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gate the characterization of the crystalline nanostructure, structure of PM, and residual ash
compared to the TEM image processing method. The oxidation kinetics of biomass raw ma-
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terials, PM, and residual ash were investigated by TGA. The morphology of fine and ultrafine
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agglomerate structure of SCL soot and residual ash are not significantly different from the

Particulate matter

FRL soot and residual ash. The average diameter sizes of single primary nanoparticles of SCL

Soot

and FRL soot are approximately 37 nm and 35 nm, while the sizes of residual ash are about

Ashes

18 nm and 22 nm, respectively. The single primary nanoparticles of soot are mainly com-

TEM

posed of curve line crystallites of carbon fringes, while residual ash is composed of straight-

XRD

line lattice fringes. The average fringe lengths of SCL and FRL soot are about 1.25 nm and

TGA

1.04 nm from the outer shell and 0.89 nm and 0.74 nm from the inner core. The interlayer
spacing of curve line carbon fringes of SCL and FRL soot is approximately 0.359 nm and
0.362 nm by the TEM image analysis and it was matched with XRD analysis. The biomass
PMs are mainly composed of soot, Si, Ca, and K compounds: SiO2 , CaCO3 , and KCl.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Thailand is the fourth-largest producer of sugarcane with a
contribution of 5.5% to the total world production among the
sugarcane-manufacturing countries after Brazil, India, and
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China. The cultivation area in Thailand is around 1.58 million hectares in 2016–2017. Sugarcane farms are mainly located in the Northeastern, Central, and Northern regions of
the country (Usaborisut, 2018). According to the larger demand for domestic and international for sugar and ethanol,
the sugarcane cultivation area is increasing over the past
few years. During the harvesting period, both pre-harvest and
post-harvest burning in the sugarcane fields are two main
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practices in Thailand: firstly, to facilitate manual harvesting.
Secondly to clean the land before soil preparation for the
next planting. Concerning the harvest burning in the sugarcane, there are a lot of environmental problems that Thailand faces, especially air pollutions. For example, the PM10 ,
which is the most important air pollutant in urban and rural areas, has reached the critical levels such as 250, 300, 175,
220 μg/m3 in 2006 ˜ 2009, respectively (Vichit-Vadakan and
Vajanapoom, 2011; Pasukphun, 2018). In addition, sugarcane
open burning in the fields is also related to the sources of
air pollution (Sornpoon et al., 2014). Furthermore, agricultural
residues open burning, which is another cause of air pollutions, is a regular practice in many Asian countries. As a result,
air pollutions are being increased from a variety of sources including biomass open burning and forest fires.
According to the data analysis of local ambient air quality between 2001 and 2016 in mainland Southeast Asia to
study the biomass burning effects on air pollution, the annual average concentration of PM2.5 from biomass burning as
the largest contribution is about 48%, while PM2.5 from anthropogenic emission is 27%, whereas PM2.5 from long-range
transport/ local nature source is 25% (Yin et al., 2019). Emissions from open burning of agricultural residues such as sugarcane (Mugica-Álvarez et al., 2018), rice residue (Junpen et al.,
2018), and such kind of biomass burning including forest fire
(Chen et al., 2017), and landscape fire from Southeast Asia
(Marlier et al., 2013) have been pointed out as the major
sources of air pollutions which can also cause very harmful
to human health and environment concerning the regional
air quality and global climate change. For instance, hospital
admissions due to the respiratory diseases are recorded with
the increases of 21.4% and 31.03% for children and elderly people in the city of Piracicaba in southeast Brazil (Cançado et al.,
2006). Moreover, asthma hospital admissions (Arbex et al.,
2007), and hypertension in the city of Araraquara in Brazil
(Arbex et al., 2010) are highly associated with particulate matter such as PM10 , PM2.5 , fine particles (PM2.5 -PM0.1 ) and ultrafine particles (PM0.1 ) emitted from the biomass sugarcane
open burning, and its potential cancer risk and adversely impact on public health effects (Silva et al., 2010). Besides, cardiovascular mortality (Mar et al., 2000) and respiratory mortality
risks (Guo et al., 2014) are also related with air pollution effects
under the pollutant’s particles which are CO, NO2 , SO2 , PM2.5 ,
and PM10 respectively.
The airborne particulate particles contained crystalline silica (SiO2 ) as potentially toxic silica particles in ash and/or
smoke from sugarcane burning is concerned with the respiratory diseases in human health. Amorphous silica could be
transformed into the polymorph cristobalite due to the increasing temperature (Le Blond et al., 2008). Also, cristobalite is
formed at high temperature up to 1056 °C during pre-harvest
burning. Crystalline silica as cristobalite or quartz is formed
burning of sugarcane leaves which consist of up to 1.8 wt%
silica with trace impurities such as Al, Na, and Mg. After preharvesting burning, 10˜25 wt% of SiO2 including 3.5 wt% of
quartz have found in sugarcane trash ash, while sylvite and
calcite are also contributed at low temperature, and the absence of cristobalite is at less than 800 °C. In the processing
factory, 5-15 wt.% of quartz and 1-3 wt.% of cristobalite as
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silica are contained in the sugarcane bagasse ash (Le Blond
et al., 2010). According to the monitoring of PM concentrations from sugarcane burning in the plantation area at two
different South American countries, one is in Ecuador and
the other is in Brazil. Airborne PM10 emitted from during preharvest burning (1807 μg/m3 ) was higher than that from during cutting after burning (˜123 μg/m3 ) or in the processing factory (˜175 μg /m3 ). The results have shown that PM from preharvest burning was mainly composed of carbonaceous material, silica dominated particles, silicate phases, KCl and NaCl
compound, and metal oxides such as Mg and Fe oxides. Moreover, the fine PM was found during sugarcane cutting even
non-burning period due to the remaining ash in the field after pre-harvesting burning are easily broken as respirable-size
PM and it can be entered into the atmosphere. Thus, residual
ash is becoming a potential source of respirable airborne particulate which considered not only a potential acute but also
chronic respiratory health hazard for sugarcane estate workers and local populations (Le Blond et al., 2017).
This research aims to investigate the physical and chemical characteristics of nanoparticles produced from biomass
combustion especially from sugarcane leaves (SCL) and forest leaves (FRL) using electron microscopy and energy dispersive spectroscopy. Furthermore, the microstructure of raw
leaves using SEM, the nanostructure of PM and the residual
ash from biomass combustion were analyzed to investigate
the morphology and the physical characteristics of shape, size,
the crystalline structure between XRD and TEM image analysis. In addition, SEM-EDS and TEM-EDS were conducted to
study the quantitative elemental composition, and TGA analysis was also performed to investigate the oxidation kinetics
and rate of mass conversion for the biomass raw materials and
nanoparticles.

