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In this study, the characterizations of soot from ceramic furnace flue gas were studied using environ-
mental scanning electron microscopy, energy dispersive spectroscopy, particle size distribution, specific
surface area measurements, crystal characterizations and organic pollutant analysis. Soot particles were
mainly spherical nanoparticles with diameters less than 100 nm. However, the particles could be aggre-
gated into larger ones with a median diameter of 3.66 wm. Nanometer pores with diameters ranging
2-4nm were also detected in the soot particles. Because of their large surface areas and pore volumes,
other pollutants in the environment can be adsorbed to soot particles potentially making them more
hazardous. Several elements, including C, O and Pb, were detected in the soot, but only small amounts
of crystalline materials were observed. This is because most of the detected carbon and metals/metal
oxides/metal salts were amorphous. Approximately 90 different organic pollutants were detected in the
soot, including aromatic compounds and other hydrocarbons. Because of the carcinogenic properties of
aromatic compounds and the photochemical effects of hydrocarbons, soot could have serious health and
environmental impacts. The results suggest that soot particles are hazardous material and urgently need
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to be controlled.
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1. Introduction

Atmospheric aerosols are the major air pollutants and have
global and local environmental impacts [1,2]. They can affect the
climate directly through the scattering and absorption of incom-
ing solar radiation [3-5], and can result in environmental pollution
[6] that causes serious health problems [7,8]. Soot in black smoke
(BS) is the result of incomplete combustion of carbon-based fuels,
like fossil and bio-fuels [9,10], and is a significant anthropogenic
aerosol source [11]. However, it is disappointing that soot in many
countries, especially developing countries like China [6], has not
been effectively controlled [12].

Since soot particles originate from the incomplete combustion
of carbonaceous materials, soot emissions are mainly from biomass
burning, the combustion of coal and the consumption of fuel by
industrial processes [13-15]. Meanwhile, when soot is emitted into
environment, because of its small particle sizes [2,13,16], large
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specific surface area [17] and long atmospheric lifetime (from sev-
eral days to weeks) [16], it will adsorb other air pollutants. These
pollutants include heavy metals like Pb, Hg and Cd [16], heavy
metal compounds, like MNO3; and MSO,4 [18], and organic pollu-
tants like polycyclic aromatic hydrocarbons (PAHs) and volatile
organic compounds [19,20]. Because of its adsorption properties,
soot in atmosphere could have increased negative impacts on cli-
mate [21], the environment and human health. It has been reported
that increased rainfall in south China, severe drought in north China
over the past several decades and increased incidences of cancer are
the result of soot pollution [11,22-24].

Because soot is both a local and a global pollutant, the research
on soot has become a hot topic in recent years [11,16,25]. Mean-
while, the carbon based fuels are still widely used for industrial
and domestic combustion in developing countries, resulting in
serious particulate matter and other air pollutions [26]. In order
to efficiently reduce soot emission, it would be desirable for soot
to be removed using surfactant solutions before it is emitted into
atmosphere. This is particularly important for soot emitted from
coal or oil-fired boiler and kiln [17]. To effectively remove soot
from emissions, the characterizations of soot should be primarily
and completely studied. However, many of the previous reports
were mainly focused on the collection and analysis of soot [23,27]
or the simulated distribution of soot particles [14,25,26,28]. The
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characterizations of soot particles have rarely been researched.
Up to now, the most effective way to reduce soot pollution is to
remove the soot from the BS of flue gas. The removal method used
is highly dependent on the characterizations of the soot. In this
study, basic but very important characteristics of soot, such as
surface features, particle size distributions and chemical content
were specially studied. The results of this study provide useful
information for follow-up experimental studies on the health
effects of soot and potential removal methods. The results should
also allow for the application of efficient controls on soot emissions
from BS before reaching the atmosphere.

2. Experimental methods and instrumentation
2.1. Samples

Soot samples for this study were collected from a coal-fired
ceramics factory in Liling, Zhuzhou, Hunan Province, China. The
coal used was anthracite and was supplied by Hunan Baisha Coal
and Electricity Group of China. The coal was combusted at 1100°C.
Samples were collected from the chimney exhaust port using a dust
sampler (TH 880F, Wuhan Tianhong Co., Ltd., China) with ultra-
fine glass fiber non-gel filter cartridges (Shandong Tengxiang Glass
Fiber Reinforced Plastic Group, China). Samples were collected for
5 min three times per hour for 10 h during 1 day. The sampling gas
flow rate was 35 L/min with a precision of 0.1 L/min. The sampling
efficiency of the ultra-fine glass fiber non-gel filter cartridge was
99.9999% when particle sizes were larger than 0.3 wm and the work
temperature was below 600 °C. Upon collection, all of the samples
were mixed and stored in sealed bags to prevent them from being
polluted. Once returned to the laboratory, the samples were dried in
oven (DHG-9023A, Shanghai Qin Mai Instrument Co., Ltd.) at 80°C
and stored in clean, sealed bags until analysis.

