
applied  
sciences

Article

Thermo-Optical and Particle Number Size
Distribution Characteristics of Smoldering Smoke
from Biomass Burning

Feng Wang 1,2 , Qixing Zhang 1,* , Xuezhe Xu 3,4, Weixiong Zhao 3 , Yongming Zhang 1,* and
Weijun Zhang 3,4,5

1 State Key Laboratory of Fire Science, University of Science and Technology of China, Hefei 230026, China;
wfengb@mail.ustc.edu.cn

2 School of Environmental Science and Engineering, Yancheng Institute of Technology,
Yancheng 224003, China

3 Laboratory of Atmospheric Physico-Chemistry, Anhui Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Hefei 230031, China; ad09xxz@126.com (X.X.); wxzhao@aiofm.ac.cn (W.Z.);
wjzhang@aiofm.ac.cn (W.Z.)

4 Graduate School, University of Science and Technology of China, Hefei 230026, China
5 School of Environmental Science and Optoelectronic Technology, University of Science and Technology of

China, Hefei 230026, China
* Correspondence: qixing@ustc.edu.cn (Q.Z.); zhangym@ustc.edu.cn (Y.Z.); Tel.: +86-551-6360-6457 (Y.Z.)

Received: 29 October 2019; Accepted: 29 November 2019; Published: 3 December 2019
����������
�������

Abstract: Controlled laboratory combustion experiments were conducted in the fire test room to
mimic freshly emitted smoldering smoke of biomass burning in China. The biomass components
were determined by ultimate analysis and proximate analysis before experiments. The particle
number size distribution (PNSD) between 5 and 1000 nm of smoke was measured by a high sampling
frequency size spectrometer. A cavity-enhanced aerosol albedometer with wavelength of 532 nm was
used to measure scattering coefficients, extinction coefficients, and single scattering albedo (SSA) of
smoldering smoke. The PNSDs of smoldering smoke from the burning of agricultural straw could be
fitted with a bimodal lognormal distribution as modes around 10 nm (nucleation mode) and 60 nm
(Aitken mode). The PNSDs of wood sawdust could be fitted with a trimodal lognormal distribution,
while the two modes were in nucleation mode, and one was in Aitken mode. The bulk optical
properties (scattering and extinction coefficients) of smoldering smoke had strong correlations with
particle number concentrations of sizes bigger than 100 nm. The correlation between SSA and fixed
carbon (FC) was strong (the correlation coefficient is 0.89), while the correlation between SSA and
volatile matter (VM) or ash was weak. The relationship between SSA and N (or S) showed a positive
correlation, while that of SSA and C showed a negative correlation. The relationship between SSA and
VM/FC (or N) showed a strong linear relationship (r2 > 0.8). This paper could improve understanding
of the relationship between the optical and particle size distribution properties of smoke from biomass
burning and the components of biomass materials under similar combustion conditions.

Keywords: single scattering albedo; lognormal distribution; smoldering biomass combustion; fire
test room; carbonaceous aerosol

1. Introduction

Different kinds of atmospheric aerosols have different influences on climate [1,2], air quality [3],
and human health [4]. One of the most important components of atmospheric aerosols is carbonaceous
aerosols, which are comprised of organic and elemental carbon [5,6]. The emissions from biomass
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burning are important constituents of global carbonaceous aerosols [7–9]. Approximately 88% of total
carbonaceous aerosol mass is emitted from biomass burning, while approximately 80% is emitted from
the smoldering combustion phase [10,11]. Particles suspended in the atmosphere can both scatter and
absorb solar radiation and terrestrial radiation [12]. The optical and physical properties of atmospheric
aerosols from biomass burning should be investigated.