1.

Methods

In this research, about seven to ten kilograms of sugarcane
and forest dry leaves with the natural condition were used for
the sample preparation of all experiments. All the leaves were
conducted the experimental burning as open burning using
a small burner at an uncontrolled temperature under the atmospheric pressure in the open air at the end of the complete combustion. Also, particulate matter as powder sample was collected during the biomass combustion from the
trapping equipment installed at the top of the small burner.
Residual ash, which was remaining at the bottom of the
burner after biomass combustion, was also collected. Scanning Electron Microscopy (SEM-SU5000) was used to study the
microstructure of SCL and FRL. Concerning the morphology,
agglomerate structure and nanostructure of single primary
particles, Transmission Electron Microscopy (TEM-2100 Plus)
were conducted to investigate the physical properties of PM
and residual ash by ImageJ software using image processing method. Energy-dispersive X-ray spectroscopy (SEM-EDS
and TED-EDS) were used to analyze the chemical composition of all samples. The oxidation kinetics of biomass raw
materials, PM and residual ash were studied using Thermogravimetric analysis (TGA-NETZSCH STA 449F5) with the non-
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Fig. 1 – SEM secondary electron images of the biomass raw microstructure of (a-f) SCL, and (g-i) FRL with different
magnifications.

isothermal method in the temperature ranged between 25°C
and 700°C with pure air using the heating rate of 10°C per
minute. Besides, the X-ray diffraction (XRD) method was performed to analyze the XRD patterns and crystalline structure of PM and residual ash produced from SCL and FRL combustion using CuKα-radiation. The fine particles of PM and
residual ash as the powder sample were scanned and measured in the two theta (2θ ) angle range of 10° to 90° The interlayer spacing (d-spacing) of the crystal structure of each
material compound was calculated using Bragg’s Law at the
sharp peak intensity of high crystallinity for the samples of PM
and residual ash, as well. Where λ is the wavelength of X-rays
used (0.15406 nm).

2.

Results and discussion

2.1.

