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Physical and Chemical Characterization of Diesel Particulate Matter
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ABSTRACT

This research is study of physical and chemical characterization of diesel and bio-diesel particulate
matter which the nanostructure and chemical component are very complicate. The primary size distribution
of each particulate matter can be estimated by using the images of scanning electron microscope (SEM)
and transmission electron microscope (TEM). The size of carbon platelet inside diesel and biodiesel
particulate matter is approximately 0.5-3.0 nm. As a result, the density of carbon atom inside particulate
matter is about 50-250 atoms/nm’. The primary sizes of diesel and biodiesel particulate matter are
approximately 50-60 nm and 30-40 nm, respectively. Moreover, particulate matter of biodiesel combustion
is about two times lower than that of diesel. The chemical kinetics of particulate matter oxidation was
studied by using Thermo-gravimetric analysis (TGA). The apparent activation energies of unburned
hydrocarbon of biodiesel, unburned hydrocarbon of diesel and carbon inside both of PM oxidation are
approximately 91, 133 and 155 kJ/mol, respectively. Unburned hydrocarbon and carbon could be started of
oxidation at the temperature of 400 and 500 °C, respectively. The oxygen atoms inside biodiesel molecules
may be affected to biodiesel particulate combustion, resulting in small primary particle size, low PM
concentration and low apparent activation energy of oxidation. The advantage points of biodiesel are
clearly described in this research. Particulate matter trapping and oxidation behaviors inside the micro
porous structure of DPF wall will be studied and reported by next step. The result of this research will be
improved our understanding of such complicate behaviors, and it can potentially facilitate the future design
of ideal DPF configurations.

Keywords : Diescl Engine, Particulate Matter, Diesel Particulate Filter, Emissions, Pollution, Biodiesel
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Engine Combustion Control
Common-rall,

Pre-treatment

Bio-fuels, EGR (Exhaust Gas Recirculation),
Oxygenated Fuels Spray pressure, Spray tfiming,
Additive catalyst, Spray time, Swirl mixing,
De-nitride, HCCI (Homogeneous Charged
De-suifured, Compression Ignition},

GTL (gas to liquid],
ete.

After-treatment

DOC (Diesel Oxidative Catalyst],
DPF (Diesel Particulate Filter),
DPNR (Diesel Particulate NOx Reduction),
CDPF (Catalyst DPF), hitp://www.ywvoriex.com
Plasma DPF,

Urea-SCR (Selective Catalyst Reduction)
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Advanced biofuels e bio

Basic and applied R&D Demonstration Early commercial Commercial

Bioethanol

Dieseltype
biofuels|

Other fuels|
and additives

Biomethane

Hydroge

B8 Lquid biofuel ¥ Gaseous biofuel
1. Biomass+o-liquids; 2. FischerTropsch; 3. Dimethylether; 4. Biosynthetic gas.
Source: Modified from Bauen et al., 2009.
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Carbon neutrdlity, or having a
netzero carbon footprint

Combustion

Ethanol : Carbon
Dioxide

The Greenhouse Effect

Some sunlight that hits

CO: and other gases
in the atmosphere
k

Plants

http://pmuehlistae di77.files.wordpress.com hitp:/ ;www.ecosmartfire.com/en/biosthanol-fireplaces

Y

Carbon Neutral
Solution

Greenhouse Effect
Problem
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1.4 EMIAUIUNMII9Y

14.1 AnmgudnuaznismenmiazinlvecniveynialayldndesganssmiSianasou
UUUAUATIS (Scanning  electron microscope: SEM)  LiaznABIBAAATOULLLNT TUATYIU
(Transmission electron microscope: TEM) fhw%'u"imﬁzﬁﬂmﬁnﬁﬁmamﬂmw”luizﬁ’u"luiﬂi
uezwnTuaina uaz msAnyudruaemunfilaeld Thermo-gravimetric analysis (TGA)
Energy dispersive spectrometer (EDS) CHN Thermal-Analysis Hhudu

142 fAnwmgAnssumsmisauafiveymedis  gunsalnsewwafiveoyninfia  (Diesel
Particulate Filter: DPF) Tasmsadugagunsaimismagenfiaunsadadmansenumeninusiy
UANAT (Pressure drop) Utae UszAnEA1MNA15A509 (Filtration efficiency) THALIUNITANLAE
aaeuaRyoyNIA
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2.1 wfauazngqundnvesauide

