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Abstract. The nucleation of nanoparticles in the exhaust of aspecies. Formation of these volatile nanoparticles strongly
modern light-duty diesel vehicle was investigated on a chasdepends on the dilution and cooling process of the exhaust.
sis dynamometer. This laboratory study is focused on theThe two different kinds of particles usually form separate
influence of volatile organic compounds (VOCs) on nucle- modes in the number size distribution, that are referred to
ation of volatile nanoparticles. Different organic compoundsas “accumulation mode” and “nucleation mode”.

were added to the dilution air of the particle sampling un-  Adverse health effects of particles on human health have
der different sampling conditions. Sample temperature ancheen documented in several studies (Pope, 2000; Petrovic et
relative sample humidity were varied in a wide range. Theal., 2000; Oberdrster, 2001). Impact on health has mainly
number size distribution of the particles was measured with ébeen studied for soot particles and thus, there is limited
scanning mobility particle sizer (SMPS) and showed signifi-information about volatile nanoparticles. Because volatile
cant differences in response to the added organic compoundaanoparticles have a distinctly smaller diameter than soot
While the nucleation mode particles showed a large variatiomparticles, the mass contribution of volatile nanoparticles is
in concentration, the accumulation mode particles remainedisually small. However, investigations have documented that
unchanged for all compounds. Depending on the functionahealth effects were more related to particle number than to
group, organic compounds were capable of initiating and in-mass (Donaldson et al., 1998; Sydbom et al., 2001) even
creasing (alcohols and toluene) or decreasing (acetone, anihough the current legislation for particle emissions is based
line, and methyl tert-butyl ether (MTBE)) nucleation mode on mass. Compared to soot a higher deposition rate in the
particles. Short volatile aliphatic hydrocarbons (hexane andungs might be expected for volatile nanoparticles because of
cyclohexane) turned out to be without effect on nucleation oftheir smaller diameters. As indicated in a study by Kim and
nanoparticles. Possible reasons for the differences are digfaques (2000), the deposition rate of 40 nm solid nanopar-
cussed. ticles is nearly 2.5 times higher than for 100 nm nanoparti-
cles. To assess the human health impact of volatile nanopar-
ticles, more information about their exact composition is
needed. Sulfuric acid seems to be a relevant compound for
human health effects in volatile nanoparticles. Inhalation

Exhaust from diesel engines represents an important aan acid aerosols in laboratory animal studies causes geno-

thropogenic source of particles in ambient air. ParticlestoxiC d;’:lmage in cells (_Sl,oskolne Tt al., 1984& Swznbe”rg and
from internal combustion engines can be divided into solid Beauchamp, 1997). Kilgour et al. (2002) showed cell pro-

and volatile particles (Kittelson, 1998). The solid particles Ilfeh[at!on q;the respiratory tract in rats due to exposure to
mainly consist of agglomerated carbonaceous primary parst ur'c acid. ) . _ )
ticles, which are usually described as soot. However, other MProvements in engine technologies have reduced parti-
compounds such as hydrocarbons can be adsorbed or cofle mass emissions from diesel engines. The limit values for
densed on its surface. The volatile nanoparticles are usyMass emissions from light-duty diesel vehicles were gradu-

ally formed by nucleation of sulfuric acid, water, and other &lly reduced by more than four times from 0.18 gkhtEuro
1, since 1992) to 0.025gkm (Euro 4, as of 2005). A re-

Correspondence tdvl. Mohr duction in mass is related to a decrease in number of soot
(martin.mohr@empa.ch) particles, but there is no clear relation to the volatile nanopar-

1 Introduction
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Fig. 1. Overview of the experimental set-up.

Table 1. Engine parameters of the vehicle.

ticles by collision (Seinfeld and Pandis, 1998). As the to-

displacement per cylinder 1896 ém tal surface provided by soot particles is reduced, the rele-

nmuam.bnfrr?]fcgl't:e/rr m ?31kW/4150m*rJr vant species responsible for nucleation remain in the gaseous
Ximum power /rp S ! phase and can lead to homogeneous nucleation (Kittelson,

aftertreatment system oxidation catalyst 1098- Mohr et al. 2001). H the classical bi

