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Abstract. The concern of adverse health impacts from ex-to significant enhancement in nanoparticle production under
posure to vehicle-emitted nanoparticles has been escalatinfgvorable conditions. For vehicles running on ultra-low sul-
over the past few years. In order to meet more stringenfur fuel but without CRDPFs, the BHN is negligible; how-
EPA emission standards for particle mass emissions, adever, the condensation of low volatile organic compounds on
vanced exhaust after-treatment systems such as continuoushanometer-sized non-volatile cores may explain the observed
regenerating diesel particle filters (CRDPFs) have to be emnucleation mode particles.

ployed on vehicles and fuel with ultra-low sulfur is to be
used. Although CRDPFs were found to be effective in reduc-
ing particle mass emissions, they were revealed to increasg
the potential of volatile nanoparticle formation. Significant
nanoparticle concentrations have also been detected for vazehicle emission is one of the major sources of nanoparti-
hicles running on ultra-low sulfur fuel but without CRDPFs. cles in urban areas. A |arge number of studies in the past
The main focus of this paper is the formation and evolu-few years have associated nanoparticles with adverse pub-
tion of nanoparticles in an exhaust plume under ultra-lowjic health effects (Wold et al., 2006; Carbajal-Arroyo et al.,
sulfur conditions. Such a study is necessary to project fu2007; Gauderman et al., 2007; Meng et al., 2007; Run-
ture nanoparticle emissions as fuel compositions and afterge|| et al., 2007). Therefore, a clear understanding of on-
treatment systems change. We have carried out a comprepad nanoparticle formation and subsequent near-road evo-
hensive quantitative assessment of the effects of enhancegtion is critically important for the quantitative assessment
sulfur conversion efficiency, sulfur storage/release, and prespf nanoparticle exposure levels to travelers on roadways and
ence of non-volatile cores on nanoparticle formation using &esidents living nearby. Diesel vehicles are known to be
detailed composition resolved aerosol microphysical modebne of the major sources of the particulate matter near busy
with a recently improved pEQ;-H20 homogeneous nucle-  roads. Recently, continuously regenerating diesel particle fil-
ation (BHN) module. Two well-controlled case studies show ters (CRDPFs) have been shown to be able to reduce particu-
good agreement between model predictions and measur@ate matter emission by orders of magnitude. However, their
ments in terms of particle size distribution and temperatureeffect on the nanoparticle formation remains unclear. It is
dependence of particle formation rate, which leads us to cong|so important to know the extent to which CRDPF affects
clude that BHN is the main source of nanoparticles for ve-the production of nanoparticles formed via the combustion
hicles equipped with CRDPFs. We found that the employ-of yltra-low sulfur fuels.

ment of CRDPFs may lead to the higher number concen- Nanoparticle formation in vehicular exhaust is a complex
tration of nanoparticles (but smaller size) in the exhaust ofprocess whose rate depends strongly on a number of fac-
vehicles running on ultra-low sulfur fuel compared to those tors including the sulfur content in fuel and lubricating oil,
emitted from vehicles running on high sulfur fuel. We have engine operation conditions, exhaust after-treatment setups,
also shown that the sulfate storage and release effect can leggnbient conditions and exhaust dilution. BinargSs-

H>O homogeneous nucleation (BHN) theory has been ap-
plied to study nucleation in diesel exhaust. It has been shown

Correspondence td. Du that in the high sulfur fuel conditions (i.e. fuel sulfur con-
BY (huadu@asrc.cestm.albany.edu) tent (FSC)>300 ppm), BHN may account for formation of
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vehicle-emitted nanoparticles (Du and Yu, 2006). Lemmettycores) on the nanoparticle formation in the presence or ab-
et al. (2006) also applied the classical BHN model to studysence of CRDPFs has been studied using the size and com-
maximum HBS0Os-H20 nucleation rates in diesel exhaust as- position resolved aerosol microphysical model. The major
suming the sulfur to sulfuric acid conversion efficiency of objective of the present study is to investigate the formation
100% and exhaust temperature~e400 K. It is importantto  mechanism for nanoparticles emitted by vehicles running on
note that Lemmetty et al. (2006) may have over predictedultra low sulfur fuel by focusing on the effects of the en-
maximum nucleation rates because the exhaust temperatutenced sulfur conversion efficiency, sulfur storage/release,
of >~700K is needed in order to achieve a 100% conversionand presence of non-volatile cores.
efficiency (Giechaskiel et al., 2007).

