FBUIATUHNYI0E

1A39Ms NYANIINMIANUAZDDNTLATHVBINANHORAIAINLTDLNEY

mglm% SUTINTNDDNTLINLIA

Taga @3.152%1 n13uns

nIngIay 2557



TuaaTfl MRG5580249

FBIWITLRLUFNY T

la39n13 WYANIINNIANUAZEDNTLAT UL DINANHORNIAIINITBLNGY

NYWILUBININD D NBLIBLIA

@3.U571 MSuns

gywinaluladnsza ammﬁm‘i’ﬁqmﬂmim@m:ﬂ’a

ﬁfﬁ_lﬁ‘lgmiﬂEJﬁﬁﬁﬂx‘l’]%ﬂmzﬂii&m’]iﬂ’]iQQNﬁﬂﬂ’] éwﬁnmunamuaﬁuagumﬁﬁ'ﬂ

wazanUwmaluladnizaauinairgunnsaanszail



uUnAAga

WalasIns : MRG5580249

zalasens : WOANITTINIANUALEDNTLATUTDINAN BOBNIANNTOLNAINY I IUT 1NN
DONTLIULUG

t:{l o A o A Aa 6

ZoannIvY : @7.U371 N3un3

daa : kkpreech@kmitl.ac.th, karintr@hotmail.com, aeautolab@gmail.com

szazailasens: 21 (1 fywew 2555 - 30 nIngIay 2557)

UNAAL:
a . . o [y o @ A A &

VaWwaRNALYI (Particulate Matters: PMs) mvﬁu@]aagnmwmnvl,aLammawu@]mfﬁa
d'l « £ 6 ~ a ]
Wandassnmwwiadauuazgunintesnyet lasdymassnatraunasitamunsaur aldlas
nilfgdnininsesuaiweyniaininfiios  (Diesel Particulate Filter: DPF) %anan#wn1yld
d‘}’ a = s a a 1 di 6 £ %
L°ﬁame"hﬂa(ﬂLSﬁammmsna@ﬂimmuawmmmwmﬁnmmaaUumad"l@ﬂizmmsaya: 50

Imaa%"wﬂmzﬁ'umiumaamﬁwagmmmjﬁgnﬁnmﬁaﬂné’aaﬁLaﬂmauLLuudaommeaz
LUDURDINY mu’mmﬁ'waamjmmﬁmgmmmjﬁagﬂwﬁao 100-300 nmM EIUUWIALARENAULALIVDI
Nﬂ‘ﬁﬂ:}akm’]ﬂLT?JWVLUIEIaL‘UaLLﬂ:ﬁL‘Haﬂixl}’]m 30-40 nm WAz 50-60 nm ANNEIGU MTILATIZH
mwmmmﬂﬁmSLaﬂmauLLuudmmummmf‘smﬂzﬁmﬁ@m{uauslumﬁwagl,mﬂLmsjﬂﬁl,eﬁa

A . { = \ \ & o
LLax"LuIaﬁLsmﬁmwmwmmmaLaﬁumaal,ﬂa@m%’uauagluma 0.1-7.0 nm WONINNBULIFINITA
o a 1 1 =) ) 1 A 1 1
mmuﬂimmamawmaiuawﬂaﬁmﬂﬂimmmaamwmgmﬂmmmwmﬂﬁmﬂi:mm 500-900
3

carbon-atom/nm

d'suﬂsznawmLﬂﬁl,l,a:ﬁmmamiﬂﬁmaamsaaﬂ%mfumﬁmgmmmmgﬂﬁﬂmd’a51
1A3898831ATITIUN19ANNTEY (Thermo-gravimetric  Analysis:  TGA)  Lazla3adiladiansyt
f§2uUIznauvadnnD (CHN analyzer) uaﬁmgmﬂwmﬂizﬂauﬁwﬁﬂ L%aLwﬁaﬁLm"Lm”Lajaugszﬁ
luzdvaslalsanuaunazanivan watnunszduuainsvd jisoneiizwitvieandiautazuais
a‘iql,mﬂvluiaﬁwmLLazﬁLmaﬁﬁﬂﬁmdﬂm{uauLL‘uaﬂmewaﬁwagmﬂLmjﬂﬁmuﬂi:ﬂaumaa
lalasansuan wzsi"aomﬂs:@:fmaamiaaﬂsﬁmﬁumﬁmgmﬂmh"l,ﬂaﬁlfnaLLazﬁLsﬁaﬁ@hﬂs:mm
147-157 kJ/mole Waz 153—165 kJ/mole AN 1AL

o Q ﬂl (= = a 1 v a
anan: Lasasundatrs luladins uasayAL Tavasounlu Sanasanbulasalayl



Abstract

Project Code : MRG5580249

Project Title : Renewable Bio-oxygenated Fuels Particulate Matter Trapping and Oxidation
Behaviors

Investigator : Dr.Preechar Karin

E-mail Address : kkpreech@kmitl.ac.th, karintr@hotmail.com, aeautolab@gmail.com

Project Period : 2 years (August 1, 2012 — July 31, 2014)

Abstract:

Particulate matters (PMs) must be removed from the exhaust gas emitted from engines
to protect the environment and human health. The problem of particulate emissions from diesel
engine can be treated by Diesel Particulate Filter (DPF). In addition, biodiesel combustion
produces PM about two times lower than that of diesel combustion.

Nanostructures of diesel and biodiesel engine Particulate Matters (PMs) were
investigated by using a Scanning Electron Microscopy (SEM) and a Transmission Electron
Microscopy (TEM). The average agglomerated particle sizes PMs are in the range of 100-300 nm.
The average single particle sizes of biodiesel and diesel PMs are approximately 30-40 nm and 50-
60 nm, respectively. Image processing process was used to estimate each carbon platelet length
by using TEM image. The average carbon platelet length of biodiesel and diesel PMs are in the
range of 0.1-7.0 nm. Moreover, carbon atoms per cubic volume of PMs are approximately 500-900
carbon-atom/nma.

PM oxidation kinetics by Thermo-gravimetric analysis (TGA) was successfully studied.
The chemical content percentage of PM can be divided by oxidation temperature zoning in three
main regions which are moisture, unburned hydrocarbon and carbon. The estimated apparent
activation energies (Ea) of biodiesel and diesel PM oxidation are lower than that of carbon black
because of unburned oxygenated molecule. The estimated apparent activation energy of biodiesel
and diesel PMs oxidize with air is in the range of 147-157 kJ/mole and 153-165 kJ/mole,

respectively.

Keywords : Diesel Engine, Biodiesel, Particulate Matter, Nanostructure, Electron Microscopy
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INTRODUCTION TO THE RESEARCH PLOBLEM AND ITS SIGNIFICANTS

Energy Consumption

The use of all energy sources increases over time. The US Energy Information
Administration (EIA) [1] reported the estimated world market for energy by fuel type, as
shown in Fig. 1(a). In the short term, liquid fuels are expected to remain the largest source of
energy. In the absence of significant technological advances, liquids continue to dominate in
world transportation markets.

Because anthropogenic emissions of CO, result primarily from the combustion of
fossil fuels, world energy use continues to be at the center of the climate change debate.
The relative contributions of different fossil fuels to the total energy-related CO, emissions
have changed over time, as shown in Fig. 1(b) [1]. The Kyoto Protocol, which requires the
participating countries to reduce their greenhouse gas emissions to an annual average of
about 5% below their 1990 level over the period from 2008-2012, came into force on
February 16, 2005.

The transportation sector continues to rely heavily on liquid fuels to meet travel
demand. Total world consumption of liquid fuel increased by 25% from 2006 to 2030, as
shown in Fig. 1(b) [1]. In the non-Organization for Economic Co-operation and Development
(OECD) nations, the transportation sector accounts for 69% of the projected increase in

liquid fuel consumption, 87% of the total increases in transportation energy use.

Billion metric tons

Year Year

(a) (b)

Figure 1 World market for (a) energy use and (b) energy-related CO, emissions by fuel

type [1].



Figure 2 World energy use and the sectorial split of fuel use [2].

Figure 2 shows how the world use its fossil fuels, from which we see that we can
separate use into four main sectors and that these sectors use a very different mix of fuels,
with most oil being used in transport or heating and most cold being used for electricity

production [2,3].

Emission Standards

Among internal combustion engines, diesel or compression-ignition (Cl) engines
have the highest thermal efficiency for a given output power. However, particulate matter
(PMs) and NOx must be removed from the exhaust gas emitted from diesel engines to
protect the environment and human health; therefore, regulation of vehicle emissions has
become increasingly strict. The Euro regulations for PM and NOx emission levels are shown
in Fig. 3 [3]. It is very difficult to develop combustion and after treatment systems for

simultaneous removal of PM and NOx that will match these levels in the near future.
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Figure 3 EU emission standards for PM and NOx emitted from diesel trucks and buses [3].

LITURATURE REVIEW
Diesel Emissions

J.B. Heywood [4] was clearly described the emissions from the internal combustion
engines. Concentrations of NOx are comparable to those from gasoline or spark-ignition (SI)
engines. Diesel hydrocarbon emissions are significant through exhaust concentrations are
lower by about a factor of 5 than typical Sl engine levels. The hydrocarbon in the exhaust
may also condense to form white smoke during engine starting and warm-up. Specific
hydrocarbon compounds in the exhaust gases are the source of diesel odor. Diesel engines
are an important source of particulate emissions; between about 0.2 and 0.5 percent of the
fuel mass in emitted as small (~0.1 ym diameter) particles which consist primary of soot with
some additional absorbed hydrocarbon material. Diesel engines are not a significant source
of carbon monoxide.

Diesel emission formation was summarized by J.B. Heywood [4]. In a diesel
engine, the fuel is injected into the cylinder just prior to combustion, hence, throughout most
of the critical parts of the cycle, the fuel distribution is nonuniform. Pollutant formation is
strongly dependent on the fuel distribution and its variation with time due to mixing. Figure 4
illustrates how various parts of the fuel jet and flame affect the formation of NO, unburned
HC, and soot (or particulates) during the premixed and mixing-controlled phases of diesel
combustion in a direct injection engine with swirl injection. NO forms in the high-temperature
burned gas regions as before, but the temperature and fuel/air ratio distributions within the
burned gases are now nonuniform and the formation rates are highest in the nearly
stoichiometric regions.

The formation of soot is through to take place via a number of elemental steps [5,

6]: pyrolysis, nucleation, surface growth and coagulation, aggregation and oxidation. These



processes take place on different time scales, ranging from a few microseconds to some
milliseconds. Pyrolysis is the process in which gas-phase molecules form soot precursor
molecules by free radical mechanism. This accelerating effect decreases with increasing
temperature and with decreasing oxygen (air)-to-fuel ratio. Fuel molecules will first break
down into olefins and then form acetylene (soot precursor). Nucleation is the process in
which soot precursor molecules grow into small soot nuclei. The oxidation of pyrolysed diesel
fuel molecules takes place at high temperatures and at high concentrations of reactive
compounds such as ions and radical hydrocarbons, O and OH. Under these conditions, the
decomposition rate of soot nuclei is lower than their rate of reaction other unsaturated,
charged or radical hydrocarbons, resulting in a net growth of soot nuclei.

Surface growth is the process in which the precursor molecules grow from some
1-2 nm to 10-30 nm. Simultaneously, another process takes place: coagulation. Small soot
particulates collide and coalesce, forming larger, still more or less spherical particles.
Aggregation or chain-forming coagulation accounts for the formation of the well-known
“fractal” structure of soot. During surface growth and coagulation, oxidation reactions do not
seem to play an important role [5, 6].

Soot forms in the fuel spray cores containing rich unburned fuel, within the flame
regions where the fuel vapor is heated by mixing with hot burned gases [4]. Soot then
oxidizes in the flame zone when it contacts unburned oxygen, giving rise to a flame with
yellow luminous character. HCs and aldehydes originate in regions where the flame
quenches both on the walls and where excessive dilution with air prevents the combustion
process from either starting or going to completion. Fuel vaporizing from the nozzle sac
volume during the later stages of combustion is also a source of HCs. Combustion-generated
noise is controlled by the early stage of the combustion process — the initial rapid heat
release immediately following the ignition-delay period.

The substructure of primary soot particles was proposed by O.I smith [7]. The
carbon atoms are bonded together in hexagonal face-centered arrays in planes commonly
referred to as platelets. As illustrated in Fig. 5, the mean layer spacing is 0.355 nm, which is
slightly larger than that of graphite. Platelets are arranged in layers to form crystallites. There
are typically 2-5 platelets per crystallite, and on the order of 103 crystallites per spherical
soot particle. The crystallites are arranged with their planes more or less parallel to the
particle surface. This structure of unordered layers is called turbostatic. Spherules, 10—-50 nm
in diameter, are fused together to form particles. A single spherule contains 105 to 106

carbon atoms.



Figure 4 Summary of the pollutant formation mechanism in a direct-injection Cl engine during

premixed and mixing-controlled combustion phases [4].

Figure 6 shows the concept of diluted and cooled diesel PM reported by M.M.
Maricq [8]. It consists of two particles: (a) fractal-like agglomerates of primary particles 15-30
nm in diameter, consisting of carbon and traces of metallic ash, and coated with condensed
heavier and organic compounds and sulfate, and (b) nucleation particles composed of
condensed HCs and sulfate.

The mean diameter of the agglomerated particles (accumulation mode) is almost
always within the range of 60—-100 nm. The composition of particles from diesel engines may
vary widely, depending on the operating conditions and fuel composition. D.B. Kittelson [9]
reported that the composition of soot emitted by a heavy-duty diesel engine consisted of
41% carbon, 25% unburned oil, 14% sulfate and water, 13% ash, and 7% unburned fuel.

The composition of diesel PM was also summarized by W.A. Majewski and M.K.
Khair [10]. Based on analysis performance with a combination of physical and chemical
methods, PM is traditionally divided into three main fractions: i) solid fraction (SOL) that
consists of elemental carbon and ash, ii) soluble organic fraction (SOF) that consists of
organic material derived from engine lubricating oil and fuel, and iii) sulfate particulates (SO,)

that consist of sulfuric acid and water.
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Figure 5 Substructure of a carbon particle [7].

