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Outline and Study Objectives

Conduct dynamometer experiments to colleatiesel exhaust
particles for physical, chemical and toxicological analysjsalong
with real-time data

Conduct physical €.g. PM mass and size distributioy chemical
(EC, OC, organic compounds, trace elements, inorganic ionand
toxicological [dithiothreitol (DTT) and macrophage reactive
oxygen species (ROS) assgysharacterization of the collected PM
samples.

Perform data analysis and preparemanuscripts for publication
In the peer-reviewed literature.

Prepare quarterly progress reports for CARB.

Prepare and submit the final report to CARB




Emission Sources

of Air Pollutants
Traffic, Freeways,
Ports, Power plants
Freshly emitted
mixture of non-
volatile PM, SVOC
(PM and vapor
phase), VOC, primary

2. Atmospheric Dilution

* Phase transformation

« Volatilization of primary
SVOC and partitioning
from PM phase into gas
phase
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3. Atmospheric Aging and Photo-

Chemical Reactions

* Photo-chemical reactions of gas
phase SVOC with O3 and oxidant
gases

* Formation of Secondary Organic
Aerosol(SOA)
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Test Matrix
4 vehicles, 7 configurations, 3 driving cycles {se) UDDS, Idle)

Baseline

Veh#1, 1998 Cummins .
Diesel 11L, 360,000 miles

Zeolite
SCR

| o,ooo mi 0 mi © Z-SCRT®

Veh#22006 Cummins Diesel w/ Allison Hybrid drive
5.9L, 1,000 miles

CCRT®

- Veh#3 1999 International Diesel 7.6L, 40,000 miles

30,000 mi

", - Veh#42003 Cummins Diesel, 5.9L, 50,000 miles

Horizon
Source: Herner et al. 2007( AAAR)

1,000 mi

31,000 mi




Experimental Set-up
Q=2600 or 1600 cfm

Dilution Air CVS—@ @
—
e
% Cyclone

-_-_q ____________________
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EXh&llSiIZ from _I Evaporation tube E
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| S S —

' '

EEPS

High Volume
Sampler

MOUDI-

Thermal Denuder
T=150°C, 230 °C

CPC



Chemical and Toxicity Assays

1. High volume sampler: Integrated PM samples collected on
the Teflon coated glass-fiber filters

() Redox activity of PM : Measured by consumption rate of
dithiothreitol (DTT) and Reactive Oxygen species (ROS)
assay

(i) Water soluble organic carbon (WSOC): organic
speciation (GC/MS)

(i) Water Soluble Metals and Trace Elements

2. MOUDI-nano-MOUDI (10 nm — 10 um)

() Inorganic lons (nitrate, sulfate, ammonium etc): lon
Chromatography

(i) EC, OC: Thermal optical method

3. Thermodenuder: Teflon filters : Non-volatile PM
1) Redox activity (DTT)
i) WSOC , GC/MS, inorganic ions
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Particle Number vs Mass Emission Factors (EF)
from Older and Newer Diesel Trucks
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Mass PMemission rates forbaseline vehicle are 25- 100 times
higher than those of the rest of the tested fleet




R = Ng, a0t/ Ntp = Ratio of volatile/ non volatile number of particles

- Newhaust= T0tal dilution corrected particle concentration
- N1 = number concentration measul®dCPC after the thermo-denuder
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BCruse OUDDS | The EAD electrometer current is
given by

I=Np * Nt * Q *e
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' Np =Charge (charge/particle)
attachment 9.0181* Ds!-13
(Jung and Kittelson, 2005)

DPX
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Ba=s=line
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Vehicle

e = Elementary charge, 1.6 x f&oulomb

Q = Aerosol flow rate through EAD, 1.5 lpm

Nt = Total exhaust particle number, 10-1000nm fiolS; 10-523nm for EEPS.
Note:Particle number in the size range of 523-1000nmgsgnificant

| 11.13
D
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BCruise JUDDS

Mass Specific Surface Area : S/M (indicator of PM agglomeration)

A = Mass specific surface area?gm)

S= Surface concentration, ir? km-?

(EAD current was converted to particle surface amsang the conversion factor
of 65 um/pA (R°= 0.9, Wilson et al., (2007).