At the present time, the fuel sulfur content (FSC) for diesel
vehicles has been reduced frorb00 ppm to 15ppm (by 2 Method
weight) nationwide. The role of BHN in nanopatrticle for-
mation in ultra-low sulfur conditions (i.e. FS@5ppm) is 2.1 Dilution of exhaust plume in the atmosphere
expected to be negligible (Du and Yu, 2006) due to the non-
linear dependence of nucleation rates gs88y concentra- In order to study the nanoparticle formation and evolu-
tion,. However, many recent laboratory experiments andtion inside a single vehicular plume, the size and composi-
in situ measurements have shown that number concentrdion resolved aerosol model has been developed. Zhang et
tions of nanoparticles emitted by vehicles running on theal. (2004) divided vehicular plume evolution into two stages:
ultra-low sulfur fuel are unexpectedly high (Maricq et al., from tailpipe to roadside and from roadside to vicinity of
2002; Vaaraslahti et al., 2004, 2005; Arnold et al., 2006; roadway. However, in this study, three stages of plume evolu-
Kittelson et al., 2006; Giechaskiel et al., 20070rRkd et tion, distinguished by different dilution and dominant aerosol
al., 2007). This suggests that the application of CRDPFgmicrophysical processes, are applied to study the nanoparti-
may have profound effects on the observed nanoparticle forele formation and evolution. The stage 1 starts at Os (right
mation. In the presence of CRDPFs, the nucleation modéehind the tailpipe) and ends at 1s of the plume age. The
was found to be sensitive to FSC and the largef8(®)  plume age is defined as time elapsed after the exhaust is emit-
mass of nucleation mode particles was found to be sulted from the tailpipe. The hot vehicular exhaust experiences
fate (Kittelson et al., 2006). This suggests that BHN mayrapid dilution due to strong turbulence in the near field of the
be involved in the nanoparticle formation mechanism un-tailpipe. At this stage of the plume evolution, the nucleation
der the aforementioned conditions. Two possible reasonss the key microphysical process. Studies (Kittelson et al.,
for the influence of CRDPFs on nanoparticle formation can1988; Shi et al., 2002) have shown that typical dilution ra-
be identified: (a) enhanced sulfur conversion efficiengy ( tios at this stage are1000. The dilution ratio as a function
due to CRDPFs (Maricq et al., 2002; Vaaraslahti et al.,of the plume age used in this study was obtained using the
2004; Arnold et al., 2006; Kittelson et al., 2006; Giechask- nonlinear regression of the experimental data by Kittelson et
iel et al., 2007); The use of oxidation catalyst in CRDPFsal. (1988). The dilution ratio (DR) in Kittelson et al. (1988)
will oxidize more SQ into SOs, which eventually turns is expressed aB Ry (r) =1+700xt1413(1=0—11), 11 is setto
into a higher HSO, concentration. This makes it possi- be 1.0s.
ble for BHN to produce nanoparticles even under ultra-low The stage 2 begins after 1s of plume age and ends when
sulfur conditions; (b) sulfur storage/release effect (Arnold the exhaust reaches the roadside. At this stage the low
et al., 2006; Giechaskiel et al., 2007). Sulfate that origi- volatile organics still condense onto nucleated particles;
nally deposits on the tailpipe or surface of oxidation cata-however, semi-volatile organics may begin to evaporate due
lyst/filters may evaporate back into the exhaust due to satuto dilution (Sakurai et al., 2003). The precise determination
ration of storage sites and/or vehicle acceleration. This willof the dilution ratio in a single on-road vehicle plume
increase in-exhaust2$0, concentration which in turn af- is a complex problem, whose solution requires accurate
fects nanoparticle formation. On the other hand, in the ab-descriptions of the vehicle generated turbulence and mixing
sence of CRDPFs the number concentration of the nucleef the considered plume with other plumes. At the present
ation mode patrticles was found to be independent of FSQime, no commonly accepted dispersion model can predict,
(Vaaraslahti et al., 2004; ddkko et al., 2007). The sam- with a considerable degree of confidence, the on-road
pled nanoparticles were shown to have non-volatile coredilution profile for a single plume. In the present study, the
coated with organics @hkkd et al., 2007). Although nu- dilution profile during the stage 2 was determined as the
merous experimental studies have demonstrated the imporatio of CQ, concentration in raw exhaust before dilution
tance of different factors on the nanoparticle production, theto the observed on-road one. Typically, the dilution ratio at
formation mechanisms behind the elevated nanoparticle proplume age of-5 s varies from~5 to ~10 (relative tor=1s),
duction remain elusive. In the present paper, the effect ofdepending on traffic density, wind speed and atmospheric
the above-mentioned factors (enhanced sulfur conversion efstability. The dilution ratio at stage 2 is expressed as
ficiency, sulfur storage/release, and presence of non-volatil®R; (1) =DRj (1) +((ODR2—DR1 (tl))/(tz—tl))x(t—tl),
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(1<t<r), where ODR2 is the overall dilution ratio of the l,~+1,,~:w+“117vi is the volume fraction of intermediate parti-
plume at the roadside. cles of volumev; 11—y 4 partitioned into bin, andsx 4 ac-
The stage 3 occurs in the vicinity of the roadway (from counts for the volume of $50; molecules evaporated from
the roadside to any downwind location perpendicular tothe clusters, and is defined as
the roadway). The aerosol processing at stage 3 involves .
coagulation, dilution, and/or evaporation of organics.s . _ {Ui/vi+1» if X = HSO @)
The corresponding dilution profile can be determined 1, if X # HoSOs
from CO measurements. The additional dilution (rel-
ative to p=6s) in the stage 3 is assumed to beO
at 150m away from the roadside (Zhu et al., 2002).
The plume dilution profile in this stage is expressed as
DR3 (1) =DRg (12) +((RDR3x DRy (72) /(t3—12)) x (t—t2),
(tp<t<t3), where RDR3 is the dilution ratio of stage 3
relative to the dilution ratio at the roadside (PR More
advanced treatments of plume dilution can be found in
other references (e.g. Jacobson et al., 2005; Uhrner et al
2007). Although the 3-D transport model (Jacobson et al.
2005) has an advantage in simulating the plume transport i
stage 3 compared to the method used here, it can not resol
the nucleation process happening near the tailpipe and th
nanoparticle evolution on the roadway due to its horizontal
resolution (15 nx 15 m). It should be noted that in this study,
the dilution ratio at each of these three stages is derive