Figure 6 Artist's conception of diesel PM [8].

The SOL of diesel particulates is composed primarily of elemental carbon,
sometimes referred to as inorganic carbon. This carbon, not chemically bound with other
elements, is the finely dispersed carbon black or soot substance responsible for black smoke
emission. Another important component of the solid fraction of PM is metallic ash. G.A.
Merkel et al. [11] reported, in general, diesel exhaust ash consists of a mixture of: i) sulfates,
phosphates, or oxides of calcium, zinc, magnesium, and other metals that are formed in the
combustion chamber from burning additives in the engine lubricating oil, ii) metal oxide (iron,
copper, chromium, and aluminum) impurities resulting from engine wear, which are carried
into the combustion chamber by the lube oil, and iii) iron oxides resulting from corrosion of

the engine exhaust manifold and exhaust system components.
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HCs adsorbed on the surface of the carbon particles are present in the form of fine
droplets from the SOF of diesel particulates. At times, this fraction is also referred to as the
volatile organic fraction (VOF). The SOF fraction becomes liquid only after cooling to below
52 °C. The SOF fraction contains most of the polycyclic aromatic HCs (PAHs) and nitro-
PAHs emitted with diesel exhaust gases. PAHs are aromatic HCs with two or more (up to
five or six) benzene rings joined in various forms that are more or less clustered. These
require special attention because of their mutagenic and, in some cases, carcinogenic
character.

Transmission electron microscopic (TEM) observations of soot particles have been
conducted by several researchers. The internal structure of primary soot particles was
proposed by T. Ishiguro et al. [12]. A primary soot particle has two distinct parts: an inner
core and an outer shell. The inner core, with a diameter of 10 nm, exists at the center of the
primary particle and consists of several fine particles, 3-4 nm in diameter. The outer shell is
composed of microcrystallites with periodic orientation of carbon sheets, also called a
graphitic structure. Almost all the crystallites are planar, 1 nm thick and 3-5 nm wide, and are
oriented perpendicular to the radius of the primary particle.

R.L. Vander wal et al. [13] reported the same structure of soot emitted by diesel
engines. Figure 7 shows high-resolution transmission electron microscopic (HRTEM) images,
obtained at NASA-Glenn, of soot from a diesel engine. Some primary particles were found to
have a hollow interior and the outer shell exhibiting evidence of graphitization, with a higher
crystalline than the non-hollowed particles. The percentage of such particles varied among
soot samples, and tentatively appeared to be related to the oxidation history of the sample.

The size is relatively insensitive to the engine operating conditions— only a few
extreme conditions lead to significantly different size distributions. There is also no strong
dependence of the size on the engine type. The accumulation mode can be accompanied by
a nucleation mode consisting of much smaller particles. Figure 8 shows idealized diesel
exhaust particle number and mass-weighted size distributions reported by D.B. Kittelson et
al. [9]. Most of the particle mass exists in the accumulation mode in the diameter range of
100-300 nm. This is where the carbonaceous agglomerates and associated adsorbed
materials reside. The nuclei mode typically consists of particles in the 5-50 nm diameter
range. This mode usually consists of volatile organic and sulfur compounds that form during
exhaust dilution and cooling, and may also contain solid carbon and metal compounds. The
nuclei mode typically contains 1%—20% of the particle mass, and more than 90% of the
particle number. The coarse mode contains 5%—20% of the particle mass; it consists of

accumulation mode particles that deposit on cylinder and exhaust system surfaces, and are



later re-entrained. Also shown in Fig. 1.9 are some size definitions for atmospheric particles:
PM10, diameter (D) < 10 ym; fine particles, D < 2.5 ym; ultrafine particles, D < 0.10 ym; and

nanoparticles, D < 0.05 pm or 50 nm.

Figure 7 TEM images of soot particles from a diesel engine [13].
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Figure 8 Particle size distributions of soot from a diesel engine [9].



Figure 9 Particle size distributions of soot after the DOC [14].

The diesel oxidative catalyst (DOC) or catalytic oxidation of CO and HC, used in
Cl engines, consists of an active catalytic material in a specially designed metal casting that
directs the exhaust gas flow through the catalyst bed. The active material employed for CO
and HC oxidation (normally noble metals, although base metals oxides can be used) must
be distributed over a large surface area. One system employs a ceramic honeycomb
structure or monolith held in a metal can in the exhaust stream. During nucleation mode of
soot, the SOF and VOF could be oxidized by the catalytic activities of metal oxides inside
the DOC.

Figure 9 shows the size distribution of diesel PM emitted by a diesel engine and
soot generator (SG) as reported by S. Fujii et al. [14]. The solid lines are the particle size
distributions of the SG and the dashed lines are those from the engine. Particle size
distributions having two peaks: at around 10-20 and 40-60 nm, were observed for both the
SG and the engine. The 10-20 nm peaks of the SG were higher than those of the engine.
The introduction of the DOC reduced the peak; thus, the 10-20 nm peaks might be due to
the SOF, because DOC helps to reduce the SOF. The 40-60 nm peaks of the SG increased
with a decrease in the combustion lambda, and lambda 0.7 showed a 40—-60 nm higher peak
than lambda 0.9 and 1.1. The major component of the 40-60 nm peaks is considered to be

coagulated carbon (soot) particles, and richer combustion is considered to generate more
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soot than leaner combustion. The particle size distributions of PM from the engine showed

10-20 nm lower peaks, which are due to the SOF treatment effect of the DOC.
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Figure 10 Variation of the maximum potential energy of two sphere graphite particles with

diameter and charge [15].

The electric charge of carbon particles sampled downstream from the reaction
zone in a premixed flame was reported by R. T. Ball and J. B. Howard [15]. The number of
charges/particle ranged from 1 to 40, with an average of 2. The charge/particle ratio and
average particle size decrease with the number of particles/agglomerate. Carbon particles in

the later stage of growth are assumed to be charged by thermionic emission (thermal



electron emission) and electron capture. A given particle approaches equilibrium with the free
electrons of the frame by assuming a net charge, which adjusts the effective work function
and electron collision cross section to such values that the rate of electron emission equals
the rate of electron capture. The energy barrier to the collision of charged carbon particles
has been calculated by considering both the electrostatic repulsive and attractive energies
arising from dispersion forces. The energy barrier for the degree of charging observed here
greatly exceeds the available kinetic energy, implying that agglomeration occurs prior to the
attainment of observed charge. Agglomeration is believed to occur along with the growth of
particles in the flame reaction zone. Figure 10 shows that the potential energy increases with
the number of charges when the radius of the soot particle is fixed, and decreases with an
increasing radius for a constant number of charges.

The electrical characteristics of particles emitted in motor vehicle exhaust are
examined via single and tandem differential mobility analysis (DMA) and reported by M.M.
Mariq [16]. The measurements reveal large functions of the particles; approximately 60%—
80% are electrically charged, but with near equal numbers of positively and negatively
charged particles. The analysis reveals exhaust particles with up to +4 units of electrical

charge, as shown in Fig. 11.

Figure 11 Charge selected particle size distributions in diesel exhaust at 64 km/h [16].
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Diesel Particulate Filters (DPFs)

A diesel after-treatment technology that substantially reduces diesel engine
particulate emissions is a diesel particulate filter (DPF), as shown in Fig. 12. The DPF plays
an important role in particulate trapping and oxidation. Although these processes involve the
most complex behavior of particulates and reaction phenomena, not much information is

available for understanding them.

http:/www.vwvortex.com
Diesel Engine
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Figure 12 Schematic diagram of Diesel Particulate Filter (DPF).

A DPF is generally made of ceramic materials, such as cordierite or silicon carbide
(SiC), and consists of several rectangular channels with alternate channels blocked with
cement at each end. The exhaust gas is forced to flow through a channel wall having
numerous micron-scale pores that trap the diesel PM. Further, the collected PM must be
oxidized to regenerate the DPF and reduce the back pressure on the diesel engine.

There are two methods of DPF regeneration. One of them is an active system

(periodic regeneration) that ignites particles trapped in the filter with burners or electric
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heaters. In this system, the temperature of the DPF must be controlled between the DPF
destruction point and the soot cake oxidation temperature, which is higher than 600 °C. The
other is a passive system (continuous regeneration), in which catalytic additives reduce the
overall activation energy required for particulate oxidation; oxidation occurs at a lower

temperature than with active regeneration.

Simulation of Particulate Trapping

A number of studies have been performed to simulate particulate trapping and
chemical reactions inside DPFs provide valuable information in designing them. A.G.
Konstandopoulos et al. [17] reported many papers on the simulation of diesel PM trapping
and oxidation processes. In the trapping process, at the filter wall scale, the flow resistance

is determined by the Darcy permeability k and the Forchheimer coefficient ,B of the wall as:

APwall Z%uwws +IBlouv3Ws (1)

where AP__is the pressure drop across the filter, y is the exhaust dynamic viscosity, u, is

wall
the filtration velocity, w, is the filter wall thickness, and p is the exhaust gas density. The
permeability has the dimension of the length squared, and K" represents a pore-level length
scale, which is a characteristic of porous medium. The Forchheimer coefficient has the
dimension of inverse length, and ﬁ'1 represents a length scale, which is a characteristic of

pore roughness. Both parameters depend on the pore size and porosity (€) of the medium

and are interrelated, according to Eq. 2.

const.

'6_81.5\/% (2)

The value of the constant in Eq. 2 can be 0.143, based on the original Ergun correlation, or
0.134 for smooth, and 0.298 for rough particles of packed beds, based on newer
compilations. An additional pressure drop occurs in a wall-flow filter due to the frictional
losses of the flow along the square channels of the filter. This pressure loss has a linear
dependence on the channel velocity of the laminar flow in the inlet and outlet channels.

A.G. Konstandopoulos et al. [17] determined the permeability and the Forchheimer
coefficient of each DPF structure using the experimental data of the pressure drop and
filtration velocity, as shown in Fig. 13. Figure 14 compares experimental and simulation

results of particulate trapping in a DPF sample. Depth filtration occurs at a soot load of about



0.5 g/mz. In the phase, the pressure drop increases rapidly, and then surface filtration
occurs, the pressure drop increases linearly, but more slowly than in the initial stage.

Diesel particulate transport and capture behavior in a DPF made of cordierite,
observed with a Microfocus 3D X-ray technique, were simulated and reported by S.
Tsushima et al. [19]. It was shown that particle diameter and inlet velocity strongly affect the
deposition behavior in the DPF, because the Brownian motion of particles is highly
influenced by the particle diameter. The particles penetrate the substrate in the early stage of
particle loading. It was also shown that less than 40% of the pore channels were used in

particle loading.

Figure 13 Pressure drop versus filtration velocity for samples A (metal fibrous with porosity of
85% and 1.36 mm thickness), B (SiC with porosity of 48% and 1 mm thickness), C (sintered
metal with porosity of 50% and 0.57 mm thickness), and D (sintered metal with porosity of

50% and 0.88 mm thickness) [17].

Figure 14 Experiment versus simulation of soot loading on the DPF sample [18].
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Real-time Characterization of Particulate Trapping

E. Wirojsakunchai et al. [20] proposed the concept of diesel particulate trapping on
the pore structure of a conventional DPF, as shown in Fig. 15. Stage 1 shows a clean DPF;
stage 2 illustrates PM being collected on the inside walls of the substrate pores; in stage 3,
the PM accumulates to cause pore bridging; finally, stage 4 is reached when a thin cake
layer of PM begins to develop on the inlet channel wall.

A conceptual model of the pressure drop was described by G.A. Merkel et al. [21],
as shown in Fig.16. The pressure drop rises quickly as the pores become plugged in stages
1 to 3 of Fig. 15. As seen in Fig. 16, transitioning from stage 1 to 2 has less effect on the
pressure drop than the transition from stage 2 to 3. The figure also shows that the pressure
drop during stages 1 to 3 increases non-linearly, but, once stage 4 is reached, there is a
linear and slower rise in the pressure drop curve as the cake layer thickens.

However, from the visualization results, Hanamura laboratory (Tokyo Institute of
Technology), the process generally called depth filtration is strongly influenced by the surface
pores, because the mean pore-scale channels that are connected with the surface pores are
blocked by particulates trapped during the initial stage. The particulates trapped inside the
deeper pores (stages 1 to 2, according to G.A. Merkel et al. [21]) and on the top surface of
porous particles, are very small compared to those on the surface pores. Therefore, the
pressure drop must increase rapidly from stages 1 to 3 in the conceptual model.

Real-time DPF filtration efficiency measurements during trapping were compared
using a scanning mobility particle sizer (SMPS) and a motor exhaust gas analyzer (MEXA)
for particle number analysis and mass analysis, respectively. A plot of mass-based and
number-based filtration efficiencies is shown in Fig. 17. These two measuring devices give
very similar results.

R.A. Yapaulo et al. [22] reported the effect of filtration velocities on the pressure
drop and penetration depth of soot during diesel particulate trapping. As shown in Fig. 18, a
higher filtration velocity results in higher wall loading with approximately the same penetration
depth into the wall. Results from ultraviolet (UV) microscopy and variable-pressure scanning
electron microscopy (VP-SEM) imaging analysis indicate that the soot penetration depth (red
regions) into the wall is affected more by the PM characteristics (which change with the
engine operating conditions) than by filtration velocity.

The filtration velocity does not have a significant impact on the permeability of the
soot cake layer; however, different filtration velocities showed distinct effects on wafer

filtration performance during the wall loading stage (depth filtration). At a lower velocity, the



transition between wall filling and soot cake build-up occurs at a lower pressure drop across

the filter than for a higher velocity.

Figure 15 Conceptual model of PM trapping on the DPF wall [20].
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Figure 16 Conceptual model of pressure drop during particulate trapping [21].



Figure 17 Comparison of filtration efficiencies of PM trapping [20].