model year 1999 ; Mohr et al., ). However, the classical binary

nucleation theory of water and sulfuric acid underestimates
the formation of nucleation mode particles by several orders
in number and thus, further species are suspected to be in-
volved in nucleation (Shi and Harrison, 1999; Khalek et al.,
ticle emissions (Mohr et al., 2001). It is generally accepted2000). Besides the explanation of classical binary homoge-
that volatile nanoparticles are influenced by dilution param-neous nucleation of sulfuric acid and water in diesel exhaust,
eters such as temperature, dilution ratio, residence time, anﬁomogeneous ternary nucleation of sulfuric acid, ammonia,
humidity (Abdul-Khalek et al., 1999; Khalek et al., 2000; and water (Napari et al., 2002) or nanoparticle formation
Mathis, 2002). In addition, the fuel sulfur content plays from chemiions generated during combustion (Yu, 2001; Yu,
an important role (NtZiaChriStOS et al., 2000; Maricq et al., 2002) were reported_ Organic Compounds are often consid-
2002). Volatile nanoparticles are observed in both laboratoryered as the key species to control the growth of nucleation
and vehicle chasing experiments, but the observed nucleatiof,gde particles (Maricq et al., 1999; Kerminen et al., 2000;
mode in chasing studies could not have been reproduced iRhalek et al., 2000; Zhang and Wexler, 2002). Analytical
laboratory control experiments yet (Kittelson, 2002; Vogt et jnyestigations of the volatile nanoparticles in diesel exhaust
al., 2003). A possible explanation could be the high sensitiv-has given strong indications that organic compounds were in-
ity of the nucleation mode to the dilution parameters. Kittel- yolved in the nucleation process (Tobias et al., 2001; Sakurai
son (1998) I’eported that a dilution ratio of 1000 is typlcal for et al., 2003) The role of organic Compounds has been in-
an atmospheric dilution process of exhaust. However, largeestigated in more detail for the formation of cloud conden-
variation in atmospheric dilution depending on driving and sation nuclei (CCN) than for the dilution process of engine
ambient conditions is observed. The dilution parameters cayhaust. The organic compounds found in CCN are mainly
be better controlled in laboratory experiments, which guar-organic acids such as formic, acetic, pyruvic, pinonic oxalic,
antees a stable dilution process. A dilution ratio of 1000 iSand malonic acids (Yu, 2000; Hegg et al., 2001; Giebl et al.,
difficult to apply for many laboratory studies due to the high 2002). Little is known about organics with other functional
requirements of exact dilution parameters control. Althoughgroups_ We in\/estigated how non-acid Organic Compounds
a lower dilution ratio is often applied in laboratory studies are involved in the nucleation process of volatile particles in
thal’l Under I’ea| WOI’|d Conditions, the formation meChanismd"uted diesel exhaust. We added avariety of VOCs (a“pha“c
of volatile nanOpartiCleS is eXpeCted to be the same. TherehydrocarbonS, aromatic Compounds' a ketone’ an amine’ an
fore, laboratory studies contribute to a better understandingther, and alcohols) into the primary dilution air. The inten-
of the principles in the formation process of volatile nanopar-tion of this laboratory study is to contribute to a better un-
ticles in real world conditions. derstanding of organic compounds in the nucleation process

If the concentration of soot particles is sufficiently large, of diluted diesel exhaust. The focus of this laboratory study
volatile nanoparticles can be quenched. Moreover, preis to identify the functional groups that are involved in the
existing soot particles scavenge a part of the volatile nanopamucleation process.
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2 Experimental ity. Further contributions to the humidity came from com-
bustion of the diesel fuel and the combustion air. Calculation
2.1 Vehicle and fuel of the combustion air humidity was based on a typical diesel

fuel elemental composition of 14% hydrogen and 86% car-
All experiments were conducted with a modern light-duty bon. The combustion air was measured to be 50% relative
diesel vehicle on a chassis dynamometer at constant spedtimidity at 28C and 950 hPa. Taking all contributions into
(50kmh 1) and increased load conditions (0.2 kW, account, the relative sample humidity after the first dilution
18.14+0.5% of maximum power, 2100 rpm). The normal load unit was calculated to range from 30% to 99% at the mea-
was 2 kW under road conditions. The engine parameters andured sample temperature. The relative sample humidity is
the results of fuel analysis are listed in Table 1 and Table 2hereafter referred to as relative humidity (RH). To adjust the
The tests were run with a standard fuel with a sulfur concen-gas concentration of the selected organic compounds in the
tration of 323 ppm. The main advantage of using a diesel fuesample, the pure organic compounds were filled into an ad-
with high sulfur content was the stable and repeatable formasitional flask as shown in Fig. 1. Some of the liquid organic
tion of volatile nanoparticles, which was the prerequisite for compounds filled in the flask could uptake water from the di-
our investigation. The additional sulfur contribution in the lution air and reduce the relative humidity of the dilution air.
exhaust by lube oil consumption was estimated to be 6 ppnThis effect was considered to be negligible in this study. All
fuel equivalent. The vehicle was running at#@M2 kW load  added organic compounds were of technical quality (Fluka).
for at least 20 min to conditionate the vehicle and samplingControl experiments by evaporating the organic compounds

system. and de-ionized water in the flask showed no particle forma-
tion: The dilution air enriched with the organic compounds
2.2 Sampling and water was analyzed by a scanning mobility particle sizer

