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Fine  and  ultrafine  carbonaceous  aerosols  produced  from  burning  biomasses  hold  enormous  importance
in  terms  of assessing  radiation  balance  and  public  health  hazards.  As  such,  volatility  and  mixing  states  of
size-selected  ultrafine  particles  (UFP)  emitted  from  rice  straw,  oak, and  pine  burning  were  investigated
by  using  volatility  tandem  differential  mobility  analyzer  (VTDMA)  technique  in this  study.  Rice straw
combustion  produced  unimodal  size  distributions  of emitted  aerosols,  while  bimodal  size distributions
from  combustions  of  oak (hardwood)  and  pine  (softwood)  were  obtained.  A  nearness  of  flue  gas  tempera-
tures and  a  lower  CO  ratio  of  flaming  combustion  (FC)  to smoldering  combustion  (SC)  were  characteristic
differences  found  between  softwood  and hardwood.  SC  emitted  larger  mode  particles  in  higher  numbers
than smaller  mode  particles,  while  the  converse  was  true  for FC.  Rice  straw  open  burning  UFPs  exhib-
TDMA (volatility tandem differential
obility analyzer)
rganic carbon
lack carbon

ited  a volatilization  behavior  similar  to that  between  FC  and  SC.  In  addition,  internal  mixing  states  were
observed  for  size-selected  UFPs  in all biomasses  for all  combustion  conditions,  while external  mixing
states  were  only  observed  for rice  straw  combustion.  Results  for  FC  and  open  burning  suggested  there
was an  internal  mixing  of  volatile  organic  carbon  (OC)  and non-volatile  core (e.g.,  black  carbon  (BC)),
while  the  SC  in rice  straw  produced  UFPs  devoid  of  non-volatile  core.  Also,  it was  found  that  volatility  of
constituting  OC  in FC  and  SC  particles  was  different.
. Introduction

Atmospheric aerosols may  seem insignificant, yet they have a
otentially huge impact, ranging from off-setting global warming
1] to potentially modifying climate systems as well as stimulat-
ng research for enhancement of their positive roles in mitigating
limate change. In particular, fine and ultrafine aerosols in the
tmosphere have been strongly correlated to adverse health effects,
hough their causative relations or mechanisms are not well under-
tood [2].  To this end, biomass burning in agricultural fields and
orest fire events, and residential biomass burning are significant
ontributors to atmospheric aerosol loads. Carbonaceous aerosols,
argely emitted from such biomass burning, account for a large frac-
ion of air particulate matter [3–7]. The organic carbon (OC) and
lack carbon (BC) aerosols, comprising the pool of carbonaceous
erosols, are produced due to incomplete combustion from various
uels [8]. For example, in the urban atmosphere of Los Angeles it
as found that approximately 40% of the total fine particulate mass

oading could be accounted for as being carbonaceous aerosols

9–12].

In recent years, a growing number of studies have tried to
ddress the particulate matter emitted from biomass burning in
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different ways (e.g., with lab-scale simulations of field burning,
fireplace combustion, wood-stove burning, and energy produc-
ing boilers) [13–24].  The size distributions, further differentiated
into different burning conditions, are important for determining
which particle sizes are likely to be added in what abundance
into the atmosphere and undergo different processes therein, the
most important of which would be to determine their interactions
based on radiative forcing and public health consequences. Previ-
ous studies have shed some light on the size distribution of particles
emitted from the burning of some of these biomasses, as well as on
their chemical compositions [13–16].  Petters et al. [25] determined
hygroscopicity and cloud condensation nuclei (CCN) activity for
particles (30–300 nm)  emitted by open burning of various biomass
fuels. However, there has been limited information on the size dis-
tributions of those emitted from biomass burning for the whole
diameter range (20 nm–10 �m),  which could provide better insight
into the emission characteristics of these particles. Similarly, there
has been limited information on the volatility and mixing state
of size-selected ultrafine particles emitted from biomass burning
obtained by simulating different burning conditions in laboratory
scale. Ultrafine particles may  have a higher reactivity or toxicity due
to their higher surface area-to-volume ratio compared to coarse

particles, thereby strongly affecting human health [26,27]. Indeed,
the existence of volatile carbonaceous species such as PAH and non-
volatile BC could provide a useful insight into their effects on human
health. Also, the volatility measurements of ultrafine particles could

dx.doi.org/10.1016/j.jhazmat.2011.12.061
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:kpark@gist.ac.kr
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e an alternative means to study general chemical characteristics
f carbonaceous species. For instance, it was reported that interac-
ion of particles with incoming solar light was significantly affected
y their mixing state, affecting the earth’s radiation balance [1].
s such, adequate information on the volatility of biomass com-
ustion emitted aerosols as well as their mixing states is likely
o take on further significance, especially when the carbonaceous
erosols from biomass burning (mainly comprised in BC and OC)
eing reported as one of the most significant groups for potential

mplications, both in terms of forcing estimates [3,7,28–32] as well
s public health consequences [33–36].