Figure 18 Carbon maps taken from VP-SEM showing soot distribution and penetration depth

within the wall of wafer for 4 cm/s (left) and 8 cm/s (right) [22].
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Kinetics of Diesel Soot Oxidation

The oxidation reaction of soot has been investigated using thermogravimetric
analysis (TGA) and temperature program oxidation (TPO) to evaluate reaction activity. The
kinetics of the uncatalyzed oxidation of flame and diesel soot were studied and reported by
J.P.A. Neeft et al. [23]. Kinetic models often used to describe the reaction rates of

carbonaceous materials have the general form:

r=N, 'k(T)'f(pozaszo, - (3)

where r is the reaction rate, N, is the total number of active sites, k(T) is a temperature-
dependent reaction rate constant, and f(p,,pP,..---) is a function that describes the
dependence of the reaction rate on the partial pressure of the various reactants and gas-
phase components. The total number of active sites N, is often described by:

N =1-S (4)

t a

where A is the surface concentration of active sites and S, the specific surface area. As it is
generally accepted that the specific surface area S, is a function of conversion f (the fraction

of carbon that is oxidized), kinetic models describe the dependence of N, as a function of

conversion. A simple approach is to use an nth order of (1- f):
Sy =8,0(1=6)" (5)

where S, is the initial surface area (at ¢ =0) and ng is the reaction order in carbon. With
increasing conversion, the model predicts a decrease in N, and therefore, in the reaction
rate. However, for highly porous carbons, such as soot and activated carbons, S, can
actually increase as a function of conversion, due to pore growth and opening of concluded
pore space. Several models have been proposed to account for these phenomena.

The temperature dependence of the reaction rate is usually described by the Arrhenius

equation:

K(T) =k, exp(— ]’fp
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where T is the absolute temperature, k, the pre-exponential factor, R the molar gas constant,
and E, the activation energy.

The function that describes the influence of the partial pressures of the gas-phase
components on the reaction rate is usually limited to the influence of the oxygen partial

pressure, described by the nth order expression:
f(Por> Prros) = Poy (7)

where p,, is the partial pressure of oxygen and n,, is the order in the oxygen partial
pressure.

The fit curve results of reaction order for both oxygen and carbon, and the
activation energies, were defined. The order in carbon is ~0.73, which is close to the order of
2/3 (0.67), making it applicable for the shrinking-core model. The order of reaction rate in
oxygen is close to 1. The activation energy of carbon oxidation (reaction rates in the same
conversion level of different isothermal temperature conditions (Fig. 19 (a)) is 168 kJ/mol, as

shown by the Arrhenius plots in Fig. 19 (b).
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Figure 19 (a) carbon reaction rate with respect to carbon conversion and (b) Arrhenius plots

for uncatalyzed oxidation of carbon [23].
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Figure 20 (a) reaction rate with respect to soot conversion for uncatalyzed oxidation of soot
and (b) apparent activation energies with respect to soot conversion for catalyzed and

uncatalyzed oxidation of soot [24].

Using a similar method, P. Da Costa et al. [24] reported the kinetics of catalyzed
and non-catalyzed oxidation of soot emitted from a conventional diesel engine. Soot was
produced from a diesel common rail engine on a bench test. Particulates were collected on a
SiC DPF, and then were flushed out with air. Figure 20 shows the reaction rate of soot and
apparent activation energies with respect to soot conversion by isothermal condition. The
presence of the catalyst induces the existence of two distinct soot oxidation processes: a
fast-catalyzed oxidation occurs at low conversion levels, when catalyst and soot are still in
close contact, while at high conversion levels, only a slow-non-catalyzed oxidation remains,
due to a loss of contact between soot and catalyst. The apparent activation energy of non-
catalyzed oxidation of soot was about 164 kJ/mol, whereas, the apparent activation energies
of catalyzed soot oxidation were about 114 kJ/mol for fast oxidation and 161 kJ/mol for slow

oxidation, which looks like a non-catalytic oxidation.

Evaluation of Soot Oxidation in DPFs
To evaluate the regeneration behavior of different DPF technologies, the soot
oxidation rate has to be calculated as a function of temperature. The normalized soot

oxidation rate (5_1) is defined as:
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1 dm
= (8)

Fsoot = m—oz
where m, is the initial amount of soot mass collected. The soot consumption rate dm/dt is
computed by summing the CO and CO, produced during oxidation. The evaluation of
normalized soot oxidation rate as a function of temperature provides a means to compare
and evaluate different DPF technologies with respect to their catalytic activity.

Catalytic fuel additives and catalyst DPFs have been proven to reduce the overall
activation energy required for particulate oxidation, resulting in lower-temperature oxidation
compared to non-catalyst DPFs. A number of studies have reported high catalytic activity of
the soot oxidative catalyst. D. Fino et al. [25] reviewed a catalyst for the possible

simultaneous removal of soot and NO,. S.

(a) (b)
Figure 21 (a) Effect of catalyst formulation on the oxidation of soot (homogeneously mixed
with catalyst particles) using thermo-gravimetric analysis (TGA) and (b) Soot oxidation rate

on the catalytic coated monoliths [26].

Lorentzou et al. [26] reported the problem of a catalyzed DPF. The problem of
catalyst-soot contact is well recognized as a drawback for the development of active
catalyzed DPFs (CDPFs). It was observed that the chemistry of the catalyst may be masked
when it is coated on the filter, due to the reduced contact with soot. Figure 21 (a) shows the
high catalytic activities of soot oxidation with a uniform contact area of soot and catalyst
particles.

However, low catalytic activities of soot oxidation were observed in practical use of
DPF (catalytic coated monolith), as shown in Fig. 21 (b). As a result, the geometry of the
DPF wall and catalyst nanostructures plays an important role in the efficient regeneration of

the filter.
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Macroscopic Visualization of Particulate Trapping and Oxidation in DPFs

Although the complexity of particulate behavior and reaction phenomena is well
known, little information is available for understanding these phenomena. To observe the
diesel particulate trapping and oxidation behavior inside conventional wall-flow DPFs, a

macroscopic visualization system was developed by Hanamura et al. [27].

@ inlet exhaust gas @ inlet high temperature gas
(a1) Time =0 (b1) Time = 176 s
(a2) Time =40s (b2) Time = 188 s
(a3) Time = 5 min (b3) Time =194 s
(a4) Time =1.5h (b4) Time =215 s

Figure 22 Surface views of a large-scale DPF made of cordierite in each time step during (a)

trapping and (b) regeneration [27].



Figure 22 (a) shows the trapping process executed by a half-cylindrical DPF made
of cordierite. Here, the exhaust gas flows from left to right. The alternate channels, where the
exhaust gas is introduced, become darker with time. The particulates are almost uniformly
trapped in all channels and over entire regions in the flow direction in each time interval,
even in the case of a large-scale DPF. Very similar trapping behavior is observed in a large-
scale DPF made of SiC.

In the regeneration process, the particulates are first ignited around the inlet, middle,
and outlet in the flow direction (strongly dependent on the temperature), and the reaction
zone propagates toward both the upstream and downstream sides. Many large soot cake
islands remain, and they are uniformly distributed on the entire surface of the DPF wall, as
shown in Fig. 22 (b). The low oxidation rate of the remaining soot cake is an important

problem in practical application in actual vehicles.

Microscopic Visualization of Particulate Trapping and Oxidation in DPFs

According to visualization results [28], a major problem of conventional DPFs is
the filtration performance at the beginning of the trapping process. During this phase, some
diesel particulates pass through the DPF wall from the upstream to the downstream side.
The amount of particulates trapped increases gradually with time along the shape of the
surface pores after the mean pore-scale channels that are connected with the surface pores
are blocked by particulates trapped during the initial stage. As a result, filtration performance
increases with time, and most particulates are trapped by the soot cake layer after it
develops. As shown in Fig. 23, the surface pores are filled with particulates and only a few
particulates, which may have passed through at the beginning of the trapping process, are
trapped in the deeper pores. However, the filtration performance decreases again after the
DPF is regenerated. Consequently, the process generally called “depth filtration” is strongly
related to the surface pores. The existence of the soot cake layer is also an important
advantage for filtration performance because it can trap most particulates.

A nanoparticle membrane filter was proposed on the basis of the previous studies.
It consists of a SiC-nanoparticle membrane filter sintered onto the conventional SiC-DPF.
The filter was made of SiC nanoparticles with a mixed size of 80 nm and 500 nm and
sintered onto the conventional SiC-DPF. The DPMF has a thickness of 20 LLm and a
porosity of 60%, while the conventional DPF has 300 LLm thickness and 42% porosity.

Figure 24 shows SEM images of the DPMF sintered on the in-flow channel (top),
microgrooves (middle), and the fine surface pores (bottom) on the surface of the DPMF.

Because the nanoparticles were homogeneously distributed, the mean pore size of the
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DPMF (0.5 lUm) was much smaller than that of the conventional filter (11 LLm). However,

some microgrooves can be seen on the DPMF surface, as well as fine surface pores with a

mean size of about 1 [lm. The PM trapping and oxidation in regeneration were investigated
through microscopic visualization experiments and gas analysis during regeneration.

Figures 25 (a) and (b) show SEM images of ultrafine sizes dominant diesel
particulates captured by glass fiber filters after passing through a conventional DPF with
porosity of 42% and a DPMF, respectively, during five min of trapping. The SEM images
show amount of particulate trapped after pass through the conventional DPF larger than that
of the DPMF. This is because most of the ultrafine diesel particulates are likely to get
trapped by the membrane, whereas they pass through the conventional DPF at the

beginning of trapping.

(a) (b)
Figure 23 (a) Filtration efficiency of the conventional DPF and (b) SEM image of particulate
trapped on the surface pore of DPF [28].

Figure 24 SEM images of DPMF sintered onto the conventional DPF wall (top), microgrooves

on the DPMF surface (middle), and fine surface pores on the DPMF surface (bottom) [28].
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Figure 25 SEM images of soot captured by glass fiber filters after passing through (a) the
conventional DPF and (b) DPMF [29].

(a) (b)
Figure 26 Optical surface views of the conventional DPF and DPMF for ultrafine sizes

dominant particulate matters (a) trapping and (b) oxidation [29].
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Figure 26 shows microscopic visualization trapping and oxidation on the
conventional DPF and DPMF. In the trapping process, the nanoparticulates might contact the
surface of SiCs near the bottom of the surface pores due to Brownian diffusion. After that,
the particulates cannot be removed because the friction forces from the fluid dynamics of
gas are less than the electrostatic forces of charged particulates, especially particulates
smaller than 300 nm. This blocks the mean pore-scale channels that connect with the
surface pores. The surface pores fill and a soot cake grows with time; thus, soot cake
developed faster on the membrane filters than in the conventional DPFs.

In the regeneration process, the apparent activation energy for the oxidation of
soot in the DPMFs becomes smaller than in the conventional non-catalyst DPFs. As a result,
there might be some catalytic activity for the enhancement of oxidation of the soot layer on
the SiC nanoparticles, which are elements of the DPMF. Some catalytic activity of oxide of
silicon and silicon oxycarbide might support oxygen mobility around the soot oxidation

territory.

Influents of Renewable Bio-oxygenated Fuel

Renewable bio-oxygenated fuels — liquid and gaseous fuels derived from organic
matter — can play an important role in reducing CO2 emissions (greenhouse gas effect and
global warming) because of bio-fuels is the carbon neutral, as shown in Fig. 27. To reduce
dependency on oil and to contribute to growing efforts to decarbonizes the transport sector,
bio-fuels provide away of shifting to low-carbon, non-petroleum fuels, often with minimal
changes to vehicle stocks and distribution infrastructure. While improving vehicle efficiency is
by far the most important low-cost way of reducing co emissions in the transport sector, bio-
fuels will need to play a significant role in replacing liquid fossil fuels suitable for planes,
marine vessels and other heavy transport modes that cannot be electrified. Production and
use of bio-fuel can also provide benefits such as increased energy security, by reducing
dependency on oil imports, and reducing oil price volatility. In addition, bio-fuels can support
economic development by creating new sources of income in rural areas, as shown in Fig.
28. The cost of reducing greenhouse-gas emissions through the use of different fuel can be
estimated by combining fuel costs with life-cycle greenhouse-gas emissions, compared to a
common gasoline baseline. The same set of information can be used to evaluate the effect
of carbon prices on the relative costs of different fuels. The incremental cost of a range of
alternative fuels as a function of their CO2-equivalent saving potentials varies widely (Fig.
30). The rectangles in Fig. 29 indicate typical ranges of variation for both Co2-equivalent

savings and cost [30].
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Figure 27 The green house effect (Carbon dioxide) and the concept of carbon neutral of

renewable bio-oxygenated fuels.

Sustainability

Economic

= Energy Security
= Self-sufficiency

= Reducing
Dependency on Oil
Imports

= Reducing Oil Price
Volatility

Bio-fuel
(Ethanol/Biodiesel)

Environmental

= Green House Gas emission
= Air Pollution (CO HC PM NOx)

= Carbon Neutral
= Oxygenated Fuel

Bio-fuel
(Ethanol/Biodiesel)

Social

= Sustain Agricultural Sector
= Employment

= Creating New Source of
Incomein Rural Areas
(Farmer Income)

Bio-fuel
(Ethanol/biodiesel)

Figure 28 Summary of influent of renewable bio-oxygenated fuel (Ethanol and Biodiesel) for

economic, environmental and social.
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Figure 29 Incremental cost of alternative fuels as a function of their co2-equivalent saving

potentials (at USD 120/bbl) [30].
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Particulate matters (PMs) must be removed from the exhaust gas emitted from
engines to protect the environment and human health. The problem of particulate emissions
from diesel engine can be treated by Diesel Particulate Filter (DPF). In addition, biodiesel
combustion produces PM about two times lower than that of diesel combustion. This means
the energy consumption of engine for both the effect of pressure drop while driving and DPF
regeneration process can be reduced approximately two times.

The first part of this research is study of PM micro-nanostructure by using Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) and Scanning
Mobility Particle Sizer (SMPS). The single and agglomerated particle sizes of PMs are in the
range of 10-60 nm and 60-130 nm, respectively. At the engine warm-up idle condition, the
number of single particle is quite high and then gradually decreased with time. Finally, the
single particle number is nearly constant after an hour of the engine operates in idle
condition.

