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Abstract: Particle size distribution in biomass smoke was observed for different burning phases,
including flaming and smouldering, during the combustion of nine common Australian vegetation
representatives. Smoke particles generated during the smouldering phase of combustions were
found to be coarser as compared to flaming aerosols for all hard species. In contrast, for leafy
species, this trend was inversed. In addition, the combustion process was investigated over the entire
duration of burning by acquiring data with one second time resolution for all nine species. Particles
were separately characterised in two categories: fine particles with dominating diffusion properties
measurable with diffusion-based instruments (Dp < 200 nm), and coarse particles with dominating
inertia (Dp > 200 nm). It was found that fine particles contribute to more than 90 percent of the total
fresh smoke particles for all investigated species.
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1. Introduction

Biomass burning (BB) emissions stem from a variety of sources, including wild fires as a natural
source and prescribed controlled burnings, agricultural activities, waste burning and heating as
anthropogenic causes [1]. Biomass burning processes result in the emission of mainly CO; and a
variety of trace gases, such as CO, CHy, N,O, NOy and non-methane organic compounds (NMOCs),
as well as the formation of particulate matter (PM) composed of elemental and organic carbon and
some fractions of inorganic material [2]. Depending on their size distribution, chemical composition
and morphology, particle emissions from biomass burning can affect human health. Particle size of PM
is the main factor influencing its deposition depth in the respiratory system and consequent health
impacts on humans [3-5]. Particulate matter with a diameter of less than 2.5 um (PM, 5) has a major
impact on the physiochemical properties of the atmosphere. These particles have an adverse effect on
visibility, scattering and absorption of solar radiation, alter the formation of cloud nuclei and contribute
to climate change due to their light scattering and absorption properties [6]. Biomass burning particles
also account for two-thirds of the overall primary organic aerosol [7]. Milic et al. [8] have reported that
organic material contributes to up to 90% of the sub-micron mass in the non- refractory fraction of
biomass burning plume in case of Australia’s Northern Territory savannah fires. Also, Alonso-Blanco
and colleagues [9] have found that during wildfire days, the number of particles with a diameter of
less than 200 nm had demonstrated an up to sevenfold jump as compared to normal days.

Particles of nuclei mode, i.e., with an aerodynamic diameter smaller than 10 nm, can be produced
either by combustion or by the conversion of gaseous volatile compounds to particles through
homogenous condensation; Atkein mode particles, with an aerodynamic diameter between 10 nm and
100 nm, are formed by the growth of nucleation particles through heterogeneous processes [10,11].
In fresh smoke that is less than a few minutes old and very close to the fire, laboratory and field
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studies have detected substantial presence of numerous particles of nucleation and Atkein mode,
which would transfer to accumulation mode (aerodynamic diameter between 100 nm and 1 pm) with
further aging up to half an hour [12,13]. These ultrafine particles (UFP) (particles with D < 100 nm)
are easily deposited in deeper parts of the respiratory tract and the pulmonary/alveolar zone through
diffusion mechanisms. They contain organic materials, such as polycyclic aromatic hydrocarbons
(PAHSs), causing inflammatory and genotoxic responses, and heavy metals [14,15]. Only recently,
some studies have focused on exclusively investigating these chemical and elemental components in
UFPs as well as their biological effects [14,16-18].

Particle size distribution is known to be affected by different factors, including fuel density,
composition, moisture content (fresh/dry), combustion phase (flaming/mixing/smouldering) and fuel
type (branch, foliage, log, etc.) [12,19-21]. In the literature, BB particle concentration peaks have
mainly been observed in ultrafine mode, being around 100-150 nm for different cereal straws [22,23],
around 30-200 nm and 4045 nm for wet fuels (e.g., Montana grass and Tundra cores) and some dry
fuels (e.g., pine wood and needle and Dambo grass), respectively [24], 100 nm for agricultural open
burning with 25-80 nm for flaming and a bimodal distribution with peaks at 10 nm and 50 nm for
smouldering [6]. Wu et al. [13] reported a dominance of Dy < 200 nm with geometric mean diameters
(GMD) of 30-50 nm and 20-90 nm for two biomass burning events in Beijing, China. However,
some literature reported outcomes confirming presence of concentration peaks from biomass burning
for particle sizes representing accumulation mode [22]. They reported a bimodal distribution of
particles with peaks at 300-400 nm and 10,000 nm acquired during bushfires in Amazonian and African
Savanna regions.