In this study, burning events in agricultural fields and during
orest fires were simulated in a laboratory. Oak (hardwood) and
ine (hardwood) as well as rice straw, which is known to be one
f the most widely grown cereal crops in Korea or East Asia coun-
ries, were used as fuels. We  examined number size distribution,
olatile properties, existence of non-volatile core, and mixing state
f ultrafine particles burned from such biomasses with different
urning conditions (flaming, smoldering, and open burning con-
ition), based on scanning mobility particle sizer (SMPS), particle
ize distribution analyzer (PSD), and volatility tandem differential
obility analyzer (VTDMA) technique [37], along with a sup-

lementary analysis of transmission electron microscopy/energy
ispersive spectroscopy (TEM/EDS) data. The VTDMA measure-
ent will provide useful insights into internal or external mixing

tate of size-selected ultrafine particles by heating and subse-
uently evaporating portions of the particles, and by examining
he behavior of particle size change as a function of temperature.

. Experimental

.1. Fuels

Rice straw (Oryza sativa,  10.8% moisture), along with oak (10.6%
oisture) and pine (11.2% moisture) were used as biomasses. Rice

traw is a major material frequently included in the burning of agri-
ultural fields in Korea or East Asia countries, while oak and pine

re abundant in Korean forests and are often involved in forest fire
vents. The moisture contents were experimentally determined by
sing an oven-dying method (ASTM E1358). The rice straw was col-

ected from a rural field outside Gwangju (Republic of Korea), while

Fig. 1. Schematic of combustion system: (A) flaming an
ous Materials 205– 206 (2012) 189– 197

oak and pine samples were collected from a forest area near Yeosu,
Republic of Korea. The two types of wood were selected as a rep-
resentative hardwood (oak) and softwood (pine) in these forests,
allowing us to project the general characteristics over other similar
wood types.

2.2. Combustion system for simulating burning and sampling

A commercial combustion stove consisting of a 55 cm diame-
ter, 80 cm tall vertical chimney was used to simulate the burning
conditions (Fig. 1A). The air intake for the combustion air was
located at the bottom of the combustion chamber. The chimney
was connected to a 35 cm diameter by 40 cm tall cylindrical dilu-
tion chamber, providing ∼25-fold HEPA-filtered dilution air by
using a mixing fan installed at the bottom of the chamber to dilute
the air before it enters the measurement instruments. A sampling
probe was placed at a 1 m height inside the chimney. An isokinetic
sampling was  ensured by placing the sampling tube in different
positions and thereby measuring the two  flows (one at the end of
chimney, and the other at the end of sampling tube coming from
inside the chimney). The appropriate alignment of the sampling
tube was  conducted in order to represent isokinetic sampling from
the chimney. The flow rates in the dilution chamber were controlled
by a mass flow controller. Previously, due to the distributed pres-
ence of aromatic compounds in the gas and aerosol phases from
the source emissions, whose partition is dependent on the temper-
ature of the system as well as partial pressures of the compounds
in gas phase, Hildemann [38] developed a dilution stack sampler
for simulating ambient conditions after emission, in order to col-
lect organic aerosols. A similar dilution chamber was constructed
in this study. Other flue gas characteristics (CO and CO2 emissions
with Unigas 4000+ Eurotron gas analyzer, and temperature with
a K-type thermocouple) were measured at a 1 m height inside the
chimney (the gas sampling line was not cooled before it entered
the gas analyzers). The flue gas temperature was monitored at 1 m
height of the chimney which is an integral part of the combus-
tion system. Aerosol Measurements were conducted at 10 m away

from the combustion facility, and the temperature measured at the
entrance to the VTDMA system was  almost similar to the ambi-
ent temperature (i.e., the residence time through the flow tube
appears to be sufficient to allow the temperature of the flow to

d smoldering combustions and (B) open burning.
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ome to ambient level). The water vapor from the exhaust stream
as removed by using two-column silica gel bed before entering

nto measurement instruments.
Flaming, smoldering, and open burning conditions were sim-