SEM images and eds analysis of biomass

The scanning electron microscopy was performed to study
the microstructure of different sections of raw leaf samples

with different magnifications. According to the details morphology aspects in microstructure, the SCL was consisting of
many fiber shapes and compounded by the sheath, pores, and
layers which covered the leaf veins as shown in Fig. 1(a-f),
and FRL was showing the huge number of leaf veins, cells
and leaf stomata morphology as described in Fig. 1(g-i). The
SEM-EDS was carried out to analyze the chemical composition of biomass with different sections by detecting the two
spectra of raw leaf samples, as shown in (Fig. 2). The quantitative elemental analysis of EDS, which was considered at
different regions of each sample and it was observed that
both SCL and FRL contained not only carbon (C) and oxygen
(O) but also metal and metalloid elements such as potassium
(K), aluminum (Al), calcium (Ca), and magnesium (Mg), silicon
(Si), and sulfur (S), respectively. The EDS elemental analysis
showed that SCL and FRL consisted of 72–75 wt% carbon fraction and 65–70 wt.% before the biomass burning. The presence of silicon compositions in SCL and FRL was about 1–5.2
wt.% and 0.6–0.9 wt.%; therefore, Si contained in SCL was approximately five times more than FRL. However, Ca in FRL was
higher than that in SCL.

journal of environmental sciences 99 (2021) 296–310

Fig. 2 – SEM-EDS elemental analysis of a biomass raw (a-b) SCL, and (c-d) FRL.
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Fig. 3 – TEM images of agglomerate structure, (a-b) fine particles, (c) ultrafine particles of SCL soot, and (d-e) fine particles, (f)
ultrafine particles of FRL soot from biomass combustion.

2.2.

Morphology of biomass pm and ash

Transmission electron microscopy (TEM) was conducted to
investigate the agglomerate structure of fine particles, ultrafine particles, and nanostructure of soot and residual ash produced from biomass combustion. TEM was introduced to capture the agglomerate structure of fine particles with x15k and
x30k magnifications, and x80k magnification for the ultrafine
particles at a 200 kV of electron acceleration. The single primary particles have aggregated each other to become an agglomerate structure with similar morphology in both fine and
ultrafine particles of soot, as shown in (Fig. 3). The agglomerate structure of soot particles from airborne aerosol particles
contains ten to hundreds of carbon spheres (Li and Shao, 2009;
Li et al., 2010). The soot particles which are aggregated carbon spherules derived from fossil fuel, biofuel, and biomass
combustion were major aerosol components (Adachi, and
Buseck, 2008). The morphology of SCL and FRL soot were similar in fine and ultrafine nanoparticles. In order to investigate
the nanostructure of single primary particles, TEM was also
carried out with two different high magnifications such as
x600k and x800k, described in (Fig. 4). It was clearly seen that
the nanostructure of soot from SCL and FRL are spherical in
shape and mainly composed of curve line crystallites carbon
fringes showing in the x800k magnification images, as well.
TEM images of residual ash produced after biomass combustion are shown in (Fig. 5). The morphology of residual
ash agglomerated structures was very similar between SCL
and FRL in x30k and x80k magnifications. Besides, some parts
of ash fine particles are possessing a smooth surface morphology and irregular shapes in size owing to the amorphous structure. Concerning the nanostructure of biomass

residual ash, x800k magnification was introduced with respect to the high magnification. According to the TEM images nanostructure, both SCL and FRL residual ashes were
non-spherical in shape and mainly composed of parallel
straight line lattice fringes as shown in (Fig. 5c and f),
respectively.

2.3.

TEM image analysis of biomass pm and ash

TEM image processing method was successfully performed
to measure the sizes of the single primary particle. (Fig. 6a)
shows the single primary particle size distribution of SCL and
FRL soot. The measurements showed that diameters were in
the range of 20 to 60 nm for SCL soot and 20 to 55 nm for
FRL. The average diameter sizes of nanoparticles from SCL and
FRL were approximately 37 and 35 nm, respectively. Therefore,
the diameter size of the single primary nanoparticles from
SCL was not significantly different from the FRL. Fig. 6b describes the residual ash primary particle size distribution, and
then, the diameters were between 10 nm and 50 nm, and the
average diameter sizes of SCL and FRL ash were 18 nm and
22 nm, respectively. Therefore, residual ash particle sizes were
smaller than the PM nanoparticles.
Regarding the nanostructure investigation of biomass soot,
the TEM image processing method was also used by the aid
of ImageJ software. To transform the skeletonized nanostructure, firstly, TEM images were specified in the region of the
outer shell and inner core of single primary particles, and
cropped into 100 nm2 (10 nm x 10 nm) area. Then, the images,
which were changed into the black and white image, were
converted into skeletonized images, as shown in Fig. 7(a-h)
and Fig. 8(a-h). Both nanostructures of the skeletonized image
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Fig. 4 – TEM images of nanostructure of single primary particles of SCL soot magnified images: (a) x600k, (b-c) x800k, and
FRL soot magnified images: (d) x600k, (e-f) x800k.