The average primary sizes of biodiesel and diesel fuels PMs are approximately 30-40
nm and 50-60 nm, respectively. The average carbon platelet sizes of both PMs are in the
range of 0.1-7.0 nm. Moreover, approximately 800-900 carbon atoms per cubic nanometer of
PMs also could be estimated in the present report. The results of this research would be
used as basic information for design and develop removing process of PM emitted from
engine combustion which using in diesel and biodiesel fuels.

Diesel and biodiesel PMs oxidation kinetics was clearly observed in the second part
of this research. PM in high load condition of the engine has lower unburned hydrocarbons
(HCs) fraction than that lower load condition. The amount of unburned HC in PM might effect
in faster oxidation because oxidation temperature at lower than 500 ‘C of unburned HC can
oxidization. Biodiesel PM is easier to oxidize than diesel PM and carbon black because of
unburned oxygenated hydrocarbon.

The calculated apparent activation energy (non-isothermal method as practical use in
the actual vehicle) of biodiesel PM oxidation is also lower than that of diesel PM and carbon
black. The apparent activation energy of PMs emitted from the biodiesel and diesel high load
engine is 152+5 kd/mole and 15916 kJ/mole, respectively. Because of oxygen atom included
inside oxygenated fuel molecule promotes low PM oxidation activation energy. However,
oxidation rate of PMs is strongly related to not only apparent activation energy but also

physical impact of reaction order and frequency factor would be investigated.
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Abstract

This paper describes a part of an ongoing research project in diesel Particulate Matter (PM)
reduction by using renewable oxygenated fuel. In order to achieve the particulate matter reduction,
physical structure and aggregation behavior should be investigated for better understanding of
designs and configurations of Diesel Particulate Filter (DPF). The nanostructures of diesel and
biodiesel PMs were investigated by using a Scanning Electron Microscopy (SEM) and a
Transmission Electron Microscopy (TEM) for better understanding. The primary size distributions
as well as particulate structures were presented by means of scanning images. The average primary
sizes of diesel and biodiesel fuels PMs are approximately 50-60 nm and 30-40 nm, respectively.
The average carbon platelet sizes of diesel and biodiesel PMs are in the range of 0.5-3.0 nm. In
addition, Thermo-gravimetric Analysis (TGA) was used to investigate chemical kinetics of
particulate matter oxidation. The apparent activation energies of oxygenated hydrocarbon, diesel
hydrocarbon and carbon oxidation are approximately 91 kJ/mol, 130 kJ/mol and 155 kJ/mol,
respectively.

Keywords: Diesel Engine, Particulate Matter, Diesel Particulate Filter, Oxygenated Fuel

Introduction

Among internal combustion engines, diesel engines have the highest thermal efficiency.
However, particulate matters (PMs) must be removed from exhaust gases emitted from
diesel engines to protect the environment and human health. Therefore, the regulation on
the restriction of emission is increased.

Diesel particulate matters consist of a solid fraction (SOL) and a soluble organic
fraction (SOF). Primary particles, composed of carbon and metallic ash, are coated with
SOF and sulfate. The nanostructures of primary soot particles have been characterized
using transmission electron microscopy (TEM) to understand them in details. The mean
diameters of the primary and agglomerated particles are usually in the range of 20-80 nm
and 80-300 nm, respectively. A primary soot particle has two distinct parts: an inner core
and an outer shell. The inner core has a diameter of 10 nm and it is located at the central
region of the primary particle. The composition of particles from a diesel engine may vary
widely depending on the operating conditions and fuel composition [1-9].

Diesel particulate filters (DPFs) play an important role in particulate trapping and
oxidation. A DPF is generally made of ceramic materials, such as cordierite or silicon
carbide, consisting of many rectangular channels with alternate channels blocked using
cement at each end. The exhaust gas is forced to flow through a channel wall having
numerous micron-scale pores that trap the particle emissions. Furthermore, the collected
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particulates must be oxidized to regenerate the DPF and reduce the back pressure on the
diesel engine [10-17].

The problem of particle emissions from diesel engine should be reduced by
development of high efficiency engine, after-treatment and pre-treatment technologies. The
use of renewable oxygenated fuels is now a widespread means to reduce regulated
pollutant emissions produced by internal combustion engines [9], as well as to reduce the
greenhouse gas. However, particulate matter emitted from biodiesel must be investigated
for better understanding to optimize the design of DPF configuration. The present research
is to study the physical structure and oxidation behaviors of diesel and biodiesel particulate
matters. The first objective is to investigate and compare the quantity, microstructure and
nanostructure of diesel and biodiesel particulate matters by using DPF sample disc for
particulate trapping, SEM and TEM for particulate structure investigation. The second
objective is the study of diesel and biodiesel particulate matters oxidation kinetics by using
Thermo-gravimetric analysis (TGA).

Experimental Setup

Particulate Matter Generator

Biodiesel which derived from palm-olein (biodiesel (B100) fuel of TIS 2313-2549) was
used and compared with the results of commercial grade diesel (conventional diesel (BO)
fuel of TIS 2155-2546). The carbon fraction of diesel and biodiesel are 82 and 78,
respectively. Diesel and biodiesel diffusion flame particulate matters were generated by
diesel and biodiesel lamps, as shown in Fig.1. The fuel consumption of each fuel was
measured by weight loss respect to time for comparison in the view point of energy
consumption. Particulate matters were introduced into the DPF samples by using the
vacuum pump by controlling the constant gas flow rate and temperature base on the actual
vehicle condition. The pressure drop between inlet and outlet of the DPF sample were
measured in each trapping time by using manometer and in real time by pressure sensor.

Figure 1. Experimental setup for particulate matter quantities investigation

On the other hand, a single cylinder, four strokes, direct injection diesel engine was also
used in the soot generation process. The fuel injection pressure was 19.6 MPa and the
engine speed was fixed at 2400 rpm without load on the engine dynamometer. The present
research is focused on the effect of oxygenated fuel in particle emissions. Therefore, no
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load condition is studied in this case for the first step even particulate matter size and
unburned hydrocarbon content are strongly related to engine operating condition.

Particulate Matter Characterization Method

Nanostructures of single primary particle and carbon platelet structures were investigated
by TEM image and post process by hand drawn images. Oxidation behaviors of isothermal
and non-isothermal methods were investigated by TGA. Non-isothermal method was used
to estimate apparent activation energy of each unburned hydrocarbon (oxygenated and
fossil) under the condition of temperature increasing rate of 10°C per minute from 25°C to
800°C with 100% oxygen atmosphere. On the other hand, isothermal method was operated
by temperature increasing rate of 10°C per minute from 25°C to 450°C to remove unburned
hydrocarbon. Then, temperature was holding at 450°C for an hour. Similarity, each sample
was tested under the condition of 500°C, 550°C and 600°C.

Chemical kinetics of particulate matter oxidation is studied by using Thermo-
gravimetric analysis (TGA).

C+0, - CO, 1)
The chemical reaction rate in eq.1 can calculate from the TGA curve based on the
chemical kinetic in eq.2

A yerpoy

dt (2)

Where C is particulate matter mass, ¢ is time, & is the rate constant of chemical reactions,
m, n are the reaction orders. The dependence of the specific rate constant of chemical
reactions k is expressed by eq.3

k= Ao~ Fa' R (3)

Where A is the frequency factor, E, is the activation energy, R is the gas constant. The
apparent activation energy can be calculated by eq.4.

-1 diC]|__E 4
h{[C]“ dl} RT+(lnA+mln[02]) “4)
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Results and Discussions

Particulate Matter Concentration

Figure 2 (a) shows diesel and biodiesel diffusion flames from optical image. The
soot particle is formed in the fuel spray cores, in which the rich fuel is contained,
whereas the fuel vapor is heated by mixing with hot burned gases in the flame
regions. The particle is oxidized in the flame zone when it contacts with available
oxygen, resulting in yellow luminous flame character. The length of biodiesel
diffusion flame was shorter than that of diesel. Similarity, Fig. 2 (b) shows diesel
and biodiesel diffusion flames produced by Schlieren method. The center of
biodiesel diffusion flame was lighter than that of diesel because oxygen atoms
inside an oxygenated fuel molecule can promote the conditions which approach to
the complete combustion.

(a) Conventional digital camera (b) Schlieren method
Figure 2. Biodiesel (B100) and diesel (B0) diffusion flame by (a) optical digital camera
and (b) Schlieren method images [18,19]
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(a) Pressure Drop by Manometer (b) Pressure Drop by Pressure Sensor
Figure 3. Lamp’s diesel and biodiesel particulate matters concentrations by (a) manometer
and [19,20] and (b) pressure sensor
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Figure 3 (a) shows the comparison of pressure drop between outlet and inlet of DPF
disc sample with the size of 4.5 x 4.5 cm®. Samples were taken during the trapping process
at the same energy consumption rate of diffusion flame. As indicated in this graph which
obtained from measurement of manometer, diesel particulates have a higher pressure drop
than biodiesel particulates at a given energy input. Pressure drop of DPF wall during diesel
particulate matters trapping was approximately 2 times higher than that of biodiesel
particulate matter. Therefore, the apparent amount of diesel particulate matter could be also
assumed to be 2 times higher than that of biodiesel. However, the actual concentrations
should be measured by using higher precision device in the next step. Figure 3 (b) shows
the same trend of particulate matter trapping inside the DPF disc sample size of 6 x 6 cm®
and pressure drop was measured by pressure sensor.

(a) Black smoke at DPF inlet (b) Black smoke at DPF outlet
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(c) Black smoke inside paper filter (d) Pressure drop by pressure sensor

Figure 4. Engine’s diesel and biodiesel particulate matters concentrations by smoke meter
at (a) DPF inlet, (b) DPF outlet, (¢) Inside paper filter [19,20] and by (d) Pressure sensor
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In the same method, the remaining soot particle is emitted in the CI engine exhaust
pipe. The paper filter was used to trap the emitted diesel and biodiesel soot particle at any
time. Subsequently, smoke meter was applied to measure the concentration of trapped
particulate on the paper filter by light emitting method. Figure 4 (a) and (b) show the
percentage of black smoke of diesel and biodiesel at the inlet and outlet of DPF,
respectively. The concentration of diesel black smoke is approximately two times higher
than that of biodiesel. Figure 4 (c) shows the percentage of black smoke of diesel and
biodiesel when the trapping period is varied. The result showed that the percentage of
black smoke of diesel increased faster than that of biodiesel. In addition, it’s also clearly
observed that the pressure drop between inlet and outlet of DPF for diesel engine is
approximately two times higher than that of biodiesel. Hence, diesel particulate formation
was higher than biodiesel. This could be explained that more soot particulate was remained
in diesel combustion than those of biodiesel. Because it contains oxygen molecule,
biodiesel is readily oxidized with available oxygen in the flame zone. Consequently,
particulate filter trapping duration of biodiesel fuel is longer than that of diesel fuel
because of particulate concentration emitted from bio-oxygenated fuel combustion flame is
lower than that of diesel combustion.

Microstructure of Particulate Matter

In this research, the particle image is taken to verify the diesel and biodiesel particle and
carbon platelet sizes by micro- and nano- image. Figure 5 shows SEM images of ultrafine
particle sizes from of (a) diesel lamp, (b) biodiesel lamp, (c) diesel engine and (d) biodiesel
engine (left hand side). The image showed that the biodiesel particle sizes from both
sources are slightly smaller than that of diesel particle. On the other hand, particle emitted
from the lamp is a slightly smaller than that particle emitted from engine in both fuels. The
single particle sizes from diesel and biodiesel diffusion flame are approximately 50-60 nm
and 30-40 nm, respectively. However, it is difficult to measure primary size of engine
particle by SEM image because the surface of particulate matter emitted from engine could
be covered by much amount of unburned hydrocarbon. The TEM method was used to
measure primary particle size from diesel and biodiesel fuel. Figures 5 (a), (b), (c) and (d)
show particulate matter emitted from diesel lamp, biodiesel lamp, diesel engine and
biodiesel engine (right hand side). The primary particle size is approximately 20-80 nm
which is in the range of ultrafine particles (diameter size lower than 100 nm). However, the
biodiesel particulate matter is a bit smaller than that of diesel particulate matter for both
combustions.

The particulates were trapped from exhaust gas from lamp and engine. The TEM
method was used to visualize the particle diameter. The particulate size distribution in
primary mode for approximately 100 particles which taken from TEM image, was shown
in Fig. 6. Most of diesel lamp particle size is around 50-60 nm while the biodiesel lamp
particle size has peaked in the range between 30-40 nm which is slightly smaller than that
of diesel lamp particle. The peak of primary particle size from diesel and biodiesel engines
are approximately 30-40 nm. The primary size of diesel particles is larger than that of
biodiesel. This is due to the lower concentration of biodiesel particle, which is readily
oxidized with more available oxygen in combustion flame due to oxygenated biodiesel fuel.
On the other hand, the primary particle size from diesel engine is smaller than that of diesel
lamp particle possibly because of engine conditions such as homogeneous of air/fuel
mixture, high pressure in combustion chamber, exhaust gas temperature, may effect to
particulate matter oxidation before exiting to the atmosphere. Moreover, higher oxygen
content and homogeneity mixture closed to the stoichiometric condition of bio-oxygenated
fuel can produce smaller size of primary particulate particle.
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(a) SEM (left) and TEM (right) images of Diesel lamp PMs

(b) SEM (left) and TEM (right) images of biodiesel lamp PMs

(c) SEM (left) and TEM (right) images of diesel engine PMs

(d) SEM (left) and TEM (right) images of biodiesel engine PMs

Figure 5. SEM (left) and TEM (right) images of (a) Diesel lamp, (b) Biodiesel lamp (c)
Diesel engine and (d) Biodiesel engine particulate matters [19-20]
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Figure 6. Primary particle size distribution of particulate matter by TEM images which
normalized from 38 to 108 particles to be 100 samples of each fuel’s particle

Nanostructure of Particulate Matter

Figure 7 shows the nanostructure of diesel particulate matter which emitted from diffusion
flame combustion inside a diesel engine. Particulate matter is investigated for number of
carbon atom contained in the particle. TEM image is used for numerating platelet number
that aggregate layered in the particle. Each of platelets is consisted of proper amount of
carbon atom from incomplete combustion product. For each of combustion, lamp and
engine, the platelet sizes are shown in Fig. 8. The average of diesel and biodiesel carbon
platelets is in the range of 0.5-3.0 nm. However the distance of each platelet for different
fuels is not the same.

