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three typical crop straws in north China (corn, wheat, and rice). Particle samples size rang-
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ing from 0.006–9.890 μm were collected by an Electrical Low Pressure Impactor plus, a high
size-resolution instrument capable of dividing particles into 14 size stages. The size dis-

Keywords:

tributions of organic carbon (OC), elemental carbon (EC), water-soluble ions, and elements

Crop residue

were analyzed, and source chemical profiles were constructed for PM0.1 , PM1 , PM2.5 , and

Open burning

PM10 . The number concentration of particles was concentrated in the Aiken nuclei mode

Size distribution

(0.006–0.054 μm), accounting for 75% of the total number, whereas the mass concentration

Source profile

was concentrated in the accumulation mode (0.054–0.949 μm), accounting for 85.43% of the

Electrical Low Pressure Impactor

mass loading. OC, EC, Cl− , and K(include total K and water-soluble K) were the major chem-

plus (ELPI+ )

ical components of the particles, whose mass percentage distributions differed from those
of other components. These five main components exhibited a bell-shaped size distribution
in the 0.006–9.890 μm range, whereas the other components exhibited a U-shaped distribution. Among the chemical profiles for PM0.1 –PM10 , OC was the most important component
at 10–30%, followed by EC at 2%–8%. The proportions of K+ , Cl− , and K varied substantially
in different experimental groups, ranging from 0–15%, and K+ and Cl− were significantly
correlated (r = 0.878, α = 0.000).
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
China is a large agricultural country rich in crop straw resources; a large amount of straw is burned for processing
every year (Deng., 2011; Zhang., 2009). The aerosols gener-
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ated by straw burning, especially the large-scale open burning of straw during the crop harvest, will have an important impact on the urban and regional air quality (Yin et al.,
2019). In addition, the key aerosols produced by biomass combustion, i.e., organic carbon and black carbon, have an important impact on climate change, and toxic substances in
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particulate matter (PM) such as polycyclic aromatic hydrocarbons and heavy metals can cause substantial harm to human health (Allen et al., 2004; Gadde et al., 2009; Zhang et al.,
2016). Although the Chinese government is increasingly controlling straw open burning at all levels, the emission of
multiple pollutants still deserves special attention. Many
previous studies have estimated pollutant emission from
biomass combustion sources in different regions of China
over time (Chen et al. 2015; He et al. 2011; Huang et al, 2012;
Zhang et al. 2013). According to Zhang et al. (2019), the emission of PM2.5 from biomass open burning in China based
on satellite fire point data and activity level statistics exceeded one million tons in 2017. Moreover, source apportionment data have revealed the significant contribution of
biomass open burning to ambient PM2.5 in many cities in
China, such as Tianjin, Guangzhou, Weihai, Xi’an, Puyang,
Karamay, where the contributions are 20% (Khan, et al., 2021),
10% (Guangzhou MEEB, 2017), 9%–10% (Li et al., 2019), 5%
(Cao et al., 2019), 12% (Chen et al., 2019), and 10% (Turap et al.,
2018) respectively.
A thorough analysis of source size distribution characteristics and chemical profiles are important for many fields,
such as the prevention and control of air pollution and
health risk assessment. Toxic particles could cause respiratory (Mahapatra et al., 2018) and cardiovascular diseases
(Qiu et al., 2017), and the smaller the particulate size, the
greater the harm to human body (Cassee et al., 2013). In order to better carry out human health risk assessment, more
and more studies begin to pay attention to ultra-fine particles such as PM1 (PM with an aerodynamic diameter of less
than 1 μm) (Lee et al., 2017a, 2017b; Majewski et al., 2018).
Meanwhile, given the particle size is an important physical
characteristic of particulate matter, it has been applied to
increasing emission source discrimination (Dai et al., 2019).
Since high size resolution measurements of particles are
readily available, an increasing amount of research has focused on size resolved source apportionments by using particle number concentration and size distribution of chemical components (Zhou et al., 2004; Yue et al., 2008; Gu et al.,
2011; Tan et al., 2016). Tan et al. (2014) applied the positive matrix factorization (PMF) method to the monitoring
data of size segregated number concentrations of PM in Beijing, and easily identified and quantified the contribution
of local fresh sources, long-range transportation and vehicle emission. Tan et al. (2016) characterized the size distribution of atmospheric particle (PM0.1 , PM1 , PM2.5 , PM10 ), water
soluble inorganic species, elements, and reconstructed carbonaceous species in an urban background site in Beijing,
and employ the PMF receptor model to investigate the differences in the source contribution to the size ranges from
0.028 μm to 10 μm. Dai et al. (2019) developed and employed a size-resolved chemical mass balance model to obtained the source contributions to ambient PM0.006-9.8 based
on the size-resolved source profiles of major chemical elements emitted, and pointed out that the lack of size-resolved
source profiles from typical PM point sources prevented the
development of size-resolved apportionment methods. It is
believed that the study of emission characteristics of size
and chemical characteristics of PM is much necessary and
valuable.
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To date, many studies have evaluated biomass combustion sources related to open burning and household combustion conditions, which greatly improved the understanding of the emission characteristics of biomass combustion (Chen et al. 2015; He et al. 2011; Huang et al, 2012;
Zhang et al. 2013). Ni et al. (2017) summarized the PM2.5
source profiles for open burning of several crop straws in
China. Shen et al. (2013) and Zhang et al. (2018) have determined the source profiles for typical woody fuels in field
and laboratory-controlled environment, respectively. In the
research of Sun et al. (2019), PM2.5 source profiles from burning of raw biomass materials (i.e., maize straw, wheat straw
and wood branch) and their processed products (i.e., briquette
and charcoal) were determined, while inorganic species (i.e.,
water-soluble ions and elements) and carbonaceous fractions
(i.e., saccharide and polycyclic aromatic hydrocarbons) were
quantified.
However, only a few studies have analyzed the size distribution of the chemical components, which is vital for understanding emission pattern characteristics and estimating
relative contributions. And detailed source profiles are also
of important significance to accurately evaluate the contribution of biomass combustion emissions and formulate reasonable management policies. In this study, three typical biomass
crop straws in Tianjin, China, i.e. corn, wheat and rice, are selected for combustion experiments in a novel open combustion simulation device. The size distributions of OC, EC, watersoluble ions, and elements are characterized in the size range
of 0.006–9.890 μm, and the chemical profiles of PM0.1 , PM1 ,
PM2.5 , and PM10 are constructed for the three biomass materials.