However, large uncertainties exist in the measurement of light absorption of carbonaceous aerosols
from both laboratory experiments and field observations [13] for the complexity of biomass burning.
Experiments were conducted in the combustion facility of the United States Department of Agriculture
(USDA) Forest Service Fire Sciences Laboratory (FSL) as part of a comprehensive study to investigate
the complicated physical, optical, and chemical properties of smoke particles emitted from combustion
of common mid-latitude wildland fuels in the United States [14–16]. They found that smoldering
combustion emissions favored larger sizes (about 100 nm) and a unimodal distribution within 3 h
after emission, while light scattering dominated light extinction with a single scattering albedo greater
than 0.95 [15]. Number size distributions of tar ball from the smoldering of wildland fuels observed
in scanning electron microscopy images showed major peaks at large diameters (around 500 nm)
and the other peaks at small diameters (around 130 nm), in contrast to previous observations of tar
balls from biomass fires [16]. The direct observation of spherical carbonaceous particles with size
distributions of a single peak at about 70 nm in diameter was acquired from a smoldering combustion
of two commonly dry mid-latitude fuels on a flat fuel bed which produced white smoke that filled
a large chamber [11]. Janhäll et al. [17] explored and characterized the variability of the particle
size distribution of fresh smoke from different vegetation fires, which was typically dominated by a
lognormal accumulation mode with count a median diameter of around 120 nm, depending on age,
fuel, and combustion efficiency. Similar to for biomass burning, aerosols from various coal combustion
show different physicochemical characteristics for their various inherent properties and different
combustion conditions [18–20]. Pintér et al. [21] have provided the optical properties of carbonaceous
aerosols generated from various coal combustion and their correlations with the thermochemical and
energetic properties of the coal samples. There could be a strong linear correlation between the calorific
value of the investigated coal bulk materials and single scattering albedo of carbonaceous particulate
matter generated from them. These early studies provide useful but insufficient information for smoke
from various biomass burning, which have different properties depending on fuel and combustion
conditions [22]. Most of these experiments were conducted in the laboratory with large differences
for field measurements. However, even if field measurements represent real world burning more
than laboratory experiment, the results were influenced by different kinds of conditions with complex
reasons for occurring [23].

In this paper, the components of biomass samples in China were determined by the ultimate
analysis and proximate analysis. The controlled laboratory combustion experiments were conducted in
the fire test room to generate smoldering smoke from biomass burning in a steady combustion condition.
Smoke could be diffused and mixed with the air naturally. Measurements included scattering and
extinction coefficients as well as the particle number size distribution (PNSD). This paper aimed to
investigate the relationship between the optical and particle size distribution properties of smoldering
smoke as well as the components of biomass materials under similar combustion conditions.

2. Materials and Methods

2.1. Materials

In this study, all biomass samples were obtained from a variety of sources in China as a reference
point. Four kinds of agricultural straw were selected in Shou County of Anhui Province, namely soya,
wheat, corn, and rice. Five kinds of wood sawdust were also prepared for experiments. The kinds of
wood sawdust were phoenix tree (as Ph), poplar (as Po), picea (as Pi), and three kinds of pines (as P1,
P2, and P3). The ultimate analysis and proximate analysis were carried out to determine the properties
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of the biomass samples. All of the biomass samples were grinded, sieved by screen mesh of 300 µm,
and dried at a temperature of 105 ◦C for about 24 h in a drying cabinet before ultimate analysis and
proximate analysis.

The ultimate analysis was carried out with Vario EL cube (Elementar) to determine the major
elements of biomass samples, including the contents of carbon (C), oxygen (O), hydrogen (H), nitrogen
(N), and sulfur (S).

The proximate analysis was carried out to determine the constituents with various states of
thermal stability in biomass samples, namely moisture (M), volatile matter (VM), fixed carbon (FC),
and ash (A), according to the ASTM standard methods [24–26] in a thermal analyzer (Netzsch STA
449F3) with two steps. The first step was conducted using nitrogen (N2) with a gas flow rate of 50
mL/min. The sample was heated from room temperature to 110 ◦C with a heating rate of 30 ◦C/min,
and followed by a hold time of 10 min for isothermal condition of 110 ◦C to determine the mass of
M. VM was released when the sample was heated up to 950 ◦C and cooled down to 450 ◦C with a
temperature rate of 30 ◦C/min. Following that, the flow gas was changed to air with a gas flow rate of
50 mL/min. The sample was burnt out from 450 ◦C to 800 ◦C with a temperature rate of 30 ◦C/min in
this step. The ash content was received as the final residue. The mass of FC was calculated according
to the mass of VM and ash. The proximate analysis of VM, FC, and ash was conducted to determine
dryness, therefore the constituents of VM, FM, and ash have the relationship as follows,

V + F + A = 100%, (1)

in which V, F, and A are the mass ratios of VM, FC, and ash contents to the total mass of biomass
samples on the dry basis of proximate analysis. All the experiments of proximate analysis were
repeated three times.