Another result of carbon atom number per volume is also estimated. The concept of
estimation is “the molecule of carbon-6 (C6) is the possible smallest size”. Such molecules
are agglomerated to be the large ring of carbon then becomes a platelet. The particulate
matter from biodiesel lamp and diesel lamp contain 129, 205 atom per nm® while the
particulate matter from biodiesel engine and diesel engine are consisted by carbon atom
number of 63 and 72 per nm’, respectively, as shown in Table 1.

The particulate matter from diesel combustion contains carbon atom that is larger
than that of biodiesel combustion. The biodiesel combustion which emits lower carbon
concentration results in lower carbon atom consisted in particulate matter. In addition,
platelet length and atom concentration of particulate matter emitted from the engine are
smaller than that of diffusion flame of lamp due to the impact of pressure, temperature and
homogeneous mixture of fuel and oxygen.

This is an interesting result of bio-oxygenated fuel combustion behavior and
particles emission nanostructure which should be researched in more details to discover the
useful information for better understanding and future designs of modern Internal
Combustion Engines and DPF configurations.
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(a) TEM image (b) Post process image

Figure 7. (a) TEM and (b) Post process (by hand draw) images of carbon platelet inside
particulate matter

Figure 8. Carbon platelet size distribution of particulate matter by TEM images normalized
from 24 to 45 platelets to be 100 samples of each fuel’s particle
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Table 1. Carbon Atom Include in Particulate Matter

Particulate Matter Type Density (atom/nm?®)
Biodiesel Lamp PM 129
Diesel Lamp PM 205
Biodiesel Engine PM 63
Diesel Engine PM 72

Oxidation of Particulate Matter

Figure 9 (a) shows Arrhenius plots of diesel and biodiesel particulate matter oxidation by
non-isothermal method of TGA at temperature of 400 °C to 480 °C using Eq.1-4. It is
assumed that the diesel and oxygenate unburned hydrocarbons oxidation could be oxidized
and calculated apparent activation energies are approximately 130 and 91 kJ/mol,
respectively. On the other hand, temperature from 490 °C to 520 °C is assumed to be
carbon oxidation which has 155-177 kJ/mol of apparent activation energy.

Figure 9 (b) shows Arrhenius plots of remaining pure carbon inside diesel and
biodiesel particulate matter oxidation by TGA isothermal method at the temperature from
450 °C to 600 °C. Unburned hydrocarbons were assumed to be successfully oxidized
before holding the constant temperature. Apparent activation energy of pure carbon is
approximately 155 kJ/mol for both of diesel and biodiesel carbon.

Table 2 summarizes the apparent activation energy of each particulate matter
oxidation by non-isothermal and isothermal methods. It is clearly observed that unburned
bio-oxygenated hydrocarbon oxidized at the lower temperature and requires lower apparent
activation energies than that of fossil fuel even the remaining carbon are oxidized in the
same range of apparent activation energies.

(a) Non-isothermal (b) Isothermal

Figure. 9 Arrhenius plots of PM oxidation by (a) Non-isothermal and (b) Isothermal
methods
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Table 2. Apparent Activation Energy (Ea) of Particulate Matter Oxidation

Particulate Matter Type Ea (kJ/mol)
Non-isothermal Isothermal
400-480 °C 490-520 °C 450-600 °C
Biodiesel Lamp PM 91.3 155.4 155.6
Diesel Lamp PM 129.6 176.7 155.9
Conclusions

¢ Biodiesel combustion produces particulate matter two times lower than that of diesel
combustion. Therefore, the conventional DPF can be used for two times of trapping
duration. This means the energy consumption of engine for both the effect of
pressure drop while driving and DPF regeneration process can be reduced
approximately by two times.

e The primary size of diesel particles is larger than that of biodiesel. This is due to the
lower concentration of biodiesel particles, which is readily oxidized with more
available oxygen in combustion flame due to oxygenated biodiesel fuel. On the other
hand, the primary particle size from diesel engine is smaller than that of diesel lamp
particle due to homogeneous air/fuel mixture effect for complete combustion.
However the impact is not strong for DPF trapping process because of the pore size
of DPF is very large compared to the size of the particle emission.

e The carbon atom density in diesel particulate matter is higher than that of biodiesel.
As a result, the impact of carbon and oxygen atom contents in oxygenated fuel must
be researched for more understanding to optimize the internal combustion engine and
DPF configurations.

e Unburned hydrocarbon from biodiesel combustion can be oxidized faster than that of
unburned hydrocarbon from diesel combustion because of oxygen atoms included
inside oxygenated fuel molecule promote complete combustion. Moreover, it is
clearly observed that there is the same value of apparent activation energies for
particulate matter without unburned hydrocarbon due to the condition of pure carbon
oxidation.
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Abstract

Particulate matters (PMs) must be removed from the exhaust gas emitted from engines to protect the environment and
human hedth. The problem of particul ate emissions from diesel engine can be reduced in many ways, for examples:
development of modern engine, fuel additives, diesel particulate filter (DPF) and oxygenated fuel. This paper
describes a part of an ongoing research project in PM reduction as emitted from combustion. The main part is study
of PM nanostructure by using Transmission Electron Microscopy (TEM). The primary size digtributions as well as
PM structures were presented by TEM images. The average primary sizes of biodiesel and diesel fuels PMs are
approximately 30-40 nm and 50-60 nm, respectively. The average carbon platelet sizes of both PMs are in the range
of 0.1-7.0 nm. Moreover, approximately 830 carbon atoms per cubic nanometer of PMs aso could be estimated and
presented in the present report. The results of this research would be used as basic information for design and develop
removing process of PM emitted from engine combustion which using in diesel and biodiesdl fuels.
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1. Introduction

Among internal combustion engines (ICE), diesel or compression-ignition (Cl) engines have the
highest thermal efficiency for a given output power. However, particulate matters (PMs) and NOx must
be removed from the exhaust gas emitted from diesel engines to protect the environment and human
health. Therefore, regulation of vehicle emissions has become increasingly strict. However, it is very
difficult to develop internal combustion engine and after treatment systems for simultaneous removal of
PM and NOX.

The problem of particle emissions from diesel engine should be improved by developing the high
efficiency modern engine, after-treatment and pre-treatment technologies. Diesel Particulate Flters
(DPFs) play an important role in PM trapping and oxidation. A DPF is generally made of ceramic
materias, such as cordierite or silicon carbide, consisting of many rectangular channels with aternate
channels blocked using cement at each end. The exhaust gas is forced to flow through a channel wall
having numerous micron-scale pores that trap the PM. Furthermore, the collected PM must be oxidized to
regenerate the DPF and reduce the back pressure on the diesel engine [1-3].

The nanostructures of soot primary particles have been characterized using scanning electron
microscope (SEM) and transmission e ectron microscopy (TEM) to understand them in detail. The mean
diameter of the primary and agglomerated particles is usudly in the range of ultrafine particle and fine
particle, respectively. A primary soot particle has two distinct parts an inner core and an outer shell. The
inner core is located a centra region of the primary particle [4-11]. The composition of PMs from a
diesel engine may vary widely depending on the operating conditions and fuel composition. Based on
anaysis performance with a combination of physical and chemical methods, PM is traditionally divided
into three main fractions: solid fraction (SOL), soluble organic fraction (SOF), and sulfate particulates
(SQO,) that consist of sulfuric acid and water. The SOL of diesel PMs is composed primarily of elemental
carbon, sometimes referred to as inorganic carbon. This carbon, not chemically bound with other
edements, is the finely dispersed carbon black or soot substance responsible for black smoke emission.
HCs adsorbed on the surface of the carbon particles are present in the form of fine droplets from the SOF
of diesdl particulates. At times, this fraction isaso referred to as the volatile organic fraction (VOF). The
SOF fraction contains most of the polycyclic aromatic HCs (PAHS) and nitro-PAHs emitted with diesel
exhaust gases. PAHSs are aromatic HCs with two or more benzene rings joined in various forms that are
more or less clustered. These require special attention because of their mutagenic and, in some cases,
carcinogenic character. The water, unburned HC, carbon and ash regions are verified for oxidation
reaction by Thermogravimatric Analysis (TGA) and Temperature Program Oxidation (TPO) [12-17].

Applications of renewable oxygenated fuels is nowadays a widespread means to reduce amount and
particle size of regulated pollutant emissions produced by internal combustion engines because oxygen
atoms inside fuel molecules promote more completed combustion, as well as to reduce the green house
gas resulting from carbon neutral. The combustion of bio-oxygenated fuel emits carbon dioxide (CO,) to
the atmosphere for the growth of plants, which are produced by biodiesel fuel and released out of the
atmosphere as carbon by photosynthesis. More advantages of biodiesel over other fuels are that it
contains much lower sulfur and aromatic HC content [18].

The objective of the present research isto study diesel and biodiesel PMs nanostructure by using TEM
images. The report would be successfully described as the useful information of diesel and biodiesel PM
nanostructures for better understanding and future design of DPF configuration for diesel and biodiesel
blends engine application in Thailand and Asian countries.
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2. Experimental Setup and Method
2.1. Fuelsand PM generators

A conventional diesel fuel (B4-5) was used and compared with the results of biodiesel fuel derived
from palm-olein (biodiesel (B100) fuel of TIS 2313-2549). Diesdl and biodiesel PMs were emitted from
diesdl and biodiesel diffusion flame which were generated by lamp and small engine. The lamp energy
consumption is 0.01 g/s. On the other hand, the small diesel engine has displacement of 638 cm® and a
rated output of 8.8 kW. The small diesel engineisasingle cylinder, four strokes and direct injection. The
fuel injection pressure was approximately 19.6 MPa. The engine was operated by constant speed of 2400
rpm on the Eddy current engine dynamometer (Tokyo plant ED-60-LC). The fuel consumption of each
fuel was measured by weight loss respect to time for comparison in the view point of energy
consumption. PMs were introduced into the micro pores of DPF samples, as shown in Fig.1. The pressure
drop between inlet and outlet of the DPF sample were measured in each trapping time in real time by
pressure sensor.
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Fig.1. SEM images of cordierite DPF surface pores

2.2. SEM and TEM

The PM emitted from diffusion flame was collected by metal net in exhaust pipe and be removed to be
a powder. The nanostructures of PMs and carbon platelet were investigated by using a scanning €l ectron
microscopy (FE-SEM: Hitachi S-4700, JEOL JSM-6301F) and a transmission electron microscopy
(TEM: JEOL JEM-2010). In addition, carbon platelet length and atom density of PMs were estimated by
TEM image using image processing.
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3. Results and Discussions

3.1. PMs quantity

Figure 2 (a) and 2 (b) show the results of lamp and engine PMs trapping behaviours. Pressure drop
between the inlet and outlet of the filter wall during diesel PM trapping was approximately 2 times higher
than that of biodiesedl PM. Hence, diesdl soot formation was higher than biodiesel. This could be
explained that more soot particle was remained in diesel combustion than those of biodiesel. Because it
contains oxygen molecule, biodiesel is readily oxidized with available oxygen in the flame zone.
Consequently, DPF trapping duration of biodiesel fuel has longer than that of diesel fuel because of PM
concentration emitted from hio-oxygenated fuel combustion frame is lower than that of diesel
combustion.
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Fig.2. Pressure differential of diesel and biodiesel (a) lamp and (b) engine PMstrapping

3.2. PMssize distribution

The soot particleisformed in the fuel spray cores, in which therich fuel is contained, whereas the fuel
vapor isheated by mixing with hot burned gases in the flame regions. Simultaneously, the surface of soot
particle isalso oxidized in the flame zone when it contacts with available oxygen. In thisresearch, the PM
image is taken to verify the diesel and biodiesel particle and carbon platelet sizes by micro- and nano-
image.

Figure 3 show SEM images of (a) diesdl, (b) biodiesel PMs emitted from the lamp and (¢) diesdl, (d)
biodiesd PMs emitted from the engine. Uniform submicron scale agglomeration of PMs is clearly seen.
The agglomerate size was about 100 to 600 nm. The normalized of PM size distribution of approximately
100 particles measured by SEM images were shown in Fig. 4 () based on particle number. Much amount
number of 100 to 300 nm size was observed for both their particles emitted by the engine and lamp. The
image showed that the biodiesel agglomerate particle size from both sources is dightly smaller than that
of diesdl particle.

Figure 4 show TEM images of (a) diesd, (b) biodiesel PMs emitted from the lamp and (c) diesdl, (d)
biodiesel PMs emitted from the engine. Uniform ultrafine single (primary) particle of soot is clearly seen.
The primary size was about 20 to 80 nm. The normalized of PM size distribution of approximately 100
particles measured by TEM images were shown in Fig.4 (b). Much amount number of 30 to 50 nm size
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was observed for both their particles emitted by the engine and lamp. Single particle sizes of biodiesel
PMs are smaller than that of diesdl.

Absolutely, the oxygen content of bio-oxygenated fuel is strongly affected to the more complete
combustion resulting in the smaller size of agglomerate and single particle of PMs. Moreover, the
remaining oxygen atoms of bio-oxygenated fuel may be also strongly affected to the oxidation of PM
surface. Consequently, the different size of a single particle might be depends on not only the
accumulation of carbon atom but also the combustion of PM’s surface. Therefore, high temperature and

high oxygen concentration conditions, such as PM’s surface oxidation can be assisted by oxygenated fuel
combustion.