2.1.1 uaﬁmummmm‘%mauﬁ (Engine’s Particle Emissions)
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1 53 g L% o .
fu (Reactants Internal Energy; Hp) Lmawumzmuaﬂﬂuﬂmaﬂymzmww‘uaﬂmmmaa
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(Activation Energy; Ea) mﬂTmaf;ammmsmw’fuﬁwnuﬂu'lmmwaﬂaz‘lummmﬂnumtﬂu

a o 9/ o H Yy 3 =1 a o ¢ 9
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4 5 a a 3 1 { a )
arfveuveuen lvdguilumshilufisuazifadudeunzifamsm lvinauysouag
a o o
amodluaisueulneonlad

CyH,s+12.50, ->8C0,+9H,0 1)

CyH, +12.50, +12.5(3.76)N, — 8CO,+9H,0+12.5(3.76)N, )
C,H,; +100, +10(3.76)N, — 3CO,+9H,0+5C0O+10(3.76)N, | (3)
CoHyg +150, +15(3.76)N, —> 8CO,+9H,0+ 50, +15(3.T6)N, @)

2.1.2 waduninnsm lndveunsossudyaszifindaun1son (CI Engine Emissions)
& ol o (] ° ?1 a I'4
wsesguan ¥ ludeiiu ldmansavhauldasmunguinanus msizlnsdines

J [ 2 i e s ) '
Buq Mifedeanue ldmswn Indveademas limuysel dweasluaunis (5)

C,H,,+ Air (O, + Ny) = CO,+H,0+CO+NO+OH + Oy + N, + H, + O+ H+ N+C, .y +C.H, ()

A ‘ = o g & { a a a 9
inFessudasziiamismsanTensotudaatiuneudn Wilss@ninmiBen nudou
gegalwnsessudduadnelunldlusosuddegiiu enFoufvuiinisz Tnandeaiy

MY A 4 & 3 & 40
aaiumamuLTans 1esesudaralusosudiialduniufifudnmadennilehae

o/

A a a o g a { 1o o o
utlszdndamlunsldndinuanidomiunal (Liquid Fuel) Wllegiiiauazduiiuniszae

4 & o - 3 o
aamsddssfaniiveu lasenlad (o, Fuiluaungnanveslywilanioudie edielsh

A £t ! a o k o ¢
mursesudaadesuaRveynnveuds (Particulate Matter (M) uazinaesn lxdves
TuTasiou (Nox) Tl naiguiiodeuduniesoudiuudy vaRuassridadindniinade

[} 1 S 1 < - 9 d a o g dAd o o
sgunndegnmueNyrd Y ueFdluilen uagannzedentiuiy dniuvaanusuilu

o o =

a 3 =) g
NITABINIANANH ADITUAU

) & (&) A 9 AAd o 9
Mﬁwyﬂuﬂ‘lﬂ%‘lﬂlﬂi’e)»ﬂEluﬂﬂl“lfﬁi]TﬂNﬁiNVl'Nﬂ'lUﬂ'lWLLﬁ:ﬁLﬂiJVI“]f‘lJ‘]fﬂuiJ’lﬂ

Usznounivaesdaufie dauusnidluveauda (Solid Organic Fraction; SOL) fidaudlszney
3 ¥
nanfe A1fueu(C) uazldveslany (Metallic Ash) uazarunaouiuvounrar (Soluble
. . 1 o A&’ o 1
Organic Fraction; SOF) idautlsensundnaalalasaifueu (Hydrocarbon) 21nFaiwaI A