1.

Materials and methods

1.1.

Sample collection

Experiments were conducted on a relatively empty and wellventilated balcony of Nankai University in Jinnan district,
Tianjin, China, on February 28 and March 2, 2017. The weather
was clear, and the wind was about 0.3∼3.3 m/sec. The maximum temperature could reach 13–15 °C, when the experiments were carried out during the day. Corn, wheat, and
rice straws were collected from the local rural areas of Tianjin. Proximate and ultimate analyses were conducted prior to
the experiment. The contents of C, H, N, total moisture, ash,
volatiles, and fixed carbon are shown in Table S1. A novel experimental device was designed for this study for effectively
collecting particulate matter samples, as the flue gas diffusion process generated by straw open combustion is greatly
affected by the wind direction of ambient air.
The experimental device was divided into four parts: a
combustion chamber, gas flue (including gas-collecting hood),
extraction fan, and sampling device. All sides of the combustion chamber were unshielded, and a four-legged iron frame
(Long ∗ Wide ∗ High: 0.7 ∗ 0.7 ∗ 0.7 m) was used to prop up
the gas-collecting hood for ventilation. During the combustion process, the slight negative pressure generated by the extraction fan (Power: 40 W; Rotational speed: 2400 r/min; Blowing rate: 198 m3 /hr) made the smoke diffuse through the gas
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flue (Total length is about 1.5 m), where the sampling device
collected the smoke. The main function of the experimental
device was to control diffusion of the combustion smoke in
a specific direction. At the same time, the materials used in
the experimental device and the ventilation effect were chosen to not affect the normal combustion and sampling process. Various straws were artificially added to the combustion
device to maintain continuous and stable combustion, and
the sampling time of each group of experiments was approximately 15 mins. In this experiment, an electrical low-pressure
impactor plus (ELPI+, Dekati Ltd., Finland) was used to collect particulate matter in a size range of 0.006–9.890 μm, divided into 14 stages. The principle of ELPI+ was described in
Dai et al. (2019). The ELPI+ was equipped with three types of
25 mm filters during the experiment, among which aluminum
foils was used to measure the particle number concentration
and particle size distribution, and the quartz filters and Teflon
filters (Pall Life Sciences, Ann Arbor, MI, USA) were used to collect particle samples and chemical analysis. ELPI+ sampling
requires 14 filters in each group of experiments. In total, 12
groups of experiments were conducted, and 168 filters were
used in this study.