[ I I I I B B
1mm x30.0k SE(M) 7/20{2011 10:56 1.00um

1
2mm x30.0k SE(V) 7/20/2011 12:00 1.00um

(&) Diesd lamp’s agglomerate PMs (b) Biodiesd lamp’s agglomerate PMs

———  1Fm
A, 2OKY H2F7.000

(c) Diesd engine’s agglomerate PMs (d) Biodiesd engine’s agglomerate PMs

Fig.3. SEM images of (&) diesel lamp, (b) biodiesel lamp, (c) diesel engineand (d) biodiesel engine PMs
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Fig.5. TEM images of (a) diesel lamp, (b) biodiesel lamp, (c) diesel engine and (d) biodiesel engine PMs
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3.3. Carbon platelet size distribution

The nanostructures of primary diesel soot particles have been characterized using a TEM to
understand them in detail. Figure 6 (8) shows the nanostructure of diesdl PM which is emitted from
diffusion flame combustion inside a conventional small diesel engine. PM is investigated for number of
carbon atom include in the particle. TEM image is used for numerate platelet number that aggregate
layered in the particle. Each of platelet is consisted properly by carbon atom from incomplete combustion
product. Figures 6 (b), (c), and (d) are the images of focused area before, after post processing of two
colors and after post processing of carbon platelet length estimation, respectively. The estimated of
platelet sizes are shown in Fig.7. The average of diesdl carbon platelets is in the range of 0.1-7.0 nm.
Another result of carbon atom number per volume is also estimated. The concept of estimation is “the
molecule of carbon-6 (C6) is the possible smallest size”. Such molecules are agglomerated to be the large
ring of carbon then becomes a platelet. The PM from diesel engine contains approximately 829 atoms per
nm?, 9.37 million atoms per a 30 nm diameter of single particle and 2776.46 million atoms per a 200 nm
diameter of agglomerate particle, as shown in Table 1. Asaresult, the estimated of a 30 nm and 200 nm
diameter of single and agglomerate particles mass are approximately 0.002 and 0.553 pico-grams,
respectively. The atom density and mass of particle emissions is one of useful information for
development of automobile after-treatment technology to improve the reduction of particle emission
during trapping and oxidation process of the particulate filters.

(@) TEM image of diesel PM (b) Focused TEM image of diesel PM
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(¢) Black and white distribution of carbon platelets (d) Estimated length of carbon platelets

Fig.6. (a) Original PM’s TEM image, (b) focused area and after image processing of (b) two colorsand (c) platel et length images
1
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Fig.7. Estimated carbon platel et length of PM by image processing method

Tablel. An example of atable

Carbon inside PM Atom density Mass
(atoms) (pg)

A cubic nanometer 829 1.65 E-8

Single particle (30 nm diameter) 9.37 E6 0.002

Agglomerate particle (200 nm diameter) 2776.46 E6 0.553
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4. Conclusions

Biodiesel combustion produces PM about two times lower than that of diesel combustion. Therefore,
the conventional DPF also can be used for about two times of trapping duration. This means the energy
consumption of engine for both the effect of pressure drop while driving and DPF regeneration process
can be reduced approximately two times.

The single (primary) and agglomerate size of diesel particlesislarger than that of biodiesel. Thisis due
to the lower concentration of biodiesel carbon particles, which is readily oxidized with more available
oxygen, in combustion flame due to oxygenated biodiesel fuel. Moreover, PM’s surface oxidation can be
assisted by oxygenated fuel combustion. On the other hand, the primary particle size from diesel engineis
smaller than that of diesel lamp particle due to homogeneous air/fuel mixture effect to complete
combustion.

The carbon atom density and mass of PM could be estimated by using TEM image processing method.
The length and density of carbon platelet might be strongly depended on the fuel properties and soot
generation method. The bio-oxygenated fuel plays an important role for agglomerate particle and single
particle size due to oxygen atom ingde fuel molecule. Moreover, the impact of oxygenated fuel in the
length of platelet also needed to investigate for better understanding. Thisis an interesting result of bio-
oxygenated fuel combustion behavior and particles emission nanostructure which should be researched in
more detailsto discover the useful information for better understanding and future designs of modern ICE
and DPF configurations.
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ABSTRACT

Nanostructures of diesel and biodiesel engine particulate
matters (PMs) were investigated by using a Transmission
Electron Microscopy (TEM). The average single particle
sizes of biodiesel and diesel PMs are approximately 30-40
nm and 50-60 nm, respectively. Image processing process
was used to estimate each carbon platelet length by using
TEM image. The average carbon platelet length of biodiesel
and diesel PMs are in the range of 0.1-7.0 nm. Moreover,
carbon atoms per cubic volume of PMs are approximately
500-900. The result shows that engine load and fuel
property are strongly impact on the size of single particle
and carbon atom density of particle. This is one of
interesting behaviors need to be investigated for better
understanding. The results of this research would be used as
basic information for design and develop removing process
of PM emitted from engine combustion which using in
diesel and biodiesel fuels.

INTRODUCTION

Among internal combustion engines (ICE), diesel engines
have the highest thermal efficiency for a given output
power. However, particulate matters (PMs) must be
removed from the exhaust gas emitted from diesel engines
to protect the environment and human health. Therefore,
regulation of vehicle emissions has become increasingly
strict. Diesel Particulate Filters (DPFs) play an important
role in PM trapping and oxidation. A DPF is generally made
of ceramic materials, such as cordierite or silicon carbide,
consisting of many rectangular channels with alternate
channels blocked using cement at each end. The exhaust gas
is forced to flow through a channel wall having numerous
micron-scale pores that trap the PM. Furthermore, the
collected PM must be oxidized to regenerate the DPF and
reduce the back pressure on the diesel engine [1-3].
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The nanostructures of soot primary particles have been
characterized using scanning electron microscope (SEM)
and transmission electron microscopy (TEM) to understand
them in detail. The mean diameter of the single primary and
agglomerated particles is usually in the range of ultrafine
particle and fine particle, respectively [4—11].

The composition of PMs from a diesel engine may vary
widely depending on the operating conditions and fuel
composition. PM is traditionally divided into three main
fractions: solid fraction (SOL), soluble organic fraction
(SOF), and sulfate particulates (SO4) that consist of sulfuric
acid and water. The SOL of diesel PMs is composed
primarily of elemental carbon, sometimes referred to as
inorganic carbon. This carbon, not chemically bound with
other elements, is the finely dispersed carbon black or soot
substance responsible for black smoke emission.
Hydrocarbons (HCs) adsorbed on the surface of the carbon
particles are present in the form of fine droplets from the
SOF of diesel particulates. At times, this fraction is also
referred to as the volatile organic fraction (VOF). The SOF
fraction contains most of the polycyclic aromatic HCs
(PAHs) and nitro-PAHs emitted with diesel exhaust gases.
PAHs are aromatic HCs with two or more benzene rings
joined in various forms that are more or less clustered.
These require special attention because of their mutagenic
and, in some cases, carcinogenic character. The water,
unburned HC, carbon and ash regions are verified for
oxidation reaction by Thermogravimatric Analysis (TGA)
and Temperature Program Oxidation (TPO) [12—-17].

Applications of renewable oxygenated fuels is nowadays a
widespread means to reduce amount and particle size of
regulated pollutant emissions produced by internal
combustion engines because oxygen atoms inside fuel
molecules promote more completed combustion, as well as
to reduce the greenhouse gas resulting from carbon neutral.



The combustion of bio-oxygenated fuel emits carbon
dioxide (CO,) to the atmosphere for the growth of plants,
which are produced by biodiesel fuel and released out of the
atmosphere as carbon by photosynthesis. More advantages
of biodiesel over other fuels are that it contains much lower
sulfur and aromatic HC content [18, 19]. Therefore, the
objective of the present research is to study nanostructure of
biodiesel PMs by using TEM images and image processing
process. The report would be successfully described as the
useful information of biodiesel PM nanostructures for better
understanding and future design of DPF configuration for
diesel and biodiesel blends engine application in Thailand
and Asian countries.

METHODOLOGY

A conventional diesel fuel (B4-5) was used and compared
with the results of biodiesel fuel derived from palm-olein
(biodiesel (B100) fuel of TIS 2313-2549). Diesel and
biodiesel PMs were emitted from small engine. The engine
has displacement of 638 cm’ and a rated output of 8.8 kW. It
is a single cylinder, four strokes and direct injection. The
fuel injection pressure was approximately 19.6 MPa. The
engine was operated by constant speed of 2400 rpm on the
Eddy current engine dynamometer (Tokyo plant ED-60-
LC). The PM emitted from engine which fuelled by
conventional diesel and palm-olein biodiesel were collected
to be a test sample. The metal net was installed at the end of
original exhaust pipe, 30 cm after the exhaust valve, of the
engine to collect the PM sample in exhaust pipe. The
nanostructures of PMs and carbon platelets were
investigated by using a transmission electron microscopy
(TEM: JEOL JEM-2010).

In addition, carbon platelet length and atom density of PMs
were estimated by TEM image using image processing. A
high magnification particulate matter image from TEM was
investigated in nanostructure by matlab image processing.
The 10 nm x 10 nm image was cropped from the TEM
image of the particulate matter from each fuel and each load
condition as shown. These images were removed a noise
and converted to be a black white image. After that, they
were changed to be a skeleton to measure the carbon
crystallites length which arranged as a layer in a spherical
particle. Then, the crystallite lengths were calculated to
carbon atom density. For the concept of estimation, the
molecule of carbon-6 (C-6) is the possible smallest size.
Such molecules are agglomerated to be the large ring of
carbon then becomes a platelet. A crystallite length from
black white image was valuated a carbon atom by assumed
that the crystallite is consisted by 3 layers of platelet.

RESULTS

The nanostructures of primary diesel soot particles have
been characterized using a TEM to understand them in
detail. Figure 1 shows SEM image of diesel agglomerated
PMs. Uniform fine agglomerate particle is clearly seen. The
agglomerate size is about 100 to 600 nm and much amount
number of 100 to 300 nm diameter was observed for both
their particles emitted by the diesel and biodiesel engine.
The result showed that the biodiesel agglomerate particle
size from both sources is slightly smaller than that of diesel
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particle. Figure 2 shows TEM image of diesel PMs emitted
from a small diesel engine of the present research. Uniform
ultrafine single particle of PM is clearly observed. The PM
single particle size was about 20 to 80 nm. The different size
of a single particle might be depends on not only amount of
carbon atoms accumulation but also the oxidation of PM’s
surface during fuel combustion process. High temperature
and high oxygen concentration conditions would be one of
important oxygenated fuel advantage point on PM’s surface
oxidation.

Figure 3 shows TEM images of engine 50% load (a) diesel
and (b) biodiesel, and 80% load (c) diesel and (d) biodiesel
single PMs. Single particles are nearly sphere shape even
though surface are not so smooth. Carbon platelets in the
surface of particle are not so close distance and look like not
so strong contact with other platelets. TEM image shows the
different structure of inner core zone and outer shell zone of
PMs. The inner core diameters are approximately 5 to10 nm.

3.0kV 10.1mm x30.0k SE(M) 7/20/2011 10:16 1.00um

Figure 1. SEM image of fine agglomerated PM emitted
from a small diesel engine.

.A_y:.'? T

Figure 2. TEM image of ultrafine single PMs emitted from
a small diesel engine.
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Moreover, the structure of carbon platelet inside inner core
zone shows short length and non-homogeneous platelets,
whereas long length and homogeneous platelets could be
clearly observed in outer shell zone. Single particle could be
observed two to four inner core portions. In the first process
of PM formation, agglomerated inner core portion might be
accumulated to be a single primary particle. After that,
surface of single primary particle growth up by carbon atom
with time until approximately 100 nm of diameter depended
on engine operation condition which might be strongly
effect on density of carbon atom per volume. In the last
process, surface of PM is oxidized by oxygen molecule
during combustion process. In addition, images show carbon
platelet structures of connection zone between two single
primary particles are also quite homogeneous platelet
density compare to the inner core zone.

PM is investigated for number of carbon atom include in the
particle. TEM image is used for numerate platelet number
that aggregate layered in the particle. Each of platelet is
consisted properly by carbon atom from incomplete
combustion product. Figures 4, 5 and 6 are the images of
original 10 nm? focused area, after post processing of two
colors and after post processing of skeleton carbon platelet
length estimation, respectively. Condition of 50% load
diesel, 50% load biodiesel, 80% load diesel and 80 load
biodiesel engines are shown in (a), (b), (c), and (d) of each
Fig. The focused arecas of all images are homogencous
platelet area in each outer shell zone. Original gray color
could be successfully changed to two colors images in the
first step. The lengths of each platelet in each sample are
quite different, whereas the distances of each platelet are
also not too different. From the skeleton images, the carbon
platelets inside the PM were measured by image processing
program. The skeleton carbon platelets, which have 1 unit
pixel width for each platelet, were measured for the white
area in the image to be a carbon platelet length. The
estimated of platelet sizes distribution in each condition are
shown in Fig.7. The average of diesel and biodiesel PM
carbon platelets is in the range of 0.1-7.0 nm. Another result
of carbon atom number per volume is also estimated. Much
amount of about 1 nm carbon platelet length is clearly
observed in this research.

The concepts of estimation are “the molecule of carbon-6
(Co) is the possible smallest size” and “there are 3 layers
arranged to be a platelet”. Such molecules are agglomerated
to be the large ring of carbon then becomes a platelet. The
PM are contains approximately 600 to 900 atoms and 1.1E-8
to 1.7E-8 pico-grams per a cubic nanometer, as shown in
Table 1. The particle mass and carbon atom number inside
single particle was estimated by base on atom density and
average primary size of each condition particle. The million
atom number and mass of each particle size and engine
operation condition could be successfully calculated and
summarized in Fig. 8 (a) and 8 (b), respectively. Atom
density and mass per volume of biodiesel is a little bit lower
than those of diesel PMs. Moreover, the different result of
different load condition was also clearly observed in the
present research. The carbon atom density and mass of
particle emissions is one of very useful information for
development of advanced engine after-treatment technology
to improve the reduction of particle emission during
trapping and oxidation process of the particulate filters.
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Therefore, the different of carbon density inside diesel and
biodiesel particle emission would be investigated for better
understanding and optimization of after-treatment devices.
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Table 1. Result of estimated atom density, mass per volume
and atom number of PMs.

PMs
Diesel Biodiesel

50% 80% 50% 80%
load load load load

Atom Density 800 838 706 | 584
(atoms/nm3)
Mass per Volume 1.594 1.670 1.407 1.164
(pg/nm3) E-8 E-8 E-8 E-8

Average Single Diameter | 35 13 | 3099 | 3150 | 3031
(nm)

Average Single Particle 2.767 2.578 2.321 1.696
Mass (pg) E-4 E-4 E-4 E-4

Average Single Particle
Atom (Million atoms) 13.887 | 12.939 | 11.647 | 8.510
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Figure 8. Calculated total (a) carbon atom number and (b)
carbon mass versus diameter of each engine load and fuel
PMs.