Size distribution and number concentration of biomass burning PM have been investigated in
various studies around the world for a range of different fuel types using a variety of analytical
instruments. Hosseini et al. [19] used a number of TSI instruments (TSI, St.Paul, USA), including a fast
mobility particle sizer (FMPS) for measurements of 7-520 nm particles and an aerodynamic particle
sizer (APS) for larger particles in the range of 0.5-20 um. They investigated the air emission from a
number of fuel types at different burning conditions, including flaming, smouldering and open burning.
For most of their fuels, the major modes were between 29 and 52 nm. Similarly, Rissler et al. [25]
studied particles of smoke with a size range of 3 nm-3.3 um for wildfire emissions in Amazonia.
They observed all three common modes in airborne particulates: nucleation mode with geometrical
median diameters (GMDs) of around 12 nm, Aitken mode with GMDs between 61 and 92 nm and
accumulation mode with GMDs between 128 and 190 nm.

Chen et al. [26] reported the results of the size distribution study of particles containing a range
of chemical compositions in straw burning smoke. Their results were all within the size range of
accumulation mode. Hossain and colleagues [27] used a scanning mobility particle sizer (SMPS), particle
size distribution analyser (PSD), volatility tandem differential analyser (VITDA), and transmission
electron microscopy (TEM) to compare size distributions of hardwood (oak), softwood (pine) and
rice straw smoke particles for flaming, smouldering and open burning conditions. For all conditions
in case of wood burning, they observed a bimodal distribution, whereas for rice straw a unimodal
distribution was found for all three burning conditions.

Wardoyo et al. [28] undertook a series of laboratory experiments and reported that for different
grass species, smoke particles produced in rapid burning are generally smaller (diameter between
30 to 60 nm) as compared to slow burning process particles with a common size range of 60-210 nm.

It ought to be noticed that very few studies were undertaken in Australia, regardless of the fact
that the country accounts for approximately 15% of global burned lands annually. This study firstly
investigated the size distribution of nanoparticles generated by the flaming and smouldering burning
phases during the combustion of nine local plants indigenous to South East Queensland, Australia.
Next, the combustion process was investigated over the entire burning duration by acquiring data every
second for all the species. Particles were divided into two categories: fine particles with dominating
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diffusion properties measurable with diffusion-based instruments (D}, < 200 nm) and coarse particles
with dominating inertia (D, > 200 nm).

2. Materials and Methods

2.1. Vegetation Collection and Classification

Nine ubiquitous species of vegetation local to South East Queensland, Australia, were chosen as
biomass fuels (see Figure 1). They include dry eucalyptus branches (mostly with a diameter of less
than 20 mm), dried and fallen leaves (belonging to a variety of the eucalyptus species), grass (mat
rush), dried palm leaves, banksia flower, xanthorrhoea stick, dried tree fern, dried casuarina leaves
and stalks and pine cone. All materials were collected on sunny days from different locations of the
Toohey forest, which occupies an area of approximately 260 hectares. Then identical species were
mixed to achieve more integrated results and placed in an oven set at 60 °C for 48 h, in order to reduce
the excess moisture content and enhance the following burning process. Then the materials were
removed from the oven and left in laboratory-controlled conditions (25 °C and 45-50% RH) for 24 h
so that all the materials were in an identical moisture equilibrium. On the completion of the 24 h
fuel moisture equilibrating procedure in the laboratory, 20 g samples were prepared by weighing on
analytical balance with a resolution of 0.01 mg (HR202, A&D Tokyo, Japan). Fuels were ignited with
the aid of ethanol (few drops) to provide even burning performed on a home-made steel tray with the
dimensions of 28 x 17 cm.

i
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Palm Leaves  [—_— == | Xanthorrhoea Stick

Figure 1. Biofuel types used in this project.
2.2. Burning and Aerosol Sampling

The controlled burning experiments were undertaken in the fume cabinet in order to (1) ensure
no air emission escape to the laboratory space and (2) minimize the influence of any particles alien to

the combustion aerosol reaching the sample collection zone and interfering with the results. As was

1

measured, the concentration of particles in the ambient air was up to 4000 cm™". This result is
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approximately three orders of magnitude lower as compared to combustion aerosols produced in the
experiments, which corresponds to much less than 1% contribution and could be neglected. Aerosol
collection was performed through a 150 mm long stainless-steel pipe placed at a height of 16 cm above
the flame. The pipe was connected to a particular aerosol monitoring instrument described below,
with 30 cm long silicon tubing ensuring that the air sample was sufficiently cold at the instrument
entry point to avoid any damage. If the number concentration was beyond the capability range of the
instruments, 10-fold and 100-fold aerosol diluters were used in all corresponding experimental runs.
They utilized clean air filtered by a high-efficiency particulate air (HEPA) filter to ensure no influence
of alien particles on the results.