lated in this study. At the bottom of the chamber there is an air
ntake vent, which could be closed or kept open. In flaming combus-
ion experiment, the vent was kept open so that air could enter from
eneath, whereas in the smoldering combustion experiment the
ir flow was obstructed. The flaming combustion was proceeded
ith visible flame, while no flame was seen during the smoldering

ombustion experiment. In unaided visual observations, flaming
ombustion yielded a dense stream of black particles, whereas
he smoldering combustion produced a thick flow of white fumes.
he smoldering combustion condition was produced by restrict-
ng the combustion air supply and overloading the firebox with
uel; vice versa for the flaming combustions. Previously, Tissari
t al. [20] used these combustion conditions, although they used
he term “normal” combustion instead of “flaming”. An additional
pen field burning condition (outside of the combustion chamber)
as simulated for rice straw by placing soil underneath the straw

Fig. 1B). The ambient conditions that prevail during real-world
urning were left uncontrolled, except to the extent that the nor-
al  air entrance was obstructed in order to produce a smoldering

ondition which takes place in the absence of air renewal. Since the
ilution ratio should be much larger for the open burning condition,

t was suggested that some particles would be volatilized prior to
easurement by the VTDMA system [39]. Indeed, this would be the

ase during real-world open-field burning. Here, a PM10 inlet was
sed to collect emissions during open burning and route them to
he measurement instruments.

.3. Measurement instruments

The particle size distributions were measured using a SMPS (TSI
081 DMA  and TSI 3022A CPC) for the range from 20 nm to 600 nm,
hereas a PSD (TSI 3603) was used for 200 nm to 10 �m particles.

n principle, the SMPS measures the mobility equivalent diameter
hile the PSD measures the aerodynamic equivalent diameter. In

rder to plot both measurements in a continuous plot, the aerody-
amic equivalent diameters were converted to mobility equivalent
iameters by assuming particle density information (from SMPS
nd PSD, the particle density was changed to have a consistent size
istribution in the overlapping size range) by utilizing the equation
daero = dmobility

√
(�p/�o)” where daero, dmobility, �p, and �o are aero-

ynamic diameter, mobility diameter, particle density, and unit
ensity (1 g/cm3), respectively.

Volatility analyses of the emitted particles were performed
sing a VTDMA system. The VTDMA system consisted of two nano-
MAs (TSI 3085), two long-DMAs (to cover a wide size range),

 heating tube, and one ultrafine condensation particle counter
UCPC) (TSI 3776) as shown in Fig. SI-1 (Supporting Information).
he working principle of the VTDMA system used in this study
nd the basic method of calculating the volume fraction of volatile
pecies was published previously [37]. Within the ultrafine size
ange, we selected particles of certain sizes by the first DMA, and
he selected particles were exposed to increased temperature in a
eated tube, and the subsequent particle size change was deter-
ined by the second DMA  and UCPC. Note that SI-1 (Supporting

nformation) contains other considerations followed in explaining
he volatility data in addition to defining the mixing states and error
nalyses used therein.

As (i) the sample was not an ambient atmospheric aerosol,

ut rather biomass combustion-emitted particles under isoki-
etic sampling, (ii) sampling was done in a closed system while
aintaining specific burning conditions, and (iii) sampling was

onducted under the condition of forced air supply; particle loss
ous Materials 205– 206 (2012) 189– 197 191

due to gravity or diffusion were not taken into consideration. More-
over, loss due to thermophoresis was not considered as there was
no heating of the generated aerosols in the sampling stream. In the
volatility analysis, additional heating of the size-selected particles
could possibly cause error in measurement due to recondensation
or nucleation of the volatile species evaporated from particles, in
the cooling section of VTDMA system (as presented in case of ther-
modenuder in Saleh et al. [40]); however, Park et al. [37] have
shown such error to be negligible for the VTDMA system used here.
In the present study, the volatility of samples was  measured over a
relatively modest range of temperatures (20–250 ◦C). And though
complete volatilization of organic material requires a 590 ◦C tem-
perature under a nitrogen atmosphere and heating at 650 ◦C under
an oxygen atmosphere is required to separate the non-volatile
elemental carbon [41], we  limited our experimentation to 250 ◦C.
The remaining volume beyond 250 ◦C heating would not contain
any volatile OC, leaving only the non-volatile core particles; this
temperature is thus sufficient for separating volatile OC, and non-
volatile OC and/or BC. The samples were also analyzed via TEM
(JEOL JEM-2100F) and EDS (OXFORD INCAx-sight) to obtain mor-
phological and elemental composition data, respectively.