Tuiliiouysel oyminudazaynIn (Primary Particle) Jvutnilssurar 20-60 u1Tuwas
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(Ultrafine Particle) uagazimziuiilungun (Accumulated Particle) ¥11a1/531104100-300 11 Tu
a3 (Fine Particle) Aouse IHadnfiRnoinnsidessifinasou (Thermionic Emission) ag
Sudiinaseu (Electron Capture) w04 luianamsvey éqxﬁﬂﬁuﬁﬂnnsqmﬁgﬁquwimﬁﬂ
man Insfludeannsl dumasluamd 22 vwamsinizaguiuvssuafizoynamunsa
useenifuaunguing Ao ngquusaidlumsinmznguivainng musausuitulddea
nldh Fewinaezaglugdag 1-10 lunaseu 1efidundt BM10 ias PM25 Taodamudiandaes
venvwalusy luaseuthues ndossudludlsemeiide ldduaaunvediansanuiiy
PM10 Hag PM2.5 amtesouuialyl mamizaguluvinafiluginndndnifannnism
TniounSassudiiseiniamd ilikiafuouuag leTasarfuoufion st luauyseign
UaessemnluFinadfigunn daudsemafiinnuduaamengnuouaiy fezwnios
safimeyniafiiumadinlussauding: 1 luaseu Fus1eziundt Fine Particle, Ultrafine
Particle (1A Primary Particle AawiNafidnassos dumaslunni 2.3 Ssitdsgoueaiuiiu

aunguousilutloamuiu

Fine Particles
2 4 Dp <2.5 um
2 eh Nanoparticles
5 Dp <50 nm
g ' «—
%_ A gltraﬁne Particles PM10
é p < 100 nm Dp <10 pm
-
e R
g ' [ -\
i~ *
[=] Y
5] ;
3 ;
E Coarse
o N S
2 / Accumufation *, Mode
LT & Mode N, .
0.001 0.010 0.100 1,000 10.000
Diameter (um)
{-eeeee Mass Weighting Number Weighting |

A 2.2 msudelszinveaafizoyninnnmsm ludmuvinaveseynin
i D.B. Kittelson, Engines and nanoparticles: a review, Journal of Aerosol Science, Vol.29,

pp.575-588, 1998.
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2
R, 0355 m
A1
i
Platelet

Crystatlite

Agglomerate particle 100-300 nm

...____75%
Primary particle N \r\'-é/% « 1,000 crystallite
20-60 nm 72T 1,000,000 ’
/4;,\ " 1,000, carbon atoms .
= S SS—
Particle
SOF
OL Smith, Progress in Energy and . ook ‘ ‘
Combustion Science, Vol. 7, pp.275- s VOF & Metallicash
291,1981. AM.M. Maricq, Journal of Aerosol Science, Vol.38, pp.1079-1118, 2007.

= ° a A oIt o
7w 2.3 pmdiassuaiveyninininIessuaaiwa luszau luTasuazui Tumna
= .
NU1: M.M.Maricq, Journal of Aerosol Science, Vol.38, pp.1079-1118, 2007 116 O.L.Smith,

Progress in Energy and Combustion Science, Vol.7, pp.275-291, 1981.

22 MINUMIHITINNTIN
2.2.1 qmﬁnumwamaﬁuwmﬂ (Particle Emissions Characteristic)
PJogriuninindesganssenididnasouiuudeins 1 (Scanning Electron Microscope;
SEM) uazﬂ'ﬁm‘qamsﬂﬁﬁmﬁnmauuuuﬁmmu (Transmission Electron Microscope; TEM) {1
19 umsTinszvIassadranenenmusanaiiveymari idamnsadh lanazaiise
a'ammuszuuﬁﬁ’ﬂuaﬁyaumﬂ"lvﬁﬁqﬁu satimaalunInd 2.4 (7) ndhouaRsoynIni@e)
fundosdifinasounuudesiu (TEM) nnil 2.4 () nwdionguuaiyoyninviiaifinnd
wildlunsou drondeedidnaseuluudeInsIa (SEM) uay nni 24 () Away
PM2.5/PM10 #aundesdidnaseunuudainaia (SEM) i5musausuituTaseadians
mMunmvesaiEayMARLY MI3innguuosuafiveynialuszaui Tuwasuag luasou
atFau udod s f]mﬁuﬁ‘ﬁmqmumwua:mﬁtﬁmﬁummimﬂﬁ'uuuﬂm"lﬁ“lmhq
ﬁn'i'nmﬂ%uadf‘fuﬂﬁxmsﬁnm-uaam‘%awuv‘ﬁm:ﬂmﬁuﬂ'ﬁn"iad’mﬂszﬂaumuﬂﬁum
Li{alwﬁwﬁﬂ&uq Faianusufuediadafideqldrunsiseluddnioud lvdynidanan

ao 11/
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71U 2.4 ammveswaiiveyninlavldndesdidnasou
A H. Oki, P. Karin and K. Hanamura, “Visualization of Oxidation of Soot Nanoparticles
Trapped on a Diesel Particulate Membrane Filter”, SAE International Journal of Engines, SAE

