples in each impactor stage. For OC and EC 
measurements, only size-segregated samples with par-
ticle diameters of 0.055-3.1 μm were quantified.

2. 2    Chemical Analysis of Size-segregated 
PM Samples from BB Emissions

Mass concentrations of size-resolved PM samples 
were calculated by dividing the difference of the 
weight before and after collection of the samples into a 
sampling volume of air. The filter substrates were 
weighed using a microbalance of 1-μg sensitivity (Sar-
torius CP2P-F). The filters prior to weighing were 
conditioned for approximately 24 hr in a desiccator 

(relative humidity of ~40% and temperature of ~20°C).
The analytical methods for OC, EC, WSOC, water-

soluble HULIS, and ionic species from size-resolved 
PM samples from BB emissions were provided in 
detail in our previous studies (Park and Yu, 2016 and 
references therein; Park et al., 2015). Briefly, a spot 
area ranging from 0.186 to 1.00 cm2, which is varied 
with the impactor stage (particle mass loaded on a fil-
ter), was punched from each filter, and used to deter-
mine the amounts of size-resolved OC and EC using 
the NIOSH thermal-optical transmittance (TOT) stan-
dard method. The very small punch area (0.186 cm2) 
was due to the high amount of OC in the BB samples. 
The remaining filters were extracted with 60 mL of 
distilled deionized water in an ultrasonic bath at room 
temperature for 60 minutes. The water extracts were 
filtered with a 0.45 μm membrane filter (Millipore, 
USA). An ion chromatography (IC) system (Metrohm 
861) and a total organic carbon (TOC) analyzer (Siev-
ers 5310C, USA) were used to analyze ionic species 

(Na+, NH4
+, K+, Ca2+, Mg2+, Cl-, NO3

-, SO4
2-, and 

oxalate) and total WSOC, respectively. The rest of the 
water extract was used for group separation of HULIS 
using a hydrophilic-lipophilic balanced (HLB) solid-
phase extraction (SPE) method (Park and Son, 2016; 
Park and Yu, 2016; Lin et al., 2010a). HULIS was iso-
lated from water extract using a pretreated SPE car-
tridge (Oasis HLB, 30 μm, 60 mg/cartridge, Waters, 
USA). The quantification of the isolated HULIS was 
then performed using a TOC analyzer.

2. 3  Light Absorption by WSOC
Light absorption spectra of the water extracts of 

size-resolved particles from combustion emissions of 
three types of biomass materials were investigated by 
UV-vis spectrophotometry (OPTIZEN POP, Mecasys 
Co., Ltd., Korea) in wavelength ranges of 300-400 nm 
at 10 nm intervals. Light absorption at wavelength of 
365 nm was also measured. Light absorption values of 

Fig. 1. A schematic of the sampling apparatus from biomass burning emissions.
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blank quart-fiber filters were corrected to obtain the 
actual light absorption spectra of size-resolved water 
extracts. The Absorption Ångström Exponent (AAE) 
of size-resolved water extracts from BB emissions was 
determined by the following relationship (Laskin et 
al., 2015):

            - ln(A(λ1)/A(λ2))AAE = ------------------------- (1)
                    ln(λ1/λ2)

Where, A(λ1) and A(λ2) are the measured absorbance 
at wavelengths of 300 and 400 nm, respectively. The 
mass absorption efficiency (MAE) of size-resolved 
water-extracts at 365 nm (MAE365) was calculated by 
dividing the light absorption of the water extracts into 
WSOC and HULIS-C concentrations.

               m2                        A365MAE365 (----) = -------------------------------------× ln(10) (2)
               g       WSOC (or HULIS-C)×L

where, A365 is the absorbance measured at 365 nm, 
WSOC and HULIS-C are the concentrations of WSOC 
and HULIS-C in solution (μg/mL), and L is the 
absorbing path length (i.e., 1 cm for the currently used 
quartz cuvettes).