(SMPS, TSI) without observing any particles in the number
The overall set-up of the particle measurement is shown irsize distribution. Concentrations of the organic compounds
Fig. 1. The relevant nucleation parameters such as diluadded to the exhaust were measured with a flame ionization
tion ratio, dilution temperature, and residence time were keptetector (FID, Horiba Mexa-7400H) after the first dilution
constant. Dilution of the exhaust sample was performed withand were normalized to the effective number of carbon. The
a two-stage dilution unit. The primary dilution of the ex- FID was calibrated with propane in the linear region from
haust was accomplished inside a porous tube (Dekati protoi ppm to 5000 ppm corrected ag.CWhen the concentra-
type), which was inserted directly into the tailpipe to min- tion exceeded the concentration of 5000 ppm corrected as C
imize sampling losses. Detailed information about the di-we present the data as larger than the highest measured con-
luter can be found in Mikkanen et al. (2001). By control- centration corrected for the added organic compound (e.g.
ling the temperature of the dilution air by means of a vor- 5600 ppm toluene in Fig. 6, top panel).
tex cooler, the sample temperatures (T) were in the range of
34.7C+0.5°C or 44.5C+0.5°C, respectively. The sample 2.3 Particle number size distribution
temperature was measured immediately after the first dilu-
tion. The dilution ratio was set to &%.5 by the flow ratio A SMPS, consisting of a differential mobility analyzer
of the dilution air to the raw exhaust. Downstream of the first(DMA, TSI 3071) and a condensation particle counter (CPC,
dilution stage unit, a residence chamber was inserted, offerTS| 3025), was used for determining the number size distri-
ing sufficient time for the relevant nucleation compounds tobution of the particles. The DMA had a polydisperse inlet
nucleate. A constant residence time of 288015 s was cho-  flow of 1.5Imin~! and a sheath air flow of 15| mir that
sen. The second dilution unit was placed at the end of theselected particle diameters ranged from 7 nm to 214 nm. The
residence chamber to quench the formation and growth ofmpactor upstream of the DMA was removed because the
nucleation mode particles. The dilution ratio of this ejector pressure drop was too high to properly operate the CPC. A
dilution unit remained constant at 10. Our dilution ratios for pypass to the DMA (4.8 mint) was installed to increase
the primary and the secondary dilution are in line with simi- the flow rate and reduce diffusion losses. Therefore, no cor-
lar studies conducted in this field (Abdul-Khalek et al., 1999; rection of diffusion losses was conducted.
Maricq et al., 1999; Tobias et al., 2001; Sakurai et al., 2003).

To vary humidity in the exhaust sample, a part of the di- 2.4 Calculation of the organic vapor concentration

lution air of the primary diluter was bubbled through a flask
filled with de-ionized water before entering the porous tubeBased on the FID measurements, the vapor pregswgthe
diluter. Relative humidity of the dilution air ranged from 4% substance in the sample air was calculated according to the
to 75%, measured by a humidity sensor (Rotronic BM90).ideal gas equation:
The chamber temperature was controlled and only ranged
from 24.0C to 25.8C. This temperature recorded was taken (Ci,ppm — Chackground, ppm) - 1078
into account for the calculation of the relative sample humid-?i = M, R-T, @)
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a7 150 in the dilution air did not influence any sampling parameters.
\ + sample temperature o exhaust temperature Regarding the key parameters listed in Table 3, the varia-
w6, ° L 149 tions of the sampling parameters are small within a test se-

ries. The variations from one test to another mainly depended
on the restart of the vehicle. To unambiguously assign the
effect of VOCs, the influence of the other key parameters
were recorded. A typical temperature variation of the dilu-
tion flow, sample flow, and exhaust flow within the same test
series is shown for 2-propanol in Fig. 2. Variations of tem-
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peratures were randomly distributed and were not dependent
" ‘ ‘ ‘ ‘ ‘ ‘ ‘ s on the concentration of 2-propanol in the dilution air. Based
0 200 400 600 80 1000 1200 1400 1600 on these control experiments, it was verified that an increase
concentration of isopropanol in the dilution air [ppm of humidity and VOCs did not influence the sampling param-
eters.