In the present study, sulfuric acid and water are the only
species involved in nucleation. Organics contribute to the
aerosol formation via condensation onto the nucleated parti-
cles. The improved kinetic quasi-unary nucleation (KQUN)
model (Yu, 2007), in which measured thermochemical prop-
erties of HSO; monomers with hydrated sulfuric acid
dimers and trimers (Hanson and Lovejoy, 2006) and data
from two independent measurements of monomer hydration
Have been incorporated, has been employed. The improved
%QUN model is thermodynamically more robust and pre-
\;gcts binary homogeneous nucleation rates in good agree-
ment with available experimental data. Another advantage of
the aforementioned model is that the nanoparticle formation
and subsequent evolution are coupled. The coupling allows
éaxplicit simulations of the aerosol dynamics (i.e. nucleation,
based on some real gaseous species measurements in an §%—a£u(|)ar?c;?] darr:iz;rc’%dee?::gvc\’/g) Ofv\;ihécelf'\?vzglts?c)??g:giz
haust plume and we will show that dividing plume evolution fractal " i 'dy. dh 0 itivity test
into three-stage dilution yields reasonable agreement with) 2cta! geometry are not considered here. Lur sensitivity tes
measured on-road particle size distributions. showed that their effects on coagulation of soot particles with
smaller nanoparticles are small in the time scaldg s) con-
sidered in the paper. However, their effects may become im-
portant for studying plumes with much longer plume age.
Ambient background aerosols were included in our model,

A discrete-sectional bin structure (Yu, 2006) is used to rep-and they participate in scavenging of small nanoparticles and
resent the size spectra of molecular clusters/particles ranginf2SOs vapor molecules as exhaust mixes with the ambient
from molecular size to several micrometers. The formationail. The mean size and undiluted concentration of the ambi-
and evolution of clusters/nanoparticles are simulated kinet&nt background aerosols is assumed te-66 nm in diame-

ically by solving the following set of differential equations ter and 18 (cm~3), respectively (Kittelson et al., 2004). Itis
(Yu, 2006), log-normally distributed with sigma assumed to be 1.6. The

mean size and concentration of soot particles is assumed to

2.2 Nanoparticle nucleation and evolution:
a kinetic modeling

dCix _ Loin 8e aviid v C L O be 50 nm in diameter and 16m~3, respectively (Kittelson
gt (TLOXAVHLITIHLY = -1V XX etal., 2004). Itis a log-normal distribution with sigma set to
i izl be 1.8.
+ Z Z JikiBjxN;jCr x
j=1k=1 2.3 Organic condensation

1 max

—Cix Z (1— fi.j.i) BijN; (1)  The volume concentration change of organi&s-¢rganics)
j=1 due to cluster/particle condensation and evaporation is calcu-

o . lated using the following set of equations,
wherei, j, k are bin indicesC; x is the volume concen- 9 9 q

tration of componenX (=H2SQOs, H20, and other species  §C; o

including organics (low- and semi-volatile, soot and refrac- —, = 77 Vorg foorrNir vorg( Porg — P, orgAkelvin) 3
tory cores) at biri, N; is the number concentration of clus-

ter/particle at binj, g; ; is the coagulation kernel between kn;

particles at bini and bin j, y is the cluster evaporation Jcom = 0.75+ kn; )

rate, imax iS maximum number of bins in the model (set to
be 150 in this study)f;«; is the volume fraction of in- . 200rgVorg
termediate particles (volumes+v;) partitioned into bini, ~ “Akelvin = €XP| =70 ®)
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whereVorg, Vorg, Porg, Ps,org, @aNdoorg are the thermal speed, Sulfur conversion efficiencye{ of after-treatments varies
volume, vapor pressure, saturation vapor pressure, and sugreatly, depending mainly on the exhaust temperature, noble
face tension of condensing organic species, respectivelynetal and washcoat used in the oxidation catalyst. Based on
feorr is the correction factor accounting for the transition their gaseous phaseB0O, measurements in vehicle exhaust,
regime (Seinfeld and Pandis, 1998Akenin is the Kelvin  Arnold et al. (2006) suggested thzatan be enhanced to be as
effect andr; is the wet radius of clusters/particles in bin high as 90%. Similar conclusions have been made in other