3. RESULTS AND DISCUSSTION

3. 1    Mass Balance Closure of Size-resolved 
PM Samples from BB Emissions

The chemical mass balance closure of size-resolved 
PM in the cut size ranges of 0.055-3.1 μm from BB 
emissions was evaluated by comparing the measured 
and reconstructed size-resolved PM mass concentra-
tions. The following equation was applied to estimate 
the reconstructed size-resolved PM mass concentration: 
Reconstructed PM (μg/m3) = EC + OM ( = WIOM +  
WSOM) + SIC ( = Na+ + NH4

+ + K+ + Ca2+ + Mg2+ +  
Cl-+ NO3

-+ SO4
2-), where OM, WIOM, WSOM, and 

SIC represent the organic mass, water-insoluble organ-
ic mass, water-soluble organic mass, and sum of ionic 
components, respectively. Known as the byproducts of 
incomplete combustion of fossil fuels and biomass 
materials (Park and Cho, 2011 and references therein), 
the WIOM was estimated as 1.2 times the WIOC 

( = OC-WSOC) (Rajput and Sarin, 2014; Turpin and 
Lim, 2001). Also a multiplying factor of 1.94 was 
applied to estimate the contribution of WSOM from 
WSOC (Lin et al., 2010a; Kiss et al., 2002). Since the 
amounts of elemental species in the size-resolved PM 
were not quantified, the contributions of size-resolved 
elemental species concentrations were not included in 
the chemical mass balance closure. Fig. 2 shows the 

regression relationship between the predicted and 
measured PM0.055-3.1 concentrations for all BB sam-
ples, providing a slope and an intercept of 0.87 and 
0.08, respectively, with an R2 of 0.97.

3. 2    Size-resolved Contributions of  
Chemical Species to PM Fractions for 
Biomass Type

Fig. 3 shows the size-resolved concentrations of 
chemical components in smoke samples from BB 
emissions. In addition, Table 1 shows the contributions 
of chemical components concentrations to PM size 
fractions (PM0.32, PM0.55, PM1.0, PM1.8) for the smoke 
emissions of the three biomass materials. Table 1 com-
pares the contribution data of chemical species in 
PM2.5 bulk samples from the burning emissions of the 
three biomass materials, which were given in our pre-
vious publication (Park and Yu, 2016). The table 
shows that the size-resolved contributions of EC, 
WIOM, WSOM, HULIS ( = 1.94 ×HULIS-C), and 
SIC concentrations to PM size fractions did not show 
any large difference in particle size for each biomass 
type. The size-resolved contributions of EC to PM 
fractions were observed to be higher in pine needle 
smoke samples than in rice straw and sesame stem 
smoke samples, but the size-resolved contributions of 
other chemical species (WIOM, WSOM, HULIS, and 
SIC) were higher in rice straw and sesame stem smoke 
samples than in pine needle smoke emissions. For 
PM1.8 fraction, the average contributions of EC, 
WIOM, WSOM, HULIS, and SIC concentrations to 
the PM1.8 were 2.6, 23.9, 50.7, 27.6 and 8.8% for the 
rice straw burning emissions, and 7.6, 28.8, 45.2, 27.5 

Fig. 2. Comparison of measured and reconstructed size-
resolved PM concentrations for all biomass burning emis-
sions.
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and 9.2% for the sesame stem burning emissions, 
while their contributions in the pine needle burning 
aerosol samples were 12.6, 22.3, 42.2, 20.2, and 
14.3%. The compositional fraction of chemical species 
in smoke samples from the burning emissions of the 
three biomass materials were comparable to those 
from our previous study (Park and Yu, 2016), in which 
PM2.5 smoke samples from burning emissions of the 

biomass materials (rice straw, pine needle, and sesame 
stem) in a laboratory combustion chamber were col-
lected and analyzed to determine the concentrations of 
PM2.5, EC, OC, WSOC, HULIS-C, and ionic species. 
However, lower contributions of WIOM for PM1.8 
smoke samples from rice straw (23.9%) and pine nee-
dle (22.3%) burning emissions were found in this 
study. Park and Yu (2016) found that the WIOM con-
tributed 39.9, 35.7, and 23.5% to PM2.5 smoke samples 
from rice straw, pine needle, and sesame stem burning 
emissions, respectively. The OC/EC, WSOC/OC, and 
HULIS-C/WSOC ratios in PM1.8 were 14.4, 0.51, and 
0.60 for rice straw burning samples; 3.6, 0.44, and 
0.40 for pine needle burning samples; and 6.2, 0.50, 
and 0.60 for sesame stems burning samples, respec-
tively. The relationships between WSOC and OC, and 
between HULIS-C and WSOC for all biomass burning 
smoke samples showed WSOC/OC of 0.51 (R2 = 0.91) 
and HULIS-C/WSOC of 0.51 (R2 = 0.94). These com-
positional ratios of organic aerosols from BB smoke 
samples were comparable to those from our previous 
study (Park and Yu, 2016). The difference in chemical 
composition in smoke samples from BB emissions 
could be attributed to the difference in chemical com-
position of the biomass materials gathered (pine nee-
dles at an urban roadway site vs. rice straw and sesame 
stems at rural fields), and combustion conditions (e.g., 
burning temperature, burning rate, flaming/smolder-
ing, and amount of materials burned) during combus-
tion of the biomass materials.