2.2. Experimental Methods

Experiments were conducted in a fire test room with a size of 10 m in length, 7 m in width and 4 m
in height. The fire test room is located in State Key Laboratory of Fire Science at the University of Science
and Technology of China [27]. The room was used to mimic smoldering biomass combustion scenarios
in the field by using measurements with appropriate dilution of the combustion emissions and fuel
arrangements to approximate and steady combustion conditions, similar to for chamber experiments
of biomass burning [28–30]. The fire test room was sealed during combustion and sampling with the
exhaust closed. After the biomass samples were burnt out, the smoke from the whole smoldering
fire was well mixed with air in the room, sampled at the corner of 1.92 m height, and distributed
through a manifold to a high sampling frequency size spectrometer (flow rate of 7.5 L/min; DMS500,
Cambustion Ltd., Cambridge, UK) and a cavity-enhanced aerosol albedometer with wavelength of 532
nm (flow rate of 1.3 L/min; Anhui Institute of Optics and Fine Mechanics, Hefei, China). The sample
flow rate was 4.4 L/min. The dilution gas was N2 with a flow rate of 4.4 L/min. The PNSD between 5
and 1000 nm was measured every 3 s with DMS500 [31,32] and the calibration of DMS was derived
from spherical particles with the inversion matrix of unconstrained lognormal parameterization. The
cavity-enhanced aerosol single-scattering albedometer was based on a light-emitting-diode (LED)
incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS) system combined with
an integrating sphere (IS) for simultaneous in situ measurements of aerosol extinction and scattering
coefficients in an exact same sample volume [33–35]. The detection limits for the scattering and
extinction channels with 9 s integration time were 0.54 and 0.15 Mm−1, respectively. The aerosol light
absorption can be quantitatively expressed using single scattering albedo (SSA) which is defined by
the ratio of aerosol light scattering to aerosol light extinction (the sum of absorption and scattering).
For non-absorbing aerosols, SSA is 1. The total uncertainty in the measurements of SSA was estimated
to be less than 5% [35]. The experiments of soya, wheat, corn, rice, and Pi were repeated three times.
The experiments of Po and Pi were repeated twice. The results showed a good repeatability with a
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maximum uncertainty of SSA of less than 4% for Po. A schematic diagram of the fire test room and the
experimental setup is shown in Figure 1.
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Figure 1. Schematic diagram of the fire test room and the experimental setup.

The biomass samples were put in the room with similar temperature and humidity for more than
24 h before experiments. In the experiments, the samples of agricultural straw were cut to pieces of
4–6 cm in length, and the samples of wood sawdust were sieved by screen mesh of 300 µm. About
5 g of biomass sample was put in a container made of aluminum foil with size of 10 cm × 10 cm in
the center of the room. All the biomass samples were burned on a heater (OMEGALUX) with a size
of 30 cm × 30 cm. The combustion state of biomass samples was controlled at smoldering by the
voltage of the heater (about 100 V, with the thermal radiation power of 4.5 kW/m2) in every experiment.
Before every experiment, the particle size distribution and optical properties of aerosol in the fire test
room were measured for about 5 min as the background data. During every experiment, the door and
windows of the room were closed to reduce the influence from outside. After about 10–25 min, the
samples burnt out and smoke from the whole smoldering fire was well mixed in the fire test room
and monitored under approximately steady-state for up to several minutes. If the optical properties
of sampled smoke were approximately steady for more than 5 min, which meant the fluctuations of
the scattering and extinction coefficients did not exceed 5% at last, then the experiment was finished.
After experiments, the windows and exhaust were opened to clean air in the room. Temperature and
relative humidity in the fire test room were recorded for all experiments with the average values of
18.5 ◦C ± 0.6 ◦C and 47.8% ± 8.0%, respectively.