1.2.

Chemical analysis

OC/EC was determined on a punch (0.526 cm2 ) from the quartz
filter using a Thermal/Optical carbon analyzer (DRI 2001A,
Desert Research Institute, USA) with the IMPROVE_A (Interagency Monitoring of Protected Visual Environments) protocol
(Chow et al., 2007). Water-soluble ions (SO4 2− , NO3 − , Cl− , NH4 + ,
Ca2+ , Na+ , and Mg2+ ) were analyzed by ion chromatography
(Dionex ICS-900, DIONEX, USA). The collected Teflon filters
was extracted by ultrasonic cleaning with ultra-pure water as
the solvent. Then, the inorganic anion and anion contents in
the solution (8 mL) were analyzed by ion chromatography. The
elemental species (Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu,
Zn, Pb, As, and Cd) were analyzed using an inductively coupled plasma emission spectrometer (ICP-OES) (IRIS Intrepid Ⅱ,
Thermo Electron, USA). In the pretreatment process before the
inorganic elements analysis, firstly, the Teflon filters were cut
into pieces with ceramic scissors and placed in the internal
tank of a microwave digestion apparatus (CEM Mars6, PYNN
CORP, USA). 1 mL of nitric acid, 3 mL of hydrochloric acid,
and 1 mL of hydrogen peroxide (HNO3 –HCl–H2 O2 =1:3:1) were
added successively. Then, the tank was sealed and placed in
the microwave digestion apparatus for digestion. The solution was then transferred to a constant volume test tube and
deionized water was used to clean the microwave digestion
tank 2–3 times at a constant volume. The cleaning solution
was also collected in a constant volume test tube (10 mL). Finally, all chemical species were determined in this study, and
similar to the reports from Liu et al. (2016) and Liu et al. (2020).

1.3.

QA/QC

During the preparation of the three types of filters, the quartz
filters was baked for 4 hr at 600 °C to remove absorbed organic vapors (Chow et al., 2010; Watson et al., 2009). Then, the
quartz filters and Teflon filters were kept at a temperature of
20 ± 1°C and a humidity of 50 ± 3% for more than two days

before weighing. All filters were weighed using a microbalance with ± 1 μg sensitivity (Mettler-Toledo MX5, Switzerland).
In order to strictly control the weighing error, each filter was
weighed intermittently more than twice and the interval of
each weighing was 2 h. In order to prevent the particles from
hitting the aluminum foil and bouncing back, the surface of
the aluminum foil was coated with organic resin and dried
for later use. All samples obtained from the experiment, were
kept under constant temperature and humidity then weighed.
Before analyzing the first sample and after analyzing the
last sample in every day, the carbon analyzer will conduct a
system stability test (three-peak test) to ensure that the relative standard deviation of the calibration result is no more
than 5% compared with the previous result. All the instruments will carry out retest or blank measurement during the
daily analysis to ensure the accuracy of the analysis results.
The accuracy and precision of analysis methods of OC/EC, water soluble ions and elemental as well as the detection limit
and lower detection limit of various components are shown in
the Table S2. Precision is determined by measuring the standard sample several times and calculating the relative standard deviation of the analysis results. Accuracy was determined by detecting the standard solution after adding blank
film and calculating the recovery rate.

1.4.

Data processing

The particle number concentration of the 14 particle sizes obtained in this study was directly measured by ELPI+, and mass
concentration data were obtained by dividing the mass of the
weighing sample by the air intake and the experimental time.
The range of each particle size stages of ELPI+ is shown in Table S3. For constructing the source profile of PM0.1 , PM1 , PM2.5 ,
and PM10 , the calculation formula of the proportion of each
component was as follows:
n
Wι
ωi = ι=1
× 100%
n
ι=1 Wι
where ωi is the content proportion of component i in each PM
source profile. When constructing the source profile of PM0.1 ,
PM1 , PM2.5 , and PM10 , l was set to 4, 9, 12, and 14, respectively.
Furthermore, Wι is the sum of the masses of component i in all
size stages of 0˜l and Wι is the sum of the masses of samples
in all particle size stages of 0∼1.

2.

Results and discussion

2.1.

