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Table 1 Main characteristics of petroleum diesel fuel

(PDF) and biodiesel fuel (BDF)

Characteristics PDF BDF
Cetane number 59.1 56.1
Density at 15C /g cm ° 0.8218 0.8860
Flash point/C 63 150
Viscosity at 30C /mm?’s " 3.272 5.339
Pour point/OC —-7.5 -25
Cloud point/C -5 -1
Total sulfur/wt. % 0.002 <0.001

2:2 T4 —EIVARRBRHS R T HEE

T4 — B IVIREHRBERER I, T4 — BT v Y VIR
(H P BB Civilian U-BW40, 1994 4£8, =¥V Vi
X: ED-35 74 —¥ VT v Vv, BPERE: 3465 cc, HEAT
Pk : 1800 km, MBEHERIC b Al L) # T
Ty MEHHE T O T A4 Y v RkE (1700 rpm) TR
3¢5 LI2L 0 Y vEERE, T —E
a7 Ay — (ONVH A B DACS010-5A R) % v T
HWL, 0T a—27 v 7oL L 7.
DVAY = bSPTIR AR L7215, AR 25 m®
O ENT=F ¥ VN —=WIT, R EITV%H 5 BDF,
PDF & % \»i3 BDF/PDF iR A MAEHRBEIE R 23 A L, TSk
KAWL I ANz, BERKT D NOx (=NO + NOy)
B U8 CO X F ¥ Y N—WIZBT BIRED 2% KiliT
HY, HRAAE LTHOTHHEZWEHI LA, F v
YN—=ND CO KU NOx DIREXEML, oo
HRBEHEREA L AU X 2P O ) B vic &k ) E@FIR
Lo/, M RWEOMELRG L. KT
BiENnAR) 2—2x7H 75— (KAETLEH
Model 120) % W THEMHMEZ 1 )V ¥ — (Advantec #
QR-100) FICHi4E L 7. LR o257tk
900 L/min & L, 74 WV —FKHTO U RERKIG % #
FBDICEHTEICTANY — W LT, WEL
WFfoRERZ, WHENGBROTIVI—20r)RBTHIE
TR, N T ER LW ERE, DN TIRELFIL L
7z.

I

2:3 HARDBREAE

F X YN—=ND NOx KU CO X, k238X
NOx 73#r&l (Monitor Labs # MLIS41A) K ONH ZHIBEH
7 CO 777 El (Thermo Environmental Instruments Inc. %
Model 48) ZHWwCENZNWE Lz, Tz I U
KEOMOIZBWTD, LR NOx 55 O
# MEXA-1170HCLDV) (2X ) NOx i#EZME L7, BE
KEMOROT v Y N—ND NOx #EFE X b, #EX0TH NOx
BEDF v Y N—NIZBITBHREEZEB L, ZORREK
ZHRIHRERIITO COo, MTRELZ /Kb 72 F ¥
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UON—NIZBIT 5 A RFEIL, NOx, CO, R THL &K
E L7, HROMATIIE N SHRE LI TOBE L2 Hw

7z.

2:4 PAHs, NPAHs, 3-NBA EEHIFE

PEHUCHEN™ ) M) L 7o i 7 4 vy — 2 R ¥
Y-y = VIEW (8/1, v/v) TR L 20 55k
W32z eT, PEER TR o EEA YIS & i L7,
WHE % B F#K (Advantec # No.2) TIF®L, 5% K
AT MU Y NI, 20% WRERIAVE, KOS L 72
fh, B—=F ) —INRKL—F —|ZTHRE L7z, RHARIX
LEFE02um DAY TSy 74 V7 —TFBL, EFEXK
T CHAME# S mL DA ¥ ) — VICHEM LT, Bk
sux 7774 — (HPLC) 12X % PAHs, NPAHs KO
S-NBA JEHI I L2, T2, 74 —¥IHERK T5
50 HKYE oM IL#E L, KIE National Institute of
Standards and Technology (NIST) 2%t#G L T\ % FEd#ET
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2975 5~10 mg (2 LT LGg & FAkfliH - 5 LB 1
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& NIST OUREERRAE % i3 5 2 & Tk L 7z.
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X3S 6 ROMEEX AT S 11 HETH- /.
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AATANE, TLArFax—a EICEN roT.
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WAL (+89) @ 2 FIHD K P TIT - 72,