3. 3    Size Distributions of Carbonaceous 
Species, K+, and Cl- for Biomass Type

Fig. 4 shows the size distributions of OC, EC, 
WSOC, HULIS-C, K+, and Cl- for three biomass 
types. The figure shows that regardless of biomass 
type, their size distributions have similar shapes, indi-
cating unimodal size distributions. The dominant 
modes for EC, OC, WSOC, HULIS-C, K+, and Cl- 
were in the size range of 0.32-1.00 μm for all biomass 
burning emissions. However, their peaks vary slightly 
with biomass type. The OC, EC, WSOC, and HULIS-
C exhibited unimodal size distributions that peaked 
between 0.32 and 1.00 μm for the rice straw smoke 
emissions, and at 0.55 μm for the sesame stem smoke 
samples, while their size distributions for pine needles 
smoke emissions peaked at 1.00 μm. The difference in 
modal diameters of carbonaceous species among the 
smoke samples from the burning of the three biomass 
materials was likely due to the difference in burning 
conditions (temperature, smoldering/flaming, burning 
rate) and amounts of biomass materials burned, which 
varied with biomass type during MOUDI measure-

Fig. 3. Size-resolved chemical composition for each bio-
mass type.
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ments of BB smoke samples. The size distributions of 
carbonaceous aerosols from BB smoke samples in this 
study were similar to those from laboratory-generated 
BB emissions (Park et al., 2013b) and from fresh 
smoke samples from boreal wild fires in Europe (Saar-
nio et al., 2010). Park et al. (2013b) found that WSOC 
and water-soluble ionic species from burning emis-
sions of agricultural crop residues and forest trees 
showed unimodal size distributions that peaked at 0.32 
or 0.55 μm in particle diameter. Size distribution pro-
files of carbonaceous species, K+, and Cl- from BB 
smokes could provide insights to better understand 
both the influence of BB plumes on the atmospheric 
aerosols, and the atmospheric processes of BB affect-
ed ambient samples.

3. 4    Light Absorption Characteristics of  
Size-resolved Water Extracts for 
Biomass Type

As discussed in many previous studies, organic 
aerosols could absorb solar radiation in the UV (300-
400 nm) and visible ranges, as well as light scattering 

(Laskin et al., 2015 and reference herein; Andreae and 
Gelencsér, 2006). Unfortunately in this study, the light 
absorption spectra of water-extracts (WSOC) of size-
resolved smoke samples from pine needle burning 
emissions were not measured, due to the contamina-
tion of some smoke samples. Fig. 5 shows the light 
absorption spectra of WSOC over wavelength for 
three particle sizes (0.32, 0.55, and 1.0 μm) in the rice 
straw and sesame stem smoke samples. As Fig. 4 

Table 1. Average contribution of chemical species concentration to PM size fractions in burning samples of the three biomass 
materials.

PM fraction Unit
Biomass smoke samples

Rice straw Pine needles Sesame stem

PM0.32
1)

EC

%

  2.9 13.4   7.7
WIOM2) 26.5 15.2 28.2
WSOM3) 47.5 43.2 44.5
HULIS4) 27.6 20.1 31.6
SIC5) 11.2 19.5 11.9

PM0.55
1)

EC

%

  3.1 13.2   8.8
WIOM 27.9 21.4 28.2
WSOM 49.4 40.1 44.5
HULIS 27.6 19.5 31.6
SIC   9.2 15.7 11.9

PM1.0
1)

EC

%

  2.8 13.4   7.8
WIOM 25.2 22.4 28.7
WSOM 50.8 41.6 44.8
HULIS 27.7 20.0 27.4
SIC   8.6 13.8   8.8

PM1.8
1)

EC

%

  2.6 12.6   7.6
WIOM 23.9 22.3 28.8
WSOM 50.7 42.2 45.2
HULIS 27.6 20.2 27.5
SIC   8.8 14.3   9.2
OC/EC - 14.4   3.6   6.2
WSOC/OC -   0.51   0.44   0.50
HULIS-C/WSOC -   0.60   0.40   0.60