Number concentration and mass concentration

The particle number concentration and mass concentration
results collected by ELPI+ are shown in Fig. 1. The PM number
concentration of corn straw reached 1.3 × 107 /cm3 , whereas
that of wheat and rice reached 2.0 × 105 /cm3 . The size of
peak concentration of corn straw ranged from 0.006–0.016 μm,
whereas the peak mode of wheat and rice straw ranged from
0.016–0.030 μm. The PM from corn, wheat, and rice straw combustion was predominantly concentrated in the Aitken nuclei mode (0.006–0.054 μm), accounting for 92%, 61%, and 74%
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Fig. 1 – Size distribution of number concentration percentage and mass concentration of particle. (a) represents the
proportion of particle number concentration of each size stage to total particles (PM0.006˜9.890 ). In the figure (b) ∼ (d), red dots
represent the mass of samples in each size stage, and the nonlinear fitting analysis is also carried out.

of the total number concentration, respectively. However, according to previous studies (Fu et al., 2012; Laing et al., 2016;
Li et al., 2016; Reid et al., 2005; Rissler et al., 2006; Zhang et al.,
2011), the dominant size distribution of particles produced by
biomass burning is approximately 100 nm, which differs from
the results of this study. This could be explained by the different experimental instruments and measurement ranges used
in other studies. Moreover, the biomass combustion process
has a substantial influence on the experimental results, which
is difficult to control (Chen et al., 2010).
The mass concentration distribution curve of particles produced by biomass combustion of the three straw types was
well fitted with the Gaussian function (R2 = 0.76–0.78), as a
normal distribution. The peak mass concentrations of particles produced by burning the three types of straw were
0.257–0.382 μm and 0.38–0.603 μm, which accounted for 20–
30% of the mass concentration. The size distribution of the
particle number concentration derived from straw combustion was different from the mass concentration. The number concentration predominantly concentrated in the Aitken
nuclei mode (0.006–0.054 μm), which accounted for 75.90%
of the particle numbers on average but only 4.24% of its
mass concentration in this size range. The mass concentration
was predominantly concentrated in the accumulation mode
(0.054–0.949 μm), accounted for 85.43% of particles on average, whereas only 23.89% of the number concentration was in
this range. The number concentration of PM in the range of
0.949–9.890 μm represented 0.21% of the total value, whereas
the mass in this range represented only 10.02% of the total.
This uneven distribution of particles in number concentration and mass concentration also suggests substantial differ-

ences in particle size, mass, and composition. In addition, the
number concentration and mass concentration of PM emitted
from straw combustion were mainly concentrated in the ultrafine particulate matter (PM1 ) range. PM1 remains in the atmosphere for longer time, so as to be transported farther, and
penetrates the alveolar blood. As a result, it is more harmful to
human health and the atmospheric environment. Therefore,
future research should focus on PM1 .

2.2.

Carbonaceous fraction

As shown in Fig. 2, the mass concentration and percentage
of OC, EC exhibited different size distribution characteristics.
The OC, EC mass concentration had an approximately singlepeak distribution for all three crops. It reached a peak value
at 0.257–0.603 μm, and the mass concentrations of ultra-fine
and coarse particles were very low. The OC mass concentration of corn and wheat was between 80–6000 μg/m3 , while
the EC mass concentration was between 10∼2000 μg/m3 . The
maximum and minimum values of the OC/EC mass concentration in rice straw were relatively low compared to those in
corn and wheat straw.
The mass percentage of OC reached a maximum value in
the 0.006–0.016 μm range, which accounted for approximately
32% (±4%) of the mass, on average. The content of OC in the
0.016–9.890 μm range first increased then decreased as the
particle size increased. The overall distribution presented a
typical bell-curve pattern, where the lowest value was obtained in the maximum particle size range. The particle size
distribution pattern of EC was similar to that of OC; however,
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Fig. 2 – Mass concentration and percentage distribution characteristics of OC, EC produced by different types of straw
burning.