2.2. Experimental methods

Soot particle size distributions were analyzed by a laser particle
size analyzer (BT-9300H, Dandong Baite Instrument Co., Ltd.). Dis-
persant was not used for this experiment. The specific surface areas
of the soot samples were calculated using N, adsorption isotherms
by applying the Brunauer-Emmett-Teller (BET) equation, which
yielded important information about the particle size distributions
of soot (3100, Beckman Coulter, USA) [29].

Surface characteristics of the samples and their elemental
compositions were studied using environmental scanning elec-
tron microscopy (ESEM) and energy dispersive spectroscopy (EDS)
(QUANTA 200, FEI Co. Ltd., USA), respectively.

Powder X-ray diffraction (XRD) measurements were carried out
using a Rigaku Rotaflex D/Max-C system with CuKr (A =0.1543 nm)
radiation (D5000, Siemens Co., Germany). The samples were loaded
into a sample holder with a depth of 1 mm. The diffraction angle
20 was between 10° and 40°. The X-ray gun operating voltage was
35KkV.The tube current and scanning speed were 30 mA and 2°/min,
respectively.

Particulate matter samples were extracted twice in an ultrasonic
bath (SB, model 3200) with 30 mL dichloromethane for 30 min. The
extracts were combined and concentrated to 1 mL using a stream
of nitrogen. The concentrated extracts were purified and frac-
tionated using column chromatography. The column was packed
using 15cm of silica gel 100-200 (Merck, Qingdao; activated at
105°C for 24 h) and 1 cm of anhydrous sodium sulfate (baked at
600°C for 6 h) as slurries in dichloromethane, respectively. Hexane
(40 mL) was used to rinse the column. The extract was applied to
the top of the column and eluted with 25 mL hexane and 25 mL
hexane-dichloromethane (v:v=1:1). The collected fractions were
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Fig. 1. Soot particle size distribution.

concentrated to 1mL using a rotary evaporator, transferred to
a 2mL vial and preserved in a freezer at —18°C until analysis
using gas chromatography-mass spectrometry (GC/MS) (Thermo-
Finnigan, Polaris Q, Thermo Fisher Scientific, USA) [20].

Organic compounds in the soot samples were identified using
GC/MS. Selected ion monitoring was used as the detection mode
for organic compound identification. The GC was equipped with
a DB-5 MS capillary column (30 m x 0.25 mm inner diameter, film
thickness 0.25 wm) and high-purity helium was used as the carrier
gas. The oven temperature program was programmed as follows.
The temperature was held at 60 °C for 5 min, increased to 160°C at
a rate of 10°C/min, increased to 240°C at a rate of 15°C/min and
finally held at 300 °C for 20 min. The injector and detector temper-
atures were 280°C and 300 °C, respectively. During each run, 1 .l
of sample was injected in the splitless mode [20].

3. Results and discussion
3.1. Particle size distributions

Particle size is probably the most important single physical
characteristic. The Rosin-Rammler (R-R) distribution function has
long been used to describe particle size distributions. The general
expression of the R-R distribution function is [31]:

log (ln (ﬁ)) = log <c_11”> +nlog d, (1)

p

where G is the percentage, by mass, of particles larger than the
screen size, dp; dp is the equivalent mean size when G =63.2%; and
n is the distribution exponent [31,32].

To obtain the raw particle size distribution of soot, particle size
distribution experiments were carried out using a laser particle size
analyzer without dispersant. Fig. 1 shows the particle size distri-
bution of soot. When the results shown in Fig. 1 were treated by
R-R distribution function, the particle distribution was found to be
consistent with the R-R distribution. It is shown in Fig. 2.

According to Fig. 1 and the regression equation, shown as Eq.
(2), the median diameter of the soot particles was 3.66 .um and the
distribution index was 2.021.

i 4\ 2o
dp = exp <_(3(§G> ) (2)

From Fig. 1 it was illustrated that soot particle sizes were
largely distributed between 1 wm and 8 wm, with most particles
between 1 um and 2 wm. The soot particle diameters determined
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Fig. 2. Rosin-Rammler distribution of soot particles. G - the mass cumulative fre-
quency; dp - the particle size.

in this study were much larger than those of previous reports
[2,5,13,16,33]. This phenomenon could be the result of the soot
particle agglomeration in the flue. It was reported [33] that when
the particle was flied away from flame and then emitted into the
flue, particle size distributions could be changed as a result of the
coagulation of individual particles through collisions and adhesion.
These processes would result in an increase in the average particle
size.