PM2.5
6)

EC

%

  3.5   7.4   4.5
WIOM 39.9 35.7 23.5
WSOM 47.5 41.8 49.7
HULIS 29.5 15.3 25.8
SIC 12.6 10.2 16.9
OC/EC - 16.8   7.0 10.2
WSOC/OC -   0.43   0.42   0.57
HULIS-C/WSOC -   0.63   0.36   0.51

1)PMxx size fraction indicates a size range between 0.055 and xx μm. 2)WIOM: Water-insoluble organic mass ( = 1.2×WIOC), 3)WSOM: Water-
soluble organic mass ( = 1.94 ×WSOC), 4)HULIS: Humic-like substances ( = 1.94 ×HULIS-C), 5)SIC: Sum of ionic components 

( = Na+ + NH4
+ + K+ + Ca2+ + Mg2+ + Cl-+ NO3

-+ SO4
2-), and 6)Park and Yu (2016).
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shows, the abundances of carbonaceous species in par-
ticulate matter from BB emissions are mostly distrib-
uted in the particle size range of 0.32-1.0 μm. So, Fig. 
5 shows the light absorption spectra of WSOC for only 
three particle sizes. The figure shows that the light 
absorption due to WSOC increased sharply towards 
the shorter wavelengths, which clearly represents the 
light absorption spectra of brown carbon aerosol. The 
wavelength-dependent light absorption spectra by 
WSOC showed less difference among the particle 

sizes. The AAE of WSOC, which was determined by 
Eq. (1) described in Section 2.3, for particle size bins 
of 0.32, 0.55, and 1.0 μm, was 6.6, 7.7 and 7.5 for rice 
straw burning smoke samples, and 7.5, 8.0 and 7.7 for 
sesame stem burning smoke samples, respectively. 
These size-resolved AAE values for BB smoke sam-
ples are similar to the AAE values (7~8) of WSOC in 
PM2.5 samples from rice straw, pine needle, and sesa-
me stem burning emissions (Park and Yu, 2016), those 
of HULIS from the Amazon biomass burning aerosols 

Fig. 4. Mass size distributions of OC, EC, WSOC, HULIS-C, K+, and Cl- in aerosol particles from three BB emissions.
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(AAE ~7.1) (Hoffer et al., 2006), and the results from 
ambient PM2.5 measurements. The AAE values for 
water extracts in ambient PM2.5 samples were in the 
range of approximately 6.0-9.0 (Cheng et al., 2016; 
Kim et al., 2016; Kirillova et al., 2014; Zhang et al., 

2013; Hecobian et al., 2010). Not shown in Fig. 5, the 
AAE values for particle sizes of 0.055, 0.095, 0.17, 
1.8, and 3.1 μm were 5.3, 5.1, 7.4, 6.8, and 5.6 for rice 
straw burning samples, and 4.3, 5.1, 6.6, 6.2, and 4.8 
for sesame stem burning samples, respectively. Mea-
surements of size-resolved AAE values from BB 
smoke samples in this study suggest the dominance of 
light absorption by condensation and droplet mode 
WSOC particles (0.32-1.0 μm).

Fig. 6 shows correlations of the light absorptions of 
size-resolved water extracts at 365 nm with WSOC 
and HULIS-C concentrations (μgC/mL) for rice straw 
and sesame stem smoke samples. The light absorption 
of water extracts at 365 nm strongly correlated with 
the total WSOC and HULIS-C concentrations with R2 
of 0.90 and 0.93, respectively, for rice straw smoke 
samples, and with R2 of 0.89 and 0.93, respectively, 
for sesame stem smoke samples. These results indicate 
that the water soluble OC and HULIS from BB emis-
sions can strongly absorb light in the near UV wave-
length range.

Fig. 7 shows the size-resolved mass absorption effi-
ciencies at 365 nm (MAE365) based on WSOC and 
HULIS-C concentrations. The figure shows that the 
size-resolved MAE365 values were higher in HULIS-C 
base than in WSOC base for both BB emissions. Little 
difference in MAE365 between the two BB smoke 
types was found. For rice straw smoke samples, 
WSOC- and HULIS-C-based MAE365 in the particle 
size ranges of 0.055-3.1 μm were 0.89-1.61 (average 
of 1.09) and 1.33-2.06 m2/g·C (average of 1.82), 
respectively. Respective MAE365 values for sesame 
stem smoke samples were 0.85-1.52 (average of 1.13) 
and 1.44-2.05 m2/g·C (average of 1.83). These WSOC 
MAE365 values were comparable to those (0.86-1.38 

Fig. 6. Relationships of light absorption of water extracts at 365 nm with WSOC and HULIS-C concentrations for (a) rice straw 
and (b) sesame stems burning emissions.