the maximum value was obtained in the medium size ranges,
and the average value was approximately 11% (±2%).
The mass percentage distribution of OC and EC attracted
our much attention, especially the high proportion of OC in
0.006–0.016 μm. It was unusual, and we were trying to find the
reasons based on the biomass combustion mechanism. According to the research of Fang (2011), volatile organic compounds (VOCs) in biomass begin to volatilize with increasing
temperature and escape into the air during combustion. During this process, some VOCs will burn violently after contact
and mixing with oxygen on the fuel surface, producing simple molecular compounds like CO2 , NO, and NO2 , as well as
intermediate products such as CO and PAH. In addition, mechanical breakage occurs during biomass combustion, where
some organic substances escape into the air in the form of
solid particles before being fully burned. In other words, there
are may two pathways that about the PM come from during the biomass burning. The one is that PM directly emitted in the form of organic solid particles. And the other is
that the organic vapor generated by thermal volatilization of
biomass may undergo a physical phase transition at low temperature and condense to form organic particles or onto existing particles to produce heterogeneous nucleation (Tang, et al.,
2006). Moreover, Whitby (1978) proposed a three-mode aerosol
model whereby hot vapor condensation can form root kernel
mode particles. This may explain why the OC content reached
a maximum value in the 0.006–0.016 μm range in this study.
If so, the fact that OC and EC first increased then decreased
in the particle size range of 0.016–9.890 μm can be explained
in two ways. First, OC and EC were generated from combustion, and the particles themselves were concentrated in small

particle size ranges. Second, organic steam heterogeneous nucleation process may occur in the small particle size range.

2.3.

Water-soluble ions

SO4 2− , NO3 − , Cl− , NH4 + , K+ , Na+ , Mg2+ , and Ca2+ were analyzed in this study. The contents of some ionic components
from burning of corn and wheat straw were below the detection limit in some particle size ranges; for example, SO4 2− ,
NH4 + , and K+ were largely undetected in corn and wheat
straw. Overall, more ion components were detected from the
burning of rice straw, and their contents were higher than
those detected from the burning of corn and wheat straw.
NO3 − , Cl− , and Na+ exhibited representative mass concentrations, were taken as examples to introduce the size characteristic of ions (Fig. 3). All ions mass concentrations were relatively low, with different types of ions in different size ranges,
from tens of micrograms to only a few micrograms per cubic meter and even less than one microgram per cubic meter. Cl− was one of the ions with the highest mass concentration detected, which reached a peak value of approximately
500 μg/m3 in the 0.054–0.257 μm range in corn and wheat
straw, and approximately 1400 μg/m3 in the 0.257–0.382 μm
size range in rice straw. The mass concentrations of all ions
were higher level in the medium size range than the ultrafine or coarse particle size ranges. Based on our results, the
mass percentage size distribution of ions produced by burning
straw was divided into two types. The proportion of K+ and Cl−
showed a trend of "rising then falling" (bell-shaped) with increasing particle size, whereas the proportion of all other ions
showed a trend of "falling then rising" (U-shaped). K+ and Cl−
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Fig. 3 – Mass concentration and percentage distribution characteristics of Water-soluble ions produced by different types of
straw burning.

have long been the tracer components of biomass combustion. In this study, we also observed the following three phenomena: 1) K+ was not detected in many PM size ranges from
corn and wheat stalk combustion; 2) the proportion of K+ and
Cl− in the three types of straw exhibited a "sudden rise" and
"sudden drop" trend in some particle size ranges. Even when
K+ was not detected in many size samples of corn and wheat
straw, the content was very high in some other size ranges;
3) K+ and Cl− in rice straw exhibited significant correlation at
the level of 0.01 (r = 0.878, α = 0.000).
In order to analyze the cause of these phenomena, the released process of K+ and Cl− in biomass combustion was analyzed. Both K and Cl are essential nutrients for plant growth
and have important physiological and biochemical functions.
K and Cl exist in organisms and are absorbed by plants in the
form of ions. According to Qin et al. (2010), with increasing
biomass combustion temperature, K and Cl are transformed
from the ionic state and separated from the combustion ash in
the form of compounds (mainly KCl). Moreover, the higher the
temperature, the greater the amount of released KCl. Therefore, it was surmised that as the temperature of rice straw
combustion was higher than that of maize and wheat straw
in this study, the released content of K+ and Cl− was relatively higher, while that of maize and wheat straw was lower
and even K+ not detected in a large number of samples in
some size ranges. The highest content of K+ and Cl− was detected in the 0.054–0.949 μm PM size range for all straw types.
As K+ and Cl− are released in the form of KCl compounds,
the correlation between K+ and Cl− was very well. Furthermore, Wang et al. (2016) and Khalil et al (2003) conducted
straw combustion experiments with different moisture con-

tents and temperature gradients, and showed that temperature has a substantial influence on the release of K+ and Cl−
into the flue gas during straw combustion; the emission factors under different temperatures may vary by more than 10
times.