Fig. 2. Variation of sample and exhaust temperatures as a function

of the 2-propanol concentration in the sample air, The variation of the accumulation mode was found to vary

+25% from one test series to another when the vehicle was

restarted. A possible reason could be the corresponding ve-
whereR is the universal gas constant (8.3145 Jmd{ 1), hicle load variation o#-3% at this very sensitive operation
T is the chamber temperature measured in Kelvi!’bpm point. In-line with the load variation the exhaust temper-
is the volume concentration in ppm of the substance ature varied:6°C. A small exhaust temperature variation
Chackground.ppm 1S the concentration without adding any C€an be responsib!e to alter the conversion rate from ®0
VOCs, andM, is the mole volume. cuckground. ppm Was — SO3 by the oxidation catalyst. Nevertheless, the load could
measured experimenta”y to be 5 ppm for all measurements'be set within+=1% for a test series that prOVided stable test

The vapor pressurgs; in Torr over the pure liquid phase conditions without any significant effect on the accumulation

for a flat surface was calculated for the substarmecording ~ Mode particles. Therefore, we consider the test-to-test varia-

to the Antoine equation (Lange and Dean, 1973): tion as uncritical since the interpretation of our data is based
on relative changes within a test series.
logyo Psi = A — B ’ @) To investigate at which step of nucleation VOCs have an
C+1t impact, three test conditions A, B, and C were evaluated. The
or alternatively, for 1-butanol with key nucleation parameters of these three conditions are pre-
sented in Table 3. Tests without any addition of VOC re-
logyq Psi = C — 52.23- B ’ 3) vealed the following results: Under test condition A (sam-
(t+ 27315 ple temperature (T)=44°€, relative humidity (RH)=36.3%)
whereA, B, andC are constants andis the temperature in  1° ©F only_a weak nucleation mode could be detgcted. Un-
°oC. der condition B (T=44.3C, RH=81.2%) a nucleation was

The constantsd, B, and C were taken from Lange always observed, which is explained by the higher humid-
and Dean (1973)., F,or 1-hexanol and MTBE the valuesity compared to condition A (T=44°€, RH=36.3%). The

were taken from Poling et al. (2001) and&kentihl and strongest nucleation occurred under condition C (T=34,7
Gmehling (1994) respectively. RH=31.6%) as the low dilution air temperature provoked nu-

To compare the vapor pressures with each other, a Comgleanon already at low humidity levels.

mon quantity was introduced. A good approach is the satu- -
ration ratiosS;; the ratio of the partial vapor pressysgto the 3.1 Effect of humidity

saturation vapor over the pure liquid phassg: To distinguish the effect of humidity and VOCs in the di-

S = pi 4) lution air on the nucleation process, a first series was con-
Ps; ducted varying only the humidity in the dilution air. The
sample temperature was either held at 46.0r at 34.2C.
Figure 3 depicts the effect of humidity on nucleation under
3 Results and discussions both conditions. A considerable humidity effect on the nu-
cleation mode particles was found at a sample temperature
The aim of this investigation was to study a selection of of 45.0°C. When the humidity was increased, a strong rise
VOCs on the nucleation process at varying temperature andf the nucleation mode particles was observed. In addition,
humidity of the sample. Because the nucleation process ishis peak moved to slightly higher diameters with increas-
very sensitively to small changes of the dilution conditions, ing humidity. This can be explained by stronger coagulation
it had to be verified that the increase of humidity and VOCsdue to a higher concentration of volatile nanoparticles at 99%

Atmos. Chem. Phys., 4, 609-620, 2004 www.atmos-chem-phys.org/acp/4/609/
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Table 3. Average and standard deviation of the key parameters for all test series.

compound dilution ratio  relative humidity (RH) sample temperature (T) exhaust temperature number of measurements