Fig. 5 – TEM images of agglomerate structure of residual ash (a) fine particles, (b) ultrafine particles, and (c) nanostructure of
SCL, and (d) fine particles, (e) ultrafine particles, and (f) nanostructure of FRL.

for SCL and FRL soot are mainly composed of curve line carbon fringes, as well. Fig. 9(a and b) shows the average fringe
length distribution of SCL and FRL soot, the different regions
of the outer shell and inner core were successfully measured.
Results showed that the average fringe length distribution of
SCL soot is mostly in the range of 0.10 to 6.00 nm, and FRL soot
is ranged from 0.10 to 5.50 nm, respectively. The total fringe

lengths of SCL and FRL soot are approximately 206.79 nm
and 197.06 nm measured from the 100 nm2 outer shell region of single primary nanoparticles, and are 170.75 nm and
166.40 nm from the inner core region, respectively. Therefore,
the total fringe lengths of outer shell are longer than the inner core. In addition, the average fringe lengths of SCL and FRL
soot are about 1.25 and 1.04 nm in the outer shell region, and
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Fig. 6 – Single primary particles size distribution of (a) SCL and FRL PM, and (b) SCL and FRL residual ash.

Fig. 7 – TEM images of single primary particle of outer shell and inner core of (a and e) specified region, (b and f) 100 nm2
cropped images, (c and g) black and white images, (d and h) skeletonized images of SCL soot.

are 0.89 and 0.74 nm in the inner core region. However, when
compared between the fringe number of FRL and SCL, the total
fringe numbers of FRL are higher than that of the SCL soot due
to many shorter fringes of FRL. Table 1. shows the results of
total fringe length, fringe numbers and average fringe length
of SCL and FRL soot nanoparticles from both outer shell and
the inner core region.
Besides, skeletonized images analysis of residual ash is
also investigated to study the physical characteristics of
biomass ash nanostructure. The step-by-step procedures of
skeletonized images analysis of SCL and FRL residual ash are
shown in Fig. 10(a-h). In the cropped images of both SCL and
FRL ash, the parallel straight lines seem to have a hollow tube

shape. Furthermore, both skeletonized nanostructure of SCL
and FRL residual ash crystal structure were clearly expressing
parallel straight-line lattice fringes as described in Fig. 10(d
and h), respectively.

2.4.
Chemical composition of biomass pm and ash using
sem-eds analysis
The biomass PM and ash were analyzed by the scanning electron microscopy and energy dispersive spectroscopy (SEMEDS) at 15 kV for the chemical composition. The EDS analysis
shows that SCL and FRL PM consists of C, O, Si, K, Cl, Al, Ca, Mg,
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Fig. 8 – TEM images of single primary particle of outer shell and inner core of (a and e) specified region (b and f) 100 nm2
cropped images, (c and g) black and white images, (d and h) skeletonized images of FRL soot.

Table 1 – Total fringe length, fringe numbers and average fringe length of SCL and FRL soot from 100 nm2 outer shell and
inner core region.

No.

Name

Total fringe length
(nm)
SCL
FRL

Total fringe numbers
(nos.)
SCL
FRL

Average fringe length
(nm)
SCL
FRL

1.
2.

Outer shell
Inner core

206.79
170.75

165
190

1.25
0.89

197.06
166.40

188
224

1.04
0.74

Fig. 9 – Average fringe length distribution of (a) SCL soot, and (b) FRL soot from outer shell, and inner core region of single
primary particles.
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Fig. 10 – TEM images of single primary particle of SCL and FRL residual ash: (a and e) specified region (b and f) (5 nm x 5 nm)
cropped images, (c and g) black and white images, (d and h) skeletonized images.