It is not feasible to take into account all the organics ob-related studies (Maricq et al., 2002; Kittelson et al., 2006).
served in exhaust due to the large number of species. In thi§iechaskiel et al. (2007) have expresseab function of ex-
study two types of organics, low volatile organic from lubri- haust temperature by compiling data from different studies.
cating oil (carbon number of 32) and semi-volatile organic The relationship betweenand the exhaust temperature used
from fuel (with carbon number of 24), were simulated. Their in this study (except Fig. 2) has been adopted from Fig. 8 in
surrogates are alkanes, which have been shown to be impofiechaskiel et al. (2007).
tant for the diesel exhaust evolution (Sakurai et al., 2003). Although laboratory studies have indicated that the sulfu-
The vapor pressures of these surrogates are similar to those §€ acid is involved in the formation of observed nanoparti-
alkenes of the same carbon number (Makar, 2001). The simcles under ultra-low sulfur conditions for vehicles equipped
plified characterization of the organics should not largely af-with advanced after-treatments such as CRDPFs, the theo-
fect the major conclusions concerning the nanoparticle evoretical assessment of this issue is yet to be performed. In
lution, especially in most cases in which$0, vapors dom-  order to understand whether BHN is the nucleation mecha-
inate particle growth. nism, we have carried out two case studies. The first one

Raoult's law is not considered in the equation primar- I00kS into the laboratory study by Vaaraslahti et al. (2005)
ily because the majority of the paper deals with situationsWhich focused on the effect of lubricant oil on nanoparti-
in which H,SQy, not organics, contributes to the particle Cle formation (FSC=1ppm). In the second case study, on-
growth. In the case in which organics is important to particle '0ad measurements by Kittelson et al. (2006), which studied
growth (Figs. 3b and 5), we did not consider the Raoult’s lawthe effgct of diesel exhaust after—treat.ments on nanoparnlcle
because of the complexity of photochemical aging of semi-formation (FSC=15ppm) have been simulated. Both studies
volatile organics in the exhaust (Robinson et al., 2007), theVere conducted with ultra-low sulfur fuels. A two-stage di-
large uncertainties in the concentrations and saturation valution system was used in Vaaraslahti et al. (2005), while the
por pressures of semi- and low volatile organics, and simpli-€Xhaust was diluted continuously in the work of Kittelson
fied treatment of these organics (i.e. divided into two cate-€t @l- (2006). The cut-off size of the particle size distribu-
gories) in the current simulations. In order to properly take ion in both measurements wasSnm. The key parameters
into account the effect of Raoult's law on particle conden- ©f €xperimental setups such as exhaust temperature and di-

sational growth, we need more accurate information on thdution profile, ambient and dilution air temperature, sulfur

concentrations and vapor pressures of various types of semfontent qf fuel and_ lubricating oil were explicitly specified.
and low- volatile organics, more detailed representations of! "€ detailed experimental setups and key parameters can be

different organics and more importantly their possible pho_found in (Vaara_slahti et al., 2005; Kittelson et al.., 2006), and
tochemistry pathways. Since this paper focuses mainly orhe correqundmg parameters used to constrain the present
the NP formation mechanisms, not including Raoult's law in medel are given in Table 1.

condensation growth will not affect the main conclusions of _Figure 1 shows the comparison of the simulated particle
this paper. size distribution with the observed one from Vaaraslahti et

al. (2005).¢ used in the simulations is assumed to be 100%
for exhaust temperature of 750 K. As seen from Fig. 1, the
predicted particle size distribution is in good agreement with
3 Results the measurement, especially in terms of mode peak concen-
tration and mean size. The good agreement in particle size
3.1 Effect of enhanced sulfur conversion efficiency on distribution between the model prediction and the observa-
nanoparticle formation tion theoretically demonstrates that even under ultra-low sul-
fur conditions,~1 ppm of FSC in this case, BHN remains to
One possible explanation of the nanoparticle formation undebe the nucleation mechanism for nanoparticles in the exhaust
ultra-low sulfur fuel conditions is the enhanced sulfur con- of vehicles equipped with advanced after-treatments such as
version efficiency. The oxidation catalyst in the CRDPFs, CRDPFs.
for instance, not only oxidizes soot and other hydrocarbons High value ofe¢ resulting from exhaust after-treatments
to COy, but also converts significantly more g@ito SGs. is one of the main reasons that BHN produces nanoparti-
The SQ then reacts with BHO to form HbSOy. Thus, sulfur  cles under ultra-low FSC conditionse depends strongly
conversion efficiency can be considerably enhanced due ton exhaust temperature and is hard to measure. Here we
CRDPFs. show that our model can yield reasonable prediction of
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Table 1. Parameters used for comparisons of model simulation with laboratory studies (Vaaraslahti et al., 2005; Kittelson et al., 2006).