3. Results and Discussion

3.1. Results of Ultimate Analysis and Proximate Analysis

The results of ultimate analysis and proximate analysis are listed in Table 1, as the properties of
the biomass samples. As seen in Table 1, the contents of the major elements in agricultural straw and
wood are quite different. The contents of C in wood are higher than in agricultural straw. Conversely,
the contents of N and S in wood are significantly lower than in agricultural straw. The contents of O in
agricultural straw are lower than in wood except for soya and Ph. The contents of C, O, and H in rice
straw are lower than other biomass samples. The sum of five major elements are lower than 85% for
rice straw, while that of other biomass samples are higher than 90%, especially for wood.

Table 1. The ultimate analysis and proximate analysis of biomass samples.

Biomass Samples Ultimate Analysis (wt.%) Proximate Analysis (wt.%)

C O H N S VM FC Ash M

Soya 41.31 45.61 6.40 0.870 0.319 74.61 19.81 5.58 10.61
Wheat 42.48 43.69 6.21 0.590 0.470 75.61 15.30 9.09 7.51
Corn 41.66 43.86 6.14 0.587 0.342 71.59 20.19 8.21 10.16
Rice 36.72 40.41 5.83 0.527 0.538 66.43 14.89 18.68 8.93

Average 40.54 43.39 6.14 0.644 0.417 72.06 17.55 10.39 9.30
SD 1 2.60 2.17 0.24 0.154 0.104 4.12 2.84 5.72 1.39
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Table 1. Cont.

Biomass Samples Ultimate Analysis (wt.%) Proximate Analysis (wt.%)

C O H N S VM FC Ash M

Ph 46.03 42.43 6.01 0.178 0.167 66.64 12.09 21.27 6.01
Po 46.43 45.29 6.10 0.140 0.122 72.89 14.80 12.31 9.42
Pi 47.90 45.29 6.33 0.045 0.048 82.89 14.45 2.66 9.14
P1 46.23 44.10 6.12 0.038 0.052 72.29 11.22 16.49 8.10
P2 46.76 45.17 6.20 0.110 0.105 79.82 15.35 4.83 9.31
P3 47.44 45.73 6.34 0.028 0.031 83.99 13.07 2.94 8.02

Average 46.80 44.67 6.18 0.090 0.088 76.42 13.50 10.08 8.33
SD 1 0.73 1.22 0.13 0.062 0.052 6.87 1.64 7.80 1.29

1 SD: standard deviation.

The average contents of C, H, and O in agricultural straw are 40.54% ± 2.60%, 6.14% ± 0.24%, and
43.39% ± 2.17%, respectively, while that in wood are 46.80% ± 0.73%, 6.18% ± 0.13%, and 44.67% ±
1.22%, respectively. The average contents of C, H, and O are all higher in wood than in agricultural
straw. The contents of C, H, and O in wood are in a narrow range. The results of agricultural straw
are also similar except for rice straw. The Van Krevelen diagram in Figure 2 shows the elemental
compositional differences between biomass samples of wood and agricultural straw. The ultimate
analysis results of biomass samples are similar to the results of other researchers [36–38].
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Figure 2. Van Krevelen diagram of biomass samples with the atom ratios of H/C and O/C from the
ultimate analysis results.