CONCLUSION

Nanostructure of particulate matters (PMs) emitted from
diesel and biodiesel are clearly discussed in the present
report. The carbon atom density and mass of PM could be
successfully estimated by using TEM image processing
method. The length and density of carbon platelet strongly
depended on fuel properties and engine operation condition.
Estimated atom density and mass per volume of PM are in
the range of 600 to 900 atoms and 1.1E-8 to 1.7E-8 pico-
grams per a cubic nanometer. The impact of oxygenated fuel
and combustion temperature on the length and distance of
platelet needed to investigate for better understanding. This
is an interesting result of bio-oxygenated fuel combustion
behavior and particles emission nanostructure which should
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be researched in more details to discover the useful
information for better understanding and future designs of
modern Internal Combustion Engines and Diesel Particulate
Filter (DPF) configurations.
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Abstract

Size distribution of particulate matters (PMs) emitted from a diesel vehicle were investigated by using

a Scanning Mobility Particle Sizer (SMPS). The single and agglomerated particle sizes of PMs are in the

range of 10-60 nm and 60-130 nm, respectively. The maximum single and agglomerated particle numbers

are approximately 20-40 nm and 90-110 nm. At the engine warm-up idle condition, the number of single

particle is quite high and then gradually decreased with time. Finally, the single particle number is nearly

constant after an hour of the engine operates in idle condition. This is an interesting result of particles

emission which should be researched in more details to discover the useful information for better

understanding and future designs of modern Internal Combustion Engines and Diesel Particulate Filter

configurations.

Keywords: Diesel Engine, Particulate Matter, SMPS, Electrostatic Classifier

1. Introduction

Among internal combustion engines (ICE),
diesel engines have the highest thermal efficiency
for a given output power. However, particulate
matters (PMs) must be removed from the exhaust
gas emitted from diesel engines to protect the
environment and human health. Therefore,
regulation of vehicle emissions has become
increasingly strict.

The composition of PMs from a diesel engine
may vary widely depending on the operating
conditons and fuel composition. PM s
traditionally divided into three main fractions: solid
fraction (SOL) and soluble organic fraction (SOF).

The SOL of diesel PMs is composed primarily of

elemental carbon, sometimes referred to as
inorganic carbon. This carbon, not chemically
bound with other elements, is the finely dispersed
carbon black or soot substance responsible for
black smoke emission. Hydrocarbons (HCs)
adsorbed on the surface of the carbon particles
are present in the form of fine droplets from the
SOF of diesel particulates. At times, this fraction
is also referred to as the volatile organic fraction
(VOF). The SOF fraction contains most of the
polycyclic aromatic HCs (PAHs). PAHs are
aromatic HCs with two or more benzene rings
joined in various forms that are more or less

clustered. The water, unburned HC, carbon and
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ash regions are verified for oxidation reaction by
Thermogravimatric Analysis (TGA) [1-11].

Particle emissions size and structure is very
complicate and difficult to measure the exact
value because of very small size. Size distribution
and nanostructures of soot primary particles have
been characterized using scanning electron
microscope (SEM) and transmission electron
microscopy (TEM) to understand them in detail.
The mean diameter of the single primary and
agglomerated particles is usually in the range of
ultrafine particle (30-60 nm) and fine particle
(100-300 nm), respectively [12-16].

The present research objective is to
characterize diesel vehicle PM size distribution by
using a Scanning Mobility Particle Sizer (SMPS).
The results could be compared to the previous
research which successfully report PM size
distribution by using SEM and TEM images. The
result would be successfully described as the
useful information of biodiesel PM nanostructures

for better understanding and future design of DPF

configuration for diesel engines.

2. Methodology

A conventional diesel fuel in Graz, Austria as
shown in Table 1 was used in the present
research. The lower heating value (LHV) of diesel
fuel is 42,482 J/g. Carbon, hydrogen and oxygen
contents are 85.6, 13.4 and 0.5 percent,
respectively. Diesel PM was emitted from a diesel
van as shown in Table 2. The vehicle engine has
displacement of 2,461 cm’ and a rated output of
75 kW. It is a four cylinders, four strokes and
direct injection. The engine was operated by idle
condition at neutral position. The PM emitted from

engine was characterized by “Particle Emission

16-18 October 2013, Pattaya, Chonburi

Test Laboratory”, Institute for Internal Combustion
Engines and Thermodynamics, Graz University of

Technology, Graz as shown in Fig. 1.

Table 1 Diesel Fuel Properties

Method Value Unit

LHV DIN 51 900-2 mod. 42,482 Jig
Carbon DIN 51 732 85.6 % (m/m)
Hydrogen DIN 51 732 134 % (m/m)
Oxygen DIN 51 732 mod. 0.5 % (m/m)

Table 2 Vehicle and Engine Specification

Method Unit
Maker VOLKSWAGEN -
Trade Name KASTENWAGEN TDI -
Vehicle Type 70 T - KASTEN -
Fuel Diesel -
Engine Displacement 2,461 cc
Rated Output 75 kw
After Treatment Non-DPF -

Fig. 1 A diesel van particle emissions test
laboratory in “Institute for Internal Combustion
Engines and Thermodynamics, Graz University of

Technology.
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Fig. 2 Particle size distribution measurement
device “Series 3080 Electrostatic Classifiers

(Courtesy of www.tsi.com)”.

Fig. 3 A Scanning Mobility Particle Sizer (SMPS)
for particle size distribution at “Institute for Internal
Combustion Engines and Thermodynamics, Graz

University of Technology.

16-18 October 2013, Pattaya, Chonburi

Exhaust gas emitted from the exhaust pipe of
vehicle was introduced into the dilution system
and then gas sample was sucked from the
dilution system to a Scanning Mobility Particle
Sizer (SMPS) for size distribution characterization
in the range of 10 nm to 400 nm diameter as
shown in Fig.2 and Fig.3. Gas sample was
characterized for both during engine warm-up
approximately one hour and also after engine
warm-up. The sample was characterized every 10

to 20 minutes.

3. Results and Discussion

Figure 4 shows the particle size distribution
during engine warm-up condition. The first peak
of particle size distribution is approximately 20 nm
to 30 nm. This first region is the single particle of
PMs. The second peak of particle size distribution
is approximately 90 nm to 100 nm. This second
region is the agglomerated particle of PMs. It was
clearly observed that during engine warm-up,
particle number decreased with time for both
single and agglomerated zones. It means
combustion efficiency of the engine increased
with the temperature of engine during warm-up
condition. Moreover, much amount number of
single particle could be observed at the beginning
of warm-up condition and decreased with time.
The number of single and agglomerated particle
number are in the same range after 40 minutes
engine warm-up in idle condition.

Figure 5 shows the particle size distribution
during the second hour of testing. It was clearly
seen that amount of single and agglomerated
particles are nearly constant in 300 and 400

particles per cubic centimeter, respectively.
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Fig. 4 Particle size distribution of PMs during an hour engine warm-up.

Fig. 5 Particle size distribution of PMs after an hour engine warm-up.
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Figure 6 and 7 show Scanning Electron
Microscope (SEM) and model images of PMs.
Single and agglomerated particle model could be
imaged based on the result of SEM images. The
particle size range is also acceptable value when
compare to the result from Scanning Mobility
Particle Sizer (SMPS). However, the small
different of size from both type of measurement is
depend on the definition of each diameter which
should be clearly clarify for high performance

DPF design and development.

Fig. 6 Scanning Electron Microscope (SEM)
images of PMs (Courtesy of Doctoral Thesis,

P.Karin Tokyo Institute of Technology).

Fig. 7 Model of PMs which consisted of single

and agglomerated size.

16-18 October 2013, Pattaya, Chonburi

5. Conclusions

Size distribution of particulate matters (PMs)
emitted from a diesel vehicle were successfully
investigated by using a Scanning Mobility Particle
Sizer (SMPS). The single and agglomerated
particle sizes of PMs are in the range of 10-60
nm and 60-130 nm, respectively. Much amount of
single and agglomerated particle diameter are in
the range of approximately 20-40 nm and 90-110
nm. At the engine warm-up idle condition, the
number of single particle is quite high and then
gradually decreased with time.

Particle size and structure are agreed with
SEM image result from previous research. This is
an interesting result of particles emission which
should be researched in more details to discover
the useful information such as particle weight and
charge for future designs of modern Internal
Combustion Engines and Particulate Filter

configurations.
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ABSTRACT- Particulate matters (PMs) oxidation kinetics by Thermo-gravimetric analysis (TGA) was successfully studied.
The chemical content percentage of PM can be divided by oxidation temperature zoning in three main regions which are
moisture, unburned hydrocarbon (HC) and carbon. It is clearly observed that the amount of each region is strongly depending on
engine operating condition, the amount of unburned HC in low load condition of the engine load are larger than that of high load
condition. The calculated apparent activation energies of biodiesel PM oxidation are lower than that of diesel PM and carbon
black because of unburned oxygenated molecule. The calculated apparent activation energy of biodiesel and diesel PMs oxidize
with air is in the range of 147—157 kJ/mole and 153-165 kJ/mole, respectively. The results of this research would be used as
basic information for design and develop removing process of particulate matter emitted from engine combustion which using in

diesel and biodiesel fuels.

KEY WORDS: Diesel engine, Particulate matter, Biodiesel, Activation Energy, Oxidation Kinetics.

1.INTRODUCTION

Among conventional internal combustion
engines (ICE), diesel or compression-ignition (CI)
engines have the highest thermal efficiency for a given
output power. However, diesel engines are an important
source of particulate matters (PMs); between about 0.2
and 0.5 percent of the fuel mass in emitted as small
particles which consist primary of soot with some
additional absorbed hydrocarbon material (Heywood,
1998). PMs must be removed from the exhaust gas
emitted from diesel engines to protect the environment
and human health. Therefore, regulation of vehicle
emissions has become increasingly strict.

Recent research trends are reviewed for
physical and chemical PM characterization methods for
gasoline and diesel fueled engines under various vehicle
certification cycles and real-world driving conditions
(Myung ef al., 2014). Physical properties of engine PMs
have been published by several researchers. The
formation of PMs is through to take place via a number
of elemental steps: pyrolysis, nucleation, surface growth

* Corresponding author. e-mail: kkpreech@kmitl.ac.th

and coagulation, aggregation and oxidation. These
processes take place on different time scales, ranging
from a few microseconds to some milliseconds (Neeft et
al., 1996). Surface growth is the process in which the
precursor molecules grow from nanoparticles.
Simultaneously, another process takes place:
coagulation. Small particulates collide and coalesce,
forming larger spherical particles. Aggregation or
chain—forming coagulation accounts for the formation
of the well-known “fractal” structure of soot
(Eastwood, 2008). The carbon atoms are bonded
together in hexagonal face-centered arrays in planes
commonly referred to as platelets. Platelets are arranged
in layers to form crystallites (Smith, 1981). Diesel PM
consists of two particles: 1) fractal-like agglomerates of
primary particles, consisting of carbon and traces of
metallic ash, and coated with condensed heavier and
organic compounds and sulfate, and ii) nucleation
particles composed of condensed HCs and sulfate
(Maricq, 2007).

Chemical composition of diesel PMs have been
also clearly reported by researchers in all regions. The
composition of PMs from diesel engines may vary
widely, depending on the operating conditions and fuel
composition. PM is traditionally divided into three main
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fractions: i) solid fraction (SOL) that consists of
elemental carbon and metallic ash, ii) soluble organic
fraction (SOF) that consists of organic material derived
from engine lubricating oil and fuel, and iii) sulfate
particulates (SO4) that consist of sulfuric acid and water
(Kittelson, 1998; Majewski ef al., 2006). The element
carbon, not chemically bound with other elements, is the
finely dispersed carbon black or soot substance
responsible for black smoke emission. Ash consists of a
mixture of: i) sulfates, phosphates, or oxides of calcium,
zinc, magnesium, and other metals that are formed in
the combustion chamber from burning additives in the
engine lubricating oil, ii) metal oxide (iron, copper,
chromium, and aluminum) impurities resulting from
engine wear, which are carried into the combustion
chamber by the lube oil, and iii) iron oxides resulting
from corrosion of the engine exhaust manifold and
exhaust system components (Merkel, 2001).

Scanning Electron Microscopic (SEM) and
Transmission Electron Microscope (TEM) observation
of PMs have been conducted by several researchers. A
primary soot particle has two distinct parts: an inner
core and an outer shell. The inner core, with a diameter
of 10 nm, exists at the center of the primary particle and
consists of several fine particles, 34 nm in diameter.
The outer shell is composed of microcrystallites with
periodic orientation of carbon sheets, also called a
graphitic structure. Almost all the crystallites are planar,
1 nm thick and 3-5 nm wide, and are oriented
perpendicular to the radius of the primary particle
(Ishiguro, et al., 1997). Some primary particles were
found to have a hollow interior and the outer shell
exhibiting evidence of graphitization, with a higher
crystalline than the non-hollowed particles (Vander
Wal, et al., 2007).

Size distribution of diesel PMs have been
reported by several researchers. Most of the particle
mass exists in the accumulation mode in the diameter
range of few hundred nanometers. The nuclei mode
typically consists of particles in the few nanometers
diameter range. This mode usually consists of volatile
organic and solid carbon compounds. The nuclei mode
typically contains lower than 20% of the particle mass,
and more than 90% of the particle number. The coarse
mode contains up to 20% of the particle mass; it
consists of accumulation mode particles that deposit on
cylinder and exhaust system surfaces, and are later re-
entrained. Size definitions for atmospheric particles are
PM10, diameter (D) < 10 pum; fine particles, D < 2.5
um; ultrafine particles, D < 0.10 um; and nanoparticles,
D < 0.05 pm or 50 nm (Kittelson, 1998). The particles
in the size range from 20 to 200 nm are very sensitive to
sudden changes of the engine power (Soylu, 2014).