hexane 8.1 0.1 37.2+£ 0.5 45.¢ 149.44+ 0.1 3
cyclohexane 8.6 0.2 38.2+ 0.9 45.¢ 149.3+ 0.2 5
toluene 8.0£0.1 36.5+ 0.4 452 150.74+ 0.3 8
< aniline 8.1+ 0.0 35.9+ 0.0 458 150.7+ 0.1 3
S acetone 8.2:0.1 36.8+ 0.3 45.8+ 0.4 151.1+ 0.2 4
% MTBE 8.1+ 0.1 36.4+ 0.2 44.7+ 0.8 151.1+ 0.2 5
& methanol 8.4-0.1 35.9+ 0.4 45.6+ 1.1 153.1+ 0.2 8
©  2-propanol 8.1 0.1 36.8+ 0.2 45.0+0.2 153.1+ 0.4 5
1-butanol 8.3+ 0.1 36.1+ 0.2 44.7+ 0.1 151.6+ 0.2 5
1-hexanol 8.2-0.1 36.6+ 0.4 44.8+ 0.0 151.8+ 0.3 5
average 8.2:0.2 36.3+ 0.9 44.9+ 0.7 150.8+ 1.7 51
hexane 8.3:0.1 80.7+ 0.2 452 150.04+ 0.2 3
cyclohexane 8.4 0.1 81.7+0.1 448+ 0.1 150.2+ 0.2 3
toluene 8.2£ 0.1 80.9+ 0.8 44.7+ 0.5 148.0+ 0.2 8
Cg aniline 8.1+ 0.4 82.1+ 1.5 43.1+ 0.2 157.9+ 0.1 4
O acetone 8.30.1 84.4+ 19 43.0£ 0.1 149.3+ 0.3 5
§ MTBE 8.3+0.1 82.3+ 0.6 43.% 149.7+ 0. 3
8 methanol 8.4 0.1 81.8+ 0.5 447+ 0.4 152.6+ 0.3 7
2-propanol 8.6 0.1 81.9+ 0.7 445+ 0.1 153.0+ 0.2 5
1-butanol 8.5£0.1 82.1+ 0.5 44.6+ 0.1 152.9+ 0.2 6
1-hexanol 8.3t 0.9 85.2+ 3.2 45.1+ 0.3 153.0+ 0.2 5
average 8.4 0.2 81.24+ 3.8 44.3+ 0.9 151.1+ 2.7 49
hexane 8.3t 0.1 32.2+0.3 34.4+ 0.2 158.7+ 0.1 5
cyclohexane 8.4 0.1 31.5+ 0.3 34.2+0.1 159.0+ 0.1 2
0 toluene 8.5£0.1 31.0+£ 0.3 34.3+£ 0.1 158.7+ 0.3 6
< aniline 8.3+ 0.0 32.6+ 0.2 35.1+ 0.6 158.7+ 0.2 6
£ acetone 8.3 0.1 31.5+ 0.4 34.2+ 0.4 159.4+ 0.2 6
2 MTBE 8.1+0.1 321+ 1.2 35.8+ 1.5 149.9+ 0.3 9
8 methanol 8.6£0.1 31.0+ 0.2 35.0+ 0.1 154.9+ 0.1 6
2-propanol 8.2:0.1 31.6+ 0.3 34.9+ 0.5 150.1+ 0.4 8
1-butanol 8.6£ 0.1 31.0+ 0.4 35.1+ 0.1 154.6+ 0.2 5
1-hexanol 8.5-0.1 31.1+ 0.3 35.1+ 0.2 153.8+ 0.7 5
average 8.4-0.1 31.6+ 0.6 34.7+£ 0.5 155.3+ 3.9 58

@ The dilution temperature was only once measured during the whole test and thus, no deviation is indicated.
b Bigger deviation was due to the lower dilution ratio of 6.7 in the first scan.

relative humidity. The accumulation mode remained stable abf 45.0°C, indicating a minimal initial relative humidity for
about 70 nm. There was a distinct nucleation mode under drywucleation. As soon as the relative humidity was further in-
conditions at 31% relative humidity and a sample tempera-creased, a clear dependence on humidity was observed. The
ture of 34.2C. The nucleation mode particles increased by aratio of the maximum number concentrations of nucleation
factor of two when the relative humidity was increased from mode to the accumulation mode showed a linear dependence
31% to 81%. In comparison with the sample temperature abn the humidity over the entire investigated range at a sample
45.0°C, there was a considerably lower influence of humid- temperature of 34°Z. The lower sensitivity on humidity at

ity on the nucleation process. To compare the strength ol sample temperature of 33Qis apparent when the slope is
nucleation, the ratio of the maximum number concentrationscompared under the assumption of linear response. The sam-
in the nucleation mode to the accumulation mode was calcuple temperature at 453G with a slope of 0.062(% relative
lated. Due to this normalization, no correction of the particle humidity)~1 had a significantly steeper slope than at 3&.2
number size distribution by the dilution ratio was necessarywith a slope of 0.037(% relative humidity}. In spite of