Different kinds of biomass have different contents of VM, FC, and ash [25,26,36,37]. Pi has the
highest content of VM but the lowest content of ash. The contents of VM in rice straw and Ph are lower
than the other biomass samples, while the contents of ash are higher than the other biomass except
for Ph. The corn straw has the highest content of FC, while P1 has the lowest. The average contents
of VM, FC, and ash in agricultural straw are 72.06% ± 4.12%, 17.55% ± 2.84%, and 10.39% ± 5.72%,
respectively, while that in wood are 76.42% ± 6.87%, 13.50% ± 1.64%, and 10.08% ± 7.80%, respectively.
The average contents of FC and ash are lower in wood than in agricultural straw, while that of VM is
higher in wood than in agricultural straw. The content distributions of VM, FC, and ash are dispersed
in the large range. The contents of FC in biomass samples are mainly in the range of 10–20%. The
contents of VM and ash are in the range of 60–85% and 0–20%, respectively. The contents of VM and
ash in biomass samples are in the relationship of a negative correlation (r2 = 0.81), and the Pearson’s
correlation coefficient (PCC) is −0.89103, as shown in Figure 3. The char and alkali metals possessed
a catalytic effect on the thermal degradation of biomass during pyrolysis [39], with ash of abundant
alkaline elements produced [40]. The total liquid and organic yields (representation of VM) increase,
while ash composition decrease.
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3.2. Particle Number Size Distribution (PNSD)

The normalized PNSD of smoke particle could be best fitted with lognormal functions [27]:

dN
dD

=
∑

n

1
√

2πD ln σg
exp

−1
2

(
ln D− ln Dg

ln σg

)2, (2)

in which N is the total number concentration of particles per volume, D is size diameter of particles,
Dg is geometry mean diameter (GMD) of particles, σg is geometric standard deviation (GSD), and n
stands for the number of modes. If n = 1, it means there is a unimodal lognormal distribution; it is a
bimodal lognormal distribution when n = 2; n = 3 means a trimodal lognormal distribution; and so on.

The PNSDs of aerosols are influenced by short fluctuations in different kinds of emission
sources [41], which can be a part of data set in source apportionment of aerosol particles. In the
PNSDs, two modes were identified with Dg about 20 nm and 100 nm from transit traffic and household
heating, respectively [42,43]. As a major source of fine particles in the atmosphere, the size distributions
of freshly emitted smoke particles from biomass burning resided mainly within the accumulation
mode, with Dg at 50–200 nm [2]. The discrepancy of Dg and distribution pattern related to fuel type,
combustion environment and conditions, and the aging process [44]. For different kinds of biomass
samples, the PNSDs of smoke from smoldering burning were quite different with each other and from
results from other researchers [15,45–49]. As shown in Figure 4, the PNSD of soya has two modes,
which can be fitted with a bimodal lognormal distribution. Meanwhile, the PNSD of P2 can be fitted
with a trimodal lognormal distribution, which has three modes.
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The PNSDs of aerosol from biomass burning can be fitted with bimodal or trimodal lognormal
functions [30,50]. The PNSDs of smoke from smoldering burning of agricultural straw are similar and
can be fitted with a bimodal lognormal distribution, with the average values of mode size are 12.71
nm ± 0.71 nm and 58.42 nm ± 8.64 nm, respectively. The PNSD of wood sawdust can be fitted with a
trimodal lognormal distribution, with the average values of mode size at 10.25 nm ± 2.18 nm, 19.81
nm ± 5.50 nm, and 66.70 nm ± 11.18 nm, respectively. The fit parameters of multimodal lognormal
distribution are shown in Table 2. The majority of particles by number are mainly in the nucleation
(Dp < 30 nm) and Aitken modes (30 nm < Dp < 100 nm) [49]. The two modes of agricultural straw are
around 10 nm (nucleation mode) and 60 nm (Aitken mode). The two modes of wood sawdust are in
nucleation mode, and one is in Aitken mode. The Dg of mode 1 for Ph and Po are similar, while that
of mode 2 for Ph, Pi, P1, and P2 are similar. However, the Dg of mode 2 for Po is similar to that of
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mode 1 for Pi, P1, and P2. The characteristic modes are similar to the characteristics of particle size
distributions in lab scale biomass fires of southwestern United States fuels [47] in which the major
modes of PNSD of smoldering smoke ranged from 10 nm to 40 nm, but the PNSDs were slightly
different because they showed bimodal distributions. During the biomass burning events [44,51], the
PNSDs of aerosol showed trimodal distributions, with nucleation (Dg = 16 nm or 9.0 nm), Aitken (Dg =

52 nm or 31.0 nm), and accumulation (Dg = 130 nm or 102 nm). The results were similar to our results
in the nucleation and Aitken modes, except for the accumulation modes. The accumulation mode with
a larger particle size could be aged particles after a long-range transport, while the smaller particles in
the nucleation and Aitken modes were freshly emitted near the sources of biomass burning [44].