Kittelson et al. (2006) Vaaraslahti et al. (2005)
fuel sulfur content (ppm) 15 1
lubricant sulfur content (ppm) 1300 5100
lube oil consumption rate (%) 0.5 0.5
exhaust temperature (K) 603.15-643.15 750.15
dilution air temperature (K) 295.15 303.15
Dilution ratio 400-600 Primary 12, secondary 8
residence time (s) 1sinair, 2sin sampling line  3sin ageing chamber
temperature-dependent based on the particle concentra- 10°

tion measurements. Figure 2a shows the particle(®pm)

number concentration from both model simulations and mea- 10°
surements at several exhaust temperatures. The good agre
ments between the predicted particle number concentrationss 471
and the measured ones at all the temperatures are achievecg
by selecting an appropriateat each temperature. Then we £ 4401
can obtain a profile of at different exhaust temperatures. &
Figure 2b compares the sulfur conversion efficiency obtained § 10
with those from Fig. 8 in Giechaskiel et al. (2007). As can be §
seen from Fig. 2b, the model-derived relationship of the sul- T 1¢°*
fur conversion efficiencies as a function of the exhaust tem-
perature is in good agreement with experimental data. This 10’}
suggests that our model predicts good temperature depen-

dency of nucleation rates. It can also be used to infer the 1020 1 10 100 1000
temperature-dependentf a particular CRDPF by matching Dp (nm)

the predicted particle number concentrations to the measured

ones. Fig. 1. Comparison between the predicted particle size distribution

A inted i . f the simulati and measured one from Vaaraslahti et al. (2005). The sulfur to sul-
S pointed out earlier, comparisons of the simulation '€ furic acid conversion efficiency used in the simulation is assumed

sults with measurements show that our model accurately preg, pe 1009 for exhaust temperature of 750 K.

dicts not only the particle size distribution but also the tem-

perature dependence of nucleation rates. Moreover, the good

agreement between the theory and experiments gives us a ] N ) )

clear indication that BHN is responsible for the nanoparticle fur conversion efficiency is assumed to be 60% for Fig. 3a
formation in the exhaust of vehicles with CRDPFs running @1d 1.4% for Fig. 3b, respectively. Data shown in Fig. 3a
on ultra-low sulfur fuel. These results are encouraging forWere obtained assuming that CRDPFs efficiently removes all
the further applications of the developed model to the forma-Of the organic compounds in the exhaust. This is consistent
tion and evolution of nanoparticles in the vehicular exhaust"Vith recent findings of Vaaraslahti et al. (2004) who have ob-
diluting in the real atmosphere. Figure 3 shows the evolutionS€rved a reduction of 90% in total hydrocarbon concentration
of the particle size spectrum as a function of plume ages ugCr & heavy duty diesel vehicle equipped with CRDPFs. The
to 75s under (a) ultra-low sulfur conditions (effective sulfur Wind speed is assumed to be 2m/s and the distance of vehic-
content (ESC)=30 ppm with FSC=15ppm and contribution ular plume away from centerll.ne of the highway is calculated
from lube sulfur content (LSC)=15 ppm) and (b) high sulfur pased on the plume_ age. A distance of 12 m from the cen_ter-
conditions (ESC=330 ppm with FSC=330 ppm) in a winter line of t_he roadway is considered asa porder of the roadside,
condition ("'=278 K, RH=60%). LSC represents sulfur con- assuming the roadway to be 24 m in width.

tent from the lubricating oil and effective sulfur content is  As seen from Fig. 3a, no nucleation happens (dot-dashed
the sum of both FSC and LSC. It is important to note thatcurves in black) if vehicles are not equipped with CRDPFs
the sulfur from the lubricating oil has to be accounted for in and running with fuel with FSC=15 ppm; however, signifi-
the case where the ultra-low sulfur fuel is used. The LSCcant nucleation occurs when CRDPFs are functioning (solid
is assumed to be 3000 ppm with the lube oil leaking ratecurves in black). Mode | is composed exclusively af3@y-
assumed to be 0.5% (Abdul-Khalek et al., 1998). The sul-H,O patrticles formed via BHN nucleation. Mode Ill consists
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Fig. 2. The effect of exhaust temperatures(ajdilution corrected  Fig. 3. Nanoparticle formation and evolution as a function of
number concentrations of nanoparticles £8nm) formed in the  plume ages up to 75s undéa) ultra-low sulfur conditions (ef-
vehicle equipped with modern diesel particle filters, @mdsulfur fective sulfur content ESC=30 ppm) afie) high sulfur conditions

to sulfuric acid conversion efficiency assumed in our simulation and(ESC=330 ppm) in a winter conditiol"€278 K, RH=60%). The
from other studies. The experimental data (black dots) in panel (apulfur conversion efficiency is assumed to be 60% for panel (a) and
are from Kittelson et al. (2006). The sulfur conversion efficiencies 1.4% for panel (b), respectively. Particle number concentration is
are adjusted in the model so that the predicted nanoparticle concemot corrected for dilution.

trations are close to the measured ones for different exhaust temper-

atures. The sulfur conversion efficiencies inferred in this way along

with numbers reported in other studies are plotted in panel (b) as . .
: istence of Mode Il reported in many recent field measure-
function of exhaust temperature.