M = Total particle mass between 10nm-2.5um Nano NdO&tages, in mg krh



EF (mg km™)

12

50

Cruise
1.0 - |
— . cC - 40
] WSOC
08 - =1 WIoC
e - 30
06 -
‘_
+ 20
04 L
0 10
0.0 ' : 0
” X 5 c
O o) N D
? g ‘
N I m

Higher EC and OC emission
In UDDS than cruise cycle

—

Biswas et al Atmos
Environ, 2009

EF (mg km™)

EF (mg km b

* High EC content of
baseline vehicle

* Noticeable increases in the
mass fraction ofwater soluble
OC in newer vehicles

06

054

V-SCRT

UDDS

o
EF (mg km™)

corr Il
[ ra

Z-SCRT
DPX

Horizon -

Baseline



Cruise 50 mph [ Sodium Ammonium = Potassium [ Chloride

30
CRT Z-SCRT" DPX Horizon m Nilrate H | Sikiin - o

£ 2ol Nuc: 0.01 — 0.05@m
£
g s UF: 0.056- 0.18um
g 10 Acc: 0.18- 2.5um
| é@‘@ m. B

0.0 % B‘E'Lll l 7 @

Nuc UF Acc Nuc UF Acc Nuc UF Acc Nuc UF Acc

UDDS
Particle Size Range 20
o Nucleatlon mOde PI\/Ifrom iy CRT" VSCRT" ZSCRT* DPX Horizon CCRT”
vehicles with catalytic reduction ol
mostly ammonium sulfate and TC r
(to a lesser degree) I
40

e Higher emissions in UDDS,
except:

30H

Emission Factor (mg km™')

20

e Higher emissions in cruise mod ol 2 L! | |
of nucleation mode PM for SCRT 0 I éﬂmm - |

" A F A F | A F i
Veh|C|eS Nuc UF AccNuc UF Acc Nuc UF Acc Nuc UF Acc Nuc UF Acc Nuc UF Acc

T




N
o

Baseline

= =
N o
Il Il

EF (mg km ™)
(o0}

Mﬁﬂﬂ | EC/OC Size
| 11 WL - SCRT® Distribution

By

180-2500

)

1
o
(V)

Cruise

m

X
D
E
LL
L

o
-

Horizon

Biswas et al
Atmos Environ,
2009

Iy

180-2500
180-2500




100

80 -

BF(mgkm™)

20 -

0.16 -

Ll

£0.12 -
Eh’o.os .

0.04 -

0.25 -

0.2 A

g’ 0.15

0.05 -

60 -

40

—

Baseline

=

V-SCRT®

34— [k

1

2.5 +

1.5

0.5 4

0.3

0.25 -

0.2 4

0.15 -

0.1 +

0.05 -

0.12

0.1

0.08 -

0.06 -

0.04

0.02 -

CRT®

Z-SCRT®

=B

T
I

B

iR
§ ] 8

Dp (nm)

Horizon
ﬁﬂ
P

—// OC
m EC

:

EC/OC Size
Distribution

UDDS

Biswas et al
Atmos
Environ,
2009




AR
tye £ i aravaaarara aararaaararaaaraas y
m m T w TEI mcmaO£DEOI mNN d .m TIC NSNS NN B b_om Q_Ocmombmbmn_.
1y c 0
V_ —L_ C B - QCMQOF._OEOI-wNN a % _m % _-_\ Ll Ll L L L Ll L Ll L L Ll b_om O“OCMQQUDD
a HEL S
E_m olp OI.AIZ—«NAI?\.P nm _I.::....s\\\:.\.::::\\x.D_omu_OCmomo ko)
i £ 1€ 2
a Q ®
8. auedouion-0¢-{H)oz-(H)9L) : # _ m WIZIZI T T TITTIT (108 U
e o:maor___o—._m:._..om*mN_NNAIVUQNH1 (rossssnsnnsnsnsnsnnan] PIOR 210UBX8H
- ougjUed(yblozueg . : s W77z, 4 eya0jofojfospeuo)
o)
[ ATATATATATATAYATATATAAATATATATATATAAS - -
 auaidpo-g'7 Jouspyy T2 m W, g exayojafojfospeld
.«)«’.’.‘.’«.«'<’.§.,l.'-)<D<D..l.."..4'.'..«'«‘l ocmﬁaw& S T\ INSNSESESNNEENNEEEENS m:mwoom—amI
T
AVAVAVATATATATATATATATATAYATATATATATA'ATATATATAY i A T A Y I A m:mmoomxm
% auaikd(e)ozueg N — H
O [ATATATATATATATATATAATATATATATA"ATATAATATATAA T\ Il I IIIIT
_ auaikd(a)oruag 3 BUBS0E|Uag
N 5
T Eu m:m_.._ucm._o:_::omcmm m 77777777777 m:mwoom.;m._.
) . 2
E m:mzwcwho:_xvaNcmm m T\\\\\\\\\\\\\\\\\\\\\\\\\\\ m:mwou_hh
m AYAVAYAVAYAY, AVAYAYAVAVAVAVA' A A S A A A A A A A A
-  uauuelony{c)ozueg i oesoog
Q 0
A A A A A A A A A S n
n 1h4b1r4r¢-1.-4.—1-1llbibdbqlildl,.ih.(”””””””” ocmm>_so T m:mwco_m:mI m
m e ——— (1] _.=\.._...:,.:....\\:_:.\:.\\:QN\ m
BDAAAALLALAALAALLLLADADNDDLLDLDLADNL T\ L L L e L L L L L
all oladjesedopty & e dapeloy
f=
g T\\\\\\\\\\\\\\\\\\\\\\
auayuelony(ybozueg B el
3
| S m:muwmo
alalfg § PERO
auajkiyueuaydaoy 9 e
O WL L L L L L Lttt Lt Ll Ll Ll L Ll
alIeapejde
auau)ueionJ 2 PR
W T\\\\\\\\\\\\\\\\\\\\ m:mumtmme
L BUBORIUY ki (P
) b T\\\\\\\N\xm\\\\\\\ mﬁmuwvmycm&
) BUaIURUaL s
bt S — 1 I 1 1 |
1 1 1 | | | D 0 0 0 0 - 1. -
88 2 T 55 3o Sl s 8" °3
0~ ° 5 9o 9 S| ¢ -
“
o] g
Uy Jod B 0 Ly Jad B