3. Results and discussion

3.1. Size distributions

A summary of the burning conditions (flue gas temperature, CO
ratio) and emitted particle mode diameters is listed in Table 1.
In previous experiments, Tissari et al. [20] reported a flue gas
temperature difference between normal (flaming) combustion and
smoldering combustion (>200 ◦C and <200 ◦C, respectively, from
data presented therein). They also reported elevated CO emis-
sions during smoldering combustion (3.5 times of that of flaming
combustion), which is consistent with the measured flue gas tem-
peratures and CO emission ratios presented in the table. Hays et al.
[14] reported varying CO/CO2 trends between the flaming and
smoldering combustion conditions as well as between different
fuels. And Tissari et al. [19] described the influences of different
factors, such as insufficient air supply (in flaming combustion) and
low diffusion rate of oxygen and cooling of combustion chamber
(in smoldering combustion), causing incomplete combustion and
thereby limiting CO2 emissions. However, differences in biomass
densities would utilize the available oxygen differently, and thus
different CO/CO2 ratios can be found in a single burning condition-
some of which may  conform to values of other burning conditions.
In that regard, descriptions in terms of CO ratio would be a more
reliable measure for characterizing different burning conditions,
which is consistent in all our observations. Moreover, it is also seen
in Table 1 that when the flue gas temperature gap between flaming
and smoldering conditions is narrow (in the case of wood), the CO
ratio between the conditions is also low, and vice versa. Hence,
this can be another characteristic for defining different burning
conditions.

The size distributions of particles from rice straw burning
(20 nm–10 �m diameter range) at three different burning condi-
tions are presented in Fig. 2. All combustion conditions resulted in
unimodal particle-size distributions, which is similar to the results
reported by Hays et al. [14] which show unimodal size distribu-
tions for almost all combustion experiments, though they were
for another cereal crop (wheat straw, not rice straw) as well as
for a limited size range (10–400 nm). For rice straw, a shift of the

mode diameter in the positive direction is evident from Table 1,
in the order of open burning (53.3 nm)  < smoldering combustion
(88.2 nm)  < flaming combustion (140.7 nm)  conditions. One reason
for this rank order might be due to particle size alteration by the
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Table  1
Summary of burning conditions and mode diameters of particles obtained from burned biomasses.

Biomass Combustion
condition

Flue gas temp. CO ratio of the flaming
to  smoldering

Mode
diameters (nm)

Rice straw
Flaming 227 ◦C

1:2.6
140.7

Smoldering 193 ◦C 88.2
Open burning ≪193 ◦C – 53.3

Oak  (hardwood)
Flaming 236 ◦C

1:2.4
121.9, 488.5

Smoldering 165 ◦C 145.9, 569.6

Pine  (softwood)
Flaming 213 ◦C

1:1.8
140.7, 587.5

Smoldering 199 ◦C 174.7, 645.8
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Fig. 2. Size distributions of particles fro

iverse OC compounds, as they are affected by differential tem-
eratures in the vicinity of burning at different burning conditions.
or example, Hays et al. [14] reported on the OC fraction in burning
ice straw, which was comprised of more than 200 compounds with

 significant portion unresolved. These detected compounds were
ound to have melting points well distributed over a temperature
ange of less than 0 ◦C to more than 250 ◦C. Therefore, the differen-
ial flue gas temperatures under different burning conditions may
ct differently for the various particles melting points, potentially
asing the process of attachment with other particles, resulting in
n increased mode diameter. It was reported that the low combus-
ion efficiency in the slow burning of agricultural residues due to
nderlying top soil produced larger particles compared to faster
urning (Kleeman et al. [42]). Also, different dilution ratios and
ampling temperature can affect gas-to-particle partitioning, lead-
ng to differences in size distribution (Lipsky and Robinson [43]). In
his study, the order of mode diameters was found to be the same as
he order of increase in flue gas temperature, as presented in Table 1
no definitive temperature value was mentioned for open burn-
ng flue gas temperature due to its non-standard nature, though
t was well-below of the flue gas temperature of smoldering com-
ustion). During the open burning of rice straw, depending on the
nburned fuel remaining, fuel load, and wind characteristics, the
urning resembles both partly flaming and partly smoldering con-
itions. In open burning and smoldering combustion conditions,
he modes were in the ultrafine range (<100 nm), then shifted into

he fine range (0.1–2.5 �m)  for the flaming condition.