(a) Rice straw (b) Sesame stems

Fig. 5. Size-resolved wavelength dependent light absorption 
for rice straw and sesame stems burning smoke samples.

(a) Rice straw

(b) Sesame stems
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m2/g·C) from our previous study (Park and Yu, 2016), 
in which the MAE365 of WSOC in PM2.5 from rice 
straw, pine needle, and sesame stem burning emissions 
was examined. Moreover, the MAE365 values of 
WSOC and HULIS-C in this study were very compa-
rable to those of WSOM (0.79-1.56 m2/g) and HULIS 

(0.97-2.09 m2/g) from biomass smoke PM2.5 samples 

(rice straw, corn straw, and pine branch), which were 
collected at a laboratory combustion facility (Fan et 
al., 2016a).

4. SUMMARY AND CONCLUSION
In this study, size-segregated particulate matter (PM) 

smoke samples from rice straw, pine needle, and sesa-
me stem burning emissions were collected in a labora-
tory combustion chamber, and analyzed to quantify the 
mass, OC, EC, WSOC, HULIS-C, and ionic species. 
Further, the light absorption properties of water 
extracts from size-resolved smoke samples were mea-
sured. No significant differences in size-resolved con-
tributions of EC, WIOM, WSOM, HULIS, and SIC 
concentrations to PM fractions were found for each 
biomass type. The mean contributions of EC, WIOM, 
WSOM, HULIS, and SIC to the PM1.8 were 2.6, 23.9, 
50.7, 27.6 and 8.8% for the rice straw smoke samples, 
7.6, 28.8, 45.2, 27.5 and 9.2% for the sesame stem 
smoke samples, and 12.6, 22.3, 42.2, 20.2, and 14.3% 
for the sesame stem smoke samples, respectively. 
These results were comparable to those from PM2.5 
smoke samples from the burning emissions of the 
three biomass materials (rice straw, pine needle, and 
sesame stem) (Park and Yu, 2016). EC, OC, WSOC, 
and HULIS-C in PM samples from the burning emis-

sions of the three biomass materials showed unimodal 
size distributions that peaked at particle size range of 
0.32-1.00 μm, but their modal peaks were observed to 
vary slightly with biomass type. This difference could 
be attributed to such factors as the burning conditions 

(temperature, smoldering or flaming, and burning 
rate), and amounts of biomass materials burned.

The light absorption spectra of size-resolved water 
extracts (WSOC) in smoke samples from BB emis-
sions were very similar to those of brown carbon aero-
sol, which shows a strong tendency for the absorption 
to increase with decreasing wavelength in the UV and 
visible ranges. The light absorption spectra by WSOC 
showed less difference among the particle cut-sizes. 
The WSOC AAE values for particle cut sizes of 0.32-
1.0 μm was 6.6-7.7 for rice straw smoke samples, and 
7.5-8.0 for sesame stem smoke samples, respectively. 
Strong correlations of the light absorption of water 
extracts at 365 nm with WSOC and HULIS-C concen-
trations suggest that HULIS from BB emissions are an 
important contributor to the aerosol light absorption. 
The size-resolved MAE365 values of WSOC and 
HULIS-C based on the ratios of light absorption at 
365 nm were 0.89-1.61 (average of 1.09) and 1.33-2.06 

m2/g·C (average of 1.82) for rice straw smoke sam-
ples, and 0.85-1.52 (average of 1.13) and 1.44-2.05 

(average of 1.83) for sesame stem smoke samples, 
respectively. The size-resolved WSOC MAE365 values 
were comparable to those from our previous study 

(Park and Yu, 2016). The results of the size-resolved 
measurements from BB emissions could provide infor-
mation to better understand the dynamic behavior of 
BB-affected ambient aerosols, and to evaluate the con-
tribution of BB emissions to the light absorption by 
brown carbon from ambient aerosols.

Fig. 7. Size-resolved WSOC and HULIS based mass absorption efficiencies for (a) rice straw and (b) sesame stems burning 
emissions

(a) Rice straw (b) Sesame stems
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