2.4.

Elemental composition

The sample analysis results showed that K, Ca, and Na were
the main PM elements produced by biomass combustion,
whereas heavy metal contents (e.g., Ti, Pb, and Cr) were very
low or even not detected in many samples. As representative elements, the mass concentration and percentage distribution of K, Ca, and Na are shown in Fig. 4. For all elements,
the mass concentration exhibits an approximately unimodal
bell-shaped distribution, i.e., higher in medium size ranges
than ultra-fine and coarse size ranges. Like water-soluble ions,
the mass concentration of most elements was not particularly
high, i.e., tens of micrograms per cubic meter or less. However, the mass concentration of K was the highest, with the
peak value for the three straw types reaching 3300 μg/m3 in
the 0.257–0.382 μm size range.
In terms of the mass percentage distribution, the two
mains trends were bell-shaped (K content) and U-shaped (all
other elements). This was consistent with the particle size distribution of ions because most metallic elements exist in the
form of ions in biomass. Moreover, probably because the temperature of the combustion experiment was relatively high
during sample collection, the K content in the three types of
straw was also relatively high, with a maximum value of 16–
18%.
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Fig. 4 – Mass concentration and percentage distribution characteristics of elements produced by different types of straw
burning.

Fig. 5 – Chemical profile of PM0.1 , PM1 , PM2.5 , PM10 emissions from open burning of three kinds of crop residues.

2.5.

Size-resolved source profiles

As shown in Fig. 5 and Table S3, the chemical profiles of
PM0.1 , PM1 , PM2.5 , and PM10 for the three straw types were
obtained from samples with 14 size bins. Interestingly, the
Similar chemical profile of PM2.5 is quite similar with PM10 ,
which is consistent with previously reported result. For example, Nguyen et al. (2011) used dichot samplers (Anderson

series 214, Thermo Fisher Scientific, USA) to collect particle
samples, with particles size ranging from 0.4–9 μm divided
into eight stages; the OC content of PM2.5 and PM10 was 33.54%
and 32.86%, respectively, exhibiting no significant difference.
OC, EC, Cl− , and K (include total K and water-soluble K)
were the major components in the size-resolved source profiles produced by the three types of straw burning. Given that
there is rarely reports on PM0.1 and PM1 source profiles of
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Table 1 – Mass percentage of mainly component in PM2.5 chemical profile compared to other similar studies. The methods
and equipment used for chemical composition analysis are basically the same.
Chemical species

Straw type

This studya

Ni et al., 2017b

Deng, 2011c

Li et al., 2007c

OC
OC
OC
EC
EC
EC
OC/EC
OC/EC
OC/EC
K+
K+
K+
Cl−
Cl−
Cl−
K
K
K

corn stalk
wheat straw
rice straw
corn stalk
wheat straw
rice straw
corn stalk
wheat straw
rice straw
corn stalk
wheat straw
rice straw
corn stalk
wheat straw
rice straw
corn stalk
wheat straw
rice straw

28.13
23.58
11.01
7.49
5.28
7.81
3.8
4.5
1.4
0.98
2.26
11.13
1.56
3.30
13.94
12.40
15.47
14.23

50.5 ± 5.7
42.7 ± 9.4
38.2 ± 4.0
2.5 ± 0.7
2.6 ± 2.0
3.2 ± 1.1
20.2
16.4
11.9
2.9 ± 2.1
5.5 ± 3.9
10.1 ± 3.6
8.4 ± 6.4
12.9 ± 6.3
21.2 ± 7.3
3.9 ± 2.8
6.4 ± 3.7
13.9 ± 4.9

39.71
30.99
37.6
1.84
2.2
3.09
21.6
14.1
12.2
7.2
8.93
6.77
11.36
8.26
9.16

33.6 ± 13.8
38.5 ± 16.0

a
b
c

2.98 ± 0.68
7.65 ± 3.97
11.3
5.0
8.51 ± 4.77
9.94 ± 11.8
23.0 ± 7.05
13.8 ± 14.6
6.88 ± 3.49
7.26 ± 4.28

represents dilution sampler at 10 L/min.
represents dilution sampler at 5 L/min.
represents middle-volume samplers at 78 L/min.