In Table 1, the CO emission ratio between the flaming and smol-
ering conditions and flue gas temperature difference for the two
ombustion conditions also correlate to the hardness of the two
 straw burning at different conditions.

types of woods (i.e., they has a different vulnerability to burn-
ing under similar conditions). Nearness in the observed flue gas
temperatures of the two combustion conditions (only a 14 ◦C gap
between flaming and smoldering combustions) and a lower CO
ratio (1:1.8) were observed in softwood (pine). However, in case of
oak (hardwood), these burning condition differences are sharper,
accompanied by more contrasting flue gas temperatures (71 ◦C
gap between flaming and smoldering combustions) and higher
CO emission ratio (1:2.4). The nature of the woods can also be
explained in that connection; being more vulnerable to burning,
softwood would demonstrate a lower contrast between burning
conditions (lower CO ratio and narrower flue gas temperature gap
between flaming and smoldering conditions). Such distinctions also
conform to the regularity observed in mode diameter shift (mode
diameters in softwood flaming combustion are higher than the
mode diameters for hardwood, and similar in cases of smolder-
ing combustion). Therefore, in terms of the woods’ vulnerability to
burning, the wood more vulnerable to burning (softwood) would
result in larger mode diameters than from wood less vulnerable to
burning (hardwood).

Size distributions of particles emitted from oak and pine com-
bustion (20 nm–10 �m diameter range) for flaming and smoldering
conditions are presented in Fig. 3A and B, respectively. For both
types of the woods, the bimodal size distributions were obtained in
both flaming and smoldering combustion conditions. Previously,
Kleeman et al. [15] presented oak and pine size distributions

within a diameter range from 20 nm to 3 �m through combined
measurements obtained by the SMPS and optical particle counter
(OPC) (fireplace burning; with no distinction between different
burning conditions); however, the end result was  a single mode in
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ig. 3. Size distributions of particles from oak and pine for (A) flaming combustion
nd (B) smoldering combustion.

ach distribution near a particle diameter of 200 nm. For the com-
ustion of different types of wood, Wardoyo et al. [21] concluded
hat number emissions were lower, though there were higher PM

ass concentrations for slow burning (smoldering combustion)
ersus fast burning (flaming combustion). Such a conclusion could
e arrived at as the size distributions resulted in only one mode in
ll cases due to the limited measured size range under their study
13–600 nm,  obtained by the SMPS). However, for an extended
ize range, as in this study, differing burning inter-comparisons
etween multiple modes are shown, which does not allow for such

 straightforward conclusion. In our study, the flaming condition
esulted in higher particle numbers at the smaller mode diameter,
nd lower particle numbers at the larger mode diameter, with the
onverse being true for the smoldering combustion condition.

From Fig. 3B, it is clear that smoldering combustion led to the
mission of larger particles (e.g., tar balls) in comparatively much
igher numbers than for the smaller sized particles, which can be
ue to the condensation of organic species [17]. On the other hand,
aming combustion may  have led to the emission of more BC or
oot-like particles that are smaller in diameter (Fig. 3A). In the case
f rice straw (Fig. 2) such a distinction could not be made due to
he unimodal nature of the distributions. It should be noted here
hat the particle number concentrations for different fuels should
ot be used to compare among the fuels in a quantitative manner,
s they are not directly related to the quantification of burned fuel

mount (e.g., number emission factor). The purpose of comparing
ize distributions is only to show the distribution tendency over the
iven size range. From this perspective, the emitted particle size
istributions of oak and pine exhibit similar tendencies (bimodal,
ous Materials 205– 206 (2012) 189– 197 193

whereas the mode diameters of emitted particles increased from
hardwood/oak to softwood/pine combustion) that sharply contrast
that of rice straw combustion, which exhibited unimodal particle
size distributions in all three burning conditions.

One hypothesis is that such general behavior can be correlated
with the nature of the biomasses. As oak and pine woods are con-
solidated masses, whereas rice straw is a void mass with a porous
structure, rice straw could be subject to more uniform and efficient
burning-which would thereby result in the observed unimodal par-
ticle size distributions. In contrast, the consolidated mass in wood
would be subject to burning from the outer to inner layers of a log
within a single set of burning condition, thereby resulting in more
than one mode in the particle size distribution. It should also be
noted that the time resolution of SMPS did not capture any particu-
lar time dependence in the mode/modality of the size distributions.
Rather, every log contains numerous circular layers with each layer
typically indicating one year of the tree’s growth; depending on the
age of each tree, the number of interior layers would vary. Such
layering might also cause more than one mode in their size dis-
tribution in contrast to the simple structure of rice straw, which
results in only single modes for all burning conditions.