The specific surface area and pore distribution of soot parti-
cles are also important physical properties. Because of the long

8

2

Pore Area (m”/g*nm)

T T T
4 6 8 10
Pore Diameter (nm)

Fig. 3. Pore area distribution of soot particles.

atmospheric lifetimes of soot particles [16], their specific surface
areas and pore volumes could significantly affect their adsorption
properties and toxicity [7].

When the BET equation was employed to study the specific
surface area, the BET surface area and pore volume resulted in a
surface area of 14.589 m2/g and a total pore volume of 0.0335 mL/g
(Ps/P, =0.9814, N, adsorption). A plot of the pore area versus par-
ticle size is presented in Fig. 3. From Fig. 3 it is evident that most
of the pore area resulted from pore diameters between 2 and 4 nm,
indicating that pore diameters between 2 and 4 nm were the most
abundant. The large pore volumes and number of nano-apertures
indicated that soot particles could serve as adsorption surfaces for
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Fig. 4. (a and b) ESEM and (c) EDS of soot.
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Fig. 5. Element compositions and its content of soot.

enriching harmful pollutants like PAHs upon entry into the atmo-
sphere, or re-entrainment onto land or in water [5,13,19].

3.2. ESEM and EDS experiments

In order to visualize the pore diameters and surface features
of the soot particles, ESEM and EDS experiments were performed.
The results are presented in Fig. 4. Fig. 4(a) and (b) indicates that
most soot particles were fine and smaller than 100 nm in diam-
eter. The ESEM results also demonstrated that most of the fine
particles appeared to be agglomerated, turning into larger parti-
cles. This gave the soot particles floc-like appearance and likely
resulted in a measured particle size that was significantly greater
than the actual particle size. The results presented in Fig. 4 also
indicated that differences between the particle sizes in Figs. 1 and 2
and those reported previously were likely the result of soot particle
agglomeration [17,33]. Kumar et al. [5,34] reported that particles
emitted from bio-fuelled vehicles were <300 nm in size, while par-
ticles emitted from diesel vehicles were mainly distributed in the
10-300 nm range, with an overall size range of 10-2738 nm. Other
work had reported that diesel soot and wood charcoal particles
were, on average, less than 19 nm and larger than 10 wm, respec-
tively [35,36]. Jiang et al. [13] also reported that particles emitted
from diesel vehicles were less than 50 nm in diameter. The soot
particle sizes in this study were significantly different from those
reported, likely the results of the different fuel used and operating
conditions. Differences in soot particle sizes for the combustion of
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Fig. 6. XRD pattern of soot.

coal were possible, since the combustion products might be differ-
ent under different combustion conditions and with different types
of coal. The reported particle sizes from coal combustion [37,38]
were obviously different because the combustion conditions were
significantly different from each other. Particle sizes in this study,
slightly less than 100 nm, were similar to those obtained from
transmission electron microscopy (JEM 3010, JEOL Ltd., Japan),
shown in Fig. S1, and those reported by Ninomiya [38], which were
obtained under similar combustion conditions.

The EDS experimental results are shown in Fig. 4(c), and the
analysis of the results is presented in Fig. 5. In Figs. 4(c) and 5,
it was evident that the soot particles were mostly carbonaceous.
Many elements typical of atmospheric aerosols, like Si, Mg and Ca,
were presented in the samples. Al was typically found in particles
emitted from ceramic kilns. As reported previously [30], Pb was
presented in the samples, potentially making the soot more toxic.

Using EDS, hydrogen has too low an atomic mass to be detected.
When samples were analyzed using elemental analysis (Varop
Ellll, ELEMENTAR Co., Germany), approximately 1.1% (w/w) H was
detected, indicating the presence of organic compounds.

3.3. XRD experiment
In order to study the physical state of the elements detected in

the EDS experiments, XRD studies of the soot samples were carried
out. The powder XRD pattern of the soot sample is shown in Fig. 6.