To precisely identify the size distribution of combustion aerosols in different combustion phases,
monitoring was undertaken for the flaming (commencing 5 s after ignition to ensure no presence of
ethanol combustion products remaining in the emission stream, as was confirmed by an independent
experiment involving monitoring of the combustion of ethanol in the amount used in the experiments)
and smouldering (commencing at the stage when the open flame disappeared) phases by scanning
mobility particle sizer (Model 3080, SMPS, TSI, St. Paul, USA). Considering the instrument’s operation
requirements, the duration of the monitoring scan was set to 40 seconds, ensuring that even the
fastest combustion scenarios would be comprehensively covered with no phase overlapping during
monitoring. At least six repeats were made to compensate for some possible instabilities of the
combustion processes and the averages along with standard deviations (STDs) were recorded.

Considering the very dynamic nature of the biomass burning process, it was very important
to monitor air emission on a frequent basis and over the complete duration of the process starting
from ignition and completed at the entire extinction of smoke particles. Such capability is offered
by the diffusion aerosol spectrometer (DAS) (Model 2702M, Aeronanotech, Moscow, Russia) [29].
The instrument is capable of monitoring airborne particles with a time resolution of one second in
two size ranges (3 nm—-200 nm and 200 nm~-10,000 nm) in parallel, combining condensation particle
counting for smaller sizes of <200 nm and light scattering for particles larger than 200 nm. At least six
combustion replicates were undertaken for each fuel material described above.

3. Results and Discussions

It ought to be noticed that all species demonstrated different behaviours during combustion,
which is very important for the evaluation of potential environmental hazards and air contamination
during natural fires of different vegetation types. In particular, xanthorrhoea stick had a phase of
flaming around 60 s and smouldered for almost 4 min afterwards. Eucalyptus leaves had a very fast
and intense flaming phase of around 40 s. Eucalyptus branches had a very laminar and steady flaming
phase for less than two minutes and then smouldered for up to 15 min. The mat rush flaming phase
was around 60 s, and then it smouldered for less than 2 min. Tree fern exhibited only one phase of
burning holding the flames until the end for around 60 s without any noticeable smouldering phase
(which is normally marked with white smoke production). Casuarina burned with intense flaming of
40 s and then one minute of smouldering. Palm leaves had a flaming phase of 40 s and a smouldering
phase of 3 min. Banksia flower flaming lasted 40 s, and smouldering continued for more than 3 min.
Pinecones had 90 s long flaming and smouldered for almost 8 min.

Figure 2 shows the monitoring results of the combustion for each plant involved in this project, as
described above. As is seen, the particle number concentration did not vary much and was usually
within one order of magnitude for all species involved. As mentioned in the introduction section,
the particle characteristics are very sensitive to a number of combustion parameters, such as the scale
of the fire, moisture content, fuel type, and so forth. The use of similar weights of the fuel samples,
moisture equilibration and identical combustion/sampling facility minimised the influence of those
parameters, making the graphs in Figure 2 suitable for the direct comparison of peak diameters and
modes for different burning phases for all species.
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Figure 2. Size distribution of the smoke particles for the flaming (F) and smouldering (S) phases
produced by scanning mobility particle sizer (SMPS). Error bars represent standard deviation of at least
six replicates.

It should be noted that the results reported in the literature on flaming and smouldering size
distribution are quite contradictive. They are highly depended on the biomass material (straw,
wood, foliage, forest, savannah or grass), and flaming particles are usually reported to be larger than
smouldering particles [12,27]. However, at low combustion efficiencies, which are associated with
extreme smouldering conditions, particles become larger again [12].