2.7 #H E

J7xF ALY (Phe), T F5%t> (Ant), 7NVF
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Fig. 1 Concentrations of particulate matters (PM),
NOx, and CO emitted through the combustion
process of BDF, PDF, and their mixtures

white-dotted bars: BDFy; check bars: BDFss; striped
bars: BDF75; black-dotted bars: BDFip. Error bars
shown represent one standard deviations of the aver-
age (n = 3)
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2. 7-=bhua XY V[a]l7 ¥ bTEY (7-NBaA) &
AccuStandard # % 72, 3-NBA (& [E] 37 R4 = 9 R 22 Bt
OABHFE L L VRSN 0F Wz, ZOMoR
AT, RS BRI LI HPLC 7L —FD b
D% 7z,
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3:1 NOx, CO, WFRE

BDF iR & OZALICHES, HEH NOx, CO J OHL T
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(LT EGree) W NOx 1%, BDF, D#BEHER (LT
EGo) T NOx EFEX W 20% Hh o7z, —f%IZ, PDF IS
BDF # N3 % &, & SO I EE 35 KGR ALIRE ]
A S IURELORBEREN LA 52 &, F22BE o
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ETLR T RY, NOXBEP LATLI &ML NT
W3, KEFFETH 72 BDF 2 O° PDF @& & MiilZ i3k
ERERIIRL, Lo TRERICBWTIIBRE OBH
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Ji, COREEX BDFIRGFOMIME & 1K< % 2

T, H R, StavaracHE, Hif [, HiEN, /79, B, Y« BDF #ABEHEAUH PAHs, NPAHs &5 243

ZRL, EGio ' CO I EG) H CO DR 70% 12
FTHH SN, ZORKFLRLIED, BDF ORI D
BB ORRBEDRAE S, AEEBRBEC L D CO DIAEHHD
fENB0EEEZLNDEY, Tho0RRIZ, hi
Ty STV % PDF/BDF & R O BRBEHER P A A 855
MEELOBEIE —~KTDLDTH o722, KT
b CO L FRIZ, BDFRAROWIMIZHE > THA L 7.
KA D RKEBITIATEERBE L o TELZ T 255D
TWwb. BDFIZHEENLMHEIZ, TTEKII DL
FIT Y 72 RIS R FEI 2 90 S B 720, 379 DAL % $1if]
THEEZLNTWSY, BDF I, 33 DIFNIC
BDF Z i 9% T A 7 VRO F PRI &, K7
EOWME D 72532 EHE IR TW A2, Rifgeic
BOTED L) REMIERD SN b o7z,

32 PAHs, NPAHs KU’ 3-NBA 2%

Table 212, AKX THESS L L7z PAHs XU 1-NP
@ SRM2975 25 DI 7R3, BRI, &4 OWE
il OF NIST O RERRREAE" % JR 18 L7z, W i
TlE, —#® PAHs IZBI L CTF 1 — ¥ VHERR T (DEP)
5 ORI N LR SN TB 'Y, KifsE
2BV TS 43D PAHs TH 5 Py KU Chr O ENLEIL,
ENENIY% R19% Lo 72. L2aL, HIRZFEOMH
SRR T 15% DT & T holtGWiconT /g
CEFELZENEIESN-Z E, BICES B2
WZEREOHMITL Y, AWIRICBWTIIHNYE O
ke LolERBS 2 L2, &8, 1-NP LUAtoHl
SEXT 4 NPAHs (2B L CId NIST 2 & 5 i 1 FHEEE 25 5
Nhahroiz2 &, THE—27 0B X ) —Ed PAHs 12
B LT SRM2975 5 5 DA RO b e ho7zZ &,
AR B WV TIEBREMEIRD#E VI L - TEU B HEH
PAHs * NPAHs i B ORI 19 22 240253 5 5Fli 23 & D
BETHDLEZEZONDLI LR EDD, Table 2 OEINE
W CERMZEHIICHNET 2 2 & i3fTbhro 7.