Na and S, respectively. The composition of SCL and FRL residual ash are shown in Fig. 11(a and b). Therefore, both PM contain abundant Si, Ca, K and Al exclusion of C, and O. This would
be discussed that biomass PMs are composed of soot which
was included C and O, and some components such as Si, Ca,
and K compounds. The soot particles emitted from biomass
agricultural burning were mixed with other types of particles
(Li et al., 2010). The aerosol particles were classified into eight
types of particles: mineral, soot, organic matter, fly ash, CaS, K-rich, S-rich, and metal particles (Li and Shao, 2009). It
was explained that K-rich particles were regarded as tracers
of the biomass and biofuel burning (Adachi and Buseck, 2008;
Li et al., 2010). Also, the SEM-EDS analysis shows that the elements: C, O, Si, K, Ca, Mg, S, Mn, Cl, P, Al, and Na were detected in SCL and FRL ash, as shown in Fig. 11(c and d). The
elemental analysis pointed out that Si is the main elements
exclusion of C and O in the SCL ash followed by K, Ca, Mg,
and S, respectively. However, Ca is the main one for FRL ash
followed by K, Mg, Si, and S, respectively. The quantitative
chemical composition is associated with the previous results
of biomass ash (Girón et al., 2012; Katare and Madurwar, 2017;
Zajac et al., 2018), and K, Ca, and Mg are the main relative elements (Mlonka-Medrala et al., 2020).

2.5.
Chemical composition of biomass pm and ash using
tem-eds analysis
The quantitative elemental composition of PM and residual
ash for SCL and FRL combustion were investigated using TEMEDS analysis with the 200 kV of electron acceleration. Fig. 12(a
and b) show the TEM-EDS analysis of SCL PM and residual
ash, and Fig. 12(c and d) show the TEM-EDS analysis of for
FRL PM and residual ash. The results indicated that both SCL

and FRL PM contained a higher percentage of carbon about
90 wt.% and 92wt.%, and minor oxygen and silicon. The soot
particle morphology of aerosol particles was chain-like aggregates and it was mainly composed of carbon and minor oxygen (Li and Shao, 2009; Li et al., 2010). Furthermore, chemical
compositions of residual ash fine particles contained not only
carbon, and oxygen, but also metals and metalloids elements
especially Mg, Si, P, Ca, Al, S, and Fe, respectively. And, both
SCL and FRL ash contained about 83wt.% of carbon fraction
with 13% wt of oxygen content. Among the metals and metalloid elements, silicon was standing as the main component
which was about 3.98% in SCL ash and 1.99% in FRL residual
ash, respectively. The metal oxide ashes in engine combustion
were mainly obtained from metallic additives: calcium, phosphorous, sulfur, magnesium, silicon, and zinc from engine lubricating oil (Koko et al., 2019). The Ca, K, P, and S were the
dominated elements of the biomass ash (Zajac et al., 2018).

2.6.

X-ray diffraction (XRD) analysis

The X-ray diffraction (XRD) analysis was conducted to investigate the crystalline structure of PM and residual ash from
SCL and FRL combustion. Fig. 13(a and b) describe the XRD
patterns of SCL PM and ash, and FRL PM and ash as shown
in Fig. 14(a and b). The SCL PM and ash have a highly crystalline structure with silica (quartz) as the major component
and the silica composition is about 84.30% and 87.20% in SCL
PM and ash with the small amount of calcite and sylvite, respectively. This is also associated with the elemental analysis via SEM-EDS where the Si, K, Ca, Mg, Al, and Cl are presented. Abundant silica (SiO2 ) was found in ash and aerosol
particles emitted from experimental sugarcane leaves burning (Le Blond et al., 2008). Both of SCL and FRL PM contained
a few amounts of pure carbon as a graphite structure. In the
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Fig. 11 – Quantitative elemental analysis of biomass (a) SCL PM, (b) FRL PM, (c) SCL residual ash, and (d) FRL residual ash by
SEM-EDS.