3.2. Volatility and mixing states of the biomass burning ultrafine
particles

The carbonaceous nature of biomass burning aerosols and the
dependence of the relative abundance of OC and BC components
on the alteration of burning conditions are becoming evident from
a growing number of studies [13–15,18,20]. This body of litera-
ture recommends a higher temperature firing combustion, which
results in a significant amount of refractory BC, whereas lower
temperature combustion yields particles with a lot of OC.  In this
study, flaming combustion resembled such higher temperature
firing combustion, and smoldering combustion resembled lower
temperature smoldering combustion. The EDS data in Figs. SI-
2–4 (Supporting Information) also reveal a high carbon peak
followed by oxygen giving evidence as to carbonaceous nature of
such particles. Therefore, instead of repeating efforts in establish-
ing these well-known results in our burning simulations, we  used
these results to further our understanding.

Figs. 4 and 5 presents the volatility of 47–116 nm particles
obtained from rice straw, oak, and pine for different burning condi-
tions (flaming combustion = FC, smoldering combustion = SC, open
burning = ‘open’). The slopes of each line in Figs. 4 and 5 indicate the
existence of varying volatile compounds, i.e., internal mixing states.
In Fig. 4, with the exception of 116 nm particles during flaming
combustion, all other size-selected particles exhibited more than
one trend line upon volatilization (i.e., they were externally mixed).
However, no external mixing states were observed for the oak and
pine combustion-emitted particles (Fig. 5). In Fig. 4, for the 49 nm
FC particles up to 70 ◦C heating, the 47 nm SC particles up to 50 ◦C
heating, the 106 nm SC particles up to 70 ◦C heating, and for the
104 nm open burning particles up to 50 ◦C heating, no branching of
lines was observed. Only from those points onward did the diver-
gence occur, thereby differentiating two types of particles. Similar
branching also occurred for data points at higher heating temper-
atures, suggesting that multiple types of particles were externally
mixed for the given size-selected particles.

In Fig. 5, unlike the rice straw smoldering combustion-emitted
particles, the smoldering combustion-emitted particles from both
oak and pine contained non-volatile cores (i.e., not completely
volatilized at 250 ◦C, very small cores remained). Data suggest that

wood burning produced a significant amount of ultrafine parti-
cles having non-volatile core (BC) that later included OC on their
surfaces. Again, apart from the observed lower flue gas temper-
atures of smoldering combustion than for flaming combustion
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Fig. 4. Remaining volume fractions of size-selected particles (47–1

n wood, the reason for smoldering combustion-emitted ultra-
ne particles exhibiting a much higher volatility than flaming
ombustion-emitted ultrafine particles would largely be due to
he composition of the particles. This difference implies that the
moldering combustion-emitted particles have a higher fraction
f volatile species than the flaming combustion-emitted particles.
his consideration supports the larger OC-nature of smoldering
ombustion-emitted ultrafine particles, whereas the larger BC-
nd/or non-volatile OC nature is evident in flaming combustion-
mitted ultrafine particles. Fine et al. [13] reported around a
-times higher OC generation than EC from a fireplace combus-
ion experiment with pine (with no distinction between different
urning conditions), while the majority of the OC fraction was
omprised of unknown organics. Kleeman et al. [15] also showed
hat the compositional distribution of PM emissions from fireplace
urning of oak and pine, were mostly comprised of OC, with minor

C fractions. Indeed, in other studies associated with wood burning
n fireplaces or wood-stoves, results produced for different types of

oods correspond to the volatility characteristics of oak and pine
ood burning particles shown here. For instance, Rau [18] reported

Fig. 5. Volatility of particles from (A) oak and (B) pine combustion.
)  from rice straw combustion as a function of heater temperature.

on OC contribution to the total particle mass for a woodstove to be
14% for burning conditions with a surplus air supply (i.e., flaming
combustion), while the OC contribution was  as high as 57% under
conditions with restricted air supply conditions (i.e., smoldering
combustion). Tissari et al. [20] reported the presence of 67–69% par-
ticulate organic matter, with only 22–27% EC, in smoldering wood
combustion; whereas there was only 33% particulate organic mat-
ter and 32% EC in normal (flaming) wood combustion. They also
interpreted the larger particle size, higher effective density, and
closed structure of particles in smoldering combustion as being due
to organic matter condensation on the agglomerated soot particles.
Carrico et al. [44] also reported that fuels burned in a smoldering
condition produced aerosols with a large OC mass fraction.