Fig. 2 (a) J U Fig. 2 (b) 12, ARFEERTHINT-H
PAHs % O° NPAHs, $-NBA O ##l[¥j7: HPLC 7 u~ 7
5L ZENZIRT. —HORFIIBVTIE, WENR
NPAHs DIl 2= ha 7t L y® 1-= baxy L ¥
HREPBHEINTBIL D o720, INHIZOVWTIRERSY
TTbhhhor:.

Fig. 312, PREMRBERFICSEA: L7z PAHs @, RLf-HiY
720 DI E KT, PAHs O I3 MK o BDF AR
LD EnFN b Lz, BDF BRBEHER R T (DL
T EPi) H' PAHs #2113, BDF, BRBEHEZRL T (DUF EP))
HIRED 11 ~25% \ZF TR L7z, BB si d K
W E N7 PAHs 1Z BaP TH ), IR D PAHs & ) &5
¥ PAHs ORI L D L a7 o
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Table 2 Concentrations and recoveries for selected PAHs and 1-NP in SRM2975 extracted by ultrasonication, fol-
lowed by purification using liquid-liquid distribution

Compounds NIST®/mg kg ' This study/mg kg~ ' Recovery”, %
Phenanthrene 17.0 14.7 867
Anthracene 0.038 NA.9 N.A.
Fluoranthene 26.6 11.1 42=*3
Pyrene 0.9 0.0807 9.0*0.2
Benz[a]anthracene 0.317 0.223 713
Chrysene 4.56 0.870 19+1
Benzo[e]pyrene + Benzo[d]fluoranthene 12.6 8.65 69 £5
Benzo[k]fluoranthene 0.678 0.699 103 £ 10
Benzo[a]pyrene 0.0522 0.0545 104 £ 2
Benzo[ghi]perylene 0.498 0.263 53+ 1
1-Nitropyrene 36 22 60 +9

N.A.: not available; a) Certificated by National Institute of Standards and Technology; b) Errors represent one standard deviations
(n = 3); ¢) Not determined due to an interfering peak close to the anthracene peak
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Fig. 2 Typical HPLC chromatograms for the sample solutions (upper) and the standard solutions (lower): (a) PAHs
and (b) NPAHs and 3-NBA

Abbreviations of the compounds are as follows: Phenanthrene (Phe), Anthracene (Ant), Fluoranthene (Fl), Pyrene
(Py), Triphenylene (Tp), Benz[a]anthracene (BaA), Chrysene (Chr), Benzo[e¢]pyrene (BeP), Benzo[b]fluoranthene
(BbF), Benzo[k]fluoranthene (BKF), Benzo[a]pyrene (BaP), Indino[1,2,3-cd]pyrene (InP) Benzo[ghi]perylene
(BghiP), Dinitropyrene (DNP), Nitropyrene (NP), Nitroanthracene (NA), Nitrophenanthrene (NPh), Nitrofluorene
(NF), Nitrofluoranthene (NFR), Nitrotriphenylene (NTP), Nitrobenz[a]anthracene (NBaA), Nitrochrysene (NC),
Nitroperylene (NPer), Nitrobenzo[a]pyrene (NBaP), Nitrobenzanthrone (NBA).