This ratio is presented as a function of the relative humiditythe bigger humidity effect on the volatile nanoparticles at a
in the sample in Fig. 4. Below about 60% relative humidity, sample temperature of 430, the absolute concentration of

no appreciable nucleation took place at a sample temperatuneolatile nanoparticles was always higher at 3€20ur ex-

www.atmos-chem-phys.org/acp/4/609/ Atmos. Chem. Phys., 4, 609-620, 2004
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TR \ Table 4. Molecular structure of the investigated organic com-
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{E‘ o 84 compound structure
S, 4.0E+08
5 hexane NN
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' toluene

7.0E+08
sample temperature: 34.2 °C - il NH,
6.0E+08 1 relative humidity [%] amiine
5.0E+08 o8
i 67 o
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electrical mobility particle diameter dp [nm] prop )\
Fig. 3. Influence of humidity on the nucleation mode. A weak nu- 1-butanol N Son
cleation was detected at the lowest relative humidity of 41% and
sample temperature 450 (top panel). The nucleation increased 1-hexanol NN Non
more than one order of magnitude when the relative humidity in-
creased to 99%. For the sample temperature®8 2 nucleation
mode was observed even with the lowest relative humidity 31%
(bottom panel). Therefore, the increase of nucleation was less pro-
nounced than at sample temperature 26.0 3.2 Effect of organic vapors on the nucleation mode
45 To find out which substance classes affect the nucleation

process, a variety of organic compounds were added. The
measured hydrocarbon concentration correctedaaiied
from 500 ppm to 5000 ppm in the mixed sample part and ex-
ceeded the normal concentrations in exhaust gas by one or
two orders of magnitude. However, concentrations of sev-
eral thousands ppm are typical for cold starts at low tem-
peratures. We found raw gas concentrations of 5000 ppm
to 20000 ppm and 10000 ppm to 30 000 ppm for diesel and
gasoline vehicles, respectively, in the first minutes of cold
0 ‘ ‘ ‘ N ‘ ‘ ‘ ‘ starts at—20°C. Since we operated the engine at warm con-
0 10 20 30 40 50 60 70 80 90 100 .y . .
rolative humidity of sample [%] ditions, the oxidation catalyst converted hydrocarbons to a
large extent. However, we do not intend to simulate the real
Fig. 4. Strength of nucleation for variable humidity. The linear World situation at this engine operation point but to gain a
regression in the linear region resulted in a correlation factor ofprincipal understanding of the nucleation process in pres-
R?=0.94 and R=0.96 at sample temperature 3%2and 45.0C, ence of organic compounds. The added chemical compounds
respectively. consisted of aliphatic hydrocarbons, aromatic compounds,
a ketone, an amine, an ether, and alcohols. The chemi-
perimental work is in accordance with the parametric studycal structures of these compounds are shown in Table 4.
of Kim et al. (2002). A linear dependence was found of the We chose compounds of high volatility to prevent losses by
nucleation rate as a function of relative humidity under con-condensation on the sampling system. We are aware that
ditions of increased humidity. less volatile organic compounds are more likely to be in-

ratio (mode <30nm)/(mode >30nm) [-]

Atmos. Chem. Phys., 4, 609-620, 2004 www.atmos-chem-phys.org/acp/4/609/
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condition A (T=44.9 °C, RH=36.3 %) condition B (T=44.3 °C, RH=81.2 %) condition C (T=34.7 °C, RH=31.6 %)
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Fig. 5. Effect of the investigated organic compounds on the nucleation mode particles under condition A, B and C.

volved in the nucleation process under atmospheric condiinvolved in the nucleation process. Therefore, the volatility
tions. Sakurai et al. (2003) reported that organic compound®f the organic compounds only plays a minor relevance for
from diesel nanoparticle was comprised of medium molecu-the interpretation of our data.

lar weight with carbon numbers in the range fromy ® Cs» An overview of the effect of the organic compounds on the
for aliphatic hydrocarbons. However, our objective of this nucleation mode is given in Fig. 5. To compare the strength
laboratory study is to identify the functional groups that are of nucleation, the ratio of the maximum number concentra-
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Fig. 5. Continued.
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tions in the nucleation mode to the accumulation mode was3.2.1 Aliphatic hydrocarbons

calculated. The repeatability of the nucleation mode parti-

cles throughout the same test series is given in Fig. 5 forThe effect on nucleation mode particles was investigated for

the four alcohols methanol, 2-propanol, 1-butanol, and 1-two aliphatic hydrocarbons hexane and cyclohexane. For

hexanol. All alcohols were tested on the same day with-both compounds, no effect was observed on the particles in

out turning off the engine. The test was started with condi-the nucleation mode though the concentration in the dilution

tion B. As soon as stable sampling conditions were achievedair was increased up to 8000 ppm (see Fig. 5). However, due

the concentration of the first alcohol was varied. Before theto their high volatility, the saturation ratio remained always

next alcohol was tested, SMPS scans were recorded withouselow 0.41%. Besides the low saturation ratio, little inter-

adding any alcoholic vapor. As illustrated in Fig. 5, the mode action of these hydrophobic molecules with the main nucle-

ratio of nucleation to soot particles was repeated each tim&tion mode particles (water and sulfuric acid) exists.