0
£
[
0
1
m

-
(1414
00
00
>N

-
4
0

Pakbin et al EST 2009

(a)

A

auedoyowousl] -4zz

auedoyowouyst]-S7z

T

auedoyowousig-yzz

auedoyowoysig-9zz

AUBAOYOWOH-YZ7
aUedoYOWOH-877
QUBAOH{HIgHZ-AH) 2}
QUedoylon-0¢-(Hin} - HIYL)
auedouiousuL-0¢ 57 7-(HinL)

Hopanes and
Steranes

auajad(y6)ozuag

High
MWW

PAHSs

aualfd(e)ozuag

aUaJAd(a)ozusg

T

auayjuelonjy(y)ozuag

aUayjuelony(qjozusg

Medium MWW
PAHs

aussiiy)
aUB0BJJU(e)zusg
aualfd(pa)eyuadoofy
auayjuesonj(1ybjozuag
aualfg
auajuyueuaydaoy
auayjueson|4
SUBOBJUY

aUalUjueustd

Low Molecular weight PAHSs

1000

100
10

Wy Jod B

0.01

0.001

Cruise

0
5
0
0
o
1]

-
14
Q

(b)

DO

e

ROOOGOAOOANNNON0

P19 910ueaape)deH
(R TER
PIoE 9/0U.OBPeNa |
PIoE 9/0UE23pOQ
PIdE 0/0U.23Q

DIOB 210UBJO)

acids

0009

COO00

CXORRTA

auexayojfoyfaspei0
aexayojokayfoape)daH
auexayopkojfoapexaH
auexayojokapfaspeiuag
auexayojokajfaspoq
aUBS00E)Ua
aUBS0ORL}3

AUBSOOU|

aUBS090(]
AUBSOAIRUBH

aUBS001

aUBIBPEUO

auepyg

aUBJBPEI

aUB}Slig

aUedape)daH
AUBIBPEXOH

CI AR TER

n-alkanes

10000

1000

100

Wy Jod B

0.01

0.001

0.0001




hopanes/ste

O
O
T
A

and

OC ratios

vehicles in:
(b) UDDS
and

for various
(a) cruise

(c)compari
son with

other dyno
studies

0 X
0 5
0 o
W % XXAX XXX XXX XXX XN —M M e e eeesessses
58 22 czzzrzzzzy SRl
0y | oS y
il f m
(O] m.
C C - VATATATATATATATATATATATA H
00 m S crzzz 7777 RdOyION-0¢-Hn z-(H)9.L
i
20 §
>N ©9 0
60O
ccLcc
256
13
L9
Q00
o000
o0o0
[
I
1 :
(7777777777 QE— ¢
ﬁ, 727+ SUAUUEION|4
o 0
e 0
F OO
R m ﬁ\\ \ \ \ \ \ \ \ YV VYV VVVVVVY
m m - QUBIY)UBUAY
NO
7~ 3 ~~ ~~
v 1THE 0
o’ Y, o o
I | | | I
o} ) 0 - O Q @) - O 0 Q 0 \n
0o o - 0 0 - Q (@] o] -
g e - s ¢ T
(6) 70 0y (6r!) ssew aijeuy (6) 70 0y (Bri) ssew ayfjeuy " (6) 90 o) (Br) ssew afjeuy