FRL PM, the results reported that it also consists of some material compounds such as quartz, calcite, sylvite and calcium
sulfate. However, the higher percentage of calcium carbonate
in the form of calcite is presented about 85% of the concentration in the FRL ash and the quartz and sylvite were contained as the minor components. In this regard, the SEM-EDS
elemental analysis is reported the presence of Ca, K, Mg, Si, Al,
Cl, S, and Na, respectively. In addition, the SiO2 was the predominant compound in the most of ashes: rice husk, bagasse,
groundnut shell, and areca nut shell with the presences of
phosphorus, magnesium, aluminum, calcium, iron, and potassium chloride compounds [Umamaheswaran and Batra, 2008).
Abundant KCL particles were observed in fresh smoke plumes
of biomass burning (Li et al., 2003). Table 2 shows the detail
results of the chemical composition of biomass PM and ash
using X-ray Diffractometer. The characterization of interlayer
spacing (d-spacing) of crystalline structure for PM and residual ash was calculated from XRD data using Bragg’s law. In
order to get the value of interlayer spacing from XRD analysis, the two-theta value was used at the sharp peak intensity
as the high crystallinity for the material compounds such as
SiO2 , Ca(CO3 ), Ca(SO4 ), and KCl which was contained in the

Table 2 – Chemical composition of biomass PM and residual ash using analysis XRD.
Name

1. SCL PM
2. SCL ash
3. FRL PM
4. FRL ash

Composition (wt.%)
SiO2
Ca(CO3 )
Ca(SO4 )
84.30
87.20
38.50
10.90

4.00
12.80
16.10
84.50

–
–
6.50
–

KCl

C(graphite)

5.20

6.40
–
1.00
–

38.00
4.60

PM and residual ash of SCL and FRL. Table 3 shows the results
of interlayer spacing using XRD analysis compared to the results from TEM image analysis. The interlayer spacing of carbon fringes and lattice fringes of PM and ash are important parameters to define the density of PM and structural properties
of material compounds. For the investigation of the structure
of various carbon nanostructures, both transmission electron
microscopy and X-ray diffraction methods were also used to
characterize the structural parameters including average interlayer spacing of carbon layers (Jurkiewicz et al., 2018). The
interlayer spacing of carbon fringes of PM is almost similar to
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Fig. 12 – Quantitative elemental analysis of biomass (a) SCL PM, and (b) SCL residual ash, (c) FRL PM, and (d) FRL residual ash
by TEM-EDS.

Fig. 13 – XRD patterns of SCL (a) PM, and (b) residual ash from biomass combustion.
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Fig. 14 – XRD patterns of FRL (a) PM, and (b) residual ash from biomass combustion.

Table 3 – Comparison results of d-spacing of biomass PM and residual ash using XRD and TEM image analysis.

Name

SiO2

XRD analysis
Ca(CO3 )

Ca(SO4 )

KCl

C
(graphite)

TEM analysis
C
(soot)

ash

1. SCL PM
2. FRL PM
3. SCL ash
4. FRL ash

0.334
0.334
0.336
0.336

0.304
0.304
0.305
0.305

–
0.350
–
–

0.315
0.315
–
0.316

0.349
0.357
–
–

0.359
0.362
–
–

–
–
0.332
0.275

both techniques. The interlayer spacing of SCL PM is 0.349 nm
and 0.359 nm from XRD and TEM image analysis, and 0.357 nm
and 0.362 nm for FRL PM. These values are consistent with the
results from such kinds of carbon blacks using X-ray diffraction (Pawlyta et al., 2015, Cuesta et al., 1998), and also the results obtained in high-resolution TEM image from soot particles using selected area electron diffraction (SAED) (Li et al.,
2010). Concerning d-spacing of each material compounds contained in residual ash, it was also calculated using XRD data
and Bragg’s Law, and the d-spacing of crystalline silica from
SCL ash is about 0.336 nm. This value would be discussed under the interlayer spacing of lattice fringes about 0.332 nm
using TEM image analysis. The measurements of interlayer
spacing in the TEM images of nanostructure Si samples were
found between 0.30 nm and 0.35 nm (Viera et al., 2002). For the
FRL ash, the lattice spacing was about 0.305 nm and 0.275 nm
for Ca(CO3 ) in calcite from both techniques. These results
were related to the previous results from Ca(CO3 ) in XRD data
(Dupont et al., 1997). As a result, this would be expressed
that SCL ash particles are mainly composed of SiO2 and
most of Ca(CO3 ) might be contained in FRL ash particles, as
well.