Fig. 412, BDF{REFEDOELIZHE), HEH NPAHs KT X EP HIEED 13% Tho7z. —J7, R HIRENRD
3-NBA DiEZAIL %R Y. PAHs & [AARIC NPAHs DR K S WD > 72 NPAHs (X 7-NBaA T, EPig FIREEIX
L, BDF ORAEFOHIME & DK T 2R SN EP MIRED 56% & % - 72, BRBEFEEIPIIC B\ T NPAHSs
725, ZOWVEIWEICL > TRELE LT & &, FIBWETH S PAHs ~NORET= F afbUSIC L >
bR TR E AR S N2 DIE 1,3-DNP T, EPy TIRE  TERTZEEZONTWS., = bufti#lob L L
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Fig. 3 Concentrations of PAHs in the diesel-engine
exhaust particles emitted through the combustion
process of BDF, PDF, and their mixtures

white-dotted bars: BDFy; check bars: BDFy;; striped
bars: BDFy;; black-dotted bars: BDFo. Error bars
shown represent one standard deviations of the aver-
age (n =3). Abbreviations of the compounds are the
same as in Fig. 2.
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Fig. 4 Concentrations of NPAHs and 3-NBA in the
diesel engine exhaust particles emitted through the
combustion process of BDF, PDF, and their mixtures

white-dotted bars: BDFy; check bars: BDFys; striped
bars: BDFy;; black-dotted bars: BDFo. Error bars
shown represent one standard deviations of the aver-
age (n =3). Abbreviations of the compounds are the
same as in Fig. 2.
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EP1o HIREEIL EPy HIRED 80% L %512 & F 57,

3:3 N2t &% BDF OMEHR

BDF ([CXV ¥ V% 5% KU 20% (KERAGR) &HS
E72RE (DR 221 BDFys, BDFua) % BAME S 7215
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PM NOx CO

Fig. 5 Relative concentrations of particulate matters
(PM), NOx, and CO emitted through the combustion
process of BDF and BDF/benzene mixture fuel

black-dotted bars: BDFig; gray bars: BDFgs; black
bars: BDFgg. Error bars shown represent one stan-
dard deviations of the average (n = 3).
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Fig. 6 Relative concentrations of PAHs emitted
through the combustion process of BDF and
BDF/benzene mixture fuel

black-dotted bars: BDFig; gray bars: BDFgs; black
bars: BDFge. The concentration is assigned nmol
mg . Error bars shown represent one standard devi-
ations of the average (n = 3). Abbreviations of the
compounds are the same as in Fig. 2.

—EDOMEER L. —F, COMEREINRVYEVEHICLY
LRT M E R, ZOENS, BDFIIRVYE Y
ERAETAIEICLY, BEOREREIIH STV D
ZEDHD.

Fig. 612, BDF), BDFy; LU BDFpy MRABERFIZFEAE L 72
PAHs @, HE&0RT-H &8 Y72 D 1280 5 i O BHR %
7R . BDFps MRBERE OHFER T PAHSs i B2 1% BDF, A%
BEIFEAEEDLL LD 572DIA L, BDFuy BREER IS
TREDSRA L7z, LarL, Fig. 7 &0, HfLZe&EN 7
DO PAHs IEEEIE, XYL VRIMCEDIEEAEEILL T
WP ENGN L. T, HERORR TR,
BDF, X OF BDFg; fEHIREIZ B W TR E L ELIER S e
A%, BDFpy IR IZ 1 BDF, IR L TR 60% B
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Fig. 7 Comparison of concentrations of PAHs emit-
ted through the combustion process of BDF and
BDF/benzene mixture fuel

black-dotted bars: BDFigp; gray bars: BDFps; black
bars: BDFge. The concentration is assigned nmol
m °. Error bars shown represent one standard devia-
tions of the average (n = 3). Abbreviations of the
compounds are the same as in Fig. 2.

L7z, L7223, WFEEN7-0 OPE PAHs RERA
& BDFpoo fEHIFIC BT AR TFIREOWEMIZL Y 256 S
NTHY, PAHs DFFHEZD L DRIV E U HINc L Y
BEALEBEZTCO LD EZ DI ENTES.