before testing the next alcohol when no alcoholic vapor (sat-

uration ratio =0) was added. The test procedure was analogu@2.2 Aromatic compounds

for the conditions A and C. The mode ratio of nucleation to

soot particles varied without alcoholic vapor (saturation ratio Toluene was chosen due to its high volatility compared to

=0) in a small range under these conditions. Therefore, théther polyaromatic compounds. Toluene influenced the nu-

nucleation mode particles were found to be stable under alfleation mode particles under all conditions investigated, but

conditions (A, B and C) within a time period of at least one only at the highest toluene concentration. Similar to the ef-

hour. fect of humidity, the nucleation process was more affected
when no or a weak nucleation mode existed in the begin-
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Fig. 6. Particle size distribution in the presence of aromatic com-  1.0E+08
pounds. The effects on the nucleation mode particles are presented

for toluene (top panel) and aniline (bottom panel) under condition S0E50T1
A (T=44.9°C, RH=36.3%) and B (T=44°€, RH=81.2%), respec- 0.0E+00
tively. 356408
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ning as under conditions A (T=448, RH=36.3%) and B .?;2'5908 ' Qﬁ ~ o000s ]
(T=44.3C, RH=81.2%) than for a strong nucleation mode S zoe+e 50005 ——
as under condition C (T=34T, RH=31.6%). Interestingly, %15&08 ﬁ i =our |
toluene was capable of triggering a nucleation mode under 2 i o >8300
condition A (T=44.9C, RH=36.3%) when no spontaneous "0 o =
nucleation occurred (see Fig. 6, top panel). Obviously, the .07 | >0.30
hydrophobic toluene associates with the nucleation mode
particles. Following a suggestion by Tobias et al. (2001), a °'°E+°°1 10 100 1000
two-phase system of the hydrophobic compounds and wa- electrical mobility particle diameter dp [nm]

ter/sulfuric acid is proposed because it is unlikely that an

association takes place between toluene and water/sulfuritig. 8. Particle size distribution in the presence of MTBE
acid. It likely seems that the organic phase was mainly cretinder condition B (T=44.%, RH=81.2%), and C (T=34C,
ated by the added toluene. Compared to other factors affect®H=31.6%) on top panel and on bottom panel, respectively. In both
ing the nucleation process, e.g. humidity, the increased pu¢ases the nucleation mode particles were reduced.

cleation mode patrticles due to the addition of toluene were

moderate. Therefore, hydrophobic compounds with vapor(T=44.3C, RH=81.2%). Since the reduction was weak and
pressures comparable to or higher than toluene (38 hPa atot confirmed under condition C (T=34C, RH=31.6%),
25°C) are assumed to be irrelevant for the nucleation procesge conclude that the effect of aniline on nucleation mode
in diluted diesel exhaust. particles is of minor relevance.

For aniline (see Fig. 6, bottom panel), nucleation mode
particles were not influenced under condition C (T=3€&.7 3.2.3 Acetone
RH=31.6%). A reduction of nucleation mode particles ap- Acetone was chosen due to its high volatility. Without
peared under conditions A (T=440, RH=36.3%) and B  pre-existing nucleation mode particles under condition A
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Fig. 9. Particle size distribution in the presence of methz_ar_wl, We do not have a satisfactory explanation for the reduc-

2-propanol, 1-butanol, and 1- hexanol under all three conditions ) . )

A (T=44.9°C, RH=36.3%), B (T=443C, RH=81.2%), and C tion of nucleation mode particles with acetone and MTBE.

(T=34.7C, RH=31.6%). MTBE is an inert compound that is often used as a solvent in
chemical reactions and thus, no chemical reaction with any
reactive combustion product is expected.