Table 2. Lognormal fit parameters of particle number size distribution for smoldering smoke from
biomass burning.

Biomass Samples Mode 1 Mode 2 Mode 3

Dg (nm) σg Dg (nm) σg Dg (nm) σg

Soya 12.17 1.391 68.61 1.565 / /
Wheat 13.74 1.398 51.28 1.622 / /
Corn 12.30 1.376 62.58 1.811 / /
Rice 12.63 1.416 51.22 1.535 / /

Average 12.71 1.395 58.42 1.633 / /
SD 0.71 0.017 8.64 0.124 / /
Ph 7.93 1.185 20.26 1.558 56.21 1.679
Po 7.32 1.150 12.29 1.310 66.52 1.804
Pi 10.71 1.193 20.16 1.280 87.99 1.630
P1 12.98 1.271 28.93 1.459 67.18 1.229
P2 11.35 1.164 20.65 1.194 61.50 1.721
P3 11.20 1.169 16.59 1.284 60.83 2.282

Average 10.25 1.189 19.81 1.348 66.70 1.724
SD 2.18 0.043 5.50 0.134 11.18 0.339

3.3. Correlations between Bulk Optical Properties and PNSDs

The scattering and extinction coefficients (Mm−1) would be changed with particle number
concentrations of smoke. SSA is near 1 for smoldering smoke, which means light scattering is much
stronger than light absorption. Therefore, the bulk optical properties of smoldering smoke are also
related to the particle sizes for different kinds of smoke [21,52]. To set up the relationship between optical
properties and PNSDs, the PCCs of bulk optical properties (extinction and scattering coefficients) and
particle number concentrations of different sizes were analyzed. We show the correlation coefficients
between extinction coefficients/scattering coefficients and particle number concentrations of different
sizes for smoldering smoke from biomass burning in Figure 5. For soya, the extinction coefficient has
strong correlations with particle number concentrations of sizes from 87 nm to 316 nm (PCC > 0.8). The
size ranges of strong correlation are from 154 nm to 365 nm for wheat (PCC > 0.8), from 205 nm to 487
nm for corn (PCC > 0.8), and from 205 nm to 316 nm for rice (PCC > 0.8), respectively. The size ranges
of strong correlation are changed from 154 nm to 422 nm for Ph (PCC > 0.8), from 178 nm to 649 nm for
Po (PCC > 0.8), and from 205 nm to 316 nm for P2 (PCC > 0.8), respectively. The extinction coefficient
has relative strong correlations with particle number concentrations of sizes from 274 nm to 422 nm for
Pi (PCC > 0.6), and from 237 nm to 365 nm for P1(PCC > 0.5). The scattering and extinction coefficients
showed similar trends for smoldering smoke. Therefore, the correlation of the scattering coefficient
and particle number concentrations of different sizes is similar to that of the extinction coefficient. The
flow rate of DMS was changed in the measurements of smoldering smoke of P3, and the relationship
between extinction coefficients/scattering coefficients and particle number concentrations was not
matched, so the results of P3 are not displayed in Figure 5. As a conclusion, the bulk optical properties
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of smoldering smoke have strong correlations with particle number concentrations of sizes bigger than
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3.4. Correlations between SSA and Contents of Ultimate Analysis and Proximate Analysis