International, Vol. 4 no. 1 pp.515-526, 2011.
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2.2.2 gilnsainseuaiyeynARIYA (Diesel Particulate Filter; DPF)
. . . [ { { o o a 2 Y
Diesel Particulate Filters (DPFs) Shugilnsalivimihiidsauaiveyain Faldfuns
sonuuudausuamsnlfausdiuninateluns dnduinsosud Tudegaiu
E4 1 ]
maTuTagfigmhun l9tudsemaiflinguuneyaRuduvinunng gy anamelsd Giu uay
¥ v
aiiim madgUnseidananezgninldlutlszmealnelusuinadulndil Taeialy DPF
= y g w N = 1T an 4 .
vl laseauiludaguiu (Porous Media) NNAADINIYS 1A 17U Fanouns lua (Sic) uag
da a ¥ U 5 v 4
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o 4 1 o - Y a 1Y
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vy o 2 =4 o o =
138eTagniu Fauuaun1siliiend1 YUIUNSAN (Trapping Process) UagHHdnINUanyY
Y o & o 1 d 2 a o A 4 a
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v ¥ do o 4 LY o o a a = g X - = a
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2117 (DPF Regeneration Process) aauanaluninh 2.5

Cy,y +0, = CO, (6)
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27 2.5 unsainsesuaiyoynndisa (Diesel Particulate Filter; DPF)

fu: P Karin, “Lecture Material of M.Eng.(Automotive Engineering), KMITL.
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3.1 QEIANUUENNNIBAIN (Physical) taz (AT (Chemical) ¥oauaR¥o YA (PM)
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&’ a { a g @ o { a ° ]
wamdsRafndaanifudy uaz luTefwa (B100) NnAauazsinuisaly

% a Y a | j a
WATFIUOARINATTY (UDN. 2313-2549) %awammmnumuﬂﬁﬂaau gﬂ“l«i’r'tﬂumamm“lu

3 ]
n152981 aanaaslumisei 3.1

{ ] g Coa
M1979% 3.1 guandifveutemasluTefiara

Test Parameter Result

1 Methyl Ester, %wt 97.9
2 Density at 30°C, kg/m’ 864.1
3 Viscosity at 40°C, cSt 4.5
4 Flash Point, °C 184.5
5 Sulphur Content, %wt < 0.0001
6 Carbon, on 10% distillation residue, %wt <0.1

Cetane Number 68.2
8 Sulphated Ash, %wt <0.001
9 Water, %owt 0.028
10 Total Contaminate, %wt 0.0003
11 Copper Strip Corrosion, %wt la
12 Oxidation Stability at 110 °C, hr 26.3
13 Acid Value, mgKOH/g 0.1
14 Iodine Value, gI,/100g 51.5
15 Linolenic Acid Methyl Ester, %wt 0.18
16 Methanol, %wt 0.03
17 Monoglyceride, %wt 0.31
18 Phosphorus, %wt <0.00001
19 Cloud point, °C 14.0

137356
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3.1.2 Huwaiveymaoinmlad Twuuuuns
= 1 J = \ =
Winawafizeymannnad IMuuuuniveuyemdwdazsilamuisodnu ldon
1 { ~ 1 o A
ammoitidnnmaiianisconwdayiisu (Schlieren) dauanslu ndi 3.1 Tavanuduvos

waa Iainsathueniinnuuandsvessunauaiveynnld

Pin hole

Concave mirror 2

AT 3.1 gUnsald iy matian1saunIn@aueisu (Schlieren)

;P Ornman, Master Thesis of Automotive Engineering, KMITL, 2555.
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3.13 Busefiveymannaieseudduailniely
a N ) i a 1 ~ Y
WuawaRveynannmeseudduamlaeluildmdwdasrilaannsofnunld
> a o w y et 2 A4 a
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= é [ 3 o/ 1 ] o/ o [J o
uafiyeynIAFNAdnTu gilnseidinaniFendiginsalianiudi (Smoke Meter) AQuaAS

4
lunmin sz
v
Fucl Tank . T

Smoke Meter

Tiener =

" 1
Extisust Gas Tesp , 1 .