3.4 EEREFEMHER

Fig. 812, BDF JtU* PDF #ABEHESRLF-H SOF 12K %
I—AATAMOFERERT. 480 OREFR {TA100
(—S9), TA100 (+S9), TA98 (—S9), TA98 (+S9)}
Db & T, EPig 1 SOF DERFEIH R, EP, O Zhi
L TENEN, 19, 15, 22, 17% [ CTHE S, H
W 7 RO S OISR L O 22 b 59, BDF
ORI X Y PR OZ RS RIFICHHRI S s 2 &

PR L7z, SoZkiddhbb, RKFETllESSE L
72 PAHs + NPAHs (ZBR &9, ZREEICHT 2555 K

SVPH PR RRICHHR SN T VWD Z L ZRLTW
5.

3.5 MREHARR A HEE PAHs, NPAHs KU 3-NBA igE
ICRIFTE

ARFZE TIZIRB DA O S hid — IR 72N T 72720,
PR E N5 PAHs IEEZ 72473 2 ZRIIIEL 2 D b D DMl
RICHDEEZONS.

PDF & BDF OfiEM & LT, 1 ICBRHPOBESH
®HAEIT O N 5. PDF KRGO ALK I OTF
FERAKETHE SN, BEXZIILALEE RO
L, BDF HIZIF 10% RIEOMENEG I TVWE., T4 —
LB BT, PDF H OB S R ALK FE L PRBEIE (5
EHOTNVFN T A NNEBGHEI N, ZNODBL - fi
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Fig. 8 Mutagenicity of soluble organic fraction of
diesel-engine exhaust particles emitted through the
combustion process of the fuels

black bars: BDFy; gray bars: BDFip. Error bars
shown represent one standard deviations of the aver-
age (n = 3).

BFEBOIBETZEICE) PAHs DVERT L EEZONTY
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T/, 7 M UREE AT S 3-NBA OFEHEIHI AR H 8
WAfTbheh o722 &b, FERIC BDFICE N HRFEL
JARTH A EHEW S NS, 3-NBA TN R ERIEWE T
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BIRILEW X, ZoErdb=btayRyIEs ) v
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LT MHBEIC, BDFHIC L 2 HEHBIHIRh R /AL T
BLULENH A .

%2 ® PDF & BDF ICBIF Ml iie LC, BREFoI;
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In this study, we carried out measurements of genotoxic organics, i.e. 11 kinds of polycyclic
aromatic hydrocarbons (PAHs), 8 kinds of nitrated polycyclic aromatic hydrocarbons (NPAHs),
and 3-nitrobenzanthrone (3-NBA), in diesel-engine exhaust particles (DEP) from combustion
processes of biodiesel fuel (BDF) synthesized from vegetable oils, petroleum diesel fuel, and
their mixtures. All PAHs and NPAHs in the DEP collected decreased with increasing the con-
tent of BDF in the fuel. The reduction rates of PAHs and NPAHs emitted from the diesel-
engine by replacing the PDF to BDF were in the range from 44 to 89%. While the reduction
rate of 3-NBA, which is one of the oxy-aromatic compounds, was lower than those of PAHs and
NPAHs, it was only 20%. PAHs can be generated by the cyclization and/or polymerization of
hydrocarbons, especially of aromatic hydrocarbons, when fuels incompletely burn. However,
BDF containing 20 vol.% of benzene showed no increase of PAHs and NPAHs emission com-
pared to the BDF without benzene through the fuel-combustion process. This fact indicates
that the drastic reduction of PAHs and NPAHSs by using BDF is not due to the content of aromat-
ics in the fuel, but the high oxygen content in its molecular structures. The mutagenic activity
of the soluble organic fraction of the DEP also remarkably decreased with increasing of the BDF
contents in the fuel. Itis apparent from the results that BDF is a quite effective alternative fuel
to reduce the genotoxic potentials of DEP.

Keywords : biodiesel fuel; polycyclic aromatic hydrocarbons; nitrated polycyclic aromatic hydro-
carbons ; diesel exhaust particles ; 3-nitrobenzanthrone.