In our study, the general trend of the diagrams shows that for most of the fuels, smouldering
burning produced higher particle number concentrations compared to flaming burning, with flaming
modes larger than smouldering ones. However, this trend was sometimes inversed. For example,
the results obtained for xanthorrhoea stick and eucalyptus branches demonstrated higher particle
number concentrations and smaller mode diameters for the flaming phase as compared to the
smouldering phase. One possible explanation for these mode size shifts between different burning
phases is that for the various organic carbon compounds present in the fuel, melting points are affected
by the differential temperature of each burning condition. For instance, Hays and colleagues [30]
found over 200 compounds in an emissions stream originated from rice straw combustion processes.
According to [31], these compounds have melting points ranging between 0 °C and 250+ °C, which
covers flaming (>200 °C) and smouldering (<200 °C) temperature ranges.

In the current study, the harder species (eucalyptus branch, xanthorrhoea stick and pine cone) are
known to contain larger quantities of volatile compounds, which were evaporated into the flaming
emission and subsequently condensed at lower temperature zones upon moving further away from the
source. Such condensation was responsible for smaller mode numbers for flaming as well as making a
significant contribution to the number concentrations during this combustion phase.

Table 1 summarizes the particle statistics information obtained by the SMPS. Results represent
average values for all repetitions. As is seen, the flaming mode sizes varied from 52 nm for eucalyptus
branch to 302 nm for eucalyptus leaves. Smouldering mode sizes ranged between 68.5 nm for
xanthorrhoea and 130 nm for pine cone. Interestingly, one of the fuels, tree fern, exhibited only one
phase of burning, which was flaming with no measurable smouldering phase.
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Table 1. Particle statistics information provided by SMPS for smoke particles of the flaming (F) and smouldering (S) phases. Values are averages of at least six

replicates. Standard deviations for geometric mean diameter values are within the 10-20 nm range.

Fuel Type Eucalyptus Leaves Eucalyptus Branches Grass (Matt Rush) Palm Leaves Banksia Flower  Xanthorrhoea Pine Cone Casuarina Tree-Fern
Burning Phase F S F S F S F S F S F S F S F S 1-Phase
Median(nm) 282.7 78.8 52.6 85.1 122.7 86.2 1439 93.5 151.1 75.4 64.9 67.6 83.6 1222 159.0 89.9 93.3
Mean(nm) 287.3 96.7 62.1 98.7 145.2 102.7 164.4 110.8 162.2 92.0 77.1 85.3 113.1 144.1 183.6 112.6 110.9
Geo. Mean(nm) 265.1 81.3 54.3 83.4 127.8 88.3 143.3 95.0 139.3 772 67.9 69.3 94.3 1189 160.9 92.0 99.4
Mode(nm) 302.6 739 52.5 82.1 114.4 83.0 149.8 87.6 159.4 739 61.1 68.6 68.6 130.4 133.4 76.1 85.3
Geo.Std. Dev. 1.5 1.8 1.6 1.8 1.6 17 1.7 17 1.8 1.8 1.6 1.9 1.8 19 17 1.9 1.6
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Hosseini et al. [19] reported bimodality observed in their investigation of smouldering aerosols in
a size range of 7-520 nm. One mode was detected within the nucleation region with the peak at around
10 nm, and the other one was in the range of 30-50 nm. It must be highlighted that no bimodality
was observed in the current investigation for all fuel types during flaming aerosol release within the
investigated size range. However, there was some bimodality detected during the smouldering of
casuarina, eucalyptus leaves, pine cone, and banksia flower. As is seen, the peak of the small mode
was beyond the investigated size range; however, its general presence is clear in corresponding graphs.

The very useful capability of a DAS enabled to acquire separate results for the total particulate
matter (from 3 nm to 10,000 nm) as well as for fine particles with a diameter range of 3-200 nm at one
second intervals over the entire combustion process for each fuel was used in this project. The general
trends for most of the fuels appear to be similar and on a par with the SMPS results, with the majority
of the produced particles being in the fine and ultrafine range. The difference was mainly related to the
duration of combustion for each fuel type varying from 85 s for tree fern to 1054 s for eucalyptus branch.

The results of DAS monitoring of the entire combustion process for all nine species are presented in
Figure 3. Average data obtained from 6+ replicates for each burning and their error bars are presented.
It is shown that all fuels exhibited similar trends showing a spike in number concentrations of particles
with D, < 200 nm right after the ignition and a slump in it by the end of the burning process. For all
fuels, fine particles represent the vast majority of combustion aerosols, dominating over particles in the
coarse range by more than two orders of magnitude in some cases. Some species produced higher
number concentrations of fine particles for the flaming phase (banksia flower, casuarina, eucalyptus
branch and xanthorrhoea stick), and others had higher number concentrations of fine particles during
the smouldering phase (palm leaves, mat rush, pine cone and eucalyptus leaves).