As shown in Figs. 4 and 5, except for limited volatilization (<20%)
of the 50 nm rice straw combustion-emitted particles and 100 nm
oak combustion-emitted particles, all other flaming combustion-
emitted particles underwent no volatilization up to 100 ◦C. In
contrast, all smoldering combustion-emitted particles underwent
major volatilization (>60%) within 100 ◦C, thereby indicating that
the original OC in the flaming and smoldering combustion-emitted
ultrafine particles are also different. Our data suggest that the
VTDMA technique could be useful to differentiate mixture of com-
pounds having different volatility.

The observed mixing states in rice straw combustion-emitted
ultrafine particles (multiple lines in volatility curve in Fig. 4) can
be interpreted by the diverse volatile OC compounds present in
such particles [14], having distributed melting and boiling points
over the temperature range as observed from our library search, in
contrast to any BC fraction of these particles. In our library search,
many of the 216 OC compounds that Hays et al. [14] reported to
be present in rice straw during open burning, as per gas chro-
matography/mass spectrometry, have been found to have well
distributed melting points from <0 ◦C to >250 ◦C. Out of 8.94 g/kg
OC content, a significant proportion (0.376 g) was  an unresolved
compound mixture. However, information pertaining to the direct
melting/volatilization points of many compounds in that list was
not available in our search. And though the disappearance of par-
ticles or shrinking of particle diameters at heating temperatures
up to 250 ◦C should be linked with the evaporation of OC contents
(even though the sample stream in our heater design represents
a kinetic, not thermodynamic equilibrium), candidate compounds
are largely absent from the compounds, as implied by the lack
of information available pertaining to their evaporation points for
most the heating temperature ranges (e.g., no compound between
20 ◦C and 50 ◦C, only 1 compound between 50 ◦C and 100 ◦C, and
no compound between 100 ◦C and 200 ◦C). Such voids could be due

to OC compounds with little/no information on evaporation points
and/or from the unresolved complex mixture; it is expected that
further research should reinforce the characterization of such com-
pounds as well as identify the unresolved compound mixtures. In
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Fig. 6. Average volatility of particles from rice straw burning.

he mean time, the high temperature oxidation of OC compounds
nd resultant release of CO2 is seen to lead to a decrease in diameter,
ather than simple volatilization upon heating. These contributions
ssist in providing a more comprehensive understanding of the
articles emitted from rice straw combustion.

Fig. 6 summarizes the average volatility of rice straw
ombustion-emitted ultrafine particles under all burning con-
itions. The smoldering combustion particles were completely
olatilized at 100–150 ◦C, indicating the absence of a non-volatile
ore (mostly comprised of BC), which is a remarkable property
bserved in contrast to the other two combustion conditions. The
omplete volatilization of smoldering combustion-emitted parti-
les compared to the least volatility of flaming combustion particles
ndicates the much higher volatile-OC content of the smoldering
articles. Open burning and the flaming combustion both resulted

n particles containing non-volatile cores comprised of BC and/or
on-volatile OC plus other macro-/micro-nutrient elements that
xist in plant tissues. This also suggests that there is internal mix-
ng of OC and BC (BC being the usual product in the firing/flaming
ondition, whereas OC is the volatilized fraction within 250 ◦C heat-
ng).

Zhang et al. [16] reported that the averaged OC in PM2.5 from
aming and smoldering combustion of cereal straw (including rice
traw) was 54.6 ± 6%, and that EC was much lower. The EC content
as reported to be higher in flaming combustion (5.8–11.6%) than

n smoldering combustion (4.7–5.3%), though it does not vary sub-
tantially. Despite the limitation of our study being size-selected
nd non-representative of all PM2.5, our results suggest that there
s significant variation in the EC contents of rice straw, as volatility
haracteristics indicate there is no non-volatile core in the smol-
ering combustion particles.