After the sample was burned out, the aerosol in the room mixed sufficiently and became
approximately steady as the fresh smoke emitted in the field measurements. We picked the averaged
values of last 5 min as the characteristics of a well-mixed stage. SSA of smoldering smoke from
burning of biomass samples is similar to the result of smoldering smoke from biomass burning [53–55].
Pintér et al. [21] have given the correlations between inherent optical properties of carbonaceous
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aerosols generated from various coals and the thermochemical or energetic properties of the bulk
coal samples. The smoldering combustion of biomass consists of two fundamental stages [56,57]. Tar
(also as VM) is released from biomass in the first stage. Following that, the remaining char (FC) is
burned in the second stage. The two stages could take place simultaneously or subsequently. There
could be a correlation relationship between the optical properties of smoke generated from smoldering
combustion and the inherent thermochemical properties of biomass samples. Table 3. reveals the
correlation coefficients between SSA and the contents of ultimate analysis and proximate analysis of
biomass samples, including elements (C, N, and S), and thermochemical properties (FC, VM/FC). It is
obvious that the correlations between SSA and VM/FC (or FC, C, N and S) are significantly strong at the
significance level of 0.05. The relationship between SSA and N, S, or FC shows a positive correlation,
while that of SSA and VM/FC or C shows a negative correlation. However, the correlation between
SSA and volatile (or ash) is weak, which is not displayed in the table.

Table 3. The correlation coefficients of single scattering albedo (SSA) and the contents of ultimate
analysis and proximate analysis.

Contents Correlation Coefficient

C −0.71042
N 0.89636
S 0.72526

FC 0.88980
VM/FC −0.93748

We found a strong linear correlation between SSA and VM/FC (or N) (r2 = 0.88 for VM/FC and
0.80 for N), as seen in Figure 6. It can be viewed as follows,

SSA = −0.04VM/FC + 1.087, (3)

SSA = 0.12473N + 0.84431, (4)

in which VM is the fraction of volatile matter in mass (wt.%), FC is the fraction of fixed carbon in mass
(wt.%), and N is the fraction of element N in mass (wt.%).
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4. Conclusions

Controlled laboratory combustion experiments were conducted in a fire test room to mimic freshly
emitted smoldering smoke of biomass burning and the relevant field measurements from China.
The PNSDs between 5 and 1000 nm, aerosol scattering coefficients, extinction coefficients, and SSA
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were measured. The constituents of biomass samples were determined by the ultimate analysis and
proximate analysis.

The contents of the major elements in agricultural straw and wood were quite different. The average
contents of C, H, and O were all higher in wood than in agricultural straw. The content distributions of
C, H, and O were narrower in wood than in agricultural straw. Meanwhile, the contents of N and S in
wood were significantly lower than in agricultural straw. The average contents of FC and ash were
lower in wood than in agricultural straw, while that of VM was higher in wood than in agricultural
straw. The content distributions of VM, FC, and ash were dispersed in a large range.

We also revealed the PNSD characteristics of smoldering smoke from biomass burning.
For different kinds of biomass samples, the PNSDs of smoldering smoke were quite different from
each other. The PNSDs of smoldering smoke from burning of agricultural straw could be fitted with
a bimodal lognormal distribution as modes of around 10 nm (nucleation mode) and 60 nm (Aitken
mode). The PNSDs of wood sawdust could be fitted with a trimodal lognormal distribution, while the
two modes were in nucleation mode, and one was in Aitken mode.

We found the correlations between the bulk optical properties (scattering, extinction coefficients,
or SSA) and particle sizes of smoldering smoke or the biomass components. The bulk optical properties
(scattering and extinction coefficients) of smoldering smoke had strong correlations with particle
number concentrations of sizes bigger than 100 nm. The correlation between SSA and FC was strong,
while the correlation between SSA and VM (or ash) was weak. The relationship between SSA and
N (or S) showed a positive correlation, while that of SSA and C showed a negative correlation. The
relationship between SSA and VM/FC (or N) showed a strong linear correlation (r2 > 0.8). However,
the small number of biomass samples and combustion conditions limit the universality of conclusions
to be drawn. Further experiments of different biomass samples and combustion conditions should be
conducted to demonstrate and quantify the thermochemical, optical, and particle size distribution
properties, and their relations to each other of aerosols from various biomass burning.

This study could improve the understanding of the relationship between physical properties of
smoke and the components of biomass materials under the similar combustion conditions. It would
help us to better understand the characteristics of particles from real-world combustion scenarios as
well as their impacts on indoor air quality and regional atmospheric environments.
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