ments. An example of such on-road measurements (from
Kittelson et al., 2004) is given in Fig. 3b. This measurement
has been chosen because FSC and ambient temperature as-
mainly of soot agglomerates and ambient particles. Oursymed in our simulation are close to high FSC in Minnesota
model shows that most of the nucleation happens within(~300_4oo ppm) and cold ambient temperature during the
plume age of 0.1s. The concentration of particles in Mode I|measurements (274K to 286 K). Due to its large Kelvin Ef-
decrease with time mainly due to the atmospheric dilutionfgct, only part of Mode | particles can be activated by semi-
since then. In addition, a distinct nucleation mode is formedgng |ow volatile organics and form the Mode II. It is clear
within less than 1s. The similar time scale has also beefjom Fig. 3b that our model is able to capture the main fea-
observed by Bnkko et al. (2006) which has shown that the tres of the observed on-road nucleation mode (Mode II).
aerosol nucleation mode was formed within 0.45s. The mean size of Mode |l is close to observed nucleation
An apparent difference in the particle size distribution be- mode and the predicted peak concentration is in reasonable
tween (a) ultra-low sulfur and (b) high sulfur case is the ex- agreement with the measured one. The comparison with the
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observed on-road measurements should be viewed more as a 1

qualitative one rather than a quantitative one mainly because
of the complexity in both plume inter-mixing which is not

considered in our model and organic speciation. 310710 o Toaea ]

As shown in Fig. 3, the nucleation process happens @ _3?';',?;‘;&72(72%55) .
within the first 0.1s of plume age. Thereafter, the evolu- & ' / .
tion of nucleation mode particles is dominated by condensa- 3 10t 4 R 3
tion/evaporation and dilution. Coagulation plays a small role 2 £ §
at the time scale<45s) considered in this study. However, § . , o
as plume age increases 100 s), the role of coagulation in g 10 7 T Z

g

reducing the number concentration of Mode | becomes much €

018

¢=2.5%, T=298 K
e §52.5%, T=278 K
ZZ ¢=35%, T=298 K
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more important as pointed out in other references (e.g. Jacob-g_, 10l I |
son and Seinfeld, 2004; Jacobson et al., 2005) = ,’ ;'/ ,/

Due to the absence of organics associated with the equip- ! f /
ment of CRDPFs in the ultra-low sulfur case (Fig. 3a), the 10" . . g 4 i .
mean size of the nucleation mode (Mode [)~8—4 nm. 1 3 Sls?EF 7 9

This is much smaller than that shown in Fig. 3b (Model II).

This finding is consistent with the measurements reporteq:ig. 4. Dependence of dilution corrected nanoparticle emission in-

in Kittelson et al. (2006).’ which show that the mean SIZES jices on SREF at 3 differens (2.5%, 3.5%, and 5.0%) at ambient
of the observed nucleation mode ar® nm or smaller for 5004 in winter '=278K) and summerT(=298 K) conditions.

most exhaust temperatures. Although the mean size of Nurnhe Esc is assumed to be 30 ppm.
cleation mode becomes smaller, the number concentration
of the nucleation mode (Mode I) under ultra-low sulfur con-
ditions will be at least the same, if not higher, than that of tributed the occasionally measured higho the release of
(Mode 1+Mode II) under high sulfur conditions due to the sulfate from oxidation catalyst at high exhaust temperature.
enhanced sulfur conversion efficiency and removal of sooiSince both the sulfur conversion process and the sulfate re-
agglomerates. This indicates that the effect of reduction inlease effect may affect gaseous phas&®, concentration,
fuel sulfur content on minimizing the vehicular nanoparticle it is difficult to figure out whether it is enhanced oxidation or
emission is offset by the employment of CRDPFs. sulfate release that caused the observed hidtowever, we

can get an upper limit of SREF which is calculated to be 10
3.2 Effect of sulfate storage and release on nanoparticléyased on Arnold et al.’s measurements by assuming that the

formation sulfate release leads to the observed high
Figure 4 shows the predicted nanoparticle emission in-
Besides oxidizing S& the diesel oxidation catalyst and/or dices as a function of SREF at 3 differesst at two ambient
particulate filter can also adsorb sulfate. Sulfate can also del'emperatures (278K and 298 K). The ESC is assumed to be
posit on tailpipe walls. Sulfate may be released due to the3p ppm. Two solid parallel lines from Zhang et al. (2005)
saturation of storage sites and/or passage of the high temepresent lower and upper limits of the calculated nanopar-
perature exhaust due to the vehicle acceleration. The sulfatgcle emission index based on near road measurements (Zhu
release leads to a considerable increase in f#¥iconcen- gt al., 2002) in California. We consider any value above the
tration in exhaust, which makes BHN under ultra-low sulfur lower line to be Signiﬁcant. In Summertime, the sulfur re-
conditions possible, even in the case wheis low (due to  |ease effect cannot produce significant nanoparticles for the
less catalyst oxidation efficiency associated with low exhaust.=2 594 case. However, this effect becomes important as
temperature). In the present work, we investigate the extenfncreases. SREF must have at least a value of 7 and 9 in
to which such sulfate storage/release effects may influencgrder for BHN to produce significant amount of nanoparti-
the nanopartide formation in ultra-low sulfur conditions. As- cles for cases of=5.0% and 3.5%, respective|y_ However,
suming that the original 5804 concentration in exhaust to a5 ambient temperature decreases to 278 K, SREF needed to
be G and that resulting from the sulfur release effect to beproduce significant nanoparticles decreases by more than a
C1, the storage/release enhance factor (SREF) can be defingglctor of 2 fore=3.5% and 5.0%. This suggests that the sul-
asC/Co. Clearly, the bigger the SREF, the higher theSs  fyr release effect on nanoparticle production become more
concentration in raw exhaust. significant in winter conditions.
It is difficult to predict the amount of sulfate deposited

on exhaust after-treatments or tailpipe, and no direct mea-
surements on SREF are available at the present time. SREF
depends on several factors, such as type and mass of wash-
coat, and exhaust temperature. Arnold et al. (2006) also at-
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riods when those field campaigns were conducted. Low