(T=44.9C, RH=36.3%), no effect on the nucleation was de-

tected with addition of the compound. The effect of ace-3.2.5 Alcohols

tone was relatively weak and consisted in a decrease of nu-

cleation mode particles with increasing acetone concentraA selection of alcohols with increasing hydrophobicity was

tion in the sample under condition B (T=44G RH=81.2%) chosen, methanol, 2-propanol, 1-butanol, and 1-hexanol.

and C (T=34.7C, RH=31.6%). As an example, condition C When alcohol was added to the dilution air, an increase of nu-

(T=34.7C, RH=31.6%) is depicted in Fig. 10. cleation mode particles was observed. In Fig. 9, a direct com-
parison of all four alcohols is depicted under all three condi-
3.2.4 MTBE tions. The nucleation mode particles were increased in the

following order: 2-propano} (1-butanol or methanob)- 1-
Due to its high relevance as a gasoline additive, MTBE hexanol. Compared to condition A (T=440®, RH=36.3%)
was chosen. MTBE leads to more complete combustionand B (T=44.3C, RH=81.2%), the relative increase of nucle-
due to the oxygen contained in the molecule (Poulopou-ation mode particles was much less pronounced under con-
los and Philippopoulos, 2003). The nucleation mode parti-dition C (T=34.7C, RH=31.6%). To explain the variation of
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the nucleation process within the alcohols, the surface tenformation of nucleation particles, we studied a broad selec-
sion and water solubility of the alcohols were considered intion of organic compounds. Aliphatic hydrocarbons (hexane
more detail. Since the alcohols investigated have a conspicand cyclohexane) turned out to be without effect on the nu-
uously lower surface tension than water, a surface tensiomleation process due to their high volatility. Only high con-
reduction of the nucleation mode patrticles is expected in thecentrations of toluene led to an increase of nucleation mode
presence of the alcohols. The reduction of surface tension agarticles. However, hydrophobic compounds without any
a function of the alcohol fraction is depicted in Fig. 10 for functional groups and with vapor pressure equal or higher
the alcohols investigated. The surface tensions of the waterthan toluene are unlikely to substantially contribute to the
alcohol mixtures were calculated by the method of Tamuranucleation mode particles of diluted diesel exhaust. No uni-
(Tamura et al., 1955). The hydrophilic hydroxyl group in- form effect was observed on the nucleation mode particles
teracts via hydrogen bonds with the water phase while thavhen aniline was added into the dilution air. However, the
hydrophobic rest of the alcohol is directed away from the effect was weak under all conditions and thus, aniline plays
droplet and reduced the surface tension. A reduction of sura minor role in the formation and growth of nucleation mode
face tension increases the concentration of nucleation modparticles in diluted diesel exhaust. Alcohols generally in-
particles since the barrier to nucleate is reduced. The highereased nucleation mode particles. Two parameters may af-
est increase in nucleation occurred for 2-propanol followedfect the potential of nucleation, reduction of surface tension
by methanol, 1-butanol, and 1-hexanol. In Table 5 the wa-and water solubility. With exception of the comparison be-
ter solubility of the alcohols are documented. Methanol andtween methanol and 1-butanol, the experimental results can
2-propanol, containing a short hydrophobic chain, are mis-be explained by the water solubility and surface tension: In-
cible with water and thus, a stronger nucleation is expectectreasing water solubility and decreasing surface tension led
than for the more hydrophobic 1-butanol and 1-hexanol. Theto stronger nucleation. 2-propanol, with the highest reduc-
observed differences of nucleation mode particles can be extion in surface tension and water miscibility, increased nucle-
plained by the water solubility and the surface tension foration most. The lower potential for nucleation of the water
2-propanol versus 1-hexanol, 1-butanol, and methanol, for 1miscible methanol can be explained by the lower reduction
butanol versus 1-hexanol, and for methanol versus 1-hexanalf the surface tension compared to 2-propanol. Nucleation
(see Fig. 9). In all these cases, an increasing water solubilitynode particles were less influenced by the more hydropho-
and a decreasing surface tension led to stronger nucleatiofic 1-hexanol. Although 1-hexanol and 1-butanol reduce the
Nevertheless, the experimental results obtained for methandurface tension to a comparable extent, 1-butanol increased
and 1-butanol cannot be explained by the water solubility andhe concentration of nucleation mode particles significantly
surface tension since both alcohols had a similar effect on thenore than 1-hexanol. A possible reason for this finding could
nucleation mode particles. be the 13 times higher water solubility of 1-butanol. Acetone
and MTBE reduced nucleation mode particles. We presently
do not have a satisfactory explanation for this behavior. Fur-
4 Conclusions ther work has to be undertaken to understand the influence of
organic compounds in reduction of nucleation mode particles
The role of organic vapors in the dilution air of diesel ex- in more detail.
haust was investigated at constant vehicle speed. Three
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