biomass burning, here we compared our PM2.5 profile with
the abundant PM2.5 profiles in literatures. Result is available
in Table 1.
The OC in the source chemical profiles of other studies
ranges from approximately 30–50% (Li, et al.,2007; Deng, 2011;
Ni, et al.,2017), while the results of this study were relatively
low, especially in rice straw (11%). Conversely, the EC contents
in this study were higher than those in other studies. According to the results of the proximate analysis (Shown in Table
S1), compared with other studies, the moisture content of the
straws was relatively low, the volatile content was relatively
high, and the fixed carbon content was similar. Previous studies have shown that, the higher the fuel moisture, the longer
the smoldering time, the lower the degree of incomplete fuel
combustion, and the higher the emission factors of PM2.5 , OC,
CO, and other species (Chen et al., 2010; Ni et al., 2015). These
results indicate that the combustion environment is one of the
fundamental factors influencing chemical emission characteristics. Therefore, the difference between the experimental
results of this study and other research results is most likely
due to the difference in the combustion environment. Moisture, temperature, and oxygen content are just some of the
factors affecting the combustion environment. It is also indicted that the results of open biomass combustion are complex and changeable. If comprehensive and accurate research
results are to be obtained, more refined experiments are required that include the monitoring of temperature, CO2 , CO,
and oxygen content during combustion.
In this study and similar previous studies, there was no
clear correlation between components (such as Cl− , K+ , K)
and straw type. In addition, as similar to Ni et al. (2017) and
Li et al. (2007), Cl− , K+ , and K exhibited significant differences
in different straw types. For example, K+ contents in this study
were 0.98%, 2.26%, and 11.13% for the different straw types,

whereas K contents were 12.40%, 14.23%, and 15.47%. Thus,
the substantial difference in K+ , Cl− , and K components was
not the fuel itself or the analysis error, but the difference
in combustion environment. Moreover, previous studies on
biomass fuel combustion have shown that K and Cl are released into the gas phase in the form of KCl, and the higher the
temperature, the higher the release ratio (Johansen et al., 2011;
Knudsen et al., 2004). Completed dechlorination was achieved
under combustion conditions as the temperature exceeded
800°C, and Cl was the main facilitator for K release through
sublimation of KCl. Therefore, different combustion temperatures caused the significantly different Cl− and K+ contents
in different experimental groups in this study and other studies. Straw burning is typically more intense and performed
at higher temperature in reality than under laboratory conditions. This fact, combined with the comparison of K+ , Cl− , and
K contents between this study and previous research, indicates that the contents of these three components in the PM2.5
source chemical profile should be close to or greater than 10%.
As such, these components can effectively be used as tracer
components of the biomass combustion source.

2.6.

Discussion

Straw burning is affected by many factors, such as the combustion temperature and oxygen content mentioned in the
manuscript. Therefore, it should be emphasized that, even under realistic conditions, the size and chemical characteristics
of the particles emitted from various straw burning processes
may be different. The purpose of this study is to obtain the
characteristics of particulate emissions consistent with most
open burning situation. Based on this goal, some uncertainties
do exist in the results of this study, which mainly come from
the experimental process and sample analysis process. Due
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to the limitations of experimental conditions, it is difficult to
make field measurements of the actual open burning process
of crop straw in northern China, so simulation experiments
are often used in the research. However, in the simulation experiment, the scale and intensity of straw burning are indeed
lower than the real situation, which may lead to the difference
of burning environment such as temperature, thus further affecting the experimental results. In order to obtain more realistic experimental results and provide a more comprehensive and detailed reference for other studies, in addition to
trying to control the straw burning state close to the reality,
this study also adopted three measures. Firstly, strict QA/QC
measures were taken in the process of sample collection and
chemical analysis (as described in sections 2.1˜2.3). Secondly,
the experimental data were deeply analyzed in combination
with the combustion mechanism, especially the possible influence of combustion conditions such as temperature on the
experimental results was pointed out. Thirdly, this study also
makes a comparative analysis with similar research results.
In general, the experimental results of this study could represent the characteristics of particulate emissions under specific combustion conditions. Even if some of the results are
inconsistent with other studies, it could be explained through
the combustion mechanism.

combustion process would be strengthened, so as to obtain
more accurate and stable size distribution and chemical composition characteristics of PM emitted by open burning of crop
reduces under various environments.
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