10 N — s (a) sulfur conversion efficiency is therefore expected for vehi-
10° ¢ —— t=1s, absence of nonvolatile cores 3 cles without CRDPFs. In order to address the questions-
6 e e e i) What could be the possible nanoparticle formation mech-
€ 10° ¢ —-- t=455 (90 m from centeriine) anism in California and could BHN be an essential nucle-
(3] —— nonvolatile core mode (before dilution) . . .
210 Westerhahl et al., (2005) ] ation source, we have applied the aerosol model to simulate
g nanoparticle formation under California conditions (i.e. low
E 10° sulfur fuel and no CRDPFs) as to gain some insights into
2.0 ] the nanoparticle formation mechanism. The presence of a
3 ~TTN mode of nanometer-sized non-volatile cores is considered.
% 100 L A The existence of non-volatile cores has been long observed
s in a number of field and laboratory studies (Sakurai et al.,
10"+ 2003; Kittelson et al., 2006;&hkko et al., 2007). For exam-
10% . . ple, Sakurai et al. (2003) pointed out that2 and 30 nm par-
1 100 1000 ticles did not completely evaporate even if they were heated
2 . Dp (nm) up to ~473K and sizes of residual non-volatile cores were
10 (b) as small as~2-3nm. The existence of non-volatile frac-
soot agglomerates tions of sampled nanoparticles have also been pointed out
10'F 'ube organics ; in their later field measurements (Kuhn et al., 2005; Biswas
et al., 2007). In addition, Kittelson et al. (2006) observed a
‘%\ . non-volatile mode with mean size 6f10 nm at engine idle
= 10 condition. More recently, Bnkkd et al. (2007) found that
] sampled nanoparticles consist of organic coated non-volatile
& cores which have been formed before the dilution process.
_|8’10 Figure 5a shows the evolution of nanoparticles as a func-
- I tion of the plume age with the assumed mode of non-volatile
> 2 | Y ) ) _
SR v oo H2S04 \ ; cores for vehicles running on low sulfur fuel (ESC=50 ppm
,' ’ '\_ nonvolatile cores \\ with 35 ppm of FSC and 15 ppm of LSC). For comparison
3 1/ \ Vi purposes, a case without non-volatile cores is also shown
10 10 100 1000 (black-dashed line Fig. 5a). The non-volatile particles are
Dp (nm) assumed to be in the range of 1.8nm-3nm in diameter,