Redox Activity (DTT assay) dbemivolatileand
Newer Diesel Trucks

Samples including semivolatile PM

Thermo- 0 Z-Cruise (1500C)

denuded @ Z-UDDS (High Vol)
Thermo- samples 0Z-UDDS(1500C)

denuded . o

7\

samples @ V-Cruise (High Vol)
0O V-Cruise (1300C)

B V-UDDS (High Vol)
OV-UDDS(1500C)

nmol/min/mile

Z-Cruise (High Vol)
Z-Cruise (1500C)
Z-UDDS (High Vol)
Z-UDDS(1500C)
V-Cruise (High Vol)
V-Cruise (1500C)
V-UDDS (High Vo) | il
V-UDDS(1500C)

DTT rate of consumption per PM mass (nmalg¥?M/min) ismuch higher when
the semi-volatile fraction is included Biswas et al, ES&T, 2009)
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Redox Activity per PM Mass Decreases with Atmospher  ic Dilution
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e Oxidation of primary diesel exhaust
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The Role of Atmospheric Aging and Photochemical Processing
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Photochemical Aging Modifies Relationship Between Redox Activity
and atmospheric dilution ( Verma et al, Atmos Environ 2010)
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Major Conclusions

 The newer diesel engines with emission control de\acevery
efficient in reducing the magsnission of particulate matter

 However,enhanced formation of nucleation mode particles is
observed in the exhausts of some retrofitted configuratidres vast
majority of these nucleation mode particlessrei-volatilein
nature.

* The total emissiongér distance of vehicle traveleaf themajor
chemical speciegexcept of sulfate) argeubstantially reduceit the
retrofitted vehiclegompared to the baseline vehicle .

 Although the retrofitted vehicles emit less water soluble organic
carbon (WSOC) per mile of vehicle driveghe per PM mass water
soluble fraction of the organic carbon (WSOC/OC) is increased fc
most configurations




o With the introduction of retrofit control devicabeindividual ratios of
speciated organic compounds to OC are reducediseymtly for PAHS

* Thereduction was more modest for hopanes and stenamagging that
fuel and lubricating oil have substantially diffateontributions to the OC
emitted by vehicles operating with control devicempared to the
baseline vehicle.

* We hypothesize th&AHs can form in combustion processes and/or
originate from diesel fuelvhereas hopanes and steranes come from
lubricating olls

e Despite anncrease in the intrinsic oxidative activiityoth DTT and
ROS)per mass basaf exhaust PM with the use of control technologies
for most configurationghe overall activity expressed per km or per hr-
(arguably a more relevant metric for public pojigyas substantially
reducedor retrofitted configurations compared to the lbiasevehicle.




 Thesemi-volatile fractiorof the exhaust particles was observed to be
nighly oxidative in naturas demonstrated bysggnificant reduction in
DTT activity (by 80-100% observed for thermally-denuded PM.

 However,non-volatile species — particularly transition mgtare also
responsible ircellular oxidative stresas indicated by substantial
removal £70 %) of the ROS activitgfter Chelex treatment of the PM
samples.

* The correlation analysis showed thatT activity is strongly associated
(R=0.94) with thevater soluble organic carbon (WSQ@hile Fe is
responsible for most of the variablility (R=0.93)ROS levels.

* An important caveat of the toxicological findingstlois study is that
they areall based on molecular or cellular assthat examine the
toxicity of the PM suspension collected from a givehicle and driving
configurationbased on bulk PM mass.




e By their nature and design, these investigations did not take In
accounimportant parameters determining the toxiand overall
health effects attributable to the inhalation of an aerasainh as
particle size.

 Thesubstantial reduction in the overall particle size distributio
of newer vehicles creates an aeragiwh a much higher lung
deposition fractiorihan the baseline vehicle, and with
considerably different toxicokinetiesside the human body once
iInhaled.

e Such important investigations can only be addressed by in vivd
Inhalation exposure studies to these aerosgiether using

animal models or human volunteers (or both), and are greatly
needed In order to providen@gore complete perspective to the
results of this study
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