T SmokeLevel  Air Dryer Air Compressor

Control Unit
CoolingWater | [ 12 [
_ St O o
ety = T A b= T
o Temperature Indicator ' o

Weight Scale

4 a g 4
i 3.2 leezunsuudasganageuinayaiveymaninmsesoud

A A Butmarasri, Investigation of DISI Engine Particle Emission, RCNRE2012, 2555.
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AABIYANTIMIBIAAATOU (Electron Microscopy) 1an13invuInoynIAnguvasNaiyoynin

a Vv 3 ' LY da o .
aunsahladenisldnimaeainadesqanssmidianasounuuaunile (Scanning electron
microscope: SEM) aauaadlunini 33 lurhusufeadunisiavuiaveseyninifeives
uafyoynIn dwsasi lanienisldaimarvainndesganssmisianasounvuaunils
. (Scanning electron microscope: SEM) Aduaadlunini 3.4 msinvuinvssuaiyeynia
o g9 o 1 A 9 a I 1 9 a 4
mnserh lddaemisianinamae lasasmiesnazldmsim e nmaedrenoufiaunes

. . ‘é 1 o 1 .
Image Processing Technique) Fallanuazuaiudinnnii



20

AW 3.3 NdBIaNIIAMIDianAIBUILLALIATI (Scanning electron microscope: SEM)

e http://www.icdam.cz/en/laboratories/electron-microscopy

MW 3.4 ndoagans sIBIAAATOUILINT M ATYHU (Transmission electron microscope: TEM)

e http://www.mtec.or.th/laboratory/tem/
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A 4 o 1 ° aan 4 a
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A 3.5 gUnsainadeusasimsifalfisounil (Thermo-gravimetric analysis: TGA)

A http://us.mt.com/us/en/home/phased_out_products/

3.2 msmidananiveynindegUnsainseanaiueynin (Particulate Filter)
321 AnwmgAnssumsmauaiveyninday
msfnyIMgAnssumsanuazimafiveyanansavh lddomsadenaceunis
AnuazinuaineynIndaugUniainseauaiueyn AR (Diesel Particulate Filter: DPF) Tay
msafugagUnsaimsnaneufimuisodaninansenuveInMUALIANA  (Pressure  drop)

uaz UseAnTnImmsnses (Filtration efficiency) luvprumsanuazaavuaiveyninld
A
ueraalu pni 3.6
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(d) SEM (left) and TEM (right) Images of Biodiesel Engine PMs
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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 Apalysis (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 2080 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,
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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 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.

Desiccantagent

VacuumPump

/

Thermocouple .

ElectricHeater

i . Paper Fifter

. Pressure Sensor f Computer
Diesel Engine TS0 el L.
Dynamometer " Datalogger |____. {
_______ -
Weight Meter

Fig 1. Experimental Setup for Particulate Matter Quantities Investigation.
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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 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
oC.

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

C+0, - CO, W

The chemical reaction rate in eq.1 can calculate from the TGA curve based on the chemical
kinetic in eq.2 :

_%=—k[c]" o, @

Where C is particulate matter mass, ¢ is time, k is the rate constant of chemical reactions, m, »

are the reaction orders. The dependence of the specific rate constant of chemical reactions & is
expressed by eq.3

k=Ae™™'™ &)

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

—Ldc]|__E 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 Dital Camera (b) Schlieren Method
Fig 2. Biodiesel (B100) and Diesel (B0) Diffusion Flame by (a) Optical Digital Camera
and (b) Schlieren Mthod Images [18,19].
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Fig 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.
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Fig 4. Engine’s Diesel and Biodiesel Particulate Matters Concentrations by Smoke Meter at
(a) DPF Inlet, (b) DPF Outlet, (c) 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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(d) SEM (left) and TEM (right) Images of Biodiesel Engine PMs
Fig 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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Fig 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

Fig 7. (a) TEM and (b) Post Process (by Hand Draw) Images of Carbon Platelet inside
Particulate Matter.
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Fig 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.



47

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.
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Fig. 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

e 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.

o 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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