which is consistent with recent measurements of Sakurai et
Fig. 5. (a) Evolution of nanoparticle size distributions at four se- a|, (2003). The number concentration of non-volatile cores
lected plume ages with the presence of non-volatile cores, angs agssumed to bex3L0° cm~3 before dilution. It is important
(?)1"0'”;”5 size s_iS”;?”“%”SRE” diﬁezrggt}(mm(?%gipts at p'“rt'_‘e lageto note that the actual size range and concentrations of non-
O S. e ambient an are an 0, respectively. :
ESC=50 ppm and=2.5%. The particle number and volume size volatlle' core arg expecteq to depe.r!d strongly on soot con-
distribution is not corrected for dilution. c_entratlon, engine operf';ltlon conditions, and fuel and lube
oil compositions (Rnkkd et al., 2007). No sulfur stor-
age/release effect is considered in these simulations. For the
3.3 Role of non-volatile cores in the formation of observed assumed ESC and sulfur conversion efficiency, no nucleation
nanoparticles mode particles were formed via BHN in the absence of non-
volatile cores. This may indicate that BHN is not responsible
A large number of systematic field measurements on thdor nanoparticle formation in California conditions. How-
characterization of vehicle-emitted nanoparticles in Califor-ever, the presence of non-volatile cores leads to the formation
nia have been carried out in the past few years (Zhu et al.of a clear nucleation mode with a mean siz20 nm. The
2002, 2004, 2006; Kuhn et al., 2005, 2005; Sardar et al.predicted particle size distribution is in reasonable agreement
2005; Westerdahl et al., 2005; Phuleria et al., 2007). Whilewith the on-road particle size distribution observed in Los
a lot of useful data on the particle size distribution, nanopar-Angeles by Westerhahl et al. (2005) at the ambient tempera-
ticle evolution process, and particle compositions have beeture of ~294 K. As pointed out earlier, the comparison with
reported, little information on nanopatrticle formation mech- the observed on-road measurements should be viewed more
anism has been revealed. Although generally California fuelas a qualitative one rather than a quantitative one mainly be-
has FSC of~50ppm, a key difference in nanoparticle for- cause of the complexity in both plume inter-mixing, which
mation between California case and ultra-low sulfur casess not considered in our model, and organic speciation. Our
discussed earlier lies in the availability of CRDPFs. To our simulations show that most of the non-volatile cores are acti-
knowledge, no CRDPFs were employed during the time pe-wvated. We found that organic compounds, rather thz®®,
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are responsible for the activation of the non-volatile coreconcentrations are expected when the enhanced sulfur con-
mode. In other words, $80, concentration under low sul- version and sulfur release effect takes place simultaneously.
fur conditions (FSC=50 ppm) is not high enough to promote Our simulations also showed that most of nucleation
the growth of the non-volatile core mode to larger sizes thatevents happen within 0.1 s of plume age and that a clear nu-
are~20nm. This finding is consistent with recent studies cleation mode is developed within 1s of plume age. Co-
(Vaaraslahti et al., 2005;d0kko et al., 2007) which showed agulation and dilution with or without organic condensa-
no clear effect of FSC on nucleation mode particles. Thistion can change the particle size distribution at latter stages.
is different from cases of both high sulfur fuel and ultra-low We found that the mean size of nucleation mode becomes
sulfur fuel with CRDPFs. In those cases, nucleation mode issmaller because the total organic carbon concentration in
sensitive to FSC because of the high concentration,&® raw exhaust can be significantly removed by CRDPFs.
due to either the high fuel sulfur content or enhanced sulfurSmaller in size but of high number concentration, the nu-
conversion efficiency. cleation mode has the lifetime ef300 s due to scavenging
Figure 5b shows the composition of particles of variousby ambient aerosols. The ambient existing particle num-
sizes at 1's of plume age. Similarly to the case of high sul-ber concentration of Hqcm=3) and coagulation kernel of
fur content, organics contribute to the majority mass of the~3x 107 (cm3/s) of nanoparticles~2-3 nm) with larger
nucleation mode. The volume fraction of non-volatile coressoot or ambient particles100 nm) due to Brownian mo-
is smaller than that of 5504 and accounts for less than 1% tion at room temperature were used in the calculations. The
of total mass of nucleation mode particles. This is consistenpresent results lead us to conclude that the vehicle-emitted
with findings of Biswas et al. (2007) who showed that for nanoparticles will affect not only residents living near the
20 nm particles, non-volatile cores account for less than 3%0adways but also those who live several hundred meters
of particle mass. Although the contribution of non-volatile away. The strength of the effect also depends on wind speed
cores to the nanoparticle mass is negligible, they are a sourcend atmospheric dilution.
of the observed nucleation modes. Itis important to note that In addition, we have shown that instead of BHN, the non-
the entire nucleation mode will still disappear (i.e. becomevolatile cores are the source of observed nucleation mode in
undetectable) when these particles are passed through a thégalifornia, where low sulfur fuel is used and vehicles are not
mal denuder due to the small mass fraction of solid compo-equipped with CRDPFs. We found that organics, rather than
nent. In other words, a complete disappearance of entire obH2S0Oy, contribute to the growth of non-volatile particles that
served nucleation mode may not necessarily be an indicatamay explain the observed on-road nucleation mode. Non-
of absence of nanometer-sized non-volatile cores. volatile cores that are as small a2-3 nm in diameter are
able to grow to sizes larger than 10 nm by taking up the low
and semi-volatile organics. The importance of organics in
4 Summary and discussion controlling particle growth has been pointed out in a num-
ber of references (e.g. Zhang et al., 2004; Jacobson et al.,
A comprehensive modeling study of possible causes 0f2005). No valuable information on the formation mechanism
nanoparticle formation under ultra-low sulfur conditions has of these non-volatile cores is available at the present time.
been carried out using a size- and composition- resolvedRecent studies suggest that non-volatile cores may be formed
aerosol microphysics model with an updated binary homo-due to nucleation of metal oxides or heavy hydrocarbons in-
geneous nucleation (BHN) scheme. A good agreement oide the engine cylinder (Vaaraslahti et al., 2004; Kittelson
the predicted particle size distribution and temperature deet al., 2006). Their formation also depends on the engine
pendences of nucleation rates with experiments leads us ttbad and availability of CRDPFs because non-volatile cores
conclude that BHN remains to be the nucleation mecha-were often observed at low engine loads for vehicles without
nism of nanopaticle formation for vehicles equipped with CRDPFs. Kittelson et al. (2006) suggest that low soot sur-
CRDPFs and running on ultra-low sulfur fuel. We have face areas resulting from low engine loads may promote the
shown that such vehicles emit at least the same, if not highemetal oxide nucleation inside the cylinder. Further research
number concentrations of nanoparticles than those withouis needed to investigate the formation of the nanometer-sized
CRDPFs and running on high sulfur fuel. We also found non-volatile cores.
that the sulfate storage/release effect can lead to a significant
nanoparticle production under favorable conditions. This ef-AcknowledgementsThis work was supported by the National
fect becomes more significant as the ambient temperaturéc'ence Foundation under grant ATM 0618124 and the New York
decreases. These findings lead us to conclude that althougtfat® ENergy Resource and Development Agency.
C_RDPFs are effective in rgducmg the mass of vehicular emisS i by: S. Pandis
sions, they offset the positive effects of the reduced fuel sul-
fur contents on the nanoparticle formation and significantly
enhance the number concentrations of nanoparticles in ve-
hicular emissions. Moreover, higher nanoparticle number
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