The volatility of the particles emitted from open burning of
ice straw is intermediate between flaming and smoldering. The
olatile volume per degree Celsius heating temperature for open
urning particles also has intermediate values between the flaming
nd smoldering slopes for rice straw. This suggests an interme-
iate and arbitrary ranking of the open burning process between
he flaming and smoldering processes. Moreover, in Fig. 6 the data
rend for 48 nm particles in open burning tends to resemble that
or the flaming condition, whereas the trend for 104 nm particles
n open burning 104 nm tends to resemble that for the smoldering

ondition. Note that the openness of the burning location as well
s wind flow results in air renewal and would replenish the oxy-
en supply, thereby shifting the open burning condition toward

 prolonged resemblance to flaming combustion. Conversely, the
ous Materials 205– 206 (2012) 189– 197 195

still air condition (available oxygen being used up) and overload
of fuel would push the open burning condition more toward smol-
dering a short time after the initiation of burning. Such positioning
of open burning between the conditions for flaming and smolder-
ing combustions has an extremely important implication for the
management of open field biomass burning, including both climate
forcing properties [3,8,28–32],  and public health risks [33–36].

3.3. Supporting Information from TEM/EDS particle analyses

Fig. SI-2 (flaming, smoldering, open burning), Fig. SI-3 (flam-
ing, smoldering), and Fig. SI-4 (flaming, smoldering) present the
TEM/EDS data for rice straw, oak, and pine combustion emitted
particles, respectively (Supporting Information). Approximately 50
ultrafine particles in sizes of 50–200 nm were examined at each
condition. In the morphological analyses of these particles it can
be seen that in rice straw burning, flaming combustion (Fig. SI-2A)
results in open structures, whereas smoldering combustion (Fig. SI-
2B) produces closed structures. The particle structure in open
burning (Fig. SI-2C) is similar to that in between the flaming (open
structure) and smoldering (closed structure) particle structures.
This finding further supports the arbitrary intermediate position-
ing of the open burning condition between flaming and smoldering,
which affects particle morphology during formation. In the case of
wood combustion particles, pine (softwood) flaming (Fig. SI-4A)
and smoldering (Fig. SI-4B) particle structures resemble those of
rice straw combustion particles; however, oak (hardwood) flam-
ing (Fig. SI-3A) and smoldering (Fig. SI-3B) both exhibit structures
at an intermediate stage between open and closed types (resem-
bling rice straw open burning, Fig. SI-2C). Nevertheless, although
we observed structural differences among the particles, identifying
the existence of volatile organic compounds due to their possi-
ble evaporation in a high vacuum environment remains difficult
in TEM.

In  a compositional comparison from EDS data it can be seen
that other than C and O as major constituents, particles from all
three biomasses for all burning conditions commonly contain Si
and K as additional components. In addition, smoldering combus-
tion particles from rice straw also contains S and Al, while S and
Cl are present in oak flaming combustion particles, and Cl in pine
flaming combustion particles. Therefore, the presence of C and O as
major constituents indicates the carbonaceous nature of all these
particles, while the existence of Si, K, S, Al, and Cl suggests the
presence of inorganic species from macro- and micro-nutrients in
the plant biomasses. Those inorganic species can affect hygroscopic
properties of particles burned from biomasses [44].

4. Conclusions

A clear distinction was observed among the burning condi-
tions, which can be summarized as follows: (i) >200 ◦C flue gas
temperature in flaming combustion, and <200 ◦C in smoldering
combustion, and (ii) a smoldering to flaming with CO emission
ratio of >1, which forms a better parameter than the CO/CO2 ratio.
These distinctions were observed in all combustion conditions for
all three fuels used in this study. Combustion of wood more vulner-
able to burning (softwood) resulted in larger mode diameters than
from wood less vulnerable to burning (hardwood). Differential size
distribution characteristics for the biomasses are explained with
regard to the basic natures of the particles, along with the observed
volatility and mixing states. Ultrafine particle emitted from rice

straw during smoldering combustion were completely volatilized
by heating them to 150 ◦C, whereas the majority of the flaming
combustion-emitted particles retained a non-volatile core until
250 ◦C. Rice straw open burning particles exhibited a volatilization
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ehavior similar to that between flaming and smoldering com-
ustion, indicating that the condition of open burning could be
anked at some arbitrary position between them. The oak and pine
moldering combustion-emitted particles were almost completely
olatilized by 250 ◦C, while the majority of volume remained for the
aming combustion condition. In addition, internal mixing states
ere observed in all three biomasses for all burning conditions,

hough external mixing states were only observed for rice straw
ombustion-emitted particles. While the flaming combustion and
pen burning results imply there is internal mixing of OC and BC,
moldering combustion in rice straw produced ultrafine particles
evoid of BC. Such different mixing states, sizes, and volatility of
articles depending on biomass fuel characteristics and the com-
ustion condition are of great importance for their alternation of
he single scattering albedo and radiative forcing, and roles in cloud
ormation.
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