37.32
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Fig. 7. GC/MS total ion chromatogram of organic pollutants in the soot samples.
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The diffractogram in Fig. 6 was typical of amorphous carbon. There
was no evidence of sharp Bragg peaks that could be attributed to
mineral impurities in the carbon. The pattern did, however, show
one broad feature at 26 =24°, resulting from graphitic crystallites
of carbon [39,40]. The location and broadness of the diffraction
peak indicated that the soot sample had disordered carbonaceous
inner layers [39]. There were no other obvious diffractograms
from Fig. 6, indicating that there were no other crystallites in
the soot, even with the many elements detected in Fig. 5. Since
the metal elements detected in EDS experiments were in amor-
phous status, their shapes and light-scattering properties could be
changed, especially when they floated in the air (NASA, website:
http://www.nasa.gov/topics/earth/features/cares-cali.html). If this
phenomenon occurred, soot particles would result in significantly
negative impact on climate. Meanwhile, with soot particles adsorb-
ing pollutants from the surroundings, they could cause more harms.
Therefore, the soot with these hazardous organic pollutants might
turn into more harmful pollutants through a series of chemical
reactions under some atmospheric condition.

34. GC/MS

Organic pollutants like PAHs and volatile organic compounds
are well-known to be presented in soot and other particles
[13,18,19,33,41]. In order to study the organic component com-
position of the soot samples, GC/MS analyses were carried out. The
GC/MS total ion chromatograms of organic species presented in the
soot samples were analyzed and a typical chromatogram is shown
in Fig. 7.

Qualitative assessments of the chromatograms revealed
approximately 90 different organic species in the samples. The fol-
lowing five categories of organic pollutants were characterized:

(1) pollutants generated by the incomplete combustion of coal,
such as 2-hexyl alcohol, p-cresol and 2-hydroxyacetophenone;

(2) acidic oxides generated by silylation;

(3) hydroxybenzene;

(4) PAHs; and

(5) other organic pollutants, such as alkanes.

Among the 90 different organic species, seven typical organic
species are presented in Fig. 8(a)-(g) with their mass spectra,
names and chemical structures. The residence times, peak areas
and percentages of the seven species are provided in Table S1. The
percentages were calculated using the area normalization method.

Previous studies have reported similar GC/MS results for
nanoparticles emitted from bio-fuel vehicles, elemental carbon
particles, black carbon from fly ash and soot [5,13,18-20,24,33,41].
These reports suggested that the organic species presented in Fig. 8
were harmful organic pollutants in soot. With sustained accumula-
tion, 1,8-dimethyl-naphthalene (Fig. 8(a)) [42-45], phenanthrene
(Fig. 8(b)), benzo[h]cinnoline (Fig. 8(d)), 1,8-naphthalic anhydride
(Fig. 8(e)), cyclopenta[def]phenanthrenone (Fig. 8(f)) and pyrene
(Fig. 8(g)) can not only seriously pollute the environment but
also significantly affect human health [46,47]. For example, these
compounds are known, or suspected to cause leukemia and other
cancers [48,49], particularly phenanthrene and pyrene [19,42,45].
Dibutylphthalate (Fig. 8(c)) has high chemical, biochemical and
physical stability, and is classified as a persistent pollutant. Because
of its persistence and lipophilic characteristics, dibutylphthalate
can be adsorbed to soot particles and accumulated in soils, sed-
iments and plants [13,47]. Table S1 shows that phenanthrene,
1,8-naphthalic anhydride and pyrene were the most abundant
of the seven pollutant species characterized. Though the concen-
tration of dibutylphthalate, which made up 0.94% of the organic
pollutants detected in the soot particles, was lower than that of
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most of the selected organic pollutants, it is likely one of the most
hazardous compounds because of its strong chemical and physi-
cal stability. Dibutylphthalate has been observed in the food chain
and human breast milk [18,19,42,45-47,50]. Furthermore, other
hydrocarbon pollutants just like aromatic compounds were also
carcinogenic. Alkanes detected in the soot could damage environ-
ment by forming photochemical smog.

4. Conclusions

The soot samples studied in this paper were nanoparticles, with
diameter smaller than 100 nm. These particles tended to agglomer-
ate into larger particles with median diameter of 3.66 pm. Various
organic pollutants, like aromatic carcinogenic compounds, as well
as heavy metals were presented in the soot. Many elements were
presented in the soot samples, but they existed in an amorphous
state. The soot particles had large BET surface areas and pore diam-
eters, making them good adsorption surfaces for other pollutants,
like hydrocarbons. Because of this, the particles could evolve into
more hazardous atmospheric pollutants when they were emitted
into the atmosphere. Because of less concern about soot pollu-
tion from ceramic furnace flue gas, controlling emissions from this
source is very important. Given the chemical and physical proper-
ties of the soot particles, some commonly used dust purification
methods, such as bag filter and electrostatic precipitation, are not
applicable to the removal of soot from BS. Wet de-dusting with
a suitable absorbent, like a surfactant solution, is a desirable and
convenient method for removing soot from the BS of a stationary
source. This will be the focus of our further study.
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