2.7.
Oxidation kinetics of biomass, PM, and ash by tga
analysis
The Thermogravimetric analysis (TGA) of biomass raw materials, PM, and residual ash from SCL and FRL combustion are

described in Fig. 15(a-d). It could be divided into three stages:
moisture vaporization, oxidation, and complete combustion.
In the first stage, the moisture was removed from biomass,
PM, and ash of SCL and FRL at a temperature between 30 °C
and 250 °C. The dehydration stage of biomass occurred with
a small decreasing of weight loss for the moisture evaporation at this stage (Ounas et al., 2011). In the second stage,
generally, it could be explained about active and passive pyrolysis in biomass thermal degradation (Jutakridsada et al.,
2016). The active pyrolysis was from 250 °C to 350 °C with
the mass loss about 50% wt at the beginning of carbonization for the biomass SCL and FRL. During the passive pyrolysis,
the mass loss is approximately 78wt.% wt for SCL and 65wt.%
for FRL between 350 °C to 500 °C. The mass loss of lignin
and fixed carbon occurred in this process (Fernandes et al.,
2013). The particulate matters which might be consisted of
unburned hydrocarbon and some carbon fraction were oxidized about 250 °C to 500 °C. Furthermore, a few amounts of
PM, which were contained in residual ash, decomposed at this
stage. This could be explained because of the unburned carbon (Umamaheswaran et al., 2008). In the final stage, the pure
carbon oxidation was occurred with some remaining ash content in the range of 500 °C to 650 °C in biomass raw, PM and
ash for SCL. Besides, the complete combustion of FRL’s PM was
also found at this stage. The unburned carbon decomposed
for FRL ash during this region. The unburned carbons were
concentrated in the larger fraction of biomass forest fly ash
(Giron et al., 2013). However, the oxidation rate of FRL ash was
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Fig. 15 – TGA analysis of (a-b) mass conversion and oxidation rate of SCL, SCL PM, and SCL ash, and (c-d) mass conversion
and oxidation rate of FRL, FRL PM, and FRL residual ash.

still increased because some soot fraction might be remained
inside the ash agglomeration and then started to oxidize after
650 °C. The decomposition of carbonates, primarily calcium
carbonate occurred at a temperature above 700 °C (Girón et al.,
2012, 2013). This is owing to the higher calcium carbonate content in FRL ash via XRD analysis. Besides, this could be due to
the melting of phase materials (Umamaheswaran et al., 2008).
Also, the oxidation rate of forest leaf was higher than that of
sugarcane leaf. This would be considered as a result of different composition of components in biomass (Papari and Hawboldt, 2015).

3.

Conclusions

Transmission electron microscopy (TEM) was used to analyze the physical characteristics of particulate matter (PM) and
residual ash. The morphology of fine and ultrafine agglomerate structure of SCL soot and residual ash are not significantly
different from FRL soot and ash. The single primary nanoparticles are mainly composed of curve line crystallites carbon
fringes, while residual ash is composed of straight-line lattice
fringes. The average diameter sizes of nanoparticles of SCL

and FRL PM are about 37 and 35 nm, while the average size
of SCL and FRL residual ash is approximately 18 and 22 nm,
respectively. The total fringe lengths of outer shell are longer
than the inner core. The total fringe length of SCL and FRL
soot is 206.79 and 197.06 nm from the 100 nm2 outer shell region, and 170.75 and 166.40 nm from the inner core region, respectively. Also, the average fringe length of SCL and FRL soot
is about 1.25 and 1.04 nm in the outer shell region, and 0.89
and 0.74 nm in the inner core region. The elemental composition showed that both biomass leaves contained not only
carbon (C) and oxygen (O) but also metal and metalloid elements such as potassium (K), aluminum (Al), calcium (Ca),
and magnesium (Mg), silicon (Si), respectively. The EDS analysis expressed that 72–75 wt% carbon fraction was found in
SCL and 65–70 wt.% in FRL. The biomass PMs are mainly composed of C(soot), Si, Ca, and K compounds: SiO2 , Ca(CO3 ), and
KCl. The elemental analysis expressed that Si was the main elements exclusion of C and O in the SCL ash followed by K, Ca,
Mg, and S, respectively. In FRL ash, Ca was the most abundant
followed by K, Mg, Si, and S, respectively. Abundant SiO2 in SCL
ash, and Ca(CO3 ) in FRL ash were reported via X-ray diffraction
analysis. The interlayer spacing of carbon fringes between SCL
and FRL soot is about 0.349 nm and 0.357 nm by XRD analysis.
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These results were similarly related to the TEM image analysis method and it was about 0.359 nm and 0.362 nm, respectively. Thermogravimetric analysis (TGA) showed that the unburned hydrocarbon and pure carbon oxidation process were
completed between 250°C and 650°C with some remaining incombustible metallic ash, as well.
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