The oxidation behavior of PMs has been
investigated using thermogravimetric analysis (TGA)
and temperature program oxidation (TPO) to evaluate

reaction activity. The fit curve results of reaction order
for both oxygen and carbon, and the activation energies,
were defined and reported. The order in carbon is close
to the order of 2/3 (0.67), making it applicable for the
shrinking-core model. The order of reaction rate in
oxygen is close to 1. The activation energy (E,) of
carbon oxidation is around 150—170 kJ/mole (Neeft et
al., 1997; Darcy et al., 2007; Fino et al., 2008).

A diesel after-treatment technology that
substantially reduces diesel engine particle emissions is
a Diesel Particulate Filter (DPF). The DPF plays an
important role in particulate trapping and oxidation.
These processes involve the most complex behavior of
PMs and reaction phenomena. Mechanisms of engine
PMs trapping and oxidation on DPF wall surface were
successfully clarified via real-time macro-microscopic
visualization method (Hanamura et al., 2009; Karin et
al.,2010; Oki et al., 2011).

Moreover, PMs from biodiesel fuel also
investigated and compared with the conventional diesel
fuel. Since, the biodiesel fuel is the alternative fuel
which is a possible choice for usage instead of diesel
fuels. Thai government promote biodiesel using to Thai
people because of Thailand can produce the biodiesel in
the country by palm oil. The PM diameter size and
quantity from biodiesel engine emission is smaller than
that of diesel. It might be the effect of oxygenated fuel
promotes more completely combustion and makes
smaller size exiting (Karin ez al., 2013). In the case of
biofuel, especially, measured particle parameters such
as primary particle size and the radius of gyration were
decreased compared to those of conventional diesel
(Lee et al., 2013). The objective of the present research
is to study diesel and biodiesel blends PMs oxidation
kinetics by TGA method. The oxidation kinetics and
apparent activation energies would be calculated by
using chemical composition, micro-nanostructures and
oxidation temperature for better understanding and
future design of DPF configuration for diesel and
biodiesel blends engine application.

Figure 1. Distillation curves of palm-olein biodiesel
(B100) and conventional diesel (B4-5) in Thailand.
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2. METHODOLOGY

2.1. Fuels

A conventional diesel fuel (B4-5) was used and
compared with the results of biodiesel fuel derived from
palm-olein (B100: TIS 2313-2549). Distillation curves
(Temperature-Vaporization) of both fuels are shown in
Figure 1. It was clearly observed that diesel fuel could
be distilled in wide range of temperature due to fossil
fuel consisted of much kind of molecules whereas
biodiesel is quite pure molecule resulting in vaporized at
the constant temperature. The vaporize temperature of
biodiesel is higher than that of diesel. Therefore, the
high temperature inside the biodiesel engine combustion
chamber will be reduced.

2.2. Engine

Diesel and biodiesel PMs were emitted by
diesel and biodiesel small engine. The small diesel
engine has displacement of 638 cm’ and a rated output
of 8.8 kW. The small diesel engine is a single cylinder,
four strokes and direct injection. The fuel injection
pressure was approximately 19.6 MPa. The engine was
operated by constant speed of 2400 rpm on the Eddy
current engine dynamometer (Tokyo plant ED-60-LC).

2.3. Thermo-gravimetric Analysis (TGA)

The oxidation kinetics of carbon black (N-
330), PMs emitted from diesel and biodiesel engine
were investigated by using TGA method with 0.1 mg
sensitivity, 0.1% accuracy of balance mass and C of
temperature error. Non-isothermal method was also
used to investigate oxidation kinetics of each unburned
HC and carbon under the condition of temperature
increasing rate of 10 C per minute from 5 C to C
with 100% oxygen atmosphere.

Isothermal TGA test was also done for all PM
samples. Diesel and biodiesel PM samples were
collected at 80% load from the single cylinder engine.
Each sample was tested at four different temperature
including 450, 500, 550 and 600 C. Nitrogen was used
to heat up the sample to desired temperature then pure
oxygen is introduced for soot oxidation for one hour.
The same process is done with air as oxidizer. Chemical
kinetics of PM oxidation is studied by using mass
conversion behavior from TGA. The chemical reaction
rate in Eq.]1 can be calculated from the TGA mass
conversion curve based on the chemical kinetic in Eq.2.
Where PM is PM mass, ¢ is time, n, m are the reaction
order of PM and oxygen, respectively. The reaction
order n is assumed to be 2/3 as shrinking core model
because PM is like spherical shape. In order to calculate
the apparent activation energy (E,) of PM oxidation, the
chemical reaction rate constant k at each temperature in
Eq.2 is expressed by Eq.3. Where 4 is the frequency

factor, E, is the activation energy, R is the gas constant.
Finally, the apparent activation energy can be calculated
by Eq.4 using the Arrhenius plot.

PM + O, — CO, €]
d[PM
_APMY_ 4 pvyio, 1 @
dt
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3. RESULTS AND DISCUSSION

3.1 SEM and TEM images

Figure 2 (a) and (b) show SEM and TEM
images of engine diesel PMs. Uniform submicron scale
agglomeration and single of PM is clearly seen. The
agglomerate and single size were micron (fine particle)
and submicron (ultrafine particle) scale, respectively.
Smaller size of biodiesel agglomerated and single
particle PMs are clearly seen. Size distribution of PMs
was clearly observed by SEM and TEM images (Karin
etal., 2013).

Figure 3 (a) and (b) show SEM and TEM images of
engine biodiesel PMs. Uniform submicron and micron
scale of agglomeration and single of PM is also clearly
observed. The average agglomerate and single sizes of
both diesel and biodiesel PMs are approximately 100-
300 nm and 30-60 nm, respectively. PMs are collected
by the metal net from the exhaust gas during engine
running for PMs oxidation kinetics investigation by
TGA method. Chemical composition and morphology
of PMs surface will strongly impact on the oxidation
behavior of each PMs.

3.2 Non Isothermal PMs Oxidation Kinetics

Figure 4 (a) shows the mass conversion of PM
emitted from diesel and biodiesel engine. It’s clearly
observed that carbon black was start of oxidation around
5 while diesel and biodiesel Ms were start of
oxidation around 3 -4 . Ms emitted from biodiesel
engine were oxidized faster than that of PMs emitted
from diesel engine. Moreover, PMs emitted from the
low load operation condition of the engine were
oxidized faster than that of the high load operation
condition of the engine.
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(a) SEM image of diesel PMs (a) SEM image of biodiesel PMs
(b) TEM image of diesel PMs (b) TEM image of biodiesel PMs

Figure 2. (a) SEM and (b) TEM images of uniform Figure 3. (a) SEM and (b) TEM images of uniform
submicron scale diesel PMs. submicron scale of biodiesel PMs.
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(a) Mass conversion of PMs oxidation

(b) Mass conversion rate of PMs oxidation

Figure 4. Mass (a) conversion and (b) conversion rate of
PMs emitted from diesel and biodiesel engine in the
operation condition of no-load and 80% load compared
with carbon black by TGA.

Figure 4 (b) shows the mass conversion rate of
PMs oxidation. It can be described that the different
oxidation rate at each temperature range are caused by
the difference of incomplete combustion product inside
each PM. PMs can be clearly divided the chemical
consistent by consider the oxidation temperature zone.
Moisture is vaporized in the first peak at low
temperature  5— n burned is oxidized in
second and third peaks at temperature of  —4 and

3 -5 . in ally, carbon inside PM is oxidized in last
peak at temperature 5 —6 same as carbon black
oxidation.

Consequently, the unburned hydrocarbon of
engine combustion strongly impact on the oxidation
temperature and oxidation rate of PMs. Oxygenated
unburned hydrocarbon of biodiesel engine also reduce
the oxidation temperature and increase oxidation rate of
PMs. Much amount of unburned hydrocarbon at low
load condition of the engine operation is play important
role in lower oxidation temperature of PMs.

3.3 Chemical Consistent of PMS

Figure 5 shows the estimation results of chemical
consistent inside diesel and biodiesel PM in each
operation condition of the engine by TGA method. PM
of the diesel engine is consisted approximately of 4%
moisture, 68% unburned HC and 28% carbon of no-load
condition while medium load condition has 6%
moisture, 54% unburned HC and 40% carbon and high
load condition has 4% moisture, 38% unburned HC and
58% carbon, as shown in Figure 5 (a). Figure 5 (b)
shows the results of PMs emitted from the biodiesel
engine. PM of biodiesel combustion is consisted
approximately of 4% moisture, 83% unburned HC and
13% carbon of no-load condition while medium load
condition has 9% moisture, 77% unburned HC and 14%
carbon and high load condition has 4% moisture, 49%
unburned HC and 47% carbon.

PM in the high load condition has lower
unburned HC fraction than that of the lower load
condition. It might be expected that the combustion
temperature, the temperature of gas in high load
condition is higher than from low load condition, are
strongly impact to unburned HC fraction. Some of
unburned HC might be oxidized with remain oxygen in
high temperature inside the combustion chamber and
exhaust gas in exhaust manifold. PM from biodiesel
engine combustion has more unburned HC fraction than
that of diesel engine combustion. According to that
biodiesel fuel has lower heating value than that of diesel
fuel. In the same load condition, biodiesel must be used
more for fuel injection to combustion chamber in
combustion duration. More of fuel remaining in
combustion duration is burned to be more HC in PM.
The estimated carbon and hydrocarbon content inside
PMs are agree with the results of CHN analysis, as
shown in Figure 6. Carbon fraction inside carbon black
is higher than that of diesel and biodiesel engine PMs,
respectively due to unburned oxygenated hydrocarbon
of biodiesel PMs. It was clearly observed that carbon
fraction inside low load engine PMs are lower that of
high load engine operation condition due to unburned
fuels.
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Figure 5. Chemical consistent of (a) diesel PMs
oxidation and (b) biodiesel PMs oxidation using PMs
mass conversion by TGA.
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Figure 6. Chemical (carbon and hydrogen) consistent of
diesel and biodiesel PMs using CHN analyzer.

3.4 Isothermal PMs Oxidation Kinetics of PMS

The result of isothermal TGA at higher
temperatures including 450, 5 , 55 and 6 C is
plotted at Figure 7 and Figure 8 for oxygen and air,
respectively. The conversion rate of all 80% engine load
PM samples including diesel and biodiesel increases by
increase of temperature. The conversion rate of
biodiesel and diesel PMs is almost the same while after
introduction of oxygen at desired temperature the PM
sample from biodiesel shows a relatively faster
conversion rate in comparison with the diesel. The main
reason for all these behaviors is due to difference in
composition of PM from diesel and biodiesel.

The PM from biodiesel consists of unburned
oxygenated hydrocarbon (HC) in comparison with
unburned non-oxygen hydrocarbon from diesel fossil
fuel. As biofuels are oxygenated fuels, they may have
more oxygen content in the PM and this can boost
oxidation and thus biodiesel shows faster oxidation rate
in comparison with diesel. The increase in temperature
is also responsible for increase in rate of conversion.

The difference of composition of PM will
result in difference of apparent activation energy. In
comparison between oxygen and air, the conversion
results of air shows slower graph in all temperatures for
both diesel and biodiesel PMs. This can be due to lower
abundance of oxygen in the air (about 21%) in
comparison with pure oxygen and thus more oxygen
molecules can be present to start the oxidation reaction
with PMs, therefore faster conversion and oxidation can
be seen in presence of pure oxygen and slopes of the
graphs are sharper in comparison with air.

Figure 9 and 10 show samples of Arrhenius
plots of the 80% engine load PM oxidation with pure
oxygen and air respectively, by using Eq.4. The slope of
diesel and biodiesel PM oxidation with air are not much
different even some different results in the case of pure
oxygen are observed. Moreover, the calculated apparent
activation energies, £, which was calculated from the
results of the present research, of different PM oxidation
fraction are also showed that it’s not much different. It
might be expected that high engine load condition
emitted low concentration of unburned hydrocarbon and
much amount of carbon fraction which is same apparent
activation energy of soot oxidation.

Table 1 shows the comparison of calculated
apparent activation energies of the 80% engine load
diesel and biodiesel PMs oxidized with pure oxygen and
air in different PM burned fraction. The apparent
activation energy of biodiesel and diesel PMs with air
are in the range of 147-157 kJ/mole (with error of 3%,
152+5) and 153-165 kJ/mole (with error of 4%, 159+6),
respectively. However, the apparent activation energies
in the case of pure oxygen are very wide range. It might
be expected that very high concentration of oxygen
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cause very high oxidation rate of PMS and resulting in
more error of estimation. Consequently, PMs emitted
from biodiesel can be oxidized at the lower apparent
activation energy when compared to that of diesel
because the impact of some unburned oxygenated fuel
of biodiesel plays an important role in PM combustion
even though the oxidation behavior of carbon zone for
both fuel are not too different.

Table 1. The apparent activation energies of diesel and
biodiesel PMs oxidize with pure oxygen and air.

PM burned fraction Apparent Ea (kJ/mole)
Pure oxygen Air

Biodiesel 15245
Biodiesel 30% burned 147 147
Biodiesel 50% burned 181 157
Biodiesel 70% burned 206 151
Diesel 159+6
Diesel 30% burned 182 153
Diesel 50% burned 245 165
Diesel 70% burned 236 159

4. CONCLUSIONS

Diesel and biodiesel PMs oxidation kinetics
was clearly observed in this research. PM in high load
condition of the engine has lower unburned
hydrocarbons (HCs) fraction than that lower load
condition. The amount of unburned HC in PM might
effect in faster oxidation because oxidation temperature
at lower than 5 C of unburned HC can oxidization.
Biodiesel PM is easier to oxidize than diesel PM and
carbon black because of unburned oxygenated
hydrocarbon.

The calculated apparent activation energy
(non-isothermal method as practical use in the actual
vehicle) of biodiesel PM oxidation is also lower than
that of diesel PM and carbon black. The apparent
activation energy of PMs emitted from the biodiesel and
diesel high load engine is 152+5 kJ/mole and 15946
kJ/mole, respectively. Because of oxygen atom included
inside oxygenated fuel molecule promotes low PM
oxidation activation energy. However, oxidation rate of
PMs is strongly related to not only apparent activation
energy but also physical impact of reaction order and
frequency factor would be investigated.
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