Tree-fern Banksia Flower Casuarina
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Figure 3. Fine particles with a diameter below 200 nm and coarse particulate matter with a diameter
above 200 nm released from combustion processes. Error bars represent standard deviation of at least
six replicates. Shaded areas represent the flaming phase of the combustion.

Avery illustrative parameter suggested for comparison between combustion-sourced air emissions
related to different species is the ratio of particles with a diameter larger than 200 nm by the total
number of particles (here referred to as C/T ratio). This parameter has been obtained for each type
of burning vegetation representative, and the results are shown in Figure 4. As is seen, the results
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are rather fuel specific and provide very limited possibilities for generalisation; some of them tend to
demonstrated a relatively distinctive increase with the progress of the burning process (banksia flower
and xanthorrhoea stick), whilst most of others showed more fluctuations along the entire monitoring
procedure. A peak in C/T ratios is observed during the flaming phases followed by a decrease by
the beginning of smouldering. Then another peak is observed mid-smouldering and closer to the
end of the burning processes before it goes back to the background ratio (0.056 + 0.02). The C/T
ratios are distinctively larger at this “mid-smouldering ratio peak” compared to the beginning of
the burning process and compared to the “flaming” values for harder species (pine cone, eucalyptus
branch, and xanthorrhoea stick) and banksia flower (which also has a hard middle part). In contrast,
for leafy species (casuarina, palm leaves and eucalyptus leaves), the C/T ratio peak for the flaming was
higher than the smouldering one. Mat rush (grass) and tree fern had an initial sudden peak in this
ratio right after the ignition. Furthermore, maximum ratios were higher for harder species compared
to leafy ones.
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Figure 4. A ratio of the number of particles with diameter larger than 200 nm to the total number of the
particle produced in combustion processes. Shaded areas represent the flaming phase of the combustion.

The percentage of the fine particle contribution to the total particles produced during the whole
burning processes is provided in Table 2 for each vegetation type. It is clear that the majority of
the fresh smoke particles belong to the fine category, which are known to be associated with health
issues; such particles are currently considered as potential contributors to health problems with the
cardiorespiratory and central nervous system [32].

Table 2. Percentage of fine particle number in total smoke particles for each species.

Species %UF/Total
Eucalyptus leaves 89.6
Eucalyptus branch 93.4

Grass (mat rush) 91.2
Palm leaves 92.2
Banksia flower 80.1
Xanthorrhoea 91.7
Pine cone 84.5
Casuarina 90.1

Tree fern 94.9
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4. Conclusions

The nine biomass fuels used in this study were typical Australian vegetation representatives
of both a harder, woody nature and leafy materials. It was shown that the size distributions of
nanoparticles released to the atmosphere from the combustion of harder fuels (eucalyptus branch,
xanthorrhoea stick and pine cone) were larger for smouldering modes as compared to the flaming ones.
In contrast, the situation was the opposite for leafy fuels, where flaming mode-associated particles
were larger.

The ratio of the number of particles with a diameter larger than 200 nm to the total number
of produced aerosols was calculated with one second intervals for the entire combustion processes
duration, and two peaks were observed during the flaming and smouldering phases. For harder
species, the smouldering peak was higher than the flaming peak, while for the leafy species the
situation was the opposite, and the flaming peak dominated.

Finally, it should be noted that the combustion of all species was responsible for aerosol production
with fine particles (Dp < 200 nm), accounting for more than 90% of the total produced particles. In many
investigations, such particles are left out of consideration, as the majority of optical instruments used
at the bushfire frontline are not sophisticated enough and blind for any aerosols below 300 nm. This is
especially important as, according to this study, fine particles, which are usually considered as minor
contributors to the total mass released to the atmosphere, in reality could be quite substantial. It is seen
from the results that their amount in some cases dominated by more than two orders of magnitude over
coarse ones, making them a significant contributor of the mass delivered to the ambient air. As also
mentioned by the WHO [32], clinical and toxicological studies have shown that fine and ultrafine
particles in part act through mechanisms not shared with PM, 5 or PM;g and larger particles. On this
basis, special attention needs to be paid to the health effects associated with fine bushfire-related
aerosols in the future.
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