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� Light absorption of brown carbon (BrC) in PM2.5 was investigated.
� Biomass burning is an important source for winter BrC.
� Secondary BrC was mainly fresh SOC in winter and aged one in summer.
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a b s t r a c t

To quantify optical and chemical properties of PM2.5 brown carbon (BrC) in Xi'an, 58 high-volume
ambient PM2.5 samples were collected during 2 November 2009 to 13 October 2010. Mass concentra-
tions of chemical components were determined, including water-soluble ions, water-soluble organic
carbon, levoglucosan, organic carbon (OC), and element carbon (EC). BrC, as an unidentified and
wavelength-dependent organic compound, was also measured from water-soluble carbon (WSOC) at
340 nm using UVevis spectrometer. The wavelength-dependent absorption coefficient (babs) and mass
absorption coefficient (MAC) were much abundant at 340 nm, and the high Absorption Ångstr€om co-
efficient (AAC) values were observed around 5.4, corresponding to the existence of BrC in ambient PM2.5,
especially in winter. Good correlations (R > 0.60) between babs and biomass burning markers, such as
levoglucosan and Kþ, in winter indicated significant amounts of primary BrC from biomass burning
emissions. Secondary organic carbon BrC (SOCeBrC) was more abundant in winter than in summer.
SOCeBrC in winter was mainly fresh SOC formed from aqueous phase reactions while in summer, aged
SOC from photo-chemical formation. Source profiles of BrC optical parameters were detected, which
verified sources of BrC from biomass burning and coal burning emissions in areas surrounding Xi'an. The
rapidly decreasing babs-340nm values from biomass burning smoldering to straw pellet burning suggested
that burning straw pellet instead of burning straw directly is an effective measure for reducing BrC
emissions.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Light-absorbing carbonaceous aerosols have significant climatic
impacts due to their direct and semi-direct aerosol forcing. Black
.

carbon (BC) is the best-known light-absorbing carbonaceous
aerosol at the visible wavelengths (400e700 nm) in the atmo-
sphere, contributing ~71% of total solar energy absorption (Feng
et al., 2013). However, there is a growing body of evidence
showing that some organic aerosols, which are referred to as
“brown carbon (BrC)”, have strong absorption abilities at near-
ultraviolet and blue wavelengths and also affect radiative balance
(Andreae and Gelencser, 2006; Kirchstetter et al., 2004; Chen and
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Bond, 2010; Lack et al., 2012). Kirchstetter and Thatcher (2012)
showed that wood smoke BrC accounted for 49% of light absorp-
tion at wavelengths below 400 nm, illustrating that BrC is only
secondary to BC in light absorption and affects tropospheric
photochemistry significantly. Unlike wavelength-independent ab-
sorption of BC, the light absorption of BrC relates to wavelength
closely. Thus, the value of the Absorption Ångstr€om coefficient
(AAC), which is referred to as a power exponent of wavelength, is
nearly constant (~1) for BC, but ranges from 2 to 7 for BrC
(Moosmuller et al., 2011; Srinivas and Sarin, 2014; Hoffer et al.,
2006; Chen and Bond, 2010; Bones et al., 2010; Hecobian et al.,
2010).

Quantifying the optical properties of BrC often relies on highly
sensitive spectrophotometric measurements in liquid samples or
from filter extracts in order to avoid interference by insoluble
strong absorption materials (such as BC). A strong correlation be-
tween BrC and water-soluble organic carbon (WSOC) has been
observed in various studies (Hecobian et al., 2010; Kieber et al.,
2006; Luk�acs et al., 2007; Zhang et al., 2011; Srinivas and Sarin,
2014). For example, Hecobian et al. (2010) measured water-
soluble organic aerosols and light-absorption characteristics of
aqueous extracts over the Southeastern US and identified abundant
BrC in WSOC. About 73% of BrC was extracted using water and the
light absorption of water soluble BrC is approximately 2 times
lower than the actual ambient BrC in previous studies (Liu et al.,
2013; Chen and Bond, 2010). BrC was ubiquitous in atmosphere,
including primary and secondary BrC, with the former mainly
emitted from anthropogenic sources such as smoldering wood and
biofuels burring, and the latter produced from photo-oxidization of
biomass burning emissions (Chakrabarty et al., 2010; Hoffer et al.,
2006; Kirchstetter and Thatcher, 2012; Lack et al., 2012; Luk�acs
et al., 2007; Saleh et al., 2013; Kieber et al., 2006). In addition,
Yang et al. (2009) and Bond (2001) measured relatively abundant
primary BrC from inefficient burning of coal or other fossil mate-
rials (such as residential cooking and heating).

Xi'an, the capital of Shaanxi Province, is the largest city in
northwestern China. High loadings of airborne pollutants have
been observed in the city, and coal combustion and biomass
burning played important roles in winter haze days in this region
(Cao et al., 2005, 2007; 2009; Shen et al., 2009). Biomass burning in
this area is normally referred to the traditional way of maize straw
burning in “Heated Kang” in winter for rural-area residential
heating. Maize straw smoldering in “Heated Kang” is a big problem
to rural and urban air pollution (Shen et al., 2009; Sun et al., 2017;
Zhu et al., 2016). The primary objective of the present study is to
reveal the optical characteristics of water-soluble BrC in PM2.5
samples in Xi'an, and establish the relationship between BrC and
other chemical components. Emission source samples (e.g. coal
burning, biomass burning, and straw pellet burning) were also
collected for identifying specific BrC sources.
2. Materials and methods

2.1. Site description and data sampling

The sampling site (Fig. 1) is located in the southeastern area of
downtown Xi'an, where experiences heavy air pollution produced
by surrounding residential areas, school campus and major traffic
roads. Ambient PM2.5 aerosol samples were collected on pre-
combustion quartz filters using a high-volume (~1.13 m3 min�1)
air sampler (HVS-PM2.5, Thermo-Anderson Inc.) at the rooftop of a
15 m high building. A total of 58 daily (24-h starting at 9:30 a.m.)
samples was collected from 2 November 2010 to 13 October 2011.
Besides, typical combustion sources samples were also collected on
the 47 mm quartz filters by low-volume sampler (Mini-vol) oper-
ating at a flow rate of 5 L min�1 based on the custom-made dilution
system with an adjustable dilution rate of 5- to 80-fold. The cali-
bration of each low- and high-volume sampler was conducted us-
ing its corresponding calibration orifice (National Institute
Standards and Technology (NIST) Traceable Calibration Certificate).
Detailed descriptions of dilution system were presented in Tian
et al. (2015). The source samples conducted here include (1)
maize straw burning in “Heated Kang”, (2) coal burning, and (3)
straw pellet combustion (compressed cornstalk in cubic block
shape for effective burning, referred to as completely biomass
burning). To limit the potential evaporation loss of volatile inor-
ganic or organic compounds from the high volume filters, all the
filters were previously baked for 3 h at 800 �C in a furnace to
remove residue carbon compounds and stored in sealed plastic
bags until further use. After sampling, the filters were stored in a
freezer at ~4 �C to prevent the evaporation of volatile compounds
until further analysis. For quality assurance and quality control of
the sample collection and analysis, blank filters were also collected
for field and laboratory analysis. All the reported PM mass, inor-
ganic and organic compounds have been corrected using field
blanks. The samemethods were presented in Shen et al. (2009) and
Zhang et al. (2015).

2.2. PM chemical analysis

Each of the collected ambient filters was punched into circle
filter (diameter ¼ 47 mm) for PM chemical composition analysis.
Three quarters of each circle filter were dissolved into distilled-
deionized water (10, 2.0, and 15 mL) with a resistivity of 18.3 MU
for separate analysis of water-soluble ions, levoglucosan, and
WSOC. Each solvent was sonicated for 1 h and shaken by me-
chanical shaker for 1 h, and kept at room temperature for 20 h
allowing the solution reaching equilibrium. All the extracts were
filtered 1e3 times with a 0.45 mm pore size microporous mem-
brane, and then stored at 4 �C in a clean tube until sample analysis.
The concentrations of extracts (such as Naþ, NH4

þ, Kþ, Mg2þ, Ca2þ,
F�, Cl�, NO3

�, and SO4
2�) were analyzed using an ion chromatog-

raphy (IC, Dionex 500, Dionex Corp, Sunnyvale, California, United
States). Different concentrations of carbohydrate standards were
made from stock solutions of solid dissolved in distilled-deionized
water andmeasured three times during the study to calibrate the IC
instruments. The method was validated at detection limits of
concentration of �0.05 mg L�1 for each measured water-soluble
ion. One in each group of ten samples was selected for repeating
analysis for quality control purpose and the relative standard de-
viation (SD) of each ionwas less than 5% for the reproducibility test.
Detailed description of ions analysis can be found in Shen et al.
(2007, 2008).

Levoglucosan concentration was measured by the method of
improved high-performance anion-exchange chromatography
(HPAEC) with pulsed amperometric detection (PAD). The HPAEC-
PAD system was composed of a Dionex ICS-3000 series ion chro-
matograph (Dionex Corp., Sunnyvale, CA, USA), SP (quaternary
pump and degasser), DC (column compartment), and ED (electro-
chemical detector and gold electrode) units. Linuma et al. (2009)
illustrated that the levoglucosan was separated by a Dionex Car-
boPac MA1 column (4 mm � 250 mm) with a CarboPac MA1 guard
column (4 mm � 50 mm) with a sodium hydroxide solution
(400 mM) eluent at a flow rate of 0.4 mL min-1. The detection limit
was 0.002 mgL�1for levoglucosan. More details about this analyzer,
especially for its calibration, were given by Engling et al. (2006).

A nondispersive infrared absorption TOC (Total Organic Carbon)
analyzer (ET1020A) was used to quantify WSOC concentration in
ambient PM2.5 samples. Before analysis, the quartz filters were



Fig. 1. Location of the sampling site.
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extracted following the method of WS-ions pretreatment. Both
WSOC and inorganic carbons in each liquid extracts were converted
into carbon dioxide using chemical oxidation involving ammonium
persulfate and UV light. These two kinds of carbon dioxide gener-
ated in the tube were imported to a nondispersive infrared in-
spection detector. The infrared absorption intensity is proportional
to its concentration under a particular wavelength. The organic
carbon concentrationwas calculated from the difference between a
total carbon channel and inorganic carbon channel. The TOC
analyzer was calibrated before and after the measurements with a
series of sucrose standards (linear regression R ¼ 0.9999, N ¼ 5).
Each sample was measured three times and the repeat errors were
limited within 5%.

For thermal carbonaceous analysis (OC and EC), a 0.5 cm2 punch
of each sample was analyzed using a DRI Model 2001 Thermal and
Optical Carbon Analyzer (Atmoslytic Inc., Calabasas, CA, USA)
following the IMPROVE TOR protocol (Chow et al., 1993, 2004). Four
OC fractions (OC1, OC2, OC3, and OC4 at 140 �C, 280 �C, 480 �C, and
580 �C, respectively, in a non-oxidizing helium atmosphere), and
three EC fractions (EC1, EC2, and EC3 at 580 �C, 740 �C, and 840 �C,
respectively, in a 2% oxygen/98% helium atmosphere) were pro-
duced. During volatilization of organic carbon, part of organic car-
bon was converted pyrolytically to EC (this fraction of OC was
named as OP) (Chow et al., 2004). Hence, the IMPROVE protocol
defines OC as OC1þOC2þOC3þOC4þOP and EC as EC1þEC2þEC3-
OP. The DRI Model 2001 analyzer was calibrated with known
quantities of CH4 daily. Replicate analyses were the same as for
water-soluble ions. Blank sample was also analyzed for correcting
field samples. The detection limits for EC and OC were below
1.0 mg m�3, and the difference determined from replicate analyses
was smaller than 5% for total carbon (TC) and was 10% for OC and
EC. Additional quality assurance and quality control procedures
were described in detail in Cao et al. (2003).
2.3. Absorption coefficient of WSOC

Absorbance (A) of ambient and combustion sources PM2.5 filters
were measured at wavelengths from 190 nm to 800 nm with
UVevis recording spectrophotometer (UV-6100s) with 10 cm op-
tical paths of quartz cells in the individual solvent. Each solvent was
extracted from 9 punches of ambient filters and a quarter of com-
bustion sources filters in distilled-deionized water (50 mL and
25 mL) following the same method as WS-ions pretreatment. In
this study, absorption spectra of water extracts of aerosols (repre-
senting bulk water-soluble organic carbon) have been used to
assess the absorption coefficient (babs) as described by Liu et al.
(2013) and Srinivas and Sarin (2014). The babs was calculated ac-
cording to:

babs ¼ ðA340 � A700Þ*ðVext*PortionsÞ*lnð10Þ=ðVaero�LÞ
In this equation, babs is expressed in the unit of Mm�1 (or

10�6 m�1). Earlier studies have documented strong UV-absorption
of water-soluble BrC at 340e370 nm and the value of babs can be
derived from spectroscopic data using the sample absorbance (A)
(Hecobian et al., 2010; Luk�acs et al., 2007; Chen and Bond, 2010; Liu
et al., 2013, 2014). In the present study, we have calculated that the
babs of 340 nmwas the highest at varying wavelength (from 300 to
700 nm) relative to 700 nm. Therefore, A340 and A700 correspond
to measured absorbance at 340 and 700 nm, respectively. Vext re-
fers to volume of the aqueous extract (50 mL and 25 mL) in which
different portions of filter (1.2% for ambient samples and 25% for
combustion sources samples) were used to extract and estimate the
absorption signal for the full filter. Vaero corresponds to sampling
volume and L is the path length of the cell (10 cm). We have used
absorbance at 340 nm to estimate babs of light absorbing water-
soluble organic carbon (also referred to as BrC). It is relevant to
state that light absorption by OC in solvent extracts is under-
estimated by a factor of two than that of particulate OC (Liu et al.,
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2013). During operation, each quartz cell was flushed by 0.6 N so-
lution of HCl and distilled-deionized water. Prior to absorption
measurements, the baseline of UVeVis spectrometer should be
zeroed using the Spectra-Suite software so that zero absorptionwas
recorded at all wavelengths for distilled-deionizedwater (18.3MU).

The relationship between wavelength-dependent AAC and babs
of BrC in the aqueous extracts is described following Hecobian et al.
(2010):

babs ¼ K � l�AAC

here K refers to a constant value and l denotes wavelength of BrC.
As described in Moosmuller et al. (2009, 2011), AAC can be

calculated using the relationship between the ratio of the babs and
two vacuum wavelengths l1 and l2:

babsðl1Þ=babsðl2Þ ¼ ðl1=l2Þ�AAC

which can then be solved for AAC:

AAC ¼ �ðlnðbabsðl1ÞÞ � lnðbabsðl2ÞÞ=ðlnðl1Þ � lnðl2ÞÞÞ
Justifying AAC values is a highly sensitive approach to classify

the presence of BrC (Saleh et al., 2014; Sandradewi et al., 2008;
Chen and Bond, 2010; Clarke et al., 2007; Lack and Cappa, 2010).
The steep increase of ambient and combustion aerosol AAC values
can also be used as a significance indicator for identifying specific
BrC sources. A value between 1 and 2.9 for AAC was derived from
coal burning aerosols and around 6e8 from biomass burning
(Bond, 2001; Hecobian et al., 2010). Chen and Bond (2010) reported
that higher AAC values (6.9e11.4) of BrC were from the incomplete
biofuel burning in methanol extracts. The prominent difference in
AAC values between the aged and fresh aerosols suggested that the
formation mechanisms also played important roles in BrC absorp-
tion parameters (Zhang et al., 2011; Bones et al., 2010). AAC of BrC in
the aqueous extracts of aerosols measured in the present study was
similar to that of light absorbing matters in water-soluble organic
carbon found in previous studies. As a consequence, the mass ab-
sorption efficiency of BrC (m2g�1) is the ratio between babs-340
(Mm�1) and mass concentration of WSOC (mgm�3).
3. Results and discussion

3.1. Seasonal and diurnal variations of babs, AAC, and MAC

Fig. 2 shows a scatter plot of babs and MAC against the wave-
length ranged from 300 nm to 800 nm. The peaks of babs and MAC
occurred at 340 nm in all the seasons except winter, verifying the
presence of brown carbon (BrC) due to its prominent absorption at
Fig. 2. Absorption coefficient (babs) and mass absorption coefficient (MAC) of BrC as a
Mm�1 ¼ 10�6 m�1).
this wavelength. The seasonal variations in babs (340 nm) were up
to a factor of 4.7 and followed the sequence of winter
(36.2 Mm�1) > autumn (17.6 Mm�1) > spring
(10.8 Mm�1) > summer (7.7 Mm�1), indicating that the winter
PM2.5 had a significant amount of BrC in comparison with other
seasons. Earlier studies reported that biomass burning for heating
in rural areas around Xi'an contributed significantly to PM (Shen
et al., 2010, 2014; Zhang et al., 2014). The highest WSOC, levoglu-
cosan, and Kþ concentrations in winter also suggested the impor-
tant contribution of biomass burning to BrC. Thus, BrC in PM2.5 was
much higher in winter than other seasons. Earlier studies mainly
focused on biomass or biofuel-dominated sources (corresponding
to babs of 8e15Mm�1) or fossil burning sources (~3Mm�1). Awider
range of babs at 300e500 nm wavelength (7.65e36.23 Mm�1)
investigated in this study than earlier ones showed various BrC
sources and high BrC pollution during the sampling days (Liu et al.,
2013; Zhang et al., 2013). MAC was the highest at 300 nm (7.1 m2g-
1), and dropped rapidly to about zero near 500 nm, a phenomenon
similar to what was found in Barnard et al. (2008), emphasizing
that MAC was a sensitive parameter related to wavelength.

To assess the impact of BrC on light absorption by WSOC at
340 nm, correlation analysis was conducted between babs and
WSOC. A strong correlation (R ¼ 0.93, P < 0.001) was observed
using all the samples (Fig. 3a), verifying BrC as the dominant ab-
sorption material in water-extracts and having similar sources to
WSOC, as reported in previous studies (Hecobian et al., 2010; Zhang
et al., 2011; Shen et al., 2014). Looking at the data separately for
each season, the lowest correlation was observed in summer
(R ¼ 0.63, P < 0.001) and the highest in spring (R ¼ 0.93) (Fig. 3 b),
implying more sophisticated sources of BrC and WSOC in summer
than in other seasons. In fact, Hecobian et al. (2010) also found the
lowest coefficient between babs and WSOC in summer at sites in
Southeastern United State, which was due to fewer biomass
burning activities in summer resulting of low levels WSOC. At the
same time, more light absorbing secondary organic aerosols were
formed from photochemical processes (Hecobian et al., 2010).

Temporal variations of optical parameters (babs, AAC, and MAC)
and WSOC levels are shown in Fig. 4. The winter highest and the
summer lowest babs and WSOC implied their complex sources. The
babs showed a strong dependency on wavelength (as l�5.4) and the
highest AAC value was found in winter (5.7), confirming the heavy
BrC loading in aqueous extracts in winter. The typical AAC values
found in this study ranged from 4.8 to 6.7, which covered aged and
fresh SOA and other primary combustion sources (such as coal
burning, biofuel burning, and biomass burning). Thus, various BrC
sources existed during the sampling days (Srinivas and Sarin, 2014;
Cheng et al., 2011; Bones et al., 2010; Hecobian et al., 2010;
Kirchstetter et al., 2004). The seasonal pattern of MAC (340 nm)
exhibited a decreasing order of summer > spring >
function of wavelength ranging from 300 to 700 nm in different seasons (where



Fig. 3. Scatter plot for absorption coefficient (babs) of light absorbing BrC at 340 nm and mass concentration of water-soluble organic carbon (WSOC): (a) all the data; and (b)
seasonal data.

Fig. 4. Temporal variability of optical parameters (babs, AAC, and MAC) of BrC and WSOC concentrations during the sampling periods.
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winter > autumn, slightly different from that of babs. It was noted
that MAC had smaller seasonal variations, which was mainly
because MAC value was not governed solely by absorbing efficient,
but also influenced by WSOC concentration and aerosol mass dis-
tribution. For example, high summer MAC might also be partially
caused by smaller mass median aerodynamic diameter of fine
particles (Cheng et al., 2015).

3.2. BrC absorption properties in relation to chemical composition

Average concentrations of water soluble-ions, carbon species,
and levoglucosan are listed in Table 1. The sum of SO4

2�, NO3
�, and

NH4
þ accounted for ~76.4% of the total ions concentration. To further

investigate the contribution of SOC to OC, the EC-tracer method
proposed by Turpin and Huntzicker (1995) was used to estimate
SOC and primary organic carbon (POC) concentrations:
SOC ¼ OCtot � EC � ðOC=ECÞmin; and POC ¼ OCtot � SOC

where OCtot is the total of OC, and (OC/EC) min is the minimum OC/
EC ratio observed during the study period. The estimated SOC is the
highest in winter (21.62 mg m�3), followed by autumn
(9.84 mg m�3), spring (4.43 mg m�3), and summer (2.33 mg m�3).
Moreover, the estimated seasonal average SOC accounted for about
43%, 31%, 21%, and 35% of organicmatter (OM, estimated by 1.6* OC)
in the four seasons (winter, spring, summer, and autumn),
respectively. These results appeared to be consistent with former
studies (Zhang et al., 2015; Huang et al., 2014).

Absorbing sources can be grouped into two categories: primary
BrC and SOCeBrC (Barnard et al., 2008). As shown in Fig. 5, sig-
nificant correlations (R > 0.86) were observed between babs and
biomass emission tracers (Kþ and levoglucosan), suggesting heavy



Table 1
Seasonal average mass concentrations (mg m�3) of water-soluble inorganic ions, levoglucosan, and carbon species.

Concentration/mg m�3 Winter Spring Summer Autumn

Average SD Average SD Average SD Average SD

Naþ 2.4 0.5 2.1 1.0 1.5 0.5 1.5 0.8
NH4

þ 10.3 3.9 4.1 2.9 5.0 2.5 6.1 2.5
Kþ 8.5 12.6 2.3 0.5 1.1 0.2 1.6 2.5
Mg2þ 0.6 1.0 0.2 0.2 0.2 0.1 0.2 0.1
Ca2þ 1.7 2.1 2.2 0.9 1.2 0.6 0.9 0.7
F� 0.5 0.3 0.1 0.1 0.1 0.0 0.2 0.2
Cle 10.9 7.6 2.2 1.4 1.4 0.7 4.5 2.8
NO3

� 16.0 7.6 5.3 5.1 5.7 4.0 9.7 5.1
SO4

2- 30.8 12.0 13.2 7.9 16.5 7.5 17.4 7.8
OC 31.6 12.8 8.8 4.3 7.0 1.4 17.6 9.9
EC 11.1 4.2 4.9 1.9 5.1 1.4 8.7 2.4
SOC 21.6 10.9 4.4 3.1 2.3 0.8 9.8 8.5
WSOC 5.7 1.9 1.7 0.8 1.2 0.4 2.8 1.4
Levoglucosan 1.2 0.5 0.2 0.2 0.2 0.1 0.8 0.6

Fig. 5. Relationship between absorption coefficient (babs) of BrC at 340 nm and the abundance of Kþ and levoglucosan.

Table 2
Average values of AAC and babs of BrC in different combustion sources.

Source AAC babs (Mm�1)

Biomass burning (smoldering) 7.44 65,655
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absorbing impacts contributed from primary sources in this region.
A large number of aromatic carbonyls, which are absorbing mate-
rials of BrC, existed in fresh biomass burning emissions (Desyaterik
et al., 2013). Higher correlation coefficient between babs and POC in
the four seasons (0.90, 0.83, 0.75, and 0.75 from spring to winter)
also proved the significant contribution of primary emissions. The
correlation coefficients between babs and SOC were higher in
autumn, winter, and spring (0.93, 0.73, and 0.68), whereas it was
much lower in summer (0.1), implying the lower SOCeBrC content
in summer than other seasons. These seasonal differences in the
relationship between babs and SOC illustrated seasonal dependent
SOC formation mechanisms. As concluded from former studies,
summer SOA was generated mainly from photochemical processes
of ozone (O3) and hydroxyl radical (OH) initiated oxidation of
various biogenic (such as isoprene, a-pinene, and limonene) and
anthropogenic (such as tetradecane, 1,3,5- trimethylbenzene, and
naphthalene) precursors (Updyke et al., 2012; Cheng et al., 2011). In
fact, O3 concentration was found to be the highest in summer over
Xi'an (Wang et al., 2012). However, SOC formation through aqueous
reaction is prevalent in winter in Xi'an under conditions of high
relative humidity, low temperature, and strong PM2.5 acidity con-
dition (Zhang et al., 2015). Our results highlighted that the forma-
tion of SOCeBrC influenced heavily on BrC optical properties, since
most of SOCeBrC produced from aqueous reactions had stronger
optical absorption than that produced from photochemical pro-
cesses. Considering that BrC was measured through the water
extract method in this study, the methanol extraction method
should be applied in the future to verify the above conclusion.
3.3. Source identification of BrC in Xi'an

In this study, local sources PM2.5 samples, such as coal burning,
maize straw smoldering in “Heated Kang”, and straw pellet burning
were determined to identify the origins of ambient PM2.5 BrC.
Table 2 shows the babs and AAC values of these three sources
samples. The babs at 340 nm followed a decreasing order by maize
straw smoldering (65,655 Mm�1), straw pellet burning
(682.1 Mm�1), and coal burning (84.9 Mm�1). The babs for maize
straw smoldering is much higher than others, which verified that
the smoldering or incompletely biomass burning produce abun-
dant BrC. It was noted that babs sharply decreased frommaize straw
smoldering to straw pellet burning, indicating that oxygen-
enriched combustion can reduce BrC emissions more effectively.
As the maize straw smoldering in “Heated Kang” is the traditional
way for winter heating frommid-November to mid-March the next
year in rural areas around Xi'an, this can explain the much higher
babs in winter than other seasons.

The AAC of coal burning samples ranged from 3.65 to 4.92, with
an average of 4.38. The coal burning AAC was much smaller than
those of the biomass burning (7.44) and straw pellet burning (6.78).
As shown in Table 3, the biomass burning AAC in Xi'an was similar
Straw briquette 6.78 682.1
Coal burning 4.38 84.9



Table 3
Comparison of mass absorption coefficient (MAC) and Absorption Ångstr€om coefficient (AAC) values of BrC between the present and earlier studies in literature.

Region Source Key observations l (nm) MAC (m2 g�1) AAC Reference

Xi'an, China Ambient Water-soluble BrC 340 5.38 5.33 This study
Xi'an, China BBEa 340 e 7.44
Xi'an, China BBEa-Straw rods 340 e 6.78
Xi'an, China Coal burning 340 e 4.38
Indo-Gangetic plain BBEa/BFEb Water-soluble BrC 365 0.78 ± 0.24 6.0 ± 1.1 Srinivas and Sarin,

2014
Bay of Bengal (IGP-outflow) BBEa/BFEb Water-soluble BrC 365 0.4 ± 0.1 9.1 ± 2.5 Srinivas and Sarin,

2013Bay of Bengal (SEA-outflow) BBEa/BFEb 365 0.5 ± 0.2 6.9 ± 1.9
USA BF-smoldering Methanol/Water-soluble BrC <400 7e16 Chen and Bond, 2010
Laboratory freshly formed SOAc Water-soluble SOA 8.6

e17.8
Bones et al., 2010

aged SOAc 4.7
Berkeley, California; San

Francisco
Bay Area; outdoor burning of
firewood

mixed aerosol from
combustion
of lignite, hard coal, and
biomass

Filter-based transmission
measurements

350 5.0 1.0e2.5 Kirchstetter et al.,
2004

USA BBEd HULISd <300 ~10 Sun et al., 2007
Mexico City Metropolitan Ambient MFRSRe-derived method 300 10.5 Barnard et al., 2008

500 0
Los-Angeles, USA BBEa Water-soluble BrC 365 0.71 7.6 ± 0.5 Zhang et al., 2013
North America BBEa Photo-acoustic measurements 404 0.82 ± 0.43 e Lack et al., 2012
Beijing, China BBEa Filter-based transmission

measurements
550 0.5 e Yang et al., 2009

Beijing, China BBEa Filter-based transmission
measurements

365 1.8 ± 0.2 (summer) 7.5 ± 0.9 Cheng et al., 2011
Beijing, China BBEa 365 0.7 ± 0.2 (winter) 7.0 ± 0.8 Cheng et al., 2011
South-eastern US &Atlanta,

Georgia
BBEa Water-soluble BrC 365 0.64 (urban) &0.58

(rural)
7 ± 1 Hecobian et al., 2010

Amazon basin BBEa HULIS 350
e400

~0.5e1.5 ~6e7 Hoffer et al., 2006

Notes:
a Biomass burning emissions.
b Biofuel emissions.
c Secondary organic aerosols.
d HULIS humic-like substances.
e Multi-Filter Rotating Shadow-band Radiometer.
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to the values in Bay of Bengal (SEA-outflow) (Srinivas and Sarin,
2013), Los-Angeles (Zhang et al., 2013), Beijing (Cheng et al.,
2011), amazon basin (Hoffer et al., 2006), and South-eastern US &
Georgia (Hecobian et al., 2010). Therefore, high AAC value can be
taken as the markers of BrC emitted from biomass burning. It was
noted that AAC (5.33) for ambient PM2.5 BrC was in between coal
combustion and biomass burning, implying that the contributors of
ambient BrC were mainly from the mix of these two emissions.

Based on the data of BrC optical parameters in the present and
earlier studies with various sources and mixing states, a few in-
sights can be generated (Table 3). In this study, the mean MAC for
water soluble compounds was 5.8 m2 g�1, which was similar to the
study of Kirchstetter et al. (2004). The BrC sources in these two
studies were also correlated with mixing sources of lignite, hard
coal, and biomass burning. Sun et al. (2007) and Barnard et al.
(2008) analyzed the highest MAC values (~10) at ultraviolet
wavelength for combustion and humic-like organic aerosol
(HULIS), inferring that the MAC value correlated with typical
combustion sources and surface materials changing (e.g. coatings).
Lower MAC values (0.5e1.8 m2 g�1) were observed in BrC collected
from intense biomass burning or biofuel burning at the other sites
in former studies, further illustrating that BrC over Xi'an was from
complex sources.

AAC (7.44) for biomass burning in this study was similar to the
values measured from fresh biomass burning and biofuel burning
at other sites mentioned above. This indicated that the value of AAC
from fresh biomass burning leads to a relative high value range
(6e9) in comparison with coal burning. In this study, AAC of coal
burning BrC was measured with an average value of ~4.4. In addi-
tion, another significant portion of ambient BrC was derived from
SOA, and Bones et al. (2010) reported that AAC for aged SOA BrC
ranged from 4.7 to 5.3. One can conclude that aged SOA-BrC was
abundant in our sampling period because AAC value (5.4) was close
to the aged SOA AAC (4.7e5.3). However, seasonal source identifi-
cation of BrC should be different for various emission sources. In
winter, due to additional coal combustion and biomass burning
emissions for heating, the BrC origin should bemainly from heating
emissions and the formation of SOA. And winter AAC was likely
fresh SOA mainly formed on the aqueous solutions with high
loading of NH4

þ, preventing slow aging process of SOA reactions
(Updyke et al., 2012; Zhang et al., 2015). In contrast, in summer
when biomass burning was limited, aged SOC should be the main
contributor to BrC, as supported by the summer AAC values.
4. Conclusions

BrC in WSOC was investigated in PM2.5 samples in Xi'an. Strong
light absorption at 340 nm wavelength with a high babs of
36.23 Mm�1 was found in winter samples, implying abundance of
BrC existing in the region. In contrast, summer babs wasmuch lower
than winter. The AAC values for BrC varied within a small range of
5.0e6.2 for all samples. Meanwhile, the positive relationship be-
tween WSOC and babs (R ¼ 0.93, P < 0.001) illustrated that BrC was
a significant component in WSOC. Biomass burning sources
contributed significant amounts of BrC in winter and autumn, as
evidenced by high levels of OC, levoglucosan, and Kþ. SOC is also an
important origin of BrC, especially in winter. Analysis of optical
source profiles of BrC revealed that biomass burning smoldering
had much higher babs than fossil burning and compressed biomass
burning. Biomass burning constantly had higher AAC compared to
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coal combustion. babs and AAC of PM2.5 BrC in Xi'anwere lower than
those from biomass burning, slightly higher than those from coal
burning, and close to those from SOC, indicating mixed origins of
BrC in Xi'an. ComparedwithMAC and AAC values in other studies, it
was found that winter SOA-BrC was likely freshly formed while
summer SOA-BrC was from aged aerosols, which was likely caused
by different formationmechanisms of SOC in different seasons. This
study investigated BrC in WSOC only, and further studies should
focus on BrC using the methanol extraction method. The relation-
ship between organic compounds (such as aromatic hydrocarbon)
and BrC should also be investigated to gain